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THE CONNES CHARACTER FORMULA
FOR LOCALLY COMPACT SPECTRAL TRIPLES

by Fedor SUKOCHEV & Dmitriy ZANIN

Abstract. — A fundamental tool in noncommutative geometry is Connes’ character
formula. This formula is used in an essential way in the applications of noncommuta-
tive geometry to index theory and to the spectral characterisation of manifolds.

A non-compact space is modeled in noncommutative geometry by a non-unital
spectral triple. Our aim is to establish the Connes character formula for non-unital
spectral triples. This is significantly more difficult than in the unital case and we
achieve it with the use of recently developed double operator integration techniques.
Previously, only partial extensions of Connes’ character formula to the non-unital case
were known.

In the course of the proof, we establish two more results of importance in noncom-
mutative geometry: an asymptotic for the heat semigroup of a non-unital spectral
triple, and the analyticity of the associated (-function.

We require certain assumptions on the underlying spectral triple, and we verify
these assumptions in the case of spectral triples associated to arbitrary complete
Riemannian manifolds and also in the case of Moyal planes.

Résumé. (Formule du caractere de Connes pour triplets spectraux localement compacts)
— Un outil fondamental en géométrie non commutative est la formule des caractéres
de Connes. Cette formule est utilisée de maniére essentielle dans les applications de
la géométrie non commutative & la théorie de I'indice et & la caractérisation spectrale
des variétés.

Un espace non compact est modélisé en géométrie non commutative par un triplet
spectral sans unité. Notre objectif est d’établir la formule des caractéres de Connes
pour les triplets spectraux sans unité. Ceci est nettement plus difficile que dans le cas
unitaire et nous y parvenons grace a 'utilisation de techniques récentes d’intégration
dites & double opérateur. Auparavant, seules des extensions partielles de la formule
des caractére de Connes au cas non unitaire étaient connues.

Dans la preuve, nous établissons deux autres résultats importants en géométrie non
commutative : une formule asymptotique pour le semi-groupe de chaleur d’un triplet
spectral sans unité, et ’analyticité de la fonction ¢ associée.

© Astérisque 445, SMF 2023
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Nous exigeons certaines hypothéses sur le triplet spectral sous-jacent que nous pou-
vons vérifier pour tout triplet spectral associé & une variétés riemannienne compléte
ou a un plan de Moyal.
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CHAPTER 1

INTRODUCTION

1.1. Introduction

One of the fundamental tools in noncommutative geometry is the Chern character.
The Connes Character Formula (also known as the Hochschild character theorem)
provides an expression for the class of the Chern character in Hochschild cohomology,
and it is an important tool in the computation of the Chern character. The formula
has been applied to many areas of noncommutative geometry and its applications
such as the local index formula [23], the spectral characterisation of manifolds [22]
and recent work in mathematical physics [16].

In its original formulation, [20], the Character Formula is stated as follows: Let
(c#, H, D) be a p-summable compact spectral triple with (possibly trivial) grading I’
(as defined in Section 2.2). By the definition of a spectral triple, for all a € ¢# the
commutator [D, a] has an extension to a bounded operator d(a) on H. Furthermore, if
F = X(0,00) (D) =X (=00,0)(D) then for all a € ¢# the commutator [F, a] is a compact op-
erator in the weak Schatten ideal 7, . For simplicity assume that ker(D) = {0}, and
now consider the following two linear maps on the algebraic tensor power Z®®+1)
defined on an elementary tensor ¢ = ag ® a1 ® - - - ® a, € ASP+D by,

Ch(e) := STR(TFIF, ao][F, 1] -+ [F, ay))

and
Q(c) :=Tag0a10as - - - Oay.
Then the Connes Character Formula states that if ¢ is a Hochschild cycle (as defined
in Section 2.2.4) then
Tr,,(Q(c)(1 + D?)7?/2) = Ch(c)
for every Dixmier trace Tr,. In other words, the multilinear maps Ch and
¢ — Tr,,(Q(c)(1 4+ D?)~P/2) define the same class in Hochschild cohomology.

There has been great interest in generalizing the tools and results of noncommu-
tative geometry to the “non-compact” (i.e., non-unital) setting. The definition of a
spectral triple associated to a non-unital algebra originates with Connes [21], was fur-
thered by the work of Rennie [47, 48] and Gayral, Gracia-Bondia, Iochum, Schiicker
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2 CHAPTER 1. INTRODUCTION

and Varilly [28]. Earlier, similar ideas appeared in the work of Baaj and Julg [1]. Ad-
ditional contributions to this area were made by Carey, Gayral, Rennie, and the first
named author [10, 11]. The conventional definition of a non-compact spectral triple is
to replace the condition that (1 + D?)~'/2 be compact with the assumption that for
all a € &7 the operator a(1 + D?)~'/2 is compact.

This raises an important question: is the Connes Character Formula true for locally
compact spectral triples?

In this paper we are able to provide an affirmative answer to this question, pro-
vided that one assumes certain regularity properties on the spectral triple. There is
a substantial difference between the theories of compact and non-compact spectral
triples, in particular issues pertaining to summability are more subtle. We achieve
our proof of the non-unital Character Formula using recently developed techniques of
operator integration.

1.2. The main results

In this paper we prove three key theorems (Theorems 1.2.2, 1.2.3 and 1.2.5) and a
new result concerning universal measurability (Theorem 1.2.7).

Essential to our approach is a certain set of assumptions on a spectral triple to be
outlined below. The notion of a spectral triple, and all of the corresponding notations
are explained fully in Section 2.2. By definition, if (c#, H, D) is a spectral triple then
for a € oA, the notation d(a) denotes the bounded extension of the commutator
[D,al], and for an operator T on H which preserves the domain of D, §(T) denotes
the bounded extension of [|D|,T] when it exists. The notation ;. , 7 > 1, denotes
the ideal of compact operators T" whose singular value sequence {u(n,T)}52 , satisfies

w(n, T) = O(n=/7). The norm || - ||; is the trace-class norm.

Our main assumption on (¢#, H, D) is as follows:

Hypothesis 1.2.1. — The spectral triple (7, H, D) satisfies the following conditions:

(i) (A, H, D) is a smooth spectral triple.
(ii) There exists p € N such that (¢, H, D) is p-dimensional, i.e., for every a € ¢/,

a(D+14)7P e o,
8(a)(D + )7 € Ly oo
(iii) for every a € o/ and for all k > 0, we have
Hék (D +1i)) pl” =0\, X— oo,
|6 @(@) (D +ix)7- 1” 0, A— oo
Condition 1.2.1.(i) is well-known and widely used in the literature. The notion of

“smoothness” that we use here is identical to what is sometimes referred to as QC*
(see Definition 2.2.7).
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1.2. THE MAIN RESULTS 3

Condition 1.2.1.(ii) is also widely used, but we caution the reader that else-
where in the literature an alternative definition of dimension is often used: where
(A, H, D) is said to be p-dimensional if for all a € ¢# we have a(D +1i)~! € Z, o and
d(a)(D +1i)"' €%, 0. The definition of dimension in 1.2.1.(ii) is strictly stronger,
and we discuss this issue in 2.2.3.

Condition 1.2.1.(iii) is new and specific to the locally compact situation. Indeed, if
o/ is unital then 1.2.1.(iii) is redundant, as it follows from 1.2.1.(ii).

In order to show that Hypothesis 1.2.1.(iii) is reasonable, we prove that it is satisfied
for spectral triples associated to the following two classes of examples:

(i) Noncommutative Euclidean spaces, a.k.a. Moyal spaces. (Section 3.3)
(ii) Complete Riemannian manifolds. (Section 3.4).

In deciding on the conditions of Hypothesis 1.2.1, we have avoided the assumption
that the spectral dimension of (¢#, H, D) is isolated: this is an assumption made in
[31], [23] and in some parts of [11].

Our first main result is established in Section 4.5. This result provides an asymp-
totic estimate of the trace of the heat operator s — e_szDQ, and we remark that the

following theorem is new even in the compact case.

Theorem 1.2.2. — Let p € N and let (c#, H, D) be a spectral triple satisfying Hypoth-
esis 1.2.1. If ¢ € A®PHY) s o Hochschild cycle, then

(1.1) Tr(Q(c)(1 + D) ~Be=s"P%) = %’Ch(c)f2 +0(s7Y, s|o.

Note that we do not require that the parity of the dimension of p match the parity
of the spectral triple (i.e., p can be an odd integer while (¢, H, D) has a nontrivial
grading, and similarly p can be even while (¢#, H, D) has no grading).

Our second main result proves the analytic continuation of the (-function associ-
ated with the operator (14 D?2)~ 2. This result recovers all previous results concerning
the residue of the ¢ function on a Hochschild cycle.

Theorem 1.2.3. — Let p € N and let (c#, H, D) be a spectral triple satisfying Hypoth-
esis 1.2.1. If ¢ € A®P*Y) 4s o Hochschild cycle, then the function
(1.2) en(2) == Te(Qc)(1+ D*)7%), R(z) >p

is holomorphic, and has analytic continuation to the set {R(z) > p — 1} \ {p}. The
point z = p is a simple pole of the analytic continuation of (. p, with corresponding
residue equal to pCh(c).

To prove our analogue of the Character Theorem in the unital setting, we require
an additional locality assumption on the Hochschild cycle ¢. The use of locality in
noncommutative geometry was pioneered by Rennie in [48].

Definition 1.2.4. — A Hochschild cycle ¢ = Z;nzl ag) ®-Q® a{; € A®®+Y s said to
be local if there exists a positive element ¢ € oA such that d)aé = aé forall1 < j<m.
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4 CHAPTER 1. INTRODUCTION

For example, if X is a manifold and ¢#Z = C2°(X) is the algebra of smooth com-
pactly supported functions on X, then every Hochschild cycle is local since we may
choose ¢ to be smooth and equal to 1 on the union of the supports of {aé}}”zl.

Our final result is the Connes Character Formula for locally compact spectral
triples. In the compact case, our result recovers all previous results of this type (e.g.,
[30, Theorem 10.32], [2, Theorem 6], [12, Theorem 10] and [15, Theorem 16]).

Theorem 1.2.5. — Let p € N and let (c#, H, D) be a spectral triple satisfying Hypoth-
esis 1.2.1. If ¢ € A®PHY) s a local Hochschild cycle, then

(1.3) (Q(e)(L + D)~ %) = Ch(o),

for every normalized trace ¢ on 4y .

The notion of a normalized trace on Z; o is recalled in Subsection 2.1.3. The
purpose of the Connes Character Formula is to compute the Hochschild class of the
Chern character by a “local” formula, here stated in terms of singular traces.

A consequence of Theorem 1.2.5 being stated for arbitrary normalized traces
on 71, is that we can deduce precise behavior of the distribution of eigenvalues of
the operator Q(c)(1 + D?)~?/2:

Corollary 1.2.6. — Let (#, H, D) satisfy Hypothesis 1.2.1, and let ¢ € A®P*Y be q
local Hochschild cycle. Then the sequence {\(k, Q(c)(1+ D?)7P/2)}2 . of eigenvalues
of the operator Q(c)(1 + Dz)_”/2 arranged in non-increasing absolute value satisfies:

> Ak, Q(c)(1+ D?)7P/?) = Ch(c) log(n) + O(1), n — oo.
k=0

The above corollary is an immediate consequence of Theorem 1.2.5 and Theo-
rem 2.1.5.

The main technical innovation of this paper concerns a certain integral represen-
tation for the difference of complex powers of positive operators, which originally
appeared in [33] and which is reproduced here as Theorem 5.2.1.

An operator T € Z;  is called universally measurable if all normalized traces
on Z; o take the same value on 7. A new result of this paper, and a crucial component
of our proof of Theorem 1.2.5, is the following:

Theorem 1.2.7. — Let 0 <V € £y o and let A € L. Define the -function:
Cav(z) = Te(AVITZ) R(2) > 0.

If there exists € > 0 such that (4 v admits an analytic continuation to the set
{z : R(z) > —e} \ {0} with a simple pole at 0, then for every normalized trace ¢
on 4y o we have:

p(AV) = Res,=0la,v (2).
In particular, AV is universally measurable.
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1.3. CONTEXT OF THIS PAPER 5

Theorem 1.2.7 is a strengthening of an earlier result [55, Theorem 4.13], and a
complete proof is given in Section 5.5.

1.3. Context of this paper

Connes’ Character Formula dates back to Connes’ 1995 paper [20]. There the char-
acter theorem was discovered in order to “compute by a local formula the cyclic coho-
mology Chern character of (c#, H, D).” Connes’ work initiated a lengthy and ongoing
program to strengthen, generalize and better understand the Character Formula.

Closely linked to the Character Formula is the Local Index Theorem of Connes
and Moscovici [23], and much of the work in this field was from the point of view of
index theory. Among the approaches to generalizing Connes character theorem, there
is [2] by Benamuer and Fack, and [12] by Carey, Philips, Rennie and the first named
author.

Instead of considering traces on Z; o, [12] deals with Dixmier traces on the Lorentz
space oM . Due to an error in the statement of Lemma 14 of [12] which invalidates
the proof in the p = 1 case, a followup paper [15] was written. In [15], the Character
Formula is proved in the compact case for arbitrary normalized traces (rather than
Dixmier traces).

During the creation of the present manuscript an oversight was located in [15]:
in that paper the case where D has a nontrivial kernel and (¢#, H, D) is even was
not handled correctly. It was incorrectly assumed in [15, Case 3, page 20] that if
(c#,H, D) is an even spectral triple with grading I', then so is

(A, H, (X[0,00) (D) = X(~00,0) (D)) (1 + [D[})/?).

This is false if the kernel of D is nontrivial, since then it is not necessarily the case
that X[o,00)(D) = X(=00,0) (D) anticommutes with I". The outcome of this oversight is
that the proof of the Character Theorem as given in [15] is incomplete. This oversight
can be corrected by using the well-known “doubling trick” that was already present
in [12, Definition 6]. The present work supersedes that of [15], and so rather than
submit an erratum we have decided to instead supply a complete proof here, in a
more general setting.

All of the work mentioned so far in this section applies exclusively in the compact
case. Adapting the tools of noncommutative geometry to the locally compact case
involves substantial difficulties and this task has been heavily studied by multiple
authors over the past few decades: as a small sample of this body of work we mention
[47, 48, 28, 29, 10, 11] and more recently work by Marius Junge and Li Gao concerning
noncommutative planes.

In 2000, Professor Nigel Higson published [31]: a detailed exposition of the local
index theorem, including in the final appendix a claimed proof of the Connes Char-
acter Formula in the non-unital setting. Higson’s work was a major inspiration for
the present paper, since it is now understood and acknowledged by Higson that the
claimed proof of the Character Formula [31, Theorem C.3] has a gap. This paper
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6 CHAPTER 1. INTRODUCTION

arose from our efforts to produce a correct statement and complete proof of the Char-
acter Formula in the non-unital setting using recently developed methods of Double
Operator Integration theory.

After circulating a draft of our manuscript Carey and Rennie pointed out that
there was a different way to obtain a similar result on the Hochschild class using
[11] (which is based on [14]). It is proved in these papers that the “resolvent cocycle”
introduced there represents the cohomology class of the Chern character. From that
point of view one may obtain a different representative of the Hochschild class of
the Chern character using residues of zeta functions under weaker hypotheses on the
Hochschild chains and substantially stronger summability conditions on the spectral
triple. For Hochschild chains satisfying some additional conditions, but not requiring
locality as employed here, Carey and Rennie also have a Dixmier trace formula for
the Hochschild class of the Chern character evaluated on such Hochschild chains.

1.4. Structure of the paper

This paper is structured as follows:

— Chapter 2 is devoted to preliminary definitions and concepts: we introduce the
relevant definitions for operator ideals, traces, spectral triples, operator valued
integrals and double operator integrals.

— Chapter 3 provides important technical properties of spectral triples. In Sec-
tion 3.3 we prove that Hypothesis 1.2.1 is satisfied for the canonical spectral
triple associated to noncommutative Euclidean spaces R§7 and in Section 3.4 we
show that the hypothesis is satisfied for Hodge-Dirac spectral triples associated
to arbitrary complete Riemannian manifolds.

— Chapter 4 contains the proof of Theorem 1.2.2.

— Chapter 5 contains the proofs of Theorems 1.2.3, 1.2.7 and 1.2.5.

— Finally, an appendix is included to collect some of the lengthier computations.
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CHAPTER 2

PRELIMINARIES

2.1. Operators, ideals and traces

2.1.1. General notation. — Fix throughout a separable, infinite dimensional complex
Hilbert space H. We denote by 7., the algebra of all bounded operators on H, with op-
erator norm denoted || - ||c. For a compact operator T' on H, let A(T') := {\(k, T)}32,
denote the sequence of eigenvalues of T' arranged in order of non-increasing magni-
tude and with multiplicities. Similarly, let u(T') := {u(k,T)}72, denote the sequence
of singular values of T', also arranged in non-increasing order with multiplicities. The
kth singular value may be described equivalently as either p(k,T') := A(k, |T|) or
w(k,T) = inf{||T — R||s : rank(R) < k}.

The standard trace on Z, (more precisely on the trace-class ideal) is denoted Tr.

Fix an orthonormal basis {ex}?>, on H (the particular choice of basis is inessen-
tial). We identify the algebra £, of all bounded sequences with the subalgebra of
diagonal operators on H with respect to the chosen basis. For a given a € ¢, we
denote the corresponding diagonal operator by diag(«).

For A,B € Z.,, we say that B is submajorized by A in the sense of Hardy-
Littlewood, written as B << A, if

> u(k,B) <> u(k,A), n>0.
k=0 par

We say that B is logarithmically submajorized by A, written as B <<}, A if

H/J'(kaB)S Hu(kaA)v n > 0.
k=0 k=0

An important result concerning logarithmic submajorisation is the Araki-Lieb-
Thirring inequality [34, Theorem 2|, which states that for all positive bounded oper-
ators A and B and all r > 1,

(2.1) |AB|" <<10g A"B".
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8 CHAPTER 2. PRELIMINARIES

We make frequent use of the following commutator identity: if A and B are oper-
ators with B invertible, then

(2.2) [B~', Al=-B'[B,A|B~'.

We must take care to ensure that (2.2) remains valid when A and B are potentially
unbounded. If A is bounded, then it is enough that A : dom(B) — dom(B).

2.1.2. Ideals in Z,, and related inequalities. — For p € (0,00), we let Z,, denote the
Schatten-von Neumann ideal of Z,

Lo ={T € Lo : u(T) € lp}
where £, is the space of p-summable sequences. As usual, for p > 1 the ideal <, is
equipped with the norm

0o 1/p
1Tl := (Z u(’mT)p) :
k=0

Similarly, given 0 < p < oo, we denote by Z, « the ideal in Zs, defined by
Zpoo = {T € Lo : sup (1 +k)Ppu(k,T) < oo}
k>0

Equivalently,
Lpoo = {T € Lo : Sl;p nPTr(X(1 00y (IT]) < 00}
n>0 "

It is well-known that the ideal 7,  may be equipped with a quasi-norm given by the
formula

IT\lp.co := sup(k + 1)YPu(k,T), T €Zpoo-
k>0

As is conventional, oo oo = Zro-

We make use of the following Hoélder inequality: let p, p1,pa, ..., pn € (0, 00] satisfy
% =30 pik. If Ay € £y, 00 for all k =1,...,n, then A1As--- A, € T o, with an
inequality of norms:

(2‘3) ||A1A2 o 'An”p,oo < Cp1,p2,....Pn ||A1||p1,00||A2||p2,oo T ”An”pn,om

where ¢, p,,....pn > 0.
The quasi-norm || - ||1,c0 is not monotone with respect to Hardy-Littlewood subma-
jorisation. It is, however, monotone under logarithmic submajorisation. To be precise,

we have that for all A, B € 7 o if B <<joz A then
(2.4) 1Bll1,00 < el All1,00-

Indeed, since the sequence {u(k, B)}72, is nonincreasing, for all n > 0 we have:

p(n, B)"' < [] u(k, B).
k=0

ASTERISQUE 445



2.1. OPERATORS, IDEALS AND TRACES 9

So if B <<i0g A,

(2.5) p(n, B)" < T n(k, A).
k=0
However by definition, u(k, A) < % for all k, so
& IAlTE
2.6 k,A) < =,
(26) I1 s 4) < G225,
Now combining (2.5) and (2.6),
22N s
B)"tt < =%
p(n, B)"T" < (n+ 1)
Now using the Stirling approximation
n+1 n+1
H >
(n+1t= (—=)",
we arrive at 1] —
B n+l ~ (6 1,oo)n )
(B < (= 27
Hence, for all n > 0,
ellAll1,00
B) < ———.
p(n, B) < = =7

Multiplying by n+1, and then taking the supremum over n yields || B||1,00 < €||4|l1,00
as desired.

Another ideal to which we will refer is the Schatten-Lorentz ideal Z,; for ¢ > 1,
defined by

Loq ={T €L+ > u(k,T)(k+1)77" < 00}
k=0
and equipped with the quasi-norm

1Alg1 = plk, AL+ k)
k=0

If % + % =1, then we have the following Hélder-type inequality:
(2.7) [ABlly < [|AllpoclBllg1, A€ Zpoo, BEZya.

2.1.3. Traces on Z; o

Definition 2.1.1. — If J is an ideal in L, then a unitarily invariant linear functional
@ : o — C is said to be a trace.

Here ¢ being “unitarily invariant” means that o(U*TU) = o(T) for all T € J
and unitary operators U. Equivalently, ¢(UT) = ¢(TU) for all unitary operators U

SOCIETE MATHEMATIQUE DE FRANCE 2023



10 CHAPTER 2. PRELIMINARIES

and T € JJ. Since every bounded linear operator can be written as a linear combina-
tion of at most four unitary operators [46, Page 209], one may equivalently say that
©(AT) = p(TA) for all A€ Zoo and T € J.

The most well-known example of a trace is the classical trace Tr on the ideal Z,,
however we will be primarily concerned with traces on the ideal Z; . There exist
many traces on Z; ., of which the earliest discovered class of examples are the Dixmier
traces which we now describe.

Recall that an extended limit is a continuous linear functional w € £  from the
set of bounded sequences £, which extends the limit functional on the subspace ¢ of
convergent sequences. Readers who are more familiar with ultrafilters may consider
the special case where w is the limit along a non-principal (free) ultrafilter on Z .

Example 2.1.2. — Let w be an extended limit. Then the functional Tr,, is defined on
a positive operator T € Z; o by

Tro(T) = w <{1mg(21+n) kZ,u(k,T)} ) .

=0 n=0
The functional Tr,, is additive on the cone of positive elements of Z; o, and there-
fore extends by linearity to a a functional on Z; o,. The thus defined functional
Tr, : 41,0 — C is a trace, and we call such traces Dixmier traces.

Proof. — Let A and B be positive operators. Combining [39, Theorem 3.3.3, Theo-
rem 3.3.4], for all n > 0 we have:

n n 2n+1
> ulk, A+ B) <Y u(k,A)+pk,B) < > u(k, A+ B).
k=0 k=0 k=0
Hence,
n 2n+1
0< Y uk,A)+p(k,B) —u(k, A+ B) < > p(k,A+ B).
k=0 k=n+1

However A+ B € %1700, so there is a constant C' > 0 such that for all £ > 0 we have
uw(k, A+ B) < k%_l and therefore
0< Y uk,A)+p(k,B) — u(k, A+ B) < C, n>0.
k=0
Dividing by log(2 + n):

1 = 1 - 1 -
< — k,A)+ —— k,B) - ———— k,A+B
_log(2+n)kzzou(’ )+log(2+n)kzzou(’ ) log(2+n)k220'u(7 +B)
1
< _— .
_O(log(2+n))7 e

Then applying w:
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2.2. SPECTRAL TRIPLES 11

So indeed Tr,, (A+ B) = Tr,,(A)+Tr,(B) for any two positive operators A and B. [0

Remark 2.1.3. — Dixmier traces were first defined by J. Dixmier in [24], albeit with
some important differences to Tr,, as given in the above example.

(i) Originally Dixmier traces were defined on the ideal oM o which is strictly larger
than 71 co.

(ii) Tr, was originally shown to be additive only for those extended limits which
are translation and dilation invariant.

For more technical details and historical information we refer the reader to [39, Chap-
ter 6].

As the preceding example shows, Tr,, is additive on Z;  for an arbitrary extended
limit.

An extensive discussion of traces, and more recent developments in the theory, may
be found in [39] including a discussion of the following facts:

1. All Dixmier traces on Z; o, are positive.

All positive traces on 7 o are continuous in the quasi-norm topology.
Every continuous trace is a linear combination of positive traces.

There exist positive traces on Z; o, which are not Dixmier traces (see [51]).
There exist traces on Z; o, which fail to be continuous (see [26]).

Every trace on Z; o, vanishes on Z; (see [26]).

S oD

We are mostly interested in normalized traces ¢ : 41 o — C, that is, satisfying

p(diag({ 737 }k>0)) = 1.
The following definition, extending that originally introduced in [19, Defini-
tion 2.0.7], plays an important role here.

Definition 2.1.4. — An operator T € 4y  1is called universally measurable if all nor-
malized traces take the same value on T.

The following result characterizes universally measurable operators in terms of
their eigenvalues, and a detailed proof may be found in [39, Theorem 10.1.3(g)].

Theorem 2.1.5. — An operator T € 4y  is universally measurable if and only if there
exists a constant c such that

Z Ak, T)=c-log(n) + O(1), n — oo.
k=0

In this case, we have o(T') = ¢ for every normalized trace ¢ on Zj .

2.2. Spectral triples

A spectral triple is an algebraic model for a Riemannian manifold, defined as
follows:

Definition 2.2.1. — A spectral triple (c#, H, D) consists of the following data:
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(a) a separable Hilbert space H ;

(b) a (possibly unbounded) self-adjoint operator D on H with a dense do-
main dom(D) C H;

(¢) a x-subalgebra o of the algebra of bounded linear operators on H.

Such that for all a € o/ we have:

1. a-dom(D) C dom(D),

2. The commutator [D,a] : dom(D) — H extends to a bounded linear operator
on H, which we denote 9(a),

3. a(D + i)~ is a compact operator.

Remark 2.2.2. — Definition 2.2.1 should be compared to [11, Definition 3.1], of which
it is a special case (when the underlying von Neumann algebra is 7o, (H)). Within the
literature there is some variation in the definition of a spectral triple. In many sources
(such as [30, Definition 9.16]) it is assumed that the resolvent (D + i)~! is compact.
We will refer to spectral triples where (D+14) ! is compact as compact spectral triples.
In particular a spectral triple where ¢/ contains the identity operator is compact. If
(c#, H, D) is not necessarily compact, we will say that is it locally compact.

Definition 2.2.3. — Given a spectral triple (c#, H, D) let Fp denote the partial isom-
etry defined via functional calculus as

Fp := X(0,00) (D) = X(=00,0)(D).

Where there is no ambiguity, we will frequently denote Fp as F'.

If D has trivial kernel, then F3 = 1.

We may define the operator |D| : dom(D) — H by functional calculus. Since D is
self-adjoint, for all n > 1 we have |D|™ = |D"|, and so dom(|D|™) = dom(D"). We
have F|D| = D as an equality of operators on dom(D), and on dom(D?):

\D|D = D|D|.

We also have |D| = FD.

Note that F}, = Fp~ = Fp. Hence, we also have D = D* = |D|*F* = |D|F. Since
|D|F = D, it follows that F' : dom(D) — dom(D).

By similar reasoning, we also have that for all n > 1 that D" F = F D" and hence
that F': dom(D") — dom(D").

Consequently, for n,m > 1, the operators F, D™ and |D|™ all mutually commute
on dom(D™*t™).

2.2.1. Properties of spectral triples. — Smoothness of a spectral triple is defined in
terms of boundedness of commutators with |D| (see Subsection 2.2.2 for discussion
of this issue). The following results will be known to the expert reader. The notion
of smoothness defined in terms of domains of commutators with |D| originates with
Connes [20, Section 1] and is also used in [23] and [11, Section 1.3]. We provide detailed
proofs here for convenience.
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2.2. SPECTRAL TRIPLES 13

If T is a bounded operator with T : dom(D) — dom(D), then the commutator
|D|IT — T|D| : dom(D) — H is meaningful. More generally, if there is some n such
that for all 0 < k < n we have T : dom(D*) — dom(D¥) then we may consider the
higher iterated commutator:

(28) D110+ 1171+ = S0 ) IDfalp
k=0
This is a well defined operator on dom(D™) in the following sense: for each k we have
|D|"~F : dom(D"™) — dom(D¥), a : dom(D*) — dom(D¥) and |D|* : dom(D*) — H.
We wish to define §"(T) as the bounded extension of the nth iterated commu-
tator [|D|, [|D|,[ -+ ,[|D|,T]"--]]] when such an extension exists. This motivates the
following definition:

Definition 2.2.4. — For n > 1, we define dom(d™) to be the set of bounded linear
operators T such that for all 0 < k < n we have T : dom(D*) — dom(D*) and the
nth iterated commutator in (2.8) has bounded extension.

For T € dom(6"™), we let 6™(T) be the bounded extension of the nth iterated com-
mutator (2.8).

The n = 0 case is defined by dom(8°) := Zoo (H) and §°(T) :=T.

We define

domy, (0) := ﬂ dom(5%).

k>0
Lemma 2.2.5. — The set domy,(0) is closed under multiplication.
Proof. — Let T, S € domy,(d). Then by definition, for all ¥ > 1 we have that T, 5 :
dom(D*) — dom(D*), and hence T'S : dom(D*) — dom(DF¥). The kth iterated
commutator §*(T'S)|dom(D¥) is given by:
k

k , .
(TS = Z ( ,)5’“‘J(T)63 ().
— \Jj
j
Since for all j we have §7(S) € dom,(0) and 6*7(T) € dome, (&), the above expres-
sion is well defined as an operator on dom(D¥) and has bounded extension. O

It is clear that if £ > 0 and 7' € dom(&6**!), then §(T) € dom(s*) and
§*(T) € dom(8). Moreover 6¥+1(T) = 6*(5(T)) = 6(5*(T)).

We may also define dom(9) to be the set of bounded operators T such that
T : dom(D) — dom(D) and [D,T] : dom(D) — H has a bounded extension, which
we denote 9(T).

The relevance of dom(9) is the following:

Lemma 2.2.6. — Suppose that T € dom(d) N dom(d) is such that O(T) € dom(d) and
0(T) : dom(D) — dom(D). Then 6(T) € dom(9) and

9(6(T)) = 6(8(T)).
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Proof. — Since T € dom(d) N dom(d), we have in particular that T : dom(D) — dom(D).
Since O(T') € dom(J), we also have that O(T) : dom(D) — dom(D). Let £ € dom(D?).
Then,
DT¢ =0(T)¢ + TDE.
Since T : dom(D) — dom(D) and &(T) : dom(D?) — dom(D), it follows that
DT¢ € dom(D) and therefore T : dom(D?) — dom(D?).
Now since the operators D and |D| commute on dom(D?), we have that for all
¢ € dom(D?):
(D, ID], )¢ = 1D}, (D, TIjé.
Since by assumption T € dom(d), 9T € dom(d) and §(7T) : dom(D) — dom(D), we
may further write:
[D,5(T)]€ = 6(0(T))¢.
Since the operator on the right hand side by assumption has bounded extension, and
using the fact that dom(D?) is dense in H it follows that [D,d(T)] has bounded
extension and therefore §(T") € dom(9). Thus, 9(6(T")) = §(0(T)). O

Next we define the notion of a smooth spectral triple. Some sources (such as [11,
Definition 3.18]) use the term “QC spectral triple,” and others (such as [31, Defini-
tion 4.25]) use the term “regular” spectral triple.

Definition 2.2.7. — A spectral triple (c#, H, D) is called smooth if for all a € A, we
have

a,d(a) € domy ().
If (#,H, D) is smooth, we let B be the x—subalgebra of Lo (H) generated by all
elements of the form 6*(a) or 6%(8(a)), k > 0, a € .

By Lemma 2.2.5 and since 6*(a)* = (—1)*¥6*(a*), we automatically have that
B C dom (6).

Corollary 2.2.8. — Let (c#,H, D) be smooth, and a € ¢#. Then for all k > 1 we have
§*%(a) € dom(9d) and
8(6*(a)) = 6%(8(a)).

Proof. — This proof proceeds by induction on k. For k = 1, by the definition of
smoothness we have d(a) € dom(d) and a € dom(d) N dom(9), and by definition
a : dom(D) — dom(D). So by Lemma 2.2.6 it follows that §(a) € dom(9) and

9(0(a)) = 6(0(a))-

Now we suppose that the claim is proved for £k — 1, kK > 2 and we prove the claim
for k. Since (¢, H, D) is smooth, 6*~!(a) : dom(D) — dom(D) and by the inductive
hypothesis, §*~!(a) € dom(d) and

§*71(8(a)) = 8(6"*(a)).
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However since 6*~1(a) € dom(6) N dom(d) and §*~!(a) : dom(D) — dom(D) we may
apply Lemma 2.2.6 with 7' = §*~1(a) to conclude that §*(a) € dom(9) and

5(8(8" " (a))) = (8(6**(a)))
= 9(6"%(a)).

By the inductive hypothesis, 6(9(6% (a))) = §(6*~1(8(a))) = 6*(8(a)), and so this
proves the result for k. O

Definition 2.2.9. — Let T € dom(0) N dom(4). Define
L(T) :=90(T) — F§(T).

Note that by definition L(T') is bounded. On dom(D) we have:
L(T) = [F, T]|D|.

The boundedness of L(T) on dom(D) was already implicitly noted in the proof of [12,
Lemma 2].

Our computations are greatly simplified by introducing a common dense sub-
space H,, C H on which all powers D* are defined:

Definition 2.2.10. — Let Hoo =), dom(D").

The subspace H is a well-known object in noncommutative geometry, appear-
ing in [20, Section 1] and more recently in [30, Equation 10.64] and [11, Defini-
tion 1.20]. One way to see that Ho, is dense in H (and in particular non-zero) is
to note that dom(eDz) C Hy UT € domy(d), then T : Ho, — Hy since by defi-
nition if 7 € dom(é™) then T : dom(D*) — dom(D¥) for all 0 < k < n. Moreover
since F' : dom(D"™) — dom(D™) for all n, we also have F : Hy, — Hq,. It is useful
to note that for each k the unbounded operators D* and |D|* map H,, to H,. This
observation is justified in the next lemma.

Lemma 2.2.11. — Let f : R — R be a Borel function which has “polynomial growth at
infinity” in the sense that there exists n > 0 such that t — (1+t2)""/2 f(t) is bounded
on R. Then f(D) (defined by Borel functional calculus) maps Hy to Heo.

Proof. — Let k > n, and ¢ € dom(D¥). By assumption (1 + D?)~"/2f(D) defines a
bounded operator,

(1+ D?)~% f(D)D* : dom(D*) — H.
However (1 + D?)~"/2f(D)D* = D¥*(1 + D?)~"/2f(D) on a dense domain. Since
D™(14 D?)~"/2 defines a bounded operator, we get that D*~" f(D) : dom(D*) — H.
Therefore f(D) : dom(D*¥) — dom(D*™"). Since k > n is arbitrary, we have
that f(D): He — Heo. O

Lemma 2.2.12. — If T € dom(d) N dom(0) is such that T : He — Hs, then
L(T): Hyw — Heo.
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Proof. — For £ € H.,
L(T)¢ = [F, T]|D[S.
However |D|¢ € Hyo, and F : Hoo — Hoo. Thus [F,T]|D|¢ € Hw. O

Lemma 2.2.13. — Let T € dom(6%) N dom(d) be such that O(T) € dom(d). Then
L(T) € dom(§) and

Proof. — Since 9(T') € dom(d), we have from Lemma 2.2.6 that
4(T) € dom(9) N dom(d)
and hence L(§(T')) is defined and bounded.
The required identity can be checked on dom(D?), since T : dom(D?) — dom(D?).
For ¢ € dom(D?), we have:
§(L(T))¢ = [ID|, [F, T1|DI]¢
= [F,[ID], T|IDI¢
— L(T)E. 0

Spectral triples are often classed as even or odd:

Definition 2.2.14. — A spectral triple (c#, H, D) is said to be

(a) even if equipped with T' € Zo, such that T =T*, T? =1 and such that [[',a] =0
for all a € A, {D,T'} = 0. Here {-,-} denotes anticommutator;

(b) odd if not equipped with such T'. In this case, we set T' =1;

(c) p-dimensional if for all a € ¢# we have a(D +1)™P € £y o and d(a)(D +i) 7P € T4 oo,
and for all ¢ < p there exists ag € & such that ag(D + i)™ ¢ 1 .

For an even spectral triple, we have D?T' = I'D2. Therefore, |D|T' = T'|D|. We
furthermore have that FI'+T'F = 0.

We follow the convention of [11], where we write I' in all formulae referring to
spectral triples, with the understanding that if the spectral triple is odd then I' =1
and the assumption that {D,T'} = 0 is dropped.

For an arbitrary spectral triple, we have |D|*T" = T'|D|* for all k, and therefore
I': dom(D¥) — dom(D*) for all k. Hence I' : Ho, — Hoo.

The following assertion is well-known in the compact case (see e.g., [12] and [44]).
To the best of our knowledge, no proof has been published in the locally compact
case. We supply a proof in Section 3.1, Proposition 3.1.5.

Proposition 2.2.15. — Let p € N. If (¢#, H, D) is a p-dimensional spectral triple sat-
isfying Hypothesis 1.2.1, then [F,a] € 2 o for all a € A.

Let 7Z®2(®*+1) denote the (p + 1)-fold algebraic tensor power of ¢Z. We now define
the two important mappings ch and €.
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Definition 2.2.16. — Suppose that D has a spectral gap at 0 (i.e., is boundedly invert-
ible). Define the multilinear mappings ch : AP — . and Q : AP 5 7
on elementary tensors ap @ a1 ® --- @ ap, € ABWPTL) py

P
ch(ap®a1®@---®ap) =TF H[F,ak]
k=0
and

p
Qao ® a1 ® -+ ®a,) =Tao [ [ ().
k=1

If (¢#, H, D) is p-dimensional, then it follows from Proposition 3.1.5 and the Holder
inequality (2.3) that ch(c) € Lz o C 2 for all ¢ € A®WPH) | This permits the
following definition:

Definition 2.2.17. — If (¢#,H,D) is p-dimensional spectral triple satisfying Hy-
pothesis 1.2.1 and if kernel of D is trivial, then the Connes-Chern character
Ch : #Z2®+1) — C is defined by setting

Ch(c) = %Tr(ch(c)), ce APPH,

In general, however, Chern character cannot be defined in terms of F' because
F? +£ 1 when D has non-trivial kernel. In order to ensure that Ch is a cyclic cocycle
(in the sense of [37, 2.1.4]), we require that F? = 1. Hence we define the Chern
character of a general spectral triple in terms of another F, such that Fy = Fj = FZ.
For this purpose, we use a doubling trick.

Definition 2.2.18. — Let (c#, H, D) be a spectral triple with grading T, and let P be
the projection onto ker(D). Consider the following unitary self-adjoint operators on
the Hilbert space Hy = C? ® H defined by:

F P
FO = s
P -F

r 0
Lo = (O (_1)deg1"> ’

Here, deg = 1 for even triples and deg = 0 for odd triples. The algebra oA is repre-

sented on Hy by:
a 0
m(a) = .
w-(5 1)

For an elementary tensor ap ® ---a, € APPHYD) we set:

P
cho(ap ® -+ ® ap) = ToFy H[FO,W(ak)]-
k=0
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Definition 2.2.19. — If (¢#, H, D) is p-dimensional spectral triple satisfying Hypothe-
sis 1.2.1, then Connes-Chern character Ch : A®W+Y) — C is defined by setting

1
Ch(c) = o (Tr2 ® Tr)(cho(c)), c€ AP,
Here, Try denotes the 2 X 2 trace on matrices.

Note that Definition 2.2.18 does not conflict with Definition 2.2.16: if ker(D) is
trivial (i.e., P = 0) then both definitions of Ch coincide.

Strictly speaking, the Connes-Chern character is conventionally defined to be the
class of Ch in periodic cyclic cohomology. This distinction is not relevant to the results
of this paper, so in the sequel we will consider Ch merely as a multilinear functional
as above.

Remark 2.2.20. — We have opted to define the Chern character of a spectral triple
(A, H, D) in terms of the “doubled” operator Fy in Definition 2.2.18. This definition
is directly in line with earlier work such as [12, Definition 6] and [11, Definition 2.23].
In those papers the Chern character of a spectral triple is defined to be the Chern
character of any Fredholm module equivalent to the pre-Fredholm module (¢7, H, F).
It is known that the class in periodic cyclic cohomology of the chern character defined
in that way is independent of the choice of Fredholm module equivalent to (¢, H, F)
[18, Section 5, Lemma 1].

In order to avoid technicalities, we have defined the Chern character in terms of
a specific Fredholm module (7(c#), Ho, Fy). This has the advantage of simplicity of
presentation, and makes no difference in regards to the character formula. A reader
interested in a more refined definition of the Chern character in periodic cyclic coho-
mology may wish to consult [18, 12, 11].

2.2.2. Discussion of smoothness. — It is tempting to define smoothness only in terms
of 9, without reference to §. One might naively suggest that (¢#, H, D) is smooth if
for all n > 0 we have a - dom(D™) — dom(D™) and the nth iterated commutator
[D,[D,[ - ,[D,a]---] extends to a bounded operator on H.

However this condition does not hold for even the simplest spectral triples. A stan-
dard spectral triple associated to the 2-torus T? is (C°(T?), Ly(T?, C?), D), where the
L, space is defined with respect to the Haar measure, the algebra C*°(T?) of smooth
complex valued functions on T? acts on Ly(T?,C?) by pointwise multiplication, and
the Dirac operator D is defined by:

D= —iy; ® 01 — 172 ® Os,

where 0; and 0y are differentiation with respect to the first and second coordinates
on T2 and 71, v2 are 2 x 2 complex matrices satisfying ViYe+vRY; = 20,1, j, k= 1,2.
Then if f € C*°(T?),

[D,[D,1® My]] = —[y1 ® 01 + 72 ® 02,71 ® Ma, 5 + 72 ® Mp,]
= —1® Mpzs 025 + 27172 ® (Mo, §01 + Mo, 102)
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However this operator is typically unbounded: if we choose f(z1,22) = 21, then
[D,[D,1® My]] = 2y17y2 ® (82) which is unbounded.

This example breaks the implication: “if f € C°°(T?), then [D, [D,1® M/]] extends
to a bounded linear operator.”

2.2.3. Discussion of dimension. — As we have defined it, we say that a spectral triple
(c#, H, D) is p-dimensional if for all a € ¢/ the operators a(D+14)~P and d(a)(D+1i)~P
are in 7y .

An alternative definition, also used in the literature, is to say that (¢#, H, D) is
p-dimensional if a(D+i)~! and 8(a)(D +i)~! are in Z, oo. An example of a definition
along these lines is [28, Definition 3.1]. Clearly in the case where ¢/ is unital these
definitions are equivalent, since (D + i)™! € %  if and only if (D +4)7? € Z) 0.
However in the non-unital case, the distinction may be important.

2.2.4. Hochschild (co)homology. — Hochschild homology and cohomology provide
noncommutative generalizations of the notion of differential forms and de Rham cur-
rents respectively. A detailed exposition of the theory of Hochschild (co)homology
and its relationship with noncommutative geometry may be found in [45, 37].

Let A be a (possibly non-unital) algebra. The Hochschild complex is a chain com-
plex:

L A0A0A4A04% A0A045 A4 A

For n > 1, the nth entry in the Hochschild chain complex is the nth tensor power
A®"_ The Hochschild boundary operator b : A®("t1) — A®" ig defined on elementary
tensors ag Q® a1 ® - - - Q an by:

n—1
b(ao®a1®'-~®an):a0a1®a2®-~-®an+Z(_l)ka0®...®akak+1®...®an
k=1

+(-D"apao®ay- - Q an_1.

It can be verified that b2 = 0, so the Hochschild complex is indeed a chain complex. An
element ¢ € A®(™*1 such that be = 0 is called a Hochschild cycle. For example, when
n = 1, an elementary tensor ap ® a1 is a Hochschild cycle if and only if b(ag ® a1) =
aga1; — ajag = 0, i.e., if ag and a; commute.

The Hochschild cochain complex is defined in A similar way: Let C,,(A) denote the
space of continuous multilinear functionals from A®™ — C. The Hochschild cochain
complex is,

Cr(A) L Cy(a) B cy(4) B -
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where the Hochschild coboundary operator b is defined as follows: if § : A®" — C,
then b6 : A2(»*+1) _ C is given on an elementary tensor ag ® a1 ® - - - ® a,, by

(00)(ao ® - ® ayn) = 0(apa1 ®az ® -+ @ ay)
n—1
+ Z(—l)ke(ao ®a1 @ ®ap—1 ® akagy1 @ apy2 @ - @ ay)
k=1

+(-1)"0(anao® a1 ® a2 @+ @ ap_1).

Put simply, for ¢ € A®(™+1) and § € C,,(A), the Hochschild boundary and coboundary
operators are linked by,

(2.9) (b6)(c) = 6(bc).

A cochain 0§ € C™(A) is called a Hochschild cocycle if b0 = 0. Due to (2.9), a
Hochschild coboundary vanishes on every Hochschild cycle.

Remark 2.2.21. — One must distinguish between Hochschild (co)homology as we have
just defined it, and the analogous continuous Hochschild homology [30, Section 8.5],
[42]. Continuous Hochschild (co)homology is defined with topological tensor products
in place of algebraic tensor products. In this text we are only concerned with algebraic
tensor products.

2.3. Weak integrals and double operator integrals

2.3.1. Weak integration in Z.,. — This section concerns the theory of “weak operator
topology integrals” of operator valued functions. The following definitions, and the
subsequent construction of weak integrals, are folklore. We provide suitable references
whenever they exist, otherwise we supply a proof. For example, one can look at [50,
Definition 3.26], and consider the example where the topological vector space X there
is Z»o equipped with the strong operator topology. Every continuous linear functional
on X can be written as a linear combination of z — (z&,n), &,n € H.

Definition 2.3.1. — A function f : R — Z is measurable in the weak operator
topology if, for every pair of vectors £, € H, the function
s = (f(s)&,m), seR,

is (Lebesgue) measurable.

For a function f, measurable in the weak operator topology, there is a notion of
“pointwise norm.” Namely, the scalar-valued mapping

s [f($)lloo = sup [{f(s)§,m], seR
HEEES!

is Lebesgue measurable. Here it is crucial that we work with separable Hilbert spaces,
as otherwise it is not clear whether the function s — || f(s)|e is measurable.
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Suppose that a function f : R — %, is measurable in the weak operator topology.
We say that f is integrable in the weak operator topology if

(2.10) /R||f(s)||oods < 0.

In particular, for all £, € H, we have

J e mlds < o

Hence for a function f satisfying (2.10), we may therefore define the sesquilinear
form

(€m)y = / (f(s)€.myds, EneH.

€l < [ re)enlds

< / 1£(5) oo lEN ]l ds

- ( / IIf(S)Ilood8> lellinll

Thus for a fixed { € H, the mapping 1 — (§,n) defines a bounded linear functional
on H. Hence there is a unique z¢ € H such that (§,7); = (x¢,n) for all n € H.
One can easily verify that the map £ — x¢ is linear, and furthermore

It then follows that:

|zell® = (e, ze)
=1(&,xe) sl

< (/R IIf(S)IloodS> 1€l lIzell-

So the mapping £& — x¢ is bounded. Let T be the unique bounded linear operator
such that x¢ = T'¢, we now define

(2.11) /Rf(s) ds :=

Due to the above computation, we have that

[r@as) < [l ds

Furthermore, we have that if A € 7, and f is integrable in the weak operator
topology, then s — Af(s) is also integrable in the weak operator topology, and

/RAf(s)ds:A/Rf(s)ds.

Closely related to the weak integral is the Bochner integral: indeed, if (&, ] - ||¢) is
a normed ideal in 7., and f : R — € is Bochner integrable, then it is integrable in the
weak operator topology and the weak integrals and Bochner integrals coincide, since
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if f is weakly C-valued measurable, then it is weak operator topology measurable,
and if || f||l¢ is integrable then ||f||~ is integrable.

2.3.2. Properties of the weak integral. — The authors thank Professor Peter Dodds
for his assistance with the arguments in this subsection.

Lemma 2.3.2. — Let s — a(s), s € R, be continuous in the weak operator topology. If
a(s) € Zy for every s € R and if

/ lla(s)|l1ds < oo,

then a(s) is integrable in the weak operator topology, fR s)ds € 7y and

| [ atoris], < [ aonas, ([ atoris) = [ 1eta(spas.

Proof. — Since ||a(s)]|co < ||a(s)]|1 for all s € R, we have
[ e lwds < [ fa(s)lds

R R

< 0

so that condition (2.10) holds, so s > a(s) is integrable in the weak operator topology.
Thus, let A be the bounded linear operator on H given by

A::/Ra(s)ds

in the sense of (2.11). Next, we shall show that A € Z;.
Let A = U|A| be a polar decomposition of A. For an arbitrary finite rank projec-
tion p, we have

p|A|p=/pU*a(8)pd8-
R

Since p is finite rank, the algebra pZ..p, is finite dimensional, and so here the
weak operator topology coincides with the norm topology. Hence, the mapping
s — pU*a(s)p is continuous in the norm topology. Since on the algebra pZ..p the
classical trace is a continuous functional with respect to the uniform norm, it follows
that

Tr(p|A|p) :/Tr(pU*a(s)p)ds.
R
Thus,

Tr(p|Alp) < / (T (pU* a(s)p) | ds

< /R la(s)nds.

Taking the supremum over all finite rank projections p, we arrive at

1Al < / la(s)ll1ds.
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This proves the first assertion.
Choose now a sequence {py},>1 of finite rank projections such that p, 7 1. We
have

Tr(pApn) = [ Traa(s)p)ds.

Clearly, Tr(pna(s)pn) — Tr(a(s)) as n — oo for every s € R. Since the function
s+ Tr(a(s)) is integrable, we can apply the dominated convergence theorem to obtain

/RTr(pna(s)pn)ds—>/RTr(a(s))ds.

On the other hand, we have Tr(p,Ap,) — Tr(A) as n — oo. This proves the second
assertion. O

According to the preceding lemma, if a : R — Z; is continuous and [ [la(s)]|, ds < oo,
then we have that [, a(s)ds € Z;. The following lemma shows that the same impli-
cation holds when %, is replaced by %~ for any r > 1.

Proposition 2.3.3. — Let s — a(s), s € R, be continuous in the weak operator topology.

Fiz v > 1, and suppose that for all s we have a(s) € L. If [5 [|a(s)lr,00 ds < o0

then fR a(s)ds € 4, where the integral is understood in a weak sense, and we have
T

a bound:
< .
‘ /Ra(s) ds S /]R la(8)]lr.00 ds

Proof. — Similar to the Z; case, since [|a(s)|loc < [la(s)|r,0, We have that
Jzlla(s)[|scds < oo, and so condition (2.10) holds. Hence, s +— a(s) is inte-
grable in the weak operator topology. Let A := [ a(s)ds in the sense of (2.11). Let
A = U|A| be a polar decomposition of A, and let p be a rank n projection, n > 1.
Then,

plAlp = /pU*a(S)pdS-
R
Thus,

Tr(p|Alp) < Alﬁ(pU*a(S)p)lds

< [ 190 a(o)pl ds.
R

The latter integral converges because ||[pU*a(s)p|l1 < nlla(s)|leo- Now,

n—1

IpU*a(s)plly <> ulk, a(s))
k=0

n—1

< Jla(s) oo 3k + 1)1/,

k=0
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The right hand side depends only on n and not p, so we may take the supremum over
all projections of rank n to obtain:

n—1 n—1
>l 4) < [ ol ds - Y- ()77,
k=0 R k=0
We can bound the latter sum as:
n—1 n
dk+1)7Mr <1 +/ t=Y" dt
k=0 1
T 1—1
< T,
—r— 1n
Therefore:
nol T 1
>l A) < [ 1a(s)leoo ds i
P R r—1
Hence,
= 1,4) < 2t [ as) oo s
r—1 R

Multiplying through by n%_l, and taking the supremum over n, it follows that
1 T
supn? (o —1,4) < " [ a(s) oo s
n>1 r—1Jg

So by the definition of the quasinorm on ;. «,, the assertion follows. O

2.4. Double operator integrals

Here, we state the definition and basic properties of double operator integrals. This
theory was initiated by the work of Birman and Solomyak [4, 5, 6], and more recent
summaries of the theory may be found in [7, 41].

Heuristically, given self-adjoint operators X and Y with spectra ¢(X) and o(Y),
spectral resolutions E'x and Fy and a bounded measurable function ¢ on o(X)xo(Y),
the double operator integral Tf’y applied to an operator A € Z, is given by the
formula:

X,Y .
x4 - [f oy PO BB () ATEY 1)

The formal expression for T(;(’Y is well defined as a bounded operator on the Hilbert-

Schmidt class Z,. The theory of double operator integrals is primarily concerned with

defining Tf Y on other ideals. This is not possible for arbitrary bounded measurable

functions ¢, so we must restrict attention to the following class of “good” functions.
That is, we assume that ¢ admits a representation

(2.12) o\, ) = /Qa()\, $)b(p, s)dr(s), A€a(X),nea(y),
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where (€2, k) is a measure space, and where

(2.13) / sup |a(\, s)| sup |b(w,s)|dr(s) < oo.
Q A€o (X) peo(Y)
For such functions ¢, we may define
(2.14) T07(A) = / a(X, s)Ab(Y, s) dk(s),
Q

where the operators a(X, s) and b(Y, s) are defined by Borel functional calculus, and
the integral can be understood in the weak operator topology.
The following is proved in [44, Theorem 4]:

Theorem 2.4.1. — If ¢ admits a decomposition as in (2.12), then the operator Tf’y i
a bounded linear map from:

(a) Zoo 10 Loo;

(b) %1 to Tn;

(¢) Z to Z:, for allr € (1,00);
(d) Zr.00 to Ly for all T € (1,00).

One of the key properties of double operator integrals is that they respect algebraic
operations (see e.g.,[40, Proposition 2.8]). Namely,

XY _ XY XY XY _ XY XY
(2'15) T¢1+¢2 - T¢>1 +T 2 ) T¢1'¢2 - T¢1 © T¢2 :
If, in (2.12) we take Q to be a one-point set, then ¢(A, u) = a(A)b(u) and
X,Y
(2.16) T, (A) = a(X)AbY).

2.5. Fourier transform conventions

We follow the convention that the Fourier transform of a function g € L;(R) is
defined by the formula
F@@) = m) Y [ glspe e ds.
R
So that the inverse Fourier transform is given for h € Li(R) by,

FHR)(s) == (2m)"Y/? /R h(t)e's dt

and so that ¢/ extends to a unitary operator on Lo (R).

We often make use of the fact that if ¢ € L;(R) satisfies g,¢g' € La(R) then
ofg € L1(R) [44, Lemma 7]. Here, the derivative g’ may be defined in a distributional
sense.

Everywhere in the text, the symbol § denotes (27)~'/2¢#(g). This allows us to
write for g € L1 (R) with 7 (g9) € L1 (R):

o(t) = / 4(s)e™ ds.
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We caution the reader that § does not denote the Fourier transform, but its rescaling
by (2m)~1/2.
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CHAPTER 3

SPECTRAL TRIPLES: BASIC PROPERTIES AND EXAMPLES

This chapter is primarily concerned with Hypothesis 1.2.1. We study the conse-
quences of this hypothesis, and also show that it is satisfied for two important classes
of examples.

We begin with the proof of Proposition 3.1.5, an important prerequisite to the defi-
nition of the Chern character (Definition 2.2.19). Next, we show that Hypothesis 1.2.1
is equivalent to a modified set of assumptions, Hypothesis 3.2.7. Hypothesis 3.2.7 is
stated in terms of an operator A (given in Definition 3.2.1) rather than §. This has the
advantage of making Hypothesis 3.2.7 more easily verified in the classes of examples
studied in this chapter.

The remainder of the chapter is devoted to demonstrating that the assumptions
made in Hypothesis 1.2.1 are satisfied for spectral triples associated to the following
classes of examples:

(a) Complete Riemannian manifolds.
(b) Noncommutative Euclidean spaces (also known as Moyal planes or Moyal-
Groenwald planes in the 2-dimensional case).

We re-emphasize that Hypothesis 1.2.1 is automatically satisfied for smooth p-di-
mensional unital spectral triples, and therefore we concern ourselves with showing
that it is satisfied for non-unital algebras.

The first class of Examples (a) is purely commutative. For the Dirac operator in
these examples, we use the Hodge-Dirac operator (see [49]). In [11], spectral triples
for noncompact Riemannian manifolds were studied under the significant restriction
that they have bounded geometry: this is a global geometric property which we are
able to avoid by working in local coordinates. Earlier, Rennie had studied noncompact
Riemannian spin manifolds which are not necessarily of bounded geometry by similar
methods [48, Section 5]. It is hoped that by including such a wide class of mani-
folds we may demonstrate the applicability of noncommutative methods in “classical”
(commutative) geometry.

The second Example (b) is one of the most heavily studied classes of non-unital and
strictly noncommutative spectral triples. A detailed exposition of the noncommutative
Euclidean spaces may be found in [28, 38|.
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3.1. A spectral triple defines a Fredholm module

This section is devoted to the proof of Proposition 3.1.5. We prove this in several
steps, initially working with the assumption that D has a spectral gap at 0 (i.e.,
that D has bounded inverse). We later show how this assumption can be removed.

Note that if D has a spectral gap at 0, then F' = D|D|~! = |D|~!D.

Remark 3.1.1. — Let (¢#, H, D) be a spectral triple satisfying Hypothesis 1.2.1. Sup-
pose D has a spectral gap at 0. For every a € ¢#, and all k£ > 1 we have the following
four inclusions:

a|lD[™? € 1 o0, 9(a)|D|™? € & oo,
§¥(a)|D|7Pt € 24, d(6%(a))|D|™Pt € .
Proof. — All four inclusions follow from the observation that since by assumption

|D| is invertible, the operator [I)Eli : dom(D) — H has bounded extension. Since

(¢#,H, D) is p-dimensional, we have
a(D+14)7P, 0(a)(D+14)P € s 00

NP
and multiplying by (the bounded extension of) (?5‘1) yields the first two inclusions.

The second pair of inclusions follow from Hypothesis 1.2.1.(iii): we have
§F(a)(D +i)"P~t € Z; and 0(6%(a))(D + i)™P~! € Z;. Then simply multiplying

D+ \PH P
by ( DI ) again yields the result. O

Note that the preceding lemma showed that d(a)|D|™P € Z4,.. We require a little
more effort to show that §(a)|D| P € Z4 wo.

Lemma 3.1.2. — Let (c#, H, D) be a spectral triple satisfying Hypothesis 1.2.1. Sup-

pose D has a spectral gap at 0. Then for all a € ¢/, we have §(a)|D|™? € £ .

Proof. — Using (2.2), we have the following equality (on H,) of operators:
(ID|7%,8(a)] = —|D|7*[|D|, d(a)]|D|

(3.1) = —|D['3(8(a))|D| .

Where the last equality uses the fact that 6 and 9 commute (from Lemma 2.2.6).
Similarly,

[(IDI7*,8(6(a))] = ~|D|~*[|D], 0(8(a))]| DI "
(32) = —|D|7'9(6(a))|D| "
Additionally, working with operators on H:
|D|7'[D? a] = |D|™! - (D8(a) + 8(a)D)
= Fd(a) + |D|"*0(a)D
= Fd(a) + 8(a)|D|™*D + [|D| 7%, 8(a)] D.
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Now applying (3.1):
|D|~[D? a] = FO(a) + 8(a)F — |D|7*0(5(a))F
= FO(a) + 0(a)F — 9(5(a))| D7 F — [|D|7", 0(8(a))}F
then using (3.2):
|D|7'[D? a] = FO(a) + d(a)F — 0(6(a))D~* + |D|~'0(6%(a))D~*.
So multiplying on the right by |D|~?:
D7 [D?,a)|D|"? = (F - 8(a)|D| " + 8(a)|D| ™ - F)
+ (= 8((@)DIP~1 - F+|D| ™" 8(6*(a))|D| 71 F).

From Remark 3.1.1, the first summand extends to an operator in Z; o and the second
summand extends to an operator in ;. Hence, the operator |D|~1[D? a]|D|™? has
extension to an operator in %Loo.
On the other hand since |D|? = D?, we have (again, as operators on H,)
|D|7*[D? a] = [D|'[| DI, o]
= |D|™" - (ID]é(a) + 8(a)|D|)
= 6(a) + [D|'6(a)|D|
= §(a) +6(a)[D|7}D| + [ID|7, 8(a)]| D|
= 26(a) — |D|7"8%(a)
= 26(a) - 6°(a)| D™ - [|D|7*, 6% (a)]
= 26(a) — 6*(a)| D™ +|D|78%(a)|D| .
So multiplying by |D|~?:
|D|7'[D?,a]|D|™? = 26(a)|D| 7 — §*(a)|D| P~ + |D|7'8°(a)| D 7P
By Remark 3.1.1, the operators 62(a)|D|7P~! and &3(a)|D|7P~! are in Z.

Since |D|7'[D?,a]|D|7P has extension to an operator in % o, it follows that
26(a)|D|™? € &, 00 O

Still working with the assumption that D has a spectral gap at 0, the follow-
ing lemma is a refinement of the Z; » inclusions in Remark 3.1.1 and the result of
Lemma 3.1.2. The following result should be compared with [11, Lemma 1.37], which
is of a similar nature but is stated in terms of Schatten ideals rather than weak
Schatten ideals. There is a substantial difference between Schatten ideals and weak
Schatten ideals, necessitating the introduction of new tools: here we use logarithmic
submajorisation and the Araki-Lieb-Thirring inequality.

Lemma 3.1.3. — Let (¢#,H, D) be a smooth p-dimensional spectral triple satisfying
Hypothesis 1.2.1. Suppose D has a spectral gap at 0. For every a € ¢# and for ev-
ery 0 < s < p, we have a|D|™* € L» o, 0(a)|D|™* € e o, and 6(a)|D|™° € Lo .
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Proof. — We prove here only the third statement: that 6(a)|D|™* € Z;,/s,00, the other
results can be proved similarly.
Let r = £ > 1. By the Araki-Lieb-Thirring inequality (2.1),

6(@)|DI™°]" <<1og [0(a)"[ D77

Due to (2.4) (the Z; o quasi-norm is monotone with respect to logarithmic subma-
jorisation)

16(@)IDI™*"[l1,00 < ell|0(a)["|DIP[l1,00

< ell6(a)lIi16(a)| DI 7|1, 00-

Hence,
16(a)[DI* 117,00 < ellé(a)ll5s18(a)| DI P11 00-

7,00 —
By Lemma 3.1.2, the right hand side is finite, and so §(a)|D|™* € Ze .
To prove the first two statements, one applies the same proof but with Remark 3.1.1

in place of Lemma 3.1.2. O

So far the results of this section have been stated with the assumption that D is
invertible. The following proposition shows how we can apply these results to a spec-
tral triple where D may not have a spectral gap at zero, by finding a spectral triple
with very similar properties but where the corresponding operator D is invertible.
A similar proposition appeared in the remark following Definition 2.2 of [13].

Proposition 3.1.4. — Let (7, H, D) be a spectral triple, and define Dy := F(1+D?)'/?
with dom(Dy) = dom(D). Then (c#, H, Dy) is spectral triple, and:

(1) (A, H,Dy) is p-dimensional if and only if (c#, H, D) is p-dimensional;
(ii) let 89 denote the bounded extension of [|Dy|, T, and define domy,(8o) identically
to domy, (&) with Dy in place of D. Then we have domy, (6p) = domy, (6);
(iii) (¢#, H, Do) is smooth if and only if (c#, H, D) is smooth;
(iv) (¢#,H, Do) satisfies Hypothesis 1.2.1 if and only if (c#, H, D) does.

Moreover, Dg has a spectral gap at 0.

Proof. — First, note that dom (D) = dom(D™) for all n > 1 and therefore that the
space H, is identical for Dy and for D. It is clear that Dy has a spectral gap at 0,
since |Dy| = (1 + D?)Y/2 > 1. Since D2 = 1 + D?, we have |Dy| = (1 4+ D?)'/2, and
F|Do| = Dy. As |Dg| > 1, the operator |Dg| + |D| is invertible. Furthermore, since
|Do|? = |D|? + 1, we have:

1

—— = |Dg| — |D|.
Multiplying by F' we obtain
F
—————— =Dy —D.
Dol +1D] — 7°
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So both |Dg| — |D| and Dy — D extend to bounded operators. Moreover, since for all
kE>1,
1
[ Dol + | D
we have that the bounded extensions of Dy — D and |Dg| — |D| map dom(DF)
to dom(DF) for all k& > 1.

For T € Zo(H), let 8:(T) denote the commutator of the bounded extension of
Do — D with T, 91(T) := [1p;{rpy» T1- Similarly, let &;(T") denote the commutator of
the bounded extension of |Dg| — |D| with T', 6;(T") := 7.

Then we have the following identity on H.

[Do, a] = 01(a) + 9(a).
Since d(a) and 8, (a) are bounded, it follows that [Dy, a] extends to a bounded linear
operator, which we denote dy(a).

Since D2 = D? + 1, we have that the operator (D + i)(Dgy + i)~! has bounded
extension. Hence, for all a € ¢Z we have that a(Dg +i)~! is compact. This completes
the proof that (c#, H, Do) is a spectral triple.

One may similarly prove (i): to see that (c#, H, Do) is p-dimensional if (¢, H, D) is
p-dimensional, we write:

D+i\’
N—p _ NP
a(Do + 1) a(D +1) <D0+i>

which is in ) o, because (D +4)(Dg + i)~ has bounded extension. Next,

: dom(D*) — dom(D**1) C dom(D*)

1
[\Do|+|D| ’

@)Dy +0)7 = Q@)D +0) 7 + (@)D +9) ") ()

and 01(a)(D + i)™ = (Do — D)a(D + ¢)™ — a(D + i)™P(Dy — D), hence
do(a)(Do +i)™P € 21,00 and so (¢#, H, Dy) is p-dimensional. The reverse implication
may be established by an identical argument using the fact that (Do +)(D +4)~! has
bounded extension.

Next we prove (ii). We have already shown that |Dg| — |D| is an operator with
bounded extension and which maps dom(D¥) to dom(D¥), for all & > 1. By verifying
the identity on H.,, we have:

*(01(T)) = 6:1(8™(T)).
Hence if T € dom(6%), then §;(T) € dom(5*).
If T € dom(9), then [|Do|,T] = 61(T) + 6(T) on Hs. So if T € dome,(6) we can
compute the kth iterated commutator of T' with |Dy| as:

[1Dol, [1Dol, [+, [1Dol, T+ 1] = (8 + 60)"(T)

(3.3) Z( )5’“ 1(67(T)).
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Thus the kth iterated commutator of |Dgy| and T has bounded extension, so T €
dom (do). Repeating the proof using the identity [|D|,T] = do(T) — 61(T"), we also
have that doms,(dg) C domy,(d). This completes the proof of (ii).

Now we prove (iii). Note that if T' € domy(dp), then 01 (7T") € dome (dp). Hence, if

a, 0(a) € domy,(6) = domeo (o)
then
a, 0(a) + 01(a) € dome(do).

Since dy(a) = d(a) + 01(a), this completes the proof that if (c#, H, D) is smooth then
(A, H, Dy) is smooth. For the converse, we use dp(a) = d(a) — 91 (a).

It now remains to show (iv). Assume that (¢#, H, D) satisfies Hypothesis 1.2.1.
From (3.3), we have that

Sy \ PHL
55(‘1)(170 + i/\)_p_1 — 5§(a)(D + ,L-)\)_p_l < D+ )

Dg + i

= (g (?) 876" (a))(D + i)\)—p—1> <11)?01i3\>1’+1 |

However since |Dy| — |D| commutes with functions of D,

k N Pl
k \\—p—1 __ k k—1/¢l a i —p—1 D + i\
56 (a)(Do +iX) P~ = (g (z)‘SI (6'(a)(D +iX) )) <D0+M> .

Now since the operator go ':_’1):\ is bounded, and 4; is a commutator with a bounded

operator, and since (¢#, H, D) satisfies Hypothesis 1.2.1,
18'(a)(D +iX) P71 = O(A™1), A>0,

it follows that
166(a)(Do +iN) 27 |l = O(AY), A>0.
Similarly, by writing 0y = 01 + 9, we also obtain:
10055 (a)) (Do +iX) P~ |y = O(A™H).

To prove the converse, we write 6(a) = dg — §; and repeat the same argument. O

We are now able to prove Proposition 3.1.5—without any assumptions on the
invertibility of D. Similar results are well known in the unital case (see e.g., [12,
Lemma 1], [30, Lemma 10.18] and [2, Lemma 5]). In the non-unital setting, a related
result is [11, Proposition 2.14] which instead proves that [F,a] € Zp41. To the best of
our knowledge, no complete proof of the following result has been published in the
non-unital setting.

Proposition 3.1.5. — If (c#, H, D) is a p-dimensional spectral triple satisfying Hypoth-
esis 1.2.1, then [F,a] € T, oo for all a € A.
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Proof — Let Dy = F(1 4+ D?)Y/2, so that by Proposition 3.1.4, the spectral triple
(A, H, Dy) satisfies Hypothesis 1.2.1. As an equality of operators on H,, we have:

[F,a] = [Do|Do| ™", a]
= [Do, ]| Do| ™! + Do[|Do| ", a.
Using (2.2),
[F,a] = [Do, a]|Do|~" = F[|Do|,a]| Do| "
Since the spectral triple (¢#, H, D) satisfies Hypothesis 1.2.1 and has a spectral
gap at 0, we may apply Lemma 3.1.3 with s = p to conclude that the opera-

tors [Do,a]|Do|™! and [|Dyl,a]|Do|~! have extension to operators in Z, .. Thus,
[F7 a] € zp,oo‘ O

3.2. Restatement of Hypothesis 1.2.1
In this section, we introduce the operator A, formally defined by (see, e.g., [38]):
A(T) = (1+ D?)~3[D?,1T).

Strictly speaking, A(T) will be defined to be the bounded extension of the above op-
erator. What is here denoted A appeared in the unital settings of [23, Appendix B|
(there denoted L), [13, Definition 6.5] (there denoted L;) and [30, Equation 10.66]
(there denoted L). The mapping A was also used in the non-unital setting of [11,
Definition 1.20] (there called L). We undertake a self-contained development of these
ideas, since our assumptions are different to those used in previous work. There is not
any substantial conceptual difference between the proofs for the unital and nonuni-
tal cases, however there are small technical obstacles which require care to be taken
when computing repeated integrals of operator valued functions (see the proof of
Lemma 3.2.5). An expert reader familiar with this theory could skip to Hypothe-
sis 3.2.7.

We must take care to ensure that A(T) is well defined, as well as that higher
powers A*(T) are defined. For this purpose we introduce the spaces dom(A¥).

Definition 3.2.1. — Let k > 1. We define dom(AF) to be the set of bounded linear
operators T such that for all 1 < j < k, we have T : dom(D%) — dom(D?’) and such
that the kth iterated commutator,
(1+D*~Y2[D% (1+ D*)~Y2[D?,...,T]] : dom(D?*) - H
has bounded extension, which we denote A*(T).
Define
dome(A) := () dom(AF).

k>0

The mapping A can be thought of as a replacement for §, and we introduce it since
it is easier to work with A rather than § in the examples covered in this chapter.
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Definition 3.2.2. — A spectral triple (c#, H, D) is called A-smooth if for all a € o/ we
have,

a, 9(a) € domy (A).

We will show that doms(A) = dome,(dp), and so in view of Theorem 3.1.4.(ii)
the notion of A-smoothness is identical to smoothness. This fact is well-known in the
unital setting, similar results having appeared in [23, Appendix B] and [13, Proposi-
tion 6.5]. We provide a full proof here since to the best of our knowledge no published
proof exists in the non-unital setting.

The easiest direction to establish is that domy,(dp) € dome(A), as the following
lemma shows:

Lemma 3.2.3. — We have dome(dp) C domes(A).

Proof. — Recall that Dy is the operator given in Proposition 3.1.4. Let T' € dom ().
We have T : dom(D*) — dom(D¥) for all £ > 1, and so working on H,,, we can
write,
(1 + D%)7V2(D%, 7] = | Do] ([ Dof?, 7]

= 2[|Do|, T] = |Do|~*[| Dol, [| Do, T]

= 260(T) — |Do| =83 (T).
By assumption T' € dom, (9), hence, A(T) has bounded extension and so T' € dom(A),
and on all H we have:

A(T) = 260(T') — |Do| ~*65(T).
However since 8o(T),62(T) and |Do|~! are in domy,(8p), it follows that A(T) € dome(8p).
Hence, A(T) € dom(A), and continuing by induction we get that 7' € dom(A*) for

all £ > 1. O

It takes some more work to prove that domu,(A) C dome(dp). We achieve this by
an integral representation of §y(7") in terms of A(T) and A?(T). We make use of the
dense subspace H, from Definition 2.2.10. The following lemma should be compared
with the proof of [23, Lemma B2].

Lemma 3.2.4. — Let T € domu,(A). Then for all £ € Hy, we have:

1ol Tl = Sae+ 1 [T PO ey ]
R T Jo (A + D2)? A+ D}

The integral above may be understood as a weak operator topology integral.

£d.

Proof. — This is essentially a combination of the following two well-known integral
formulae:
1 [ 1 dX
3.4 Dol 't == -
( ) | 0| 7'('/0 A + D2 )\1/2
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and
2 [ A2
3.5 Do|™ ' == | ———sd)
which can both be understood as integrals in the weak operator topology, since
1 1
— | <——, A>0
‘)\+D§ STex 7
and
)\1/2 )\1/2
sl L3 A>0.
(A D§) (14 X)2
Let ¢ € H,,. Multiplying (3.4) by Dgﬁ, we get:
1 [* D} dX
3.6 Dyl¢ = — 0
(36) Do = [ 5Pt
The above is a convergent Bochner integral in H, since
D
H)‘—’_ng = 1+>\” 0§”H

Now, using (2.2):
1
——,T| =-(\+D})"'[D*T D)t
e T| =0 DN T D)
__|Do|
A+ D2

D? A
0 _7|=|1-—2_T
o] = 1 rroe

_ AlDol
A+ D}
_ AlDy|
A+ D
Applying (3.7) a second time:
[ D§ T] _ A|Do| ( | Do

AT)(\+ D3)~!

AMT)(A +D§) ™!

(IA@), A+ D))+ (A + D) ' A(T)).

AX(T)(A+ D)™ + (A+ D3)"'A(T))

A+ D] X+D32\\+ D2
A Dy ADg 2y-1
= L ANT) + L A(T)A+ D
(A + D32)? ( )+(A+D§)2 (T)(A + Do)
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Now we apply the integral Formula (3.6) to obtain:

1 [ D} dX
Do|,T] = = e | i
“ 0|’ ] 7_(_/0 |:)\+D(2)7 :|)\1/2

1 [ ADo| d\
- %/0 (A+D§)2A(T)/\1/2
1 [~ AD? dX
- 0 __A¥(T D3t ",
+ﬂ/0 ot o+ DY)
Now applying (3.5), we have:
OO 1/2 [ Do d\ = ™
/0 A (A + D2)? A 2
Hence,
1 1 [ D? 1
Dy|, T = ZA(T) + = AL/2 0O __AXT dX. O
[1Dol, T¢ 2 ()+7r/0 (A + D2)2 ())\—|—D8§

The following lemma provides an integral representation of the nth iterated com-
mutator 67 (7). This will allow us to relate domu,(dg) to domy, (A). We need to take
care to ensure that the relevant version of a Fubini’s theorem applies.

Lemma 3.2.5. — For allm > 1, and T € domu(A). Then for all £ € Hy, the mth
iterated commutator of |Do|

1/2D2

[|Do|,[|Do|,[~-[|Do|,T1-~mf=2""2(’,’Z) /Rﬂ T D2

k
CATHR(T HA DQfd)\ld)\g -

=1

Proof. — Let
O(T) := /oo a2 D AX(T) 1 an
S (A + D3)? A+D27
so that Lemma 3.2.4 states that dg = lA + l@.

>\+D/:§2)2 and we have ©® o A = A 0 ©. Hence,

m k
m_ 1 m & k m—k
(3.8) 8y _2’";;)(’“) (W) OF o ATk,

By the Fubini theorem for Hilbert space valued functions (see [25, Theorem II1.11.13]),
for all £ € H,, we have:

Since A commutes with ( /\+D2,

k 1/2 k

1
k AZR(T ——_&dAid)s - - - dp.
e (T) H >\l+D2 ()11;[1)‘l+D(%§ A1dAg Ak

°°l1
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Therefore,
k k - )‘z1/2D3 k(T -
OF(A™TM(T))¢ = ——— A" ———&dAd)y - - - d ).
Substituting into (3.8) yields the result. O

The following corollary was already noted in the unital settings of [23, Appendix B,
[13, Proposition 6.5] and in the non-unital setting of [11, Equation 1.12].

Corollary 3.2.6. — We have domy,(A) = domy,(dg), and A-smoothness of a spectral
triple is equivalent to smoothness as stated in Definition 2.2.7

Proof. — From Lemma 3.2.3 we already know that dom,(dp) C doms,(A), and so
we concentrate on the reverse inclusion.

If T € domy,(A), then for each k > 1 the operator A*(T) on H,, has bounded
extension. Hence the integral in Lemma 3.2.5 converges as a Bochner integral, and so
the mth iterated commutator §5*(T) is bounded, for all m > 0. Thus T' € dom(dy),
and this completes the proof. U

The remainder of this section is devoted to showing that Hypothesis 1.2.1 is equiv-
alent to the following:

Hypothesis 3.2.7. — The spectral triple (¢#, H, D) satisfies the following conditions:
(i) (A, H, D) is a A-smooth spectral triple.
(ii) (c#, H, D) is p-dimensional, i.e., for every a € oA,
aD+i) P ey oo, 0(a)(D+1i)P €L 00
(iii) For every a € & and for all k > 0, we have
HA’“(a)(D + z‘A)*HHl =001, A— oo,
Ha(Ak(a))(D + m)—HHl =001, A— .

Hypothesis 3.2.7 is precisely Hypothesis 1.2.1, but with smoothness replaced
by A-smoothness, and the occurances of § replaced with A.

For the next two lemmas, we borrow techniques that were developed in [11]. The
next lemma shows that if (¢#, H, D) satisfies Hypothesis 3.2.7 then (c#, H, Dy) satis-
fies Hypothesis 1.2.1. Recall that Dy is the operator given in Proposition 3.1.4.

Lemma 3.2.8. — Let (c#,H, D) be a spectral triple satisfying Hypothesis 3.2.7. For
every a € oA and for all m > 0, we have

5 (@)(Do +iN) 7Y =00, A=,

Hao(agn(a))(po n M)*IHH1 —001), A - .
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Proof. — We prove only the first assertion. The proof of the second assertion is
similar.
By the spectral theorem,

ﬁ A1+ D?) - ﬁ A2(1+ D?)
ey (1+ X\ + D?)? _l= (1+ XM+ D?)2
k 1/2
AT
< sup —4+ >
- lI;[l 211 N +1)?
k
< ALz
<IIx
=1
and also
M| <1
l:11+)\l+D2 _l:11+)\l.

Hence, for all a € ¢#, since (D +iA)~! and (1 + A\; + D?)~! commute,

Mo+ D?) il 1
A s | D+
H( 1+)\l+D2) (e) EH-AHLD? (D+i3) 1
k

1
< A" @)D+ i [
1=1 )\;/2(1 + )

Now applying Lemma 3.2.5 with Lemma 2.3.2,
185" (@) (D +\) 7P~y

<3 (1) (2 ) 1A ),

Since [;° m d)\ = 7, we arrive at

H 1/2

[0,00)% ;=

1+)\1)

e e (M . e
65 (a)(D +i\) 7P~ | < 2 Z<k>2kI|A (@) (D +iX) 7P| ok,
k=0

By Hypothesis 3.2.7, each summand above is O(A™1).
Hence [|67%(a)(D +iX)7P7 Y|y = O(A7h).

. p+1
Now using the fact that the operator ( 50*:%) has bounded extension, and

242 2l
<Su —_—
= te§<1+t2+v)
o0

<1,

D—i—z)\
D0+7)\
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we get:

D+i)\)p+1

165" (@) (Do + i)™ 1 < [1do(a) (D +iX) "l H (BO Tix

= O()‘_l)a
as desired. 0O

We can now conclude the proof of the main result of this subsection:

Theorem 3.2.9. — A spectral triple (c#, H, D) satisfies Hypothesis 1.2.1 if and only if
it satisfies Hypothesis 3.2.7.

Proof. — We have already proved that (¢, H, D) satisfies 3.2.7.(i) if and only if it sat-
isfies 1.2.1.(i), and (3.2.7).(ii) is identical to (1.2.1).(ii). We now focus on (3.2.7).(iii).
Suppose that (c#, H, D) satisfies Hypothesis 3.2.7. By Lemma 3.2.8, we have
that (c#, H,Dg) satisfies Hypothesis 1.2.1. Then by Proposition 3.1.4 (¢#, H, D)
satisfies Hypothesis 1.2.1.
Now we prove the converse. Suppose that (¢#, H, D) satisfies Hypothesis 1.2.1.
For T € domy(6), we define a(T") and G(T) by:

_ D
(1) = pr )
1 2
BT) = s 1y (D)

We can express A in terms of a and 3, by applying the Leibniz rule as follows:
A(T) = (1+ D*)7*[|IDP, 7]
|D| 2\—1/2
= —— (T 1+D o(T)|D
(1—|—D2)1/2()+(+ ) (T)|D|
=2a(T) — (1 + D?)~Y/26%(T)
=2a(T) — B(T).
Since a0 8= foa,
A™ = Z <TZ> (_1)k2m—kﬂk ° am—k'
k=0
For every k =0,...,m and T € domy,(d), we have:

m—k
5™ D) = iy D)

So for a € ¢ and m > 1,

A™a) =Y
k=

0

(k>(—1)’°2 kW(S **(a).
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m—k
% is bounded, there exists a constant C,,, such that

Noting that the operator D

IA™ (@)(D +iX) P 1 < Co Y (187 (@)(D +iA) P71
k=0
Since we are assuming that (c#,H,D) satisfies Hypothesis 1.2.1, it follows
that |[A™(a)(D +i\)"P71||; = O(A71).
We may similarly deal with ||O(A™(a))(D + i\)~P~1||;: since 0 commutes with
functions of D:

m |D|mfk

A™ — -1 k2m7k7 6m+k .

N (@) = 312 @)
Thus by the same argument, we have ||O(A™(a))(D + i\)"P~1||; = O(A™!), and so
(c#, H, D) satisfies Hypothesis 3.2.7. O

Thanks to Theorem 3.2.9, we can work assuming Hypothesis 3.2.7 rather than
Hypothesis 1.2.1.

3.3. Example: Noncommutative Euclidean space

We now discuss the most heavily studied example of a non-unital spectral triple:
noncommutative Euclidean space. Subsection 3.3.1 covers the definitions of noncom-
mutative Euclidean spaces and their associated spectral triples. Subsection 3.3.2 is
devoted to the proof that these spectral triples satisfy Hypothesis 1.2.1.

Noncommutative Euclidean spaces can be found in the literature under var-
ious names, such as canonical commutation relation (CCR) algebras (as in |9,
Section 5.2.2.2]), and in the 2-dimensional case are called Moyal planes or Moyal-
Groenwald planes (as in [28]).

3.3.1. Definitions for Noncommutative Euclidean spaces. — Our approach to noncom-
mutative Euclidean space is to proceed from the Weyl commutation relations, in line
with [9, Section 5.2.2.2], [38], and [36]. An alternative approach is to use the Moyal
product, as in [28] and [11, Section 5.2]. We caution the reader that the approach con-
sidered here is the “Fourier dual” of the approach in [28]. We briefly cite the required
facts needed for this section, and refer the reader to [36] for detailed exposition and
proofs.

Let 6 be an antisymmetric real p X p matrix. Abstractly, the von Neumann alge-
bra Lo, (R}) is generated by a strongly continuous family {U(t)}.cr» satisfying

(3.9) U(t+ s) =exp <;i(t, 93)> U()U(s), t,seRP.

Here we avoid technicalities by defining L (R}) to be a von Neumann algebra gen-
erated by a specific family of unitary operators on Lo(RP).
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Definition 3.3.1. — Let 6 be an antisymmetric real matriz. Fort € RP, let U(t) be the
linear operator on Lo(RP) given by:

(Ut)&)(r) = exp (—i(t, 0r)) £(r — 1), T €RP, £ € Ly(RP).
Define Lo (RY) to be the von Neumann subalgebra of Zoo(Lo(RP)) generated by the
family {U(t) }ere -

Remark 3.3.2. — It can easily be shown that U(t) satisfies (3.9). Since U(¢) is a
composition of a translation, and pointwise multiplication by exp (—i%(t, 95)), it is
clear that each U(t) is unitary, and that ¢ — U(t) is strongly continuous. Since 8 is
antisymmetric, U(—t) = U(t)~! = U(t)*.

The map ¢ — U(t) is a twisted left-regular representation of R? on Ly(RP?), in the
sense of [27].

Note that if # = 0, then the family {U(t)}+cre is simply the semigroup of transla-
tions on RP, and so generates the von Neumann algebra L., (RP).

If 6 is nondegenerate (that is, det(#) # 0) then p is even and the algebra L. (R}) is
isomorphic to %, (L2 (RP/2)). This is proved in [36] (see also Theorem 4.2.6 in [38]),
where a spatial isomorphism is constructed.

Theorem 3.3.3. — If det(0) # 0, then there is a spatial isomorphism
Loo(Rf) = Lo (La(RP/?)).

We now focus exclusively on the case where det () # 0.

Definition 3.3.4. — The semifinite trace 79 on Lo (RP) is defined via the isomorphism
in Theorem 38.3.3 to be simply the classical trace Tr on Zoo(Lo(RP/2)). For r € [1,00),
the space L,(RY) is defined by:

L, (RY) :={z € Loo(RY) : 7o(|z|") < oo}
The space L, (Rb) is equipped with the norm ||z||r, = 1o(|z|")'/".

Note that L,(R}) is identical to the Schatten-von Neumann class %(LQ(RP/ ),
since 7y is simply the classical trace.

Definition 3.3.5. — For k =1,...,p, we define the operator D¢ on Ly(RP) by
(DRE)(t) = tx€(t), tE€RP.
The Dirac operator D is defined on the Hilbert space Lo(R?, C2p/2) by
D’ 271®Df+---+7p®Dz,
where 1,72, - .,y are complez 2P/2 x 2P/2 matrices satisfying vk + Vkv; = 28k

and v; =75 for 1 < j,k <p.

Evidently, the operators D; are unbounded, but may be initially defined on the
dense subspace of compactly supported functions.
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It follows readily from the definitions of DY and U (t) that
DL U] = 60, te .

Since the operators Df,g form a family of mutually commuting self-adjoint
operators, we may apply functional calculus to define e**V) s € RP, where

Vvl = (D¢ DS, ..., Dg) is given by:

(Ci(s’ve)f)(r) = exp(i(s,r))&(r), reRP.

Hence,
ei(s’vg)U(s)e_i(s’Vg) =Yy (s), s,teRP.
For convenience we also introduce the notation A := Y% _, (D?)2.

The following is [36, Proposition 6.12]:

Lemma 3.3.6. — Let k = 1,...,p. If € Loo(R}), and the operator [DY,z] has
bounded extension, then its extension is an element of Loo(RY).

Definition 3.3.7. — If x € Loo(RY) is such that [DY,x] has bounded extension, then
we denote Oxx for the extension.
We denote 8?.1‘ ==z, for all x € Loo(RY) and j.

Generally, let o« = (a1, g, . . ., 0p) be a multi-index. If for all1 < j < p the operator
87 (D541 (- (Bp7 () -++))

has bounded extension, then the mized partial derivative 0%x is defined as the operator:
o7 (052 (- (97 (@) -+ ))-
By Lemma 3.3.6, we always have 0%z € L (R}) if it is well defined.

Definition 3.3.8. — Let m > 0 and r > 1. The space W™ (RY) is defined to be the set
of © € Loo(RY) such that 0%z € L.(R}) for every |a| < m, equipped with the norm:

lzllwmr = > 0]

la|<m

We define W (Rp) := 50 W™ (R).

As suggested by the notation, the spaces W™ (R)) are the analogues of Sobolev
spaces for noncommutative Euclidean spaces. The space W‘X”I(Rg ) is important be-
cause it forms a part of our spectral triple for noncommutative Euclidean space.

The remainder of this section is devoted to showing that the triple

(3.10) (1s2 ® WL(RY), Ly(R?, €2"'"), DY)

is a spectral triple satisfying Hypothesis 1.2.1.

We wish to verify Hypothesis 1.2.1 for noncommutative spaces in order to support
our claim that 1.2.1 is a reasonable assumption to make. However, in the nondegen-
erate case det(f) # 0, the Character Theorem 1.2.5 is trivial for at least a dense
subalgebra of W1 (R%).
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The reason for this is that due to [28, Proposition 2.5|, there is a dense subalgebra
of W°°1(R¢) isomorphic to the algebra M, (C) of finitely supported infinite matrices.
However due to [37, Theorem 1.4.14], if n > 0 then the nth Hochschild homology
of M (C) is computed by:

For n > 0, the nth Hochschild homology of C is trivial [30, Lemma 8.9]. Hence
for n > 0, the nth Hochschild homology of M, (C) is trivial.

This entails that every degree p + 1 Hochschild cycle of M, (C) is a Hochschild
boundary. However the left and right hand sides of the Character Theorem, ¢ — Ch(c)
and ¢ — (Q(c)(1 4+ D?)~P/2), are both Hochschild cocycles and hence vanish on any
Hochschild boundary.

3.3.2. Verification of Hypothesis 1.2.1 for Noncommutative Euclidean spaces. — Now
we prove that the triple (3.10) is a spectral triple satisfying Hypothesis 1.2.1. In fact
it is easier to use Hypothesis 3.2.7.

Our main reference for this section is [36, Section 7]. As in that reference, the
spaces £1(Loo) and 41 o (L) are defined as follows: Let K = [0, 1]P be the unit p-cube.
Then ¢1(Loo) and ¢1 o (Loo) are the subspaces of Lo, (R?) such that the following
norms are finite:

I9lles (o) = KNI Loc (mt ) Imeze ll ey 20y
l9lles e (2oe) = 1INl e mt-r) tmezelley o (22)-

The following is a special case of [36, Theorem 7.6, Theorem 7.7]:

Theorem 3.3.9. — Let p > 1. There are constants c, > 0 and c; > 0 such that for all
z € WPH(RE) we have:

(a) If g € £1(Ly), then zg(V?) € Zy, and
lzg(V) I < epllzllwoallglle, (2oo)-
(b) If g € £1.00(Loo), then 29(V?) € 2y o« and
Il2g(V) 1,00 < pllellwallglle, iz

With Theorem 3.3.9 at hand we can prove the following:

Theorem 3.3.10. — Letp > 1. Then there exist constants c, > 0 and c’p > 0 such that
for all z € WPH(RE) we have:

) (@)D + ) €2, and
X p,1
1@ 0)(D + )77 < e 17D,
(b) 1®z)(D +i)? € %) o0 and
(1® a:)(D9 )P0 < C;HUUHWPJ-
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Proof. — Let g(t) := (\2 + 3°0_, t2)~(®*V/2_ Gince ||ab||; = ||a|b*|1,

11 ®)(D? + /i) P i = |1 @ 2)|(D? —iA) P~ ||x

el
=1 @ 2)((D)* + %)~ ||x.
So we have
11 @ 2)(D? +iX) s = ¢ l2g(V)1-

It can be directly verified that ||gl¢, (r..) = O(A™!), we can immediately apply The-
orem 3.3.9 to obtain (a).

To obtain (b), we instead consider the function g(t) = (1+3_4_, t2)"?/2 and apply
Theorem 3.3.9.(b). O

Recall the operator A from Section 3.2, defined formally as A(T) = (1 + D?)~'/2[D?,T).

Lemma 3.3.11. — If z € W>'(RY}), then for all m > 0:

[A"(1®@az)(D?+iN) P, =0("), A— oo
Proof. — We prove the assertion by induction on m. Since by definition A° is the
identity, the m = 0 case is handled by Theorem 3.3.10.(a).

Now suppose that m > 1 and the assertion holds for m — 1.
Since (D)% =1® >_1_,(D?)?, we have

1

P
Al@z) = (1+(D°)*)72 - (1@ (DY) ).
k=1
Applying the Leibniz rule,
(D})? 2] = [D, 2] D} + D{[D}, ]
= QDZ[DZ,IE] - [D127 [DZ,ZL‘H

By assumption, (the bounded extensions of) [DY, z] and [DY, [DY, z]] are in W™!(RR})
for all m > 0.
Hence since A commutes with 0,

2 2D
A"(1Qz) = 1@ —F ). A™ 11D,z
(1) ;(%_M)) (1@ [Df, z))

. CAMm—1 0 1%
§:( _M)é) AN (1@ [Df, [Df, <])).
So by the triangle inequality, we have

p
|47 )07 + 0, <23 A1 @ D )@ +i3) 7
k=1

'4
+ 3 IAm 1 @ (D, (DG, al)(D° + x|
k=1
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The right hand side is O(A™!) as A — oo by the inductive assumption. Hence, so is
the left hand side. ]

‘We can now conclude with the main result of this subsection:

Theorem 3.3.12. — The triple
(1@ W' (R?,6), Lo(R",C*""), D)
is a spectral triple satisfying Hypothesis 1.2.1.

Proof. — We establish Hypothesis 3.2.7 instead, as permitted by Theorem 3.2.9. First
we prove that we indeed have a spectral triple.

By the definition of W°1(RP), if x € W°1(RP) then [D? 1 ® z] has bounded
extension, and therefore 1 ® x : dom(D?) — dom(D?).

If z € W'(R)) then:

(le®z) = Z%‘ ® (0;z)

and this is bounded, by the definition of W1,

Now we show that Hypothesis 3.2.7.(i) holds. If z € W°!(R}), we show
that z,0(x) € dom(A™) for all m > 0 by induction. We have automatically
that z,9(z) € dom(A). Now if we assume that x,d(z) € dom(A™~1), for m > 1, we
apply the Leibniz rule to obtain:

m - 2D? .
! (ICM):;(W(1—Ak9)%>'A (1® [D},a))
P 1 .
_;(1®Q—A6)é> -A™"'(1® D, [D, ]).

By the definition of W°1(R}), the operators [DY, z] and [D¢, [D?, z]] have bounded
extension, and by Lemma 3.3.6, the extensions of [D?, z] and [DY, [DY, z]] are elements
of W°1(R?), and therefore by the inductive hypothesis are in dom(A™~!). Hence,
1® x € dom(A™) and so by induction 1 ® z € doms(A). Applying an identical argu-
ment to d(1®z) yields d(1®z) € domas(A), and so (1 ® W1(RY), Ly (R, c2"*), D)
is A-smooth.

We now show that Hypothesis 3.2.7.(ii) holds. Let z € W' (R}).

By Lemma 3.3.10.(a), the first inclusion in Hypothesis 3.2.7.(ii) follows.

To see the second inclusion in Hypothesis 3.2.7.(ii), write

P
d1@z)(D'+i)P =) (mel) (1a[D,a)(D’+i)?).
k=1
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Using the quasi-triangle inequality for Z; o, there is a constant C), such that

P
10(1® 2)(D® + 1) P[l1,00 < Cp D (1 ® 0)(D? +8) P |1,00-
k=1

By the definition of W°>(RE), for all 1 < k < p we have 9z € W1(RF), so we
may apply Theorem 3.3.10.(b) to each summand to deduce the second inclusion in
Hypothesis 3.2.7.(ii).

Now we discuss Hypothesis 3.2.7.(iii). By Lemma 3.3.11, the first inequality in
Hypothesis 3.2.7.(iii) holds.

To deduce the second inequality, we may commute 0 with A™ to obtain:

P
AA™1@z)(D? +iN)P =) (e ®1) (A"(1® [Df,a]) (D’ +ix) P71
k=1
Note that here (T') denotes [D?, T. Using the Z;-norm triangle inequality,

P
I0(A™ (1@ 2))(D® +iX) 7P Hl < Gy ) AT (L ® ) (DY +iA) 1.
k=1
By assumption, each yz is in W°!(R}), and so by Lemma 3.3.11, each summand
above is O(A7!) as A — oo. O

Remark 3.3.13. — We have worked exclusively with the case that det(f) # 0. Of
course this excludes the fundamental § = 0 case of Euclidean space R%. One may
verify directly that the standard spectral triple for R¢ satisfies Hypothesis 1.2.1, by
using classical Cwikel theory, or alternatively R? may be considered as a special case
of the complete Riemannian manifolds considered in the following section.

3.4. Example: Riemannian manifolds

The authors wish to thank Professor Yuri Kordyukov for significant contributions
to this section, including providing many of the proofs.

3.4.1. Basic notions about manifolds. — We briefly recall the relevant definitions for
Riemannian manifolds. The material in this subsection is standard, and may be found
in for example [49, Chapter 2] or [35]. Let X be a second countable p-dimensional
complete smooth Riemannian manifold with metric tensor g. Recall that g defines a
canonical measure vy on X. The notation L, (X, g) denotes L, (X, v,). The assumption
that X is second countable ensures that Lo(X, g) is separable.

We denote the space of smooth compactly supported differential k-forms as QF(X),
and define Q.(X) := @}_, 2¥(X). Associated to the metric g is an inner product
(-,+)4 defined on Q.(X). Let Hj, denote the completion of QF(X) with respect to this
inner product, and define LoQ(X, g) := @}_, Hi. There is a grading on LyQ(X, g)
with grading operator I' defined by T'|g, = (—1)*.
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For f € C°(X), let M; denote the operator of pointwise multiplication by f
on LQ(X,g).

The exterior differential d is a linear map d : Q.(X) — Q.(X) such that for all
k =0,1,...,p — 1 we have d : Q¥(X) — QF1(X), and d|QP(X) = 0. The linear
operator d has a formal adjoint d* with respect to the inner product on Q.(X).

The Hodge-Dirac operator Dy is defined by Dy := d4 d*. Since X is complete, the
operator Dy uniquely extends to a self-adjoint unbounded operator on LQ(X, g) (see
[17]). The Hodge-Laplace operator is defined as A, := —D2 = —dd* — d*d, and each
subspace Hy, is invariant under Ag. The restriction of Ay to Hy = La(X, g) coincides
with the Laplace-Beltrami operator.

The main focus of this section is the following:

Theorem 3.4.1. — Let (X, g) be a second countable p-dimensional complete Rieman-
nian manifold. The algebra CX(X) acts on L2Q(X,g) by pointwise multiplication,
and D, denotes the Hodge-Dirac operator. Then

(C(?O(X)7LZQ(X7 g)’ Dg)

is an even spectral triple satisfying Hypothesis 1.2.1, where the grading T' is defined
by F|Hk = (=1)k.

Note that the spectral triple is always even regardless of p.

To the best of our knowledge, the main results of this paper, Theorems 1.2.2, 1.2.3
and 1.2.5 are new in the setting of the Hodge-Dirac operator on arbitrary complete
manifolds. Most previous work on geometric applications of noncommutative geome-
try, such as [48] and [11] are applied to a spin Dirac operator.

The Cwikel-type estimates we establish in this section: Lemma 3.4.8 and 3.4.9, are
of interest in their own right. A predecessor to this work may be found in [48].

3.4.2. Proof of Theorem 3.4.1. — The proof proceeds by showing the required Cwikel-
type estimates for the case of a torus: X = T? with the flat metric. We then deduce
the general case by an argument involving local coordinates.

We define the p-torus as TP := RP/ZP. The space TP is a smooth p-dimensional
manifold, and we may select local coordinates z1, . .., x, € (0, 1] defined by considering
the image of (z1,...,z4) in RP/ZP. We equip T? with the flat metric gy defined locally
by go = dat + - - - + dxl.

First, we describe the Cwikel-type estimates for TP.

Lemma 3.4.2. — Let go denote the flat metric on TP, with corresponding Hodge-Dirac
operator denoted Dy. Then:

(i) We have
(Do +9) ™" € Lo (L2QTP, o))
(ii) For A — oo, we have:

(Do +iX) " g, 41 (Lo(Tr,90)) = OAT7FT).

SOCIETE MATHEMATIQUE DE FRANCE 2023



48 CHAPTER 3. SPECTRAL TRIPLES: BASIC PROPERTIES AND EXAMPLES

Since the manifold T? is compact, there is essentially no difference between the
spaces LoQ)(TP, g) for different metrics g as the following lemma shows:

Lemma 3.4.3. — Let go be the flat metric on TP, and let g be an arbitrary metric on TP.
Then the Hilbert spaces LoQ(TP, g) and LoQ(TP, go) coincide with an equivalence of
norms. To be precise, there exist constants 0 < ¢y < Cy < 00 with v € LyQY(TP, g) we
have:

collvllzoerr,g0) < IVllLoarr,g) < CollvllLoare,go)-

Proof. — The metric v, corresponding to g has Radon-Nikodym derivative /| det(g)|
with respect to vg,. Since T? is compact and g is positive definite, the Radon-Nikodym
derivative 4/|det(g)| is bounded above and bounded away from zero. Hence, the
Ly-norms corresponding to v, and vy, are equivalent. O

Sobolev spaces on TP—and more generally on a compact Riemannian manifold—
are defined following [35]:

Definition 3.4.4. — Let g be a metric on TP, and for j =1,...,p we let %j denote the
differentiation with respect to the jth coordinate of TP. The Sobolev space HQ(TP) is
defined to be the set of v € LaQ(TP, g) such that the Sobolev norm:

v ||

0z;

p
||,U||%Ilﬂ(']1‘i°,g) = ||”||2LQQ(TP,g) + Z
j=1

L2Q(T?,g)

is finite.

Lemma 3.4.3 shows that the space H'§2(TP) is independent of the choice of metric
used to define the Sobolev norm, since different metrics will define equivalent norms.

The following result is the well-known Garding’s inequality. A proof for general
compact manifolds may be found in [49, Theorem 2.44] and for general elliptic oper-
ators on compact manifolds in [35, Theorem 5.2].

Lemma 3.4.5. — Let g be a metric on T?, and let D, denote the corresponding Dirac
operator. Then there is a constant Cy > 0 such that for all v € LoQ(TP,g) such
that Dgv € LyQ(Tp, g), we have

lvllzracre,g) < Co(llvllLoacre) + [DgvllLoacte,g))-

The following lemma is the essential technical result allowing us to transfer the
Cwikel-type estimates for TP with the flat metric to T? with an arbitrary metric.

Lemma 3.4.6. — Let g be an arbitrary metric on TP, and let gy be the flat metric
on T?. Denote by Dy, and Dqy the Hodge-Dirac operators corresponding to g and go
respectively. Then the operator

Do(Dy +i)~*
defined initially on Q(TP) has bounded extension to LoQ(TP,g) (or equivalently
LyQ(TP, gg) ).
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Proof. — By the definition of the Sobolev norm || - || g1q(rs,g), for all v € H'Q(T?, g)
we have:

D002 ,00m0,6) < 0l E102(to )
Thus by Lemma 3.4.5, there is a constant C' such that,
1Dovl| L,0(te,9) < CI1DgvllLo0re,9) + [0l Lo2(r7,9))-
Hence, if v € dom(D,) then v € dom(Dyp), and so if u € LoQ(T?,g) and
v = (Dy + i) 'u then v € dom(Dy). So substituting v = (D, + i)~ 'u we obtain:
1Do(Dg + i)~ ull Laaqre,g) < CL+ 1(Dg + 1)l (Laneee o) 1ull Lare,0)-
However since (D, + i)' is bounded, we get:

1Do(Dg +4) ™ ull e g) < CllullLyaere g)- -
As a consequence of Lemmas 3.4.2 and 3.4.6, we get:

Corollary 3.4.7. — Let g be an arbitrary metric on TP and let Dy be the corresponding
Hodge-Dirac operator. Then,
(i) We have,
(Dg +1) 7" € Lp oo (L2UT?, 9)).
(ii) For A — oo, we have

N\ _1
[(Dg +4A) 1||$p+1(LZQ(Tp,g)) = O(\" #+1).

Proof. — Part (i) follows immediately from Lemma 3.4.2 and Lemma 3.4.6.(i).
Now we prove (ii). First we compute (Dg + iX)(D, +i\)~! (working on the dense
domain Q(T?)):
(Do 4 iX)(Dy +iX) ™t = (Do — Dy + Dy +iX)(Dy + i) 7"
=1+ (Dg — D,)(Dy +i\)~*
Dg+1 D
=1+ Do(Dy+ i)' =2 - g
DDy + 07 TN T D, + i
By Lemma 3.4.6, the operator Do(D, + i)~! has bounded extension. Moreover, by
Lj? 9:;)\ and DDJfZ. 1 have bounded extension with norm
bounded by a constant independent of A. Thus,
(Do +iX)(Dg + i) " Iz, (zan(rr.g) = O(1)-

Now Lemma 3.4.2.(ii) yields the result. O

functional calculus the operators

With the above results in hand we are able to establish our first Cwikel-type result
for (X, g). A similar result to Lemma 3.4.8 can also be found in [48, Proposition 13].
The result in [48] is very similar in nature (despite applying to the somewhat different
situation of Riemannian spin manifolds). The method of proof here is different: we
use reduce the problem to TP by using local coordinates, rather than a doubling
construction as employed in [48].
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Lemma 3.4.8. — Let f € C°(X). We have
My(Dy+1)7" € Zpoo(L22(X, 9)).

Proof. — By using a partition of unity if necessary, we may assume without loss
of generality that f is supported in a single chart (U, h) where h : U — RP is a
homeomorphism onto its image, and since f has compact support we may further
assume without loss of generality that h(U) is bounded. Since h(U) is bounded, there
is a sufficiently large box [N, N|? with h(U) in the interior of [N, N]P. By applying
a translation and dilation if necessary, we may assume without loss of generality
that h(U) is contained within the interior of the box [0, 1]P. By identifying the edges
of [0,1]?, we may view h as a continuous function h : U — TP.

We define three smooth “cut-off” functions ¢4, ¢2, ¢3 compactly supported in h(U),
defined so that for each j =1,2,3 we have 0 < ¢; < 1, and

(a) for all x € U, ¢1(h(x))f(z) = f(x),
(b) we have ¢2¢1 = ¢1,
(c) we have ¢3¢z = ¢s.

In other words, on supp(f o h~!) we have ¢; = 1, and on supp(¢;) we have ¢y = 1
and on supp(¢2) we have ¢3 = 1.
For j =1,2,3, we also define the function 1; by pulling back ¢; to X:

_J(@j0n)(z), =€,
¥;(z) = {0’ v el

Since ¢; is compactly supported in h(U), the function ¢; is smooth and compactly
supported in U.

Let go denote the flat metric on TP. The metric g can be pushed forward by h to
a metric h*g on h(U). We then define a new metric g; on T? by:

g1 = (h"9)¢s + go(1 — ¥3).
Since ¢3 is compactly supported in A(U), the metric g; is well defined. Moreover,
on supp(¢2) we have ¢3 = 1 so on supp(¢2) the metric g; is identical to h*g.
We define a partial isometry V : LoQ(X,g9) — L2Q(TP,g1) on £ € LoQ(X,g),
z € TP by:
h™l(z2), z€ :
Ve(s) = 4802, 2 € supp(@2)
0, =z ¢ supp(¢a).
By construction, V induces an isometry from LoQ(supp(¢2),9) — L2Q(supp(¢2),91),
and

VV™ = My, o0y

V'V = My, on, -
We also have that if j = 1,2 then

My, V =V My,.
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We use the important fact that for j = 1,2, we have an equality on Q.(X):
V* Dy, My, = Dy My, V*.

Next we consider the following two operators on LyQ(T?, g1).
P = M¢1 (Dgl + i)_lMdn
Q = M¢2 (D.lh + i)71M¢2'

By Lemma 3.4.7, the operators P and Q are in Z, o (L2Q(T?, g1)).

We now consider the operator (Dg + )My, V*PV. We note that this operator is
well defined on Q.(X), since if u € Q.(X), then My, V*PV is smooth and supported
in suppte. Hence (working on Q.(X)):

(D, + §)My,V*PV = V*(D,, +1i)M;,PV
= V*(Dgl + i)M¢1(Dgl + i)_1M¢1V
= V*([Dg,, My, (D, + 1)~ My, + M3 )V.

Now recalling that D,, is a local operator (i.e., image of a function supported in a
certain set is also supported in the same set), we have [Dy,, My, | = [Dgy,, My, | My, .
Moreover, V*MZ V = M7 and so

(Dg + i)My,V*PV = V*[Dg,, My, |QMy, V + M .
Now multiplying on the left by (D, 4 )™, we arrive at:
My, V*PV = (Dg +14)"'V*[Dy,, My, |QMy, V + (Dy + )~ My,

The final step is to use the fact that ¢ = 1 on the support of f, so we may use
Miz My = My, and multiply on the right by My to obtain:

My, V*PVM; = (D, + i) 'V*[Dy, My, |QMy, VMs + (Dy +4) " My.
Since both P and @ are in Zj, oo (L22(T?, g1)), we finally obtain that
(Dg + )7 My € 2,00 (L2Q(X, 9)). O

Lemma 3.4.9. — Let f € C*(X). Then:
. _ 1
[M§(Dg 4 i)z, .\ (pa0(x,9)) = ON7T), A — oo.

Proof. — This proof proceeds along similar lines to Lemma 3.4.8. We again assume
without loss of generality that f is supported in a single chart (U, k), and construct the
metric g; on TP and the partial isometry V identically to the proof of Lemma 3.4.8.
We also use the same cut-off functions ¢1, ¢ and ¢3, and V1, 19, V3.

In place of the operators P and @, we introduce Py and @) given by:

Py = M¢1 (Dgl + Z.)‘)_1]\4¢1
Qx = M¢2(D91 + i)‘)ilMtﬁz‘
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Following the argument of Lemma 3.4.8 with P, and @) in place of P and @, we
arrive at:

My, V*P\VM; = (D, +i)\)"'V*[Dy, My, 1Qx My, VM + (Dy + i)~ M;.
Due to Lemma 3.4.7.(i), we have || P|lp+1 = O()ﬁplﬁ) and similarly for Q. Thus,

1

1(Dg +iN) " g, 11 (a(x,9)) = OAT71). O

We now finally have the results necessary to prove Theorem 3.4.1.

Proof of Theorem 3.4.1. — We will instead work with Hypothesis 3.2.7, as justified
by Theorem 3.2.9.

First, we show that 3.2.7.(ii) holds for the triple (C2°(X), LoQ(X, g), Dy).

To this end let f € C°(X). We will prove by induction that for all j > 1, we have

(3.11) My(Dg +14)70 € Lo o (L2QX, g)).
The case j = 1 is already established by Lemma 3.4.8.

Suppose now that (3.11) holds for j > 1. Choose ¢ € C°(X) such that f¢ = f.
Then,

My(Dy+14)777 = MyM¢(Dy +i)~" - (Dg + i)~

= —My[(Dg + )", My|(Dyg +14) 77 + My(Dg + 1)~ My(Dg + i)~

= My(Dy +14) 7" [D, My]|(Dg + i)™/~ + My(Dy + i)~ My (Dg +14) 77

= My(Dy + i)_l[Dv Mf]M¢(Dg + i)_j_l + My(Dy + Z.)_1]\41‘(179 + i)_j-
Due to Lemma 3.4.8, we have My (D, +14)~! € Z;, «, and by the inductive assumption
we also have My (D, +14)77 € Le oo- Then My(Dg + )l e, *@p o0, 50 applying
the Holder inequality we arrive at My(Dy + i) 771 € %j%’oo. Taking j = p, we get
that My(Dy + )P € Z1 0o (L222(X, g)).

Similarly, since D, is a local operator, we have that [Dg, My] = [Dg, Ms|My.

Hence, [Dg, M¢](Dg + 1) € 41,00(L292(X, g)). This completes the proof of Hypoth-
esis 3.2.7.(ii) in the case k = 0.

What remains is to show that Hypothesis 3.2.7.(iii) holds. We will first deal with
the k£ = 0 case. To that end, we will show by induction that for all j > 1:

(3.12) | M4 (D +iX) | o2 = ON"71), A — oo.

The base case j = 1 is the result of Lemma 3.4.9, and the case j = p+ 1 is what is
required for Hypothesis 3.2.7.
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Suppose now that (3.12) holds for j > 1, and again choose ¢ € C®(X) such
that f¢ = f. Then,

M(Dy +iX) 7 = My - My(Dy +i\) "5 (D, +i\) ™7

= = My[(Dg +iX) ™", My](Dy +iX) ™7 + My(Dg +iX) " My(Dg +iA) ™/

= My(Dyg +iX) "' [D, Ms]My(Dy +iX) =7

+ My(Dg +iX) "' Mp(Dg +iX) 7.

By Lemma 3.4.9, we have ||[My(Dy + i)t ||p41 = O()\__ﬁ), and by the inductive
assumption we also have ||[My(Dy + iX) 7% pr1 = O()\_ﬁ). Then by the Holder in-
equality, ! ,

| M7 (Dg +iX) 7 o < O(T77) - O 741).

J+1

So ||Ms(Dg + i)\)_j_1||% = O(A™ #+1). To conclude the same for d(f) in place of f,

we once more use the fact that [Dg, MMy = [Dg, M¢]. This completes the proof of
the k = 0 case of Hypothesis 3.2.7.(iii).
For k > 0, if ¢f = f, then we have

AR (M) = A*(My) My,

so we may apply the k£ = 0 case to ¢ to deduce the result.
That (C°(X), LY (X, g), D,) satisfies 3.2.7.(i) follows from similar reasoning. [
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CHAPTER 4

ASYMPTOTIC OF THE HEAT TRACE

In this chapter we complete the proof of Theorem 1.2.2. This will require some
delicate computations exploiting Hochschild homology.

For the remainder of this chapter, we assume that (¢#, H, D) is a spectral triple
satisfying Hypothesis 1.2.1. Furthermore we will need the following auxiliary assump-
tion:

Hypothesis 4.0.1. — The spectral triple (c#, H, D) satisfies the following:

(1) (c#,H,D) has the same parity as p: this means that (c#, H, D) is even when
p is even (with grading T') and odd when p is odd.
(ii) D has a spectral gap at 0.

We will show at the end of this chapter how Hypothesis 4.0.1 can be removed.
Recall from Definition 2.2.16 the fundamental mappings ch and €, given by:

ch(ap ® a1 ® -+ @ ap) :=TF[F,ao][F,a1] - [F,ap),
Qag®a1 ® - ®ap) :=Tagd(a1)d(az) - -- 0(ap)
and that Theorem 1.2.2 states that for all Hochschild cycles ¢ € gZ®®+1)
Tr(Q(c)(1 + D) ~Be=s"P%) = gTr(ch(c))s_2 +0(s7Y), s—o0.

The computations in Sections 4.1 and 4.2 are inspired by those in [12, 15]. Since
we do not assume that the algebra ¢ is unital, the computations are more delicate
than those of [12, 15].

4.1. Combinatorial expression for Tr((c)| D|2~Pe=5"D%)
We begin this section with the introduction of a new set of multilinear maps:

Definition 4.1.1. — Let o C {1,2,...,p}.
We define the multilinear map W,y : ALPH) - T by:

p
Wer(ao @ a1 ® -+ ® ap) = Tag [ [ br(ar),
k=1
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where for a € ¢# and each k we define:
0(a), k€ o,
br(a) = (a)
[F,a], k ¢ o .
In the case where of = {m}, a single number, 1 < m < p, then write W,, for Wiy -
Since by assumption (¢#, H, D) is smooth, the operators d(ax) are defined and

bounded, so that 9%, is well defined as a bounded operator.
The two extreme cases, Wy and Wy, 5,... ) are easily described as:

P
Wylag® a1 ®---®ap) =Tag H[F, ag].
k=1

It will be important to observe that if (c#, H, D) has the same parity as p, then
ch(c) = Wy(c) + FUy(c)F (this is Lemma 4.3.6).
On the other extreme.

P
62Z){l,z,...,p}(ao ®a1®---Qap) =Tag H d(ak).
k=1

Associated to a subset o/ C {1,2,...,p} we have the number,
nor = (G B) € {1,2,...,p}? <k and j € ok £ /1),

where | - | denotes the cardinality of a set.

Theorem 4.1.7 (to be stated below) is the main result of this section. Roughly
speaking, it shows that one can replace Q(c) in Tr(€(c)|D|>"Pe~"P") with a sum
of Wy (c) over all subsets &/ C {1,...,p}. However first we need a lemma which
constitutes the core of the proof of Theorem 4.1.7. Most of this section is devoted to
the proof of the following lemma, which is split into various parts.

Lemma 4.1.2. — Let (c#, H, D) be a smooth spectral triple where D has a spectral gap
at 0. For all ¢ € (A + C)®P+V) | the operator

QoD - Y (-1 Wy (c)D* ! | - |DP?
o/ C{1,...,p}

has bounded extension.
Before proving Lemma 4.1.2 above we initially need:

Lemma 4.1.3. — Let (cA,H, D) be a smooth spectral triple, where D has a spectral
gap at 0. For all ¢ € (Z + C)®®*+Y) | the operator

Wy (c) - | D=1
has bounded extension.

Proof. — By linearity it suffices to prove the assertion for elementary tensors. Let
c=ay®a;® - ®a, € (A+C)PPH) andlet ¢ = ap®a1®---®a,_1 € (H+C)%P.
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We will prove this assertion by induction on p. If p =1 and & = ), then
W ()| DP~1! = Tag[F, 0| D|
and recall that [F,a1]|D| has a bounded extension L(a,). On the other hand, if p =1
and & = {1}, then
Wy (¢)| DP9 = Tagd(ar) € Too.

This proves the base of induction.

Next, let p > 2 and assume that the statement is true for p — 1. To this end, let
P C {1,...,p— 1} be defined by the formula & = o \ {p}. There are two distinct

cases: when p € & and p ¢ &7.
First suppose p € /. Here we have |#| = |«7| — 1, and

Wer ()| DI~ = Wy (¢')8(ay) | DI ~117!
= (%@(c’)|D|p—1—\e@\) (|D|—p+1+|@|5(ap)|D|p—1—\@\) _

The first factor in the right hand side has bounded extension by the inductive as-
sumption. Moreover, the second factor on the right hand side has bounded extension
by Lemma A.1.2. This proves step of induction for the case p € <.

Now we deal with the case where p ¢ /. Then £ = &7, and

W (IDP1) = Wi () Llay) DP 17
- (%@(Clﬂmp—l—l%l) (|D|‘P+1+|55|L(ap)|D|”‘1_‘*@‘) )
The first factor in the above right hand side is bounded by the inductive assump-
tion. For the second factor, we use the expression L(a,) = 9(ap) — Fd(ap). Since
d(ap),0(ap) € A then it follows from Lemma A.1.2 that the second factor on the

right hand side has bounded extension. Hence, 9., (c)| D|P~!“! extends to a bounded
linear operator. O

In order to prove Lemma 4.1.2, we introduce two more classes of multilinear func-
tionals.

Definition 4.14. — Let o/ C {1,2,...,p}. We define the multilinear map Ry :
(’%®(p+l) — oo by

P
Rz (a9 ® -+ ® ap) :=Tag H zi(ak),
k=1
where for each 1 < k < p and a € oA,

(a) = Fé(a), k € o,
VT L(a), k¢ o

We also define the multilinear map Py : ALPT) — T by

p
Po(ag® -+ ® ap) :=Tag H yr(ak),
k=1
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where for each 1 < k <p and a € %,

(@) = 0(a), k € o,
WY L), b ¢ o

Lemma 4.1.5. — Let (c#,H, D) be a smooth spectral triple, where D has a spectral
gap at 0. For all c € (Z + C)®®*tY) and all o7 C {1,2,...,p}, the operator
(Rur(e) = (~1)"*Pus(e) - F1) | D]

has bounded extension.

Proof. — This proof is similar to that of 4.1.3. Once again it suffices to prove the
result for an elementary tensor ¢ = ag ® a1 ® - - - ® ap, and we prove the statement by
induction on p. Denote, for brevity, ¢ =ag® a1 ® -+ ® ap—1 € (H + C)®P.

For the base of induction, when p = 1, we deal with the two possibilities & = {1}
and o/ = (. If o7 = {1}, then

Rz (c) =TagFé(ar)
Py () F17! = Tagd(ay)F.
So,
(Rur(€) = (1) Pu(€) - F1) - |D| = Tao(F3(ar) — 8(ar)F)|D
= Tao[F, 6(a1)]| D|
= TagL(6(a1))

since L(d(a1)) has bounded extension, so does the above left hand side.
Now in the case that p=1 and & = 0,

Rz (c) =TagL(ay)
Por(c) =TagL(ar)
and || = 0, 50 Ry () — Py (c)FI¥l = 0. This proves the p = 1 case.
Now suppose that p > 1 and the assertion is proved for p — 1. For this purpose, let
P C{1,...,p— 1} be defined by # = &\ {p}.
If pe o, then ny = ng, and if p ¢ & then ny = ng + |A|.
Now we consider separately the cases p € & and p ¢ .
First, if p € &7, then,
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Hence, since |o/| = |%| 4+ 1 and ny = ng in this case:
(Rer () = (= 1) Per () F1)| D)
= (Ren()Fo(ap) = (=1)" P (c')3(a,) F 71| D)
— Real)[F, 6(ap)ID] + (Ren (€)8(ay)F — (~1)** Pin(¢)5(ay)F - FI#)| D)
— Rea)Llap) + (Ren()5(ap) — (~1)" Poa(e)5(ay) - FI#)D.
In the case that |4| is even, we have FI#! = 1 and so:
(Rer (€) = (=1)"Pey (¢) F11) D)
= Ra(¢)L(ap) + (Ran (<) = (-1)"* Ps(c) - FI7) - 6(ap) D
= R () L(ap) + (Rea(c) — (~1)"*P() - F¥D - §(ay)
— (Ra(d) = (1) P () - FI?1) - 8(6(ap)).

Since d(ap), 9(6(ap)) and L(a,) are bounded, by the inductive hypothesis the above
has bounded extension, completing the proof of the case where p € & and || is
even.

On the other hand, if p € & and | 4| is odd, then:
(Rer (€) = (=1)" Puy () 1) D)
= Rez(c') L(ap) + Rz (c)d(ap) D — (—1)" Pes(c')3(ay)| D
= Raa(¢)L(ap) + (Rez(¢) = (=1)"* Pa(¢) F#)D - §(ay)
— Rz(c)8(ap)D + (=1)"2 Py(c')5%(ay).

Since 6(ap), 6%(ap) and L(a,) are bounded, by the inductive hypothesis the above has
bounded extension, completing the proof of the case where p € & and | %] is odd.
Now assume that p ¢ /. Then,

Focusing on P (c):
Pey () F171 = Pog(') L(ap) F1¥\.
So:
(Rer (€) = (=1)" Py () F1 )| D] = (R () L) — (=1)"* ¥ Pg(¢') L(a,) F¥)| D).
Note that since F' anticommutes with [F,ap], F' also anticommutes with L(a,).

Hence,
L(ap)F‘%‘ = (_l)l%lF‘%‘L(ap)
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and so
(Rer () = (=1)" Pur ()| D| = (Res () = (=1)"*Paa(¢) 1) L(a,) | D]
= (Ra(c) = (=) P () FI¥)
x (ID|L(ap) + L(3(ap)))-

By the inductive assumption, the operator (Rz(c') — (=1)"#Pz(c')FI#!)|D| has
bounded extension. This completes the proof of the p ¢ <7 case.
Hence, the statement is true for p and this completes the induction. O

Lemma 4.1.6. — Let (c#, H, D) be a smooth spectral triple. Suppose D has a spectral
gap at 0. For all c € (A + C)®®P+V) and for all o7 C {1,...,p} the operator

(Pusr(e) = Wes(e) - D11 - D)

has bounded extension.

Proof. — This proof is again similar to the proofs of Lemmas 4.1.3 and 4.1.5.
Once more, it suffices to prove the assertion for an elementary tensor

c:a0®a1®---®ape((ﬁ+(c)®(p+1).

Let ¢ == ap® - ®ap—1 € (& + C)®P. The proof proceeds by induction on p.
First, if p = 1, then either &7 = {1} or & = 0. If &/ = {1}, then

Pes(c) =Tagd(ar),
W (c)|D|P~1 = Tagd(ay).
and if &/ = (), then
Pu(c) =TagL(ar),
W, (c)|DIP~1 = Tay[F, a1]| D).

Since L(a1) = [F,a1]|D| on the dense subspace H, it follows that in all cases with
p = 1 the difference P (c) — W (c)|D|P~1! is identically zero on Hy, and therefore
has trivial bounded extension to H. This establishes the p = 1 case.

Now suppose that p > 1 and the assertion has been proved for p — 1. Let
PB = o \ {p}, and we consider the two cases of p € & and p ¢ &

Suppose that p € o/. Then,

Per(€) = Pa(c)b(ayp),
W, ()| DIP~1 = Wap(c')é(ay)| DIP~1 1,

Pu (¢)|D| = Pea(c')d(ap)|D|
(4.1) = Pa(c)|D| = Pa(')6% (ap).
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and
Wer ()| DP~I 1Y = Wy (') (ap) | DI~
= Wa(c )| DP176(ap) + W (<) [8(ap), | DP~1]
= Wy ()| DP~115(ap)
(4.2) — Wap()|DP~ P11 DII#I=P | D=1, 5 (ay)].

Applying Lemma A.1.2, the operator |D|/#I=P+1[|D|P~1#I §(a,)] has bounded exten-
sion. So combining (4.1) and (4.2):

(Per () = Wer ()| DIP11)| D] — (Pea(¢') — Waa (<) DIP~H 1P| D]
has bounded extension. So by the inductive hypothesis, (P (c) —W.z(c)|D|P~11)| D]

has bounded extension in the case that p € <.
Now suppose that p ¢ <. In this case, we have:

P (¢) = P (c') L(ay)
Wer (c) = Wes ()| F, ap].
Multiplying by |D|, we have

(4.3) Per (€)|D| = P (c)| DI L(ap) — Pas(c') L(3(ap))-
Note that Px(c')L(6(ap)) is bounded.
Also,

Wy ()| DI = Weg(c') L(a) | DP~!
=W ()| DI~ L(ay) — Waa(¢)IDPP~7], L(ay)]
=W ()| DIP~'|L(ay)
(4.4) — Wa(¢)[DPP~H | DI DI, L)),
By Lemma A.1.2, the operator |D|P+1+<I[| D|P~I] [(a,)] has bounded extension.
So combining (4.3) and (4.4), it follows that
(Per () = Wer ()| DIP~1)| D] = (Pia(¢') — Wea(¢')| DIP~~171)| DI L(ay)
has bounded extension.
So by the inductive hypothesis, it follows that (L. (c) — Wy (c)|DP~!¥1)|D| has
bounded extension in the case p ¢ 7. O

The main idea used in the proof of Lemma 4.1.2 is the algebraic identity,

(4.5) e+ = D za

k=1 o/ C{1,....,p}

where z,, is given by the product 2122 - - 2p, where 2z, = x;, for k € &7 and 2z, = yp
for k ¢ o .
Now we are ready to complete the proof of Lemma 4.1.2:
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Proof of Lemma 4.1.2. — Since
[D,a] = F[|D|,a] + [F,a]| DI,

as an equality of operators on H, it follows that we have d(a) = Fé(a) + L(a). Now
using (4.5):

Q(c) = Tao [ [ (Fé(ar) + L(ax))

k=1
= Z Rz (C).

o/ C{1,...,p}
So on H.:
Qo)Dl= >  Rw(0)D].

o C{1,....,p}
We may now apply Lemma 4.1.5 to each summand to conclude that

QoD - > ()™ Pu(c)F'I|D
A C{1,....p}

has bounded extension. Now applying Lemma 4.1.6 to each summand, we have that
the operator
QoD = Y (~1)"Wy(c)| DT R
o/ C{1,....,p}
has bounded extension.
Equivalently,

QD= Y (1) Wy (c)D> ] D
o/ C{1,...,p}

has bounded extension. O
We now prove the main result of this section.

Theorem 4.1.7. — Let (¢#,H, D) be a spectral triple satisfying Hypothesis 1.2.1 and
Hypothesis 4.0.1. For all ¢ € A®®+Y)  we have

Tr(Q)DP e )= 3T ()T (W (@)D e ) 1 O,
o C{1,2,...,p}
as s — 0.
Proof. — As in the preceding lemmas it suffices to prove the result for an elementary

tensor c = ap® - -- ®a, € APPTY. Let ¢ = 1®a; ® - ®a,. By the cyclicity of the
trace and the fact that ¢Z commutes with T', we have:

Tr(Q(e)| DI Pe*P") = Tr(Q(¢)| D> P~ P ap)
and for all & C {1,2,...,p}:
Tr(W,y () D19 1e=5"D%) = Tr(W,, (/) D2~ 115" D% ).
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Thus,
TH(Q(e)|DF 7P = 3T () TH( W (D)

o C{1,....,p}

=Tr Q(c/)|D|2—p _ Z (—1)”‘“{02!)&¢(0/)D2_‘d| |D|p_1|D|1_pe_52D2a0

o/ C{1,....,p}
Hence,
TI‘(Q(C)|D|27p6782D2 — Z (—1)”“”1\1‘(%@{(6)D27|£{|6752D2)
o/ C{1,....,p}

<l[le)D* "~ 3 (1" Wy (¢)D* | DY |ID]F e P ag 1.

A C{1,....p} -

The first factor is finite, by Lemma 4.1.2, and the second factor is O(s7!), by
Lemma A.1.4. This completes the proof. O

4.2. Auxiliary commutator estimates

This section is a slight detour from the main task of this chapter. Here we estab-
lish bounds on the Z;-norm of commutators of the form [f(s|D|),z], where z € 3,
s > 0 and f is the square of a Schwartz class function on R. These bounds are used
everywhere in the subsequent sections of this chapter.

Recall that the algebra .3 is defined in Definition 2.2.7.

The following lemma serves the same purpose as [12, Lemma 18], but the right
hand sides are different here due to the fact that we deal with non-unital spectral
triples.

Lemma 4.2.1. — Let (c#,H, D) be a smooth spectral triple. Let h be a Schwartz class
function on R and let f = h%. Then for all z € B, we have

[i£61DD, 21 = S5/ 61DD, 8} | < 5s2IR7 0 - (152 @(sl DD + (I DDS (@)
Here, {-,-} denotes the anti-commutator.
Proof. — Since f'(s|D|) = 2h/(s|D|)h(s|D]), by the Leibniz rule we have:
[F(s1D), ) — (51D, 6(2)} = [h(slDI)?, 7] — s{H (L DD R(s|D, 6(2))
— h(sID)([A(sID)), 2] — sh' (/D)3 ()
+ ([1(s] D), 2] — s8(x)I' (s|DI)) h(s| D).
Applying Lemma A.2.3, we have

[h(s|D)),z] — sh'(s|D|)é ——s/ /h” — 0)eus(=IDI§2 () etusvIDl gy,

SOCIETE MATHEMATIQUE DE FRANCE 2023



64 CHAPTER 4. ASYMPTOTIC OF THE HEAT TRACE

[(s|D)), z] — s6(z)h/ (s| D) = —s/ /h v)e™IP162 (z)e s =IP dydy.
Therefore,

[£(s1DD), 2] = S{F(sIDI), 6(a)}

_ —S / h// _ zu(l v)s |D|h(S|D|)62( ) ““’leldvdu

- 52/ / B (w)(1 — v)e*1P1§2(2)h(s| D|)e™=)5IP! dydu.
—oo J0
Now applying Lemma 2.3.2 to each integral, we have

ILf(sD1), =] = f{f’(SIDIM(a?)}IIl

<t[ [P
+s//\

. 1
= (|7 [l (6% (@)A(s| D)1 + IIh(SII?)I)(52(ﬂv)II1)/0 (1 —v)dv

h// _ zu (1—v) |D|h(S|D|)52( ) zuus|D|H1dvdu

h// zuvle\aQ(x)h(SlDl du(l— v)s|D|” dvdu

= S IR (I @)R(6IDD s + IAGsI D) (@) ). a

Lemma 4.2.2. — Let (c#,H, D) be a smooth spectral triple and assume that D has
a spectral gap at 0. Let h be a Schwartz function on R and let f = h%. Then for
every T € B3, we have

D™ [ (s|D1)s2llly < sllA Il (11 DI™h(s| D3 (@), + 11 DI™ 8()h(s| D], ) -

Proof. — Since f = h2, by the Leibniz rule, we have

[f(s|D]), 2] = h(s|D|)[n(s| DI), 2] + [h(s|D]), z]h(s| D])-

Using Lemma A.2.2, we have

1
[h(s|D|),x]:s// ' (w)et s A=vIPI§ (1) etusIPl gy,
RJO
Thus,

1
|D|m[f(8|D|),CU] :3// h/(u)eius(l—v)IDI|D|mh(s|D|)6(x)eiusv|D|dvdu
RJO

1
+s// W (u)e?* =Pl D™ § () h(s|D))et***IP! dudu.
RJ0
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Bounding the Z; norm using Lemma 2.3.2, we have
1
IDI™[f(s| D), 2], < s / / 17 ()| || D™ h(s| DI () | dvdu
1
s / / 17 (w)|[|1D|™8 () h(s| D) s dvdu
RJO

= s[|/|| . @) (11 D™ h(s| D)3 () |1 + 1 DI™ () A(s| D)) 1)

Lemma 4.2.3. — Let (c#, H, D) be a smooth spectral triple satisfying Hypothesis 1.2.1
and Hypothesis 4.0.1. For all x € B and for all integers m > —p, we have

IIDI™[e™ ", a]lly = O(s'™P7™), s L0.

Proof. — Let h(t) = e~2"", t € R. By Lemma 4.2.2, we have
_s2D? ~ m —142D2 m _142p2
IID[™ e, 2]l < slli’[lL(I1DI™e™ 2 27 6(2) 1 + DI 8()e™2* P 1)

If m < 0, then the assertion now follows from applying Lemma A.1.4 to the
terms |||D|me’%52D25(:1:)||1 and |||D|m5(ac)e*%52D2||1. Assume now m > 0. Using
Lemma A.1.3 with the Schwartz function ¢ — t™e~ 2%, we obtain

3H|D|m6_%S2D2(5(CIJ)H :O(Sl_p_m), s — 0.
1

By Lemma A.1.1, we have
D" (a)e= 3P = 37 (f) 67 (@) | Dl P,
k=0

Now we apply Lemma A.1.3 to each summand, using the function ¢ + tFe~ 35°D? for
the kth summand. So,

_1 ~ (m —p—
sADIms@e 3l <53 (7)ot
k=0
=0(s'7P™™), s —0. O
The following lemma is used in the proof of Theorem 4.4.2.

Lemma 4.2.4. — Let (¢#,H, D) be a spectral triple satisfying Hypothesis 1.2.1 and
Hypothesis 4.0.1. Let f(t) = e~*", t € R.

(i) for every a € ¢/, we have
| sIDD, al = ss(@) 7DD | _ =067, s Lo,
(ii) for every a € A, we have

| Gs1DD), 0] = s(a) £/ sIDD)| = OG>, s Lo,
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(iii) for every a € ¢#, we have

|rGs1D1), ) = s8(a)"(s1D])

=0(s), slo.

p,1

Proof. — First we prove (i): this is a simple combination of Lemma A.2.3 and the
triangle inequality:

I1£(sIDD), a] = sf'(s|DN)é(a)lloc < s*[1f[11116*(a) oo
Now we prove (ii). Let h(t) = e~ ¥/2 t € R, so that f = h%. By Lemma 4.2.1, for

all a € o/ we have
(4.6)

[7(6IDD).a] = S0/ (s1DD, @}, < 352 IR 1 16 @6 DD s + [4(sDDS (@) ).
Using Lemma A.1.3, we have

182(@)h(s| D)y = O(s77) and,

(4.7) Ih(sID])8*(a)]ls = O(s7P).
Combining (4.6) and (4.7), we arrive at:
(4.8) I1f(sD1), a] = g{f'(SIDI),5(a)}II1 =0(s*77).

On the other hand,
_.2p2
117 (s1D1), 6(a)]ll = 2s[l[|Dle™*" ", 6(a)] 1
< 258 (@)e™*"P" [l + 2s[|[Dl[e=*"7", 8(a)] .
Due to Lemma A.1.3, we have 2s[62(a)e=* P ||; = O(s'~?), and by Lemma 4.2.3 we
also have 2s|||D|[e_32D2,(5(a)]||1 = O(s'~P). Therefore,
(4.9) ILf'(sID1),8(a)]ll = O(s'77), s L 0.
By combining (4.8) and (4.9), we obtain (ii).
Finally, to prove (iii), we use the inequality
1 1—1
1T]p < ITY7 1T Moo
and write
ILf(sID), a] = sd(a)f'(s|D])lp,1
1 1—1
< llf(sID1), al = sd(a) f'(s|DDIIT [I[f (s|D],a)] = s6(a) f'(s| D)o ¥
= 0(s2?)5 - O(s2) "% = O(s). O
The following lemma is used in Lemma 4.3.2, Lemma 4.3.3 and Lemma 4.5.2.

Lemma 4.2.5. — Let (c#, H, D) be a smooth p-dimensional spectral triple satisfying
Hypothesis 1.2.1 and Hypothesis 4.0.1. For every 0 < m < p, and = € 3 we have

| D™ P[D2~me="D% ]|, = O(s™Y), s |O.
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Proof. — By the Leibniz rule,
[DQ—me—32D27x] — [DZ—m7a]e—szD2 + D2_m[€_s2D2,$].
Thus,
| DD e P a1 < D Ple P ey + [ DDA ale
By Lemma 4.2.3, we have ||D2_p[e_52D2,a:]||1 = O(s™!), so we now focus on the
second summand. First, for the case when m > 2 we apply the Leibniz rule
[172—7717 .'13] — _‘D2—m[‘Dm—27 .'17]D2_m
- _ Z Dk+27m8(x)Dl+2fm'
k+l=m—3
Now using the triangle inequality:
|D™PD* " e P < T [IDIFFRPa() DY e IPE .
k+l=m—-3
Applying Lemma A.1.4 to each summand, we then conclude that
| DD ale P | = O(s7),
thus proving the claim for m > 2.
We now deal with the remaining cases m = 0, 1, 2 individually. In the case m = 2,

we have D™~P[D2~™ z]e=*"P” = 0, and so the claim follows trivially in this case.
For m = 1, we have

— —m _s2Dp? _ _s2p2
ID™=P[D*=™, 2le™ P [y = [[[D]*PO(@)e™" P |y

So by Lemma A.1.4, we also have in this case that the above is O(s™!).
Finally, for m = 0,

[D?,2] = [|D|?, 2]
= [D[§(z) + ()| D|
= 2|D|6(x) — 52(x).
So by the triangle inequality:
ID™P[D?7™ 2]~ D% ||y < 2|||D[*P8(x)e= D% |y + ||| D] P82 (x)e > P71,

so an application of Lemma A.1.4 to each of the above summands yields the result. [

4.3. Exploiting Hochschild homology

Recall the multilinear mapping %/, from Definition 4.1.1. In this section, we prove
the following:

Theorem 4.3.1. — Let (¢#,H, D) be a spectral triple satisfying Hypothesis 1.2.1 and
Hypothesis 4.0.1. For every Hochschild cycle ¢ € A2 ®+1) we have:

Tr(Q(c)| DI Pe~*"P%) — pTr(W,(c)De~*"P*) = O(s™Y), s 0.
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We achieve this using the commutator estimates of the preceding section.
Our strategy to prove Theorem 4.3.1 is to start from Theorem 4.1.7 and then show
that:

1. all of the terms with |«/| > 2 are O(s™!) (see Lemma 4.3.4),

2. the & = () term is O(s™1) (see Lemma 4.3.7),

3. finally we complete the proof by showing that the terms with |&/| = 1 are all
equal to the &/ = {p} term up to terms of size O(s~1).

The proofs in this section rely crucially on the assumption that ¢ is a Hochschild
cycle.

First, we show that terms in Theorem 4.1.7 such that there is some m with
m—1,m € o are O(s™1).

Lemma 4.3.2. — Let (¢#,H, D) be a spectral triple satisfying Hypothesis 1.2.1 and
Hypothesis 4.0.1. Let m € {1,...,p} and suppose that m — 1,m € o/ (so necessarily
we have | .o/ | > 2). For every Hochschild cycle c € &/®®+1) | we have

Tr(Wer () D> 171e=5"P*y = O(s™Y), s 0.

Proof. — For s > 0, consider the multilinear mapping 0, : ¢Z%? — C defined by:

m—2
0s5(ap® - ®ap—1) =Tr (I‘ao (H bk(ak)> (@m_1) (H b1 (a) ) D2|gz{|es2D2> ,

k=1
where by is as in Definition 4.1.1. Then, from the computation in Appendix A.3, we
have that the Hochschild coboundary is:

(065) (a0 ® -+~ ® ap)
m—2 -
= (—=1)PTr <Fa0 (H [bk,ak]> (am—1) (H [bk+1, k] > D2_|‘Q{|6_52D2,ap]>
k=1
+2(=1)"  Te(Wey (a0 ® - - - ® @) D>~ 1= D%),

We now claim that the first summand is O(s™!) as s | 0. Indeed, dividing and
multiplying by DI¥I-7.

|Tao (ﬂﬁZ[bk,akOéQ(aml) <H [bk+l,ak1> (D11~ a, ]|

k=1 k=m
< HDI&fI—p[DZ—Wle—s2D2

s @p) L

Tag (”ﬁ [bk,ak]> 6% (am—1) (1:[ [bk+1,ak]) | D[P~

k=1 k=m

[e o]

The first factor is O(s~!) by Lemma 4.2.5, and the second factor is finite by
Lemma A.4.2 and has no dependence on s.
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To summarize, so far we have that if ¢ € Z®®+1);
(00,)(c) = 2(—1)™ 1 Te(W,y (c) D> 1 1e=="P*) 1 O(s™Y), s 0.
If ¢ is a Hochschild cycle, then (b6;)(c) = 65(bc) = 0, and so
2=1)" T Te( Wy () D1 le™* ) = O(s7Y),

as required. O

Lemma 4.3.3. — Let (¢#,H, D) be a spectral triple satisfying Hypothesis 1.2.1 and
Hypothesis 4.0.1. Let oy, o C {1,...,p}, with || = |oA| and that the symmet-
ric difference S Aots = {m — 1,m} for some m. Then for every Hochschild cycle
c € AP we have

Tr(W,y, (¢) D> 1115 D) L Tr(W,y, () D> 12le=5"P%) = O(s™), s 0.

Proof. — This proof is similar to that of Lemma 4.3.2. For s > 0 we consider the
multilinear mapping 0, : :Z®? — C given by

Oy(a0® - ®ap 1) = Tr (Fao <H bk(ak)> [F, 8(am—1)] ( ]:[ bk+1(ak)) DZ-Wle-sW) :

k=1 k=m
Here, as in Lemma 4.3.2, the operators by are defined as in Definition 4.1.1, relative
to the set &/ = 7. From the computation in Appendix A.3,

(695) (a0 ® - -~ ® ap)

- (11T (f[ [bk,ak]) IF,3(am 1))

k=1

x (f[ [bk+1,ak]> [D*'ﬂfl'e—sw,ap])

k=m
+ (—1)m—1Tr(622)ﬂ1 (ao R R ap)D2—|,Q{1|e_52D2)
+ (_l)m—lTr(GZ[)Q{2 (ao R -® ap)D2_|,Q¢2|e_szD2).
We first show that the first summand above is O(s™!). Indeed,

m—2 p—1
e (H (b m) [F, 6(am-1)] (H [bk+l,ak1> (D2 1le=s"D" g ]

k=1 k=m

1

22
< HDwu—p[D2—|we—s D% 4]

1
m—2 p—1
x [|Tag H [bs ak][F, 0 (am—1)] H [brs1, ax] - |DP~ 1!
k=1 Pt N

The first factor above is O(s~!) due to Lemma 4.2.5, and the second factor is finite
by Lemma A.4.3 and has no dependence on s.
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Summarizing the above, if ¢ € Z®®+1) we have
(60,)(c) = (=)™ Tr (W (¢) D>~ le™" ")
+ ()" T (Wery (€)D" P) 1 O(s7Y),
as s | 0. Hence, if c is a Hochschild cycle then (b6,)(c) = 05(bc) = 0, and this completes
the proof. O

Lemma 4.3.4. — Let (cA, H, D) be a spectral triple satisfying Hypothesis 1.2.1 and Hy-
pothesis 4.0.1. For every Hochschild cycle ¢ € A®P*Y) and for every o7 C {1,...,p}
with |.<7| > 2, we have

’I‘r(cb/)d(c)DQ_l‘dle_s2D2) =0(s7Y), slo.
Proof. — Let m be the maximum element in &/ and let n be the maximal element
in &\{m}. If n = m — 1, then the assertion is already proved in Lemma 4.3.2. If

n<m—1,then m —n > 1, and hence n + j ¢ & for all 1 < j < m — n. Now for
each 0 < j < m —n we define &; to be &/ with n replaced with n 4 j. That is:

o= (A\n)U{j+n}, 0<j<m—n.
Then by construction:

1. |o| = |o/| and A1 ={n+jn+j—1}foralll <j<m—n,
2. o= and m—1,m € @p,_n_1.

Hence if 1 < j < m—n the subsets <7; and /;_; satisfy the conditions of Lemma 4.3.3.
So for all Hochschild cycles ¢ € oZ®®+1);

: _s2D2 _loti| —s2D2 _
Tr(Wey, , (¢)D*1¥=11e=" Py = —T1(W,y, (c) D> 1¥le=* L7y + O(s7Y), s 0.
So by induction, we have:
TT(GZZ)E{O (C)D2—|£¢0|e—52D2) _ (_1)m_n_1Tr(%)dm_n_1 (C)DZ—\szfm,n,”e_szDz)
(4.10) +0(s71), slo.
On the other hand, since m—1,m € %, _,,_1, we may apply Lemma 4.3.2 to </, 1
to obtain: -
o (D mle %) — 057, s o,
Combining (4.10) and (4.3), we get
Tr(Wey, () D*190le=5"D%y = O(s71).

since @, = 4, the proof is complete. O

TH(W,y,

Recall the mapping ch from Definition 2.2.16.

Lemma 4.3.5. — Let (¢#,H, D) be a spectral triple satisfying Hypothesis 1.2.1 and
Hypothesis 4.0.1. For every c € Z2®+1)  we have

||Ch(C)D2€_S2D2||1 =0(sh, s|o.
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Proof. — Recall that (see Definition 2.2.9) on H,, we have [F,qa,]|D| = L(ap). So
on H..:

[F, ap-1][F, a,]|DI* = [F,a,-1] - L(ap) - |D|

= [F,apa] - [D|L(ap) — [F,ap] - [| DI, L(ap)]
= [F,ap1]| D[ - L(ap) = [F, ap-1] - 6(L(ap))
= L(ap-1) - L(ap) — [Fia

p—1] - L(6(ap)).
Soforc=ag®---®a, € AP we have
p—2
ch(c) - D?e*'P* =T (H[F, ak]> |D|P~ - |D|* P L(ap_1)L(ap)e " P
k=0

p—1
- (H[F’ ak]) 2L |D|1_pL(5(ap))e—s2D2.

k=0

. -2 _ -1 _
Using Lemma A.4.4, the operators ( rolF, ak]) |D|P~1 and (HiZO[F, ak]) |D|P~1
both have bounded extension and no dependence on s. From Lemma A.1.4, we have
that:

— —g2p? —
IIDI*"?L(ap-1)L(ap)e™ P 1 = O(s™")
IIDI*"PL(8(ap))e™ P [l = O(s ™).
So by the triangle inequality: ||ch(c)D2e="P%||; = O(s~!) as s | 0. O

Lemma 4.3.6. — Let (c#,H, D) be a spectral triple of dimension p, where p has the
same parity as (A, H, D). If ¢ € ASP*Y then

ch(c) = Wy(c) + FUy(c)F.

Proof — Let c=ag®---® a, € A®P+D). Recall that

C) = Fao H[F, ak].
k=1

Using the fact that F' anticommutes with [F) a;] for all &k, we have:

ch(c) = TF[F, a) H [F, ]

P p
H F,ar) — TFaoF [ [ [F, ax].
k=1 k=1

= Wy(c) + (=1)PT T Fay <H F, ay) )
Since I'? =1,
ch(c) = Wy(c) + (=1)PT'TFTWy(c)F.
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Since the parity of p matches the parity of I', we have T'F = (—1)?T1FT. This com-
pletes the proof. U

Lemma 4.3.7. — Let (¢#,H, D) be a spectral triple satisfying Hypothesis 1.2.1 and
Hypothesis 4.0.1. For every ¢ € AP+ | we have

Tr(Wy(c)D?e ' P*) = 0(s™), s|o0.

Proof. — By Lemma 4.3.6, we have:
Tr(ch(c)D%e™*" %) = Tr(Wy(c) D2 *"P7) + Tr(FWy(c) FD2e* 7).
However since F commutes with D2e=*"P* and F? = 1 we have:
2Tr(Wy(c)D%e~* P°) = Tr(ch(c)D%e~* %).
However by Lemma 4.3.5,
|Tr(ch(c)D2%e~"P%)| = O(s™Y).
Hence Tr(Wy(c)D2%e~5"P") = O(s1). O

We are now ready to prove the main result of this section.

Proof of Theorem 4.8.1. — Let ¢ € gZ%®+1) Then using Theorem 4.1.7:
Te(Q() D Pe* P ) = Y (1) Te (W () D> 1= P*) 1 O(s71), s | 0.
4 C{1,....p}
Applying Lemma 4.3.4 to every summand with |«7| > 2, and Lemma 4.3.7 to the

summand & = ), it follows that:
P
Te(Qc)|DI* P> P") = 3 (1) Te(Wi(c)De > ") + O(s™1), s | 0.

k=1

Recall that n = |{(j,k) € {1,...,p}? : j € &,k ¢& T}
So in particular, nzy = p — k. Hence:
P
(4.11) Te(Q)|DPPe*"P%) = 3 (~1)P FTr(Wi(c)De > P*) + O(s7Y), s | 0.
k=1
For any 1 < k < p—1, the sets & = {k} and o% = {k + 1} satisfy the conditions of
Lemma 4.3.3 with m = k + 1. So we have
Tr(Wi()De™*P") = —Tr(Wir1(e)De ) + O(s7Y), s 10,

Hence by induction, for any 1 < k < p:

(4.12) Tr(Wy(c)De™*"P%) = (=1)P*T(W,De*"P*) + O(s™1), s 0.
Substituting (4.12) into each summand of (4.11) we finally get:
Tr(Q(c)| D2 Pe~*"P%) = pTr(W,(c) D= P%) + O(s™1). O
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4.4. Preliminary heat semigroup asymptotic

In this section, we move closer to proving Theorem 1.2.2. We will show that if
(c#,H, D) satisfies Hypothesis 1.2.1 and Hypothesis 4.0.1 (in particular, D has a
spectral gap at 0), then for a Hochschild cycle ¢ € AP P+ we have

(4.13) Tr(W, (¢)| D> Pe=*"P%) = %’I‘r(ch(o))s_Q +0(s 1,51 0.

By the Theorem 4.3.1, this is a formula very close to Theorem 1.2.2: the only difference
is the assumption of Hypothesis 4.0.1 and that the occurance of | D| should be replaced
with (1 + D?)1/2.

We start with the following asymptotic result.

Lemma 4.4.1. — Let (¢#,H, D) be a spectral triple satisfying Hypothesis 1.2.1 and
Hypothesis 4.0.1. For all ¢ € 2@V we have

Tr(ch(c)e =" P*) = Tr(ch(c)) + O(s), s | 0.

Proof. — We wish to show that
Tr(ch(c)(1 — e~ P%)) = O(s),
so it suffices to prove
leh(e)(1 — e=*"P%)|[y = O(s).
Let c=ag® - ®a, € A®PTY. Then using [F,a,] = |D|~'d(a,) — |D|~'6(a,)F,
we have (on Ho,)

p—1

ch(e)(1—e~"") =TF (H[F, ad) (IDPIDI ") F, ag] (1 = =)

k=0

=TF (H[F, ak]> IDIP - |D|7P718(a,) (1 — e~ P%)

k=0

-LE (H[F’ ak]) IDIP - |D|77"16(a,) (1 — e~ P*)F.

k=0
Thus,
[[eh(e)(1 - e—s202)||1 < (H[F, ak]) DP|| - H|D|_p_13(ap)(1 B 6_52D2) ‘1
k=0 o
k=0 o

In both summands, the first factor is finite by Lemma A.4.4, the second factor is O(s)
by Lemma A.1.6. O

SOCIETE MATHEMATIQUE DE FRANCE 2023



74 CHAPTER 4. ASYMPTOTIC OF THE HEAT TRACE

Theorem 4.4.2. — Let (¢#,H, D) be a spectral triple satisfying Hypothesis 1.2.1 and
Hypothesis 4.0.1. For every Hochschild cycle ¢ € Z2®+Y) | we have
Ch(c)

(4.14) Tr(W,(c)De~*"P%) = 5 s 06T, sl

Proof. — Let ¢ € Z®®+1) be a Hochschild cycle. By Lemma 4.4.1, we have
Tr(ch(c)e™*"P") = Tr(ch(c)) + O(s), s 0.

Since the spectral triple and p both have the same parity, we may apply Lemma 4.3.6
to get:

(4.15) 2Tr(Wy(c)e = P*) = Tr(ch(c)) + O(s), s 10,

for all ¢ € Z®@+1)
Define the multilinear mappings Fs, s : AZPTY — C by setting

p—1
Falao ® -+ ® ap) = Tr(Tag (H[F, ak]> [Fe """ a,)),
k=1

p—1

22
Hs(ag ® -+~ ® a,) = Tr(Tag (H[F, ak]> Fle=*P" a,)]).
k=1
By the Leibniz rule, we have

[F, ap]e_szD2 = [Fe_SZDz,ap] - F[e_szDz,ap].

Therefore:

(4.16) Tr(Wy(c)e > P%) = Fu(c) — Fh(c).
Now combining (4.15) and (4.16), we arrive at

(4.17) 2:Fs(¢) — 28Hs(c) = Tr(ch(c)) + O(s), s 0.

However it is shown in Appendix A.3 that &, is a Hochschild coboundary, and
thus since c is a Hochschild cycle we have &;(c) = 0.

Using (4.17), we obtain
(4.18) —28#s(c) = Tr(ch(c)) + O(s), s 0.

Define the multilinear mapping YV, : ¢Z%®+t1) — C by setting

p—1

Vs(ao ® -+~ @ ap) = Tr(Tag (H[F, ak]) Fé(a,)|Dle~*"P").

k=1
Let % =1- ;1). By the Holder inequality in the form (2.7):
|((gés + 23262)5)(‘10 ®-® ap)|

p—1 ‘

(o ([T ai) - ([ ay) + 25%(a,) DI ) )

k=1
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177" ay) + 2526 (ay) | DJe 7"

q,00 p,1

p—1
< HFaO [ alF
k=1

The first factor on the above right hand side is finite by Proposition 3.1.5, and the
second factor above is O(s) by Lemma 4.2.4.(iii). Therefore, we have

(4.19) (Hs + 25°V,)(c) = O(s), s10.
Combining (4.19) and (4.18), we arrive at
(4.20) 45U, (c) = Tr(ch(c)) + O(s), s10,

for all Hochschild cycles ¢ € G#®®+1),
From the definition of %, if ap ® - - ® a, € APPTY:

Tx(Wp(ao ® -+ ® ap)De”* ") = Tr(Tag (H IF, akl) 5(ap)De"P")
k=1

= Tr(Tao (H[F, ak]) §(ap)F|D]e™"P%).

k=1
Thus,

Vs(ap ® -+ ®@ap) — Tr(Wy(ag ® -+ ® ap)De_SQDZ)‘

p—1

— | Tr(Pag (H[F, ad) [F,6(a )| Dle="7")

k=1

= |Tx(r (H[F, ak]) [F, 6(ay))| Dle=*"""a)|

k=1

<|r (H[F, ak1> [F. (a1 D"
k=1

By Lemma A.1.4, we have that this is O(s~!) and therefore, we have
(4.21) Dy(c) = Tr(W,(c)De*" P’y + O(s™Y), 510,

for all ¢ € Z®P+1),
Combining (4.20) and (4.21), we arrive at

452 Te(W,(c)De~*"P%) = Tr(ch(c)) + O(s), s 10
for all Hochschild cycles ¢ € oZ®®+1) . Dividing by 4s2,

. H|D|17p6752D2a0H .
[e’s) 1

Tr(W,(c)De~*"P%) = is‘zTr(ch(c)) +0(s7).

Since Ch(c) = 3Tr(ch(c)), this formula coincides with (4.14). O
We remark that (4.13) follows as a simple combination of Theorems 4.3.1 and 4.4.2.
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4.5. Heat semigroup asymptotic: the proof of the first main result

In this section, we finally complete the proof of Theorem 1.2.2. We start by remov-
ing the assumption of Hypothesis 4.0.1.

The following two lemmas show that if the parity of p does not match (¢#, H, D),
then the statement of (4.13) becomes trivial.

Lemma 4.5.1. — Let (c#,H,D) be a spectral triple satisfying Hypothesis 1.2.1.
Suppose that D has a spectral gap at 0. Suppose that the dimension p is odd but
(A, H, D) is even. Then:

(i) for every c € A®PHY  we have
Tr(Qc)| D)2 Pe~*"P*y =0, s>0,

(ii) for every ¢ € APPTY | we have

Tr(ch(c)) = 0.
Proof. — Let us prove (i). Since I'D = —DTI" and I' commutes with a € ¢#, we
have I'D,a] = —[D,a]l’ on He,. Hence I'd(a) = —90(a)T" for all a € ¢#. Thus for

c=ay® - ®a, € AP since p is odd we have:

Q(c) =Tao [ ] 0(ar) = —ao (H 8(ak)> r
k=1

k=1
However I'D? = DT, so by the spectral theorem we have Te—5"D* = ¢=5°D” S
multiplying by e=**D* on the right and taking the trace,

Tr(Q(c)| D> Pe~*"P%) = —Tr(a (H d(ax,) ) |D|2Pe~"P’T)

/4
= —Tr(Tag (H ) |D|2Pe"D%),

This proves (i).
The argument for (ii) is similar. Note that we have I'[F,a] = —[F,a]T for every
a € o#. Thus since p + 1 is even:
p
ch(c) =TF [[[F, ax]
k=0
P
— —FT [[[F, ax]
k=0
P
=—F - [[[F a]r.

k=0
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Thus,
P
Tr(ch(c) = —Tr(TF [][F, ax))
k=0
—Tr(ch(c)).
This proves the second assertion. O

Now, we deal with the other case where the parity of (¢#, H, D) does not match p.

Lemma 4.5.2. — Let (c#, H, D) be a spectral triple satisfying Hypothesis 1.2.1. Sup-
pose D has a spectral gap at 0 and (c#, H, D) is odd but p is even.

i) for every Hochschild cycle ¢ € A®®HY) | we have

(i) f Y y :
Tr(Qc)| D2 Pe =Py = O(s™Y), s 0.

(ii) for every c € A®P+V) | we have

Tr(ch(c)) = 0.

Proof. — First, we prove (i). Consider the multilinear mapping 6, : Z®P — C defined
by the formula

Osa0 ® @ ap—y) = m(ﬁ a(ak>> |DPP7re==P),
k=0

The Hochschild coboundary b6, is computed in Section A.3 by the formula:

(005) (a0 ® -+ - ® ap) = 2Tr(a (H d(ax) > |D|27p673202)
+ Tr(a (H d(ax) ) |D|2*pefs2D2’8(ap)])
i (H 6<ak>) 1D[7eP* a,)).
k=0

Using the Holder inequality, we have

0 (H a(ak>> IDP7e="P%, (a,)))|
k=1

< laole T 1000 1D e 6a,))||

By Lemma 4.2.5, we have

(4.22) Tr(ao <H 8(ak)> ID|?>"Pe=*"P" d(ay)]) = O(s™), slO.
k=1
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Similarly, we have

\m(ﬁ a<ak>> ID[7e=*"P" a,))| < ﬁ I0(as)llo - 1017, a
k=0 k=0

By Lemma 4.2.5, we have
p—1

(4.23) TM(II&@@)HDFﬂ%‘SD,%@::O@‘U, s10.
k=0

For every ¢ € Z®®P+1) it follows from (4.22) and (4.23) that
(69,)(c) = 2Tr(Q(c)| D2 Pe~="P*) + O(s™Y), s o0.
If ¢ is a Hochschild cycle, then (b6s)(c) = 0. Thus,
Tr(Q(c)| D> Pe~*" Py = 0(s7Y), so0.

for every Hochschild cycle ¢. This completes the proof of (i).
The proof of (ii) is similar to Lemma 4.5.1.(ii). For all a € ¢/, we have F[F,a] =
—[F,a]F. Since p + 1 is odd,

F. wmdz—OﬁE%OE
k=0

k=0
Hence,

This proves (ii). O

The preceding two lemmas show how to remove the assumption that the parities
of p and (¢#, H, D) match. It remains to remove the assumption that D has a spectral
gap at 0. For this purpose, we use the doubling trick. The “doubling trick” in this form
follows [12, Definition 6].

Let 1 > 0. We define another spectral triple (7(c#), Ho, D), where

Hy=C’®H,

D
Du:( )
uw —D

and 7 is the same representation of ¢/ as in Definition 2.2.18. That is:

a 0
7(a) = (0 0) .

For a tensor ¢ € ¢Z2P+1) we denote (c) for the corresponding element of (7(c7))®®P+1)
obtained by applying the map 7®®+1) to ¢. The spectral triple (m(c#), Ho, D,,) is
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equipped with grading operator

r 0
PO = (O (_1)deg1'*> )

where I is the (possibly trivial) grading of (¢#, H, D) (see Definition 2.2.18).
Let ©, and ch, be the multilinear mappings 2 and ch (just as in Definition 2.2.16)
as applied to the spectral triple (7(c/#), Ho, D,,).

Lemma 4.5.3. — Let (c#,H, D) be a spectral triple satisfying Hypothesis 1.2.1. Let
Fy be as in Definition 2.2.18. If a € o/, then as p | 0 we have:

[sen(Dy), (a)] — [Fo, m(a)]
mn zp+1 .

Proof. — We have

D M
21 ,2)1/2 21 ,2)1/2
sen(D,) = ((D T o ) -
(D2+p2)172 _(D2+M2)1/2

Hence,

[# a] g B
[sgn(D ) W(a)] — (D2+pu2)i/2» (D21 p2)172
e _m 0

(D422 % .

On the other hand, we have

By (@) = ([sgn(D),a] _ap> '

Pa 0

Therefore:

| sen(D,), w(a)) = Fo. w(a))|
D

< | (sento) - m)“HPH +a(sen(o) - (sz,ﬂﬂ ..

+H(P‘m>a

por * (P Dt

p+1
D 2z D 2 1z
) ol + o
a(sgn( ) (DQ—I—;L?)%)G %ﬂ— a(sgn( ) (DQ—I—,LL?)%)G b1
. 7 2 112 H 7 2 |z
P—— P——
e (P Grm) e+ - e
By functional calculus, as p | 0 we have:
D 2
(sen(D) - ————) 10,
(D2 1 p2)

(P~ s b0
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in the weak operator topology. Hence,

D 2 D
a* (sgn(D) - 7) a0, a(sgn(D) — 7> a*10, wplo,
(D2 + p2)* (D2 + p2)z
1% 2 B
(Pt Valo afp-— " Ve Lo alo
o+t (D amt)
also in the weak operator topology. The assertion follows now from the order continuity
of the %pTH norm. O

Lemma 4.5.4. — Let (cA,H,D) be a spectral triple satisfying Hypothesis 1.2.1. If
c e A®PTY  then
lim ch,(7(c)) = cho(c)

p—0
in the Zp-norm.

Proof. — Tt suffices to prove the assertion for ¢ = ag ® - - - ® a,. Then we have

cho(c) — chy,(m(c)) = To(Fy — sgn(D,,) H Fy,m

P P
—Tosgn(D,,) ( H [sgn(D,), m(ax)] — H [Fo, ﬁ(ak)]>.
k=0 k=0

Next we use the fact that if ¢ > 1 and if A, — A in the strong operator topology,
B, — B € 2, in the Z, norm, and sup,, o || A,lcc < oo then A,B, — AB in Z; (see
[53, Chapter 2, Example 3]).

We have that sgn(D,) — Fy — 0 in the strong operator topology, and since

b _olFo,m(ak)] € 41, it follows that the first summand converges to 0 in the Z; norm.

For the second summand, we apply Lemma 4.5.3. Since for each k we have
that [sgn(D,,),m(ax)] — [Fo,m(ag)] in Zpy1, it follows that the second summand
converges to 0 in Z;. O

Lemma 4.5.5. — Let (cA,H, D) be a spectral triple satisfying Hypothesis 1.2.1. For
every ¢ € APPTY | we have

HQ )1 ® 1+ D?) 5 DZ)‘ —0(s71), s|o.
1

Proof. — Once more it suffices to prove the assertion for an elementary tensor
c=ay® - - ®a,. We have

HQ N1e (1 +D2)—%e—52D2)‘

1
< |[romtao) ) TTD0 (e W|_||Pw m@a e @+ p2)~Fems2h)|
k=1

-1
< ||ao||ooH||[D,4,w<ak || 1D ap)(1 + D)~ e

1
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ap(1+ DQ)_%6_32D2

p—1
+ 2uflaolloe [T N1Dw, w(ar)] o]
k=1

R
The assertion follows by applying Lemma A.1.4 (with m; = 0 and mg = p—1) to the
odd spectral triple (%, H, F(1 + D?)2). 0

We note that since 7 is an algebra homomorphism, if ¢ € Z®®+1) is a Hochschild
cycle then so is 7(c).

Lemma 4.5.6. — Let (c#,H,D) be a spectral triple satisfying Hypothesis 1.2.1. Let
c € AP be o Hochschild cycle. We have

(Trz © T(@u(r(e) (1@ (1+ D)1 Fe"P%) = Lan,(n(0)s 2+ 0(71), s Lo,
Proof. — For p > 0, the spectral triple (7 (¢#), Ho, D,,) satisfies Hypothesis 1.2.1 and
the spectral gap assumption. This allows us to apply Theorems 4.3.1 and 4.4.2 (or
Lemmas 4.5.1 and 4.5.2) to the Hochschild cycle 7(c) € (m(c7))2®+1),

A combination of Theorems 4.3.1 and 4.4.2 (if the parities of p and (7 (¢#), Ho, D,,)

match) or one of Lemmas 4.5.1 and 4.5.2 (if parities of p and (7(A), Ho, D,) do not
match) yields

(Trz @ Tr) (Qu(m(e)) | D, *Pe""Pi) = £ Chy(m(e))s >+ O(s7), s L0,
Noting that D2 = D§ + p?, and e="#* = O(1) we obtain
(Tr2 © ) (Qu(m(e)) | Dul* 76" P) = L Chy(m(e))s™* +0(s7), s L0,
By Lemma 4.5.5, we have
| 2N ID, e P8 — () D e
1

HQ (€))| D1 | e P8
— 0(s7Y). 0

[apuzr —1D1pry - 1Da||

We are now ready to prove the main result of this chapter.

Proof of Theorem 1.2.2. — For o/ C {1,...,p}, we define the multilinear functional
on aO ® PP ap e (,%@(p"’l) by

P
Ix(ao® - ® ap) = Lom(ag) H

Here,
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In particular,
Tolao ® - -ap) = (
For ¢ € Z®P*1) | we apply (4.5) to get

Q@)= 3 wg0).

o/ C{1,....,p}

Qar®---®ap) 0
0 0/

For each 0 < k < p, we set

fi(s) = 3 (Trz @ Tr)(For () (1@ (14 DY) Fem"P7)),

|t | =k
That is, fx(s) is the coefficient of u* in (Tra ® Tr) (2, (7(c))(1® (1 + D2)1_§6_32D2)).
Now if ¢ € #Z®®+1) is a Hochschild cycle, then Lemma 4.5.6 yields
P
(4.24) 3 W fils) = gChu(w(c))s_Q +O(s7Y), s|o.
k=0

Select a set {po, ..., pp} of distinct positive numbers, and for each 0 <1 < p we
may take p = p; in (4.24) to arrive at:

P
Z,uffk(s) = %)Chm (m(e)s 2+ 0(s7), s10, 0<I<p.
k=0

Since the Vandermonde matrix {uF}o<; k<, is invertible, it follows that there exist
{ag,...,ar} such that:
Qg -
fk(s)=§+0(s B, 510, 0<k<np.

Substituting this back to (4.24), we obtain

Z proy, = gChu(w(c)).
k=0

In particular
b ..
ao =3 }Lli% Ch,(m(c)).

So by Lemma 4.5.4,

oy = gCh(c).
Hence,
fo(s) = g(]h(c)s_2 +0(s7h), s]o.
The assertion follows now from the definition of f. O
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CHAPTER 5

RESIDUE OF THE (-FUNCTION
AND THE CONNES CHARACTER FORMULA

In this chapter we complete the proofs of Theorem 1.2.3 and Theorem 1.2.5.
For a spectral triple (¢#, H, D) satisfying Hypothesis 1.2.1, we define the zeta
function of a Hochschild cycle ¢ € Z®2®+1) by the formula

Cep(2) == Tr(Q(c)(1 + D*)™*/?), R(z) >p+1.

Indeed, by Hypothesis 1.2.1.(iii) if R(z) > p+ 1 then the operator Q(c)(1+ D?)~*/2 is
trace class, and so (., p is well defined when R(z) > p + 1. In Section 5.1 we prove
that (. p is holomorphic and has analytic continuation to the set

{z€C: R(z)>p—1}\ {p}.
We also show that the point p is a simple pole for (. p, and that the corresponding
residue of (., p at p is equal to pCh(c), thus completing the proof of Theorem 1.2.3.

Then we undertake the more difficult task of proving Theorem 1.2.5. We achieve
this by a new characterisation of universal measurability in Section 5.5, which allows
us to deduce Theorem 1.2.5 as a corollary of Theorem 1.2.3.

The most novel feature of this chapter, and of this manuscript as a whole, is a
certain integral representation of the difference B*A* — (A2 BAz)? for two positive
bounded operators A and B and z € C with R(z) > 0 (see Lemma 5.2.1). This result
first appeared in [33, Lemma 5.2] for the special case where z is real and positive.
With this integral representation we are able to prove the analyticity of the function

z+— Tr(XB*A®) — Tr(X (A2 BA?)?)
for a bounded operator X and for z in a certain domain in the complex plane, under

certain assumptions on A and B. This result is stated in full in Section 5.4.
In Sections 5.6 and 5.7 we complete the proof of Theorem 1.2.5.

5.1. Analyticity of the ¢-function for R(z) >p— 1,z #p

This section contains the proof of Theorem 1.2.3. The proof is relatively short,
since we are able to use Theorem 1.2.2.

SOCIETE MATHEMATIQUE DE FRANCE 2023



84 CHAPTER 5. RESIDUE OF THE ¢(-FUNCTION

Lemma 5.1.1. — Let h € L,(0,1) and u € Lo (1,00). Then,
(i) the function
F(z):= /1 s*71h(s)ds, R(z) >0,
s analytic; ’
(ii) the function
G(z) = /00 s lu(s)e *ds, ze€C,
1

is analytic.

Proof. — Let us prove (i). Define

F.(z) = A s* " h(s)ds, R(z) > 0.

n

Then for R(z) > 0 we have:

1

/n s*"h(s)ds
0

1
< / %@L p(s)|ds
0

1

< ”h”m/n S?R(z)—lds
0

_ Ao~z
R(z)
So for every € > 0, we have that F,, converges uniformly to F' on the set {z : R(z) > ¢}.
We now show that for each n the function F), is entire. Indeed, we have the power
series expansion

|F(2) = Fu(2)| =

g7l = e(zfl) log(s)

(log(s))* K
k>0
which converges uniformly on compact subsets of C. Therefore, interchanging the
integral and summation, we have that for all z € C

(5.1) F.(2) = Z% (/1 (log(g))kh(s)ds> (z — 1)’“7 zeC.

k>0

n

This power series has infinite radius of convergence, since

/l(log(S))kh(S)ds < |Ihlc (log(n))*.

n

So each F,, is entire.
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5.1.

ANALYTICITY OF THE ¢-FUNCTION FOR R(2) >p—1, z#p

85

In summary, the sequence {F, },>1 of entire functions converges to F' uniformly on

the half-plane {z : R(z) > e}. Since ¢ is arbitrary, the sequence {F,},>o converges
uniformly to F' on compact subsets of the half plane {z
holomorphic on this half-plane.

: %(z) > 0}. Thus, F is
To prove (ii), we consider the functions

n
/ s tu(s)e *ds, z€C
1
we have:

Exactly the same argument as above shows that each G,, is entire. For all n > 1,

|G(2) — Gn(z)| < /Oo s~ y(s)|e™* ds

oo
< ||u||oo/ sl s,
n

So for any N > 0, we have that G, converges uniformly to G in the set
{z € C : R(z) < N}, and therefore on compact subsets of the plane. Hence, G is
entire.

O
We are now able to prove Theorem 1.2.3.

Theorem. — Let (c#,H, D) be a spectral triple satisfying Hypothesis 1.2.1, and let
c € AP be a Hochschild cycle. Then the function
Ce,p(2) == Tr(Qc)(1 + D*)~*/3),

R(z)>p+1
is analytic, and has analytic continuation to the set {z € C : R(z) > p—1}\ {p} and
a simple pole at p with residue pCh(c).

Proof of Theorem 1.2.3. — Let z € C with R(z) > 1. Then for all z > 0, we have

o0 2, 2 o0 2
/ ¥ le™ T (s zx_z/ t*~let dt
0 0

o _1

_ z—1 _ U 2

=z 7 uz e du
0 2

—Zz

-2r(2),
2 2
Thus,

227 = 22 /00 s 1g2e= """ (s,
r(3) /o
topology:

So by the functional calculus, for $(z) > 2 we have an integral in the weak operator

z 2
(1+ D?*)'~2

r(s)

[SIEN

/Oo 711+ D2)6752(1+D2) ds
0
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We now multiply on the left by the bounded operator Q(c)(1 4+ D?)7P/2 to arrive

at:

ZTPp 2 > b
e)(1+ D7) zZF(Z)/ 5" 10(c)(1 + D?) - E e~ (14D g,
5)Jo

We claim that this integral converges in Z;. First, if p = 1 then consider the
function hq(t) = te=t’. Applying Lemma A.1.3 with the function h;, we have:

Is*EL(e) (1 + DA~ Ee= Py = s 72| Q(e)h (s(1 + D))y
=0(s®==3) s ]o.

On the other hand, if p > 1 then define h,(¢) = (1 + t2)1_”/26_t2. Now applying
Lemma A.1.3 with the function hy:

1—2
15" 10(c)(1 + D)1=~ 0+DP)||; < (114:9“?1)22> | T IE eI
o0
= s®@+=3|Q()hy (s| D)) |I1
=0(s"®=3) s 0.
So in both cases, since R(z) > 2, the function s — ||s*~1Q(c)(1+D?)}~2 fery” s

is integrable on [0, 1].
For s > 1, we have
6732132 < efDQ < (1+D2)73/2,
so we have that
I Q(c) (1 + D)1= Ee = 0P|, < SREO=1|(e) (1 + D)~ |1,

Hence, s — [|s*71Q(c)(1 + D2)1_%e_52(1+D )1 is integrable on the interval (1, o0).

By Lemma 2.3.2, for R(z) > 2 we therefore have:

ZTDP 2 o 2
12(c)(1 + D)1=y < r(z)/ 51 Q(c)(1 + D)~ Ee P ds
2
<0
and
(5.2) ﬁ(ﬂ(o)(1+02)1—z?’)zr(2z)/ s ITe(Q(c)(1 + D?)' =5~ (04D g,
2 0

We will now apply the result of Theorem 1.2.2 to the integrand. First we define a
function h on (0, 00) by:
hs) im {eSTr(Q( ¢)(1+ D?)'-% f: <1+1-‘:2>), s> 1
sTr(Q(c)(1+ D?)1=3e~ (1+DP)) — 2Ch(c)s™!, 0<s< 1.
By Theorem 1.2.2, the function & is bounded on the interval (0,1). For s > 1, we have

a constant C' such that s
|h(s)| < Ce*™* .
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Hence, h is bounded on [0, 00). Substituting A in (5.2):
+p 2 /1 —1/.—1 p -2
7 )= —— s*7* (s h(s) + =Ch(c)s™ ) ds
)=7T @) s (s7"h(s) + 5 Ch(c)s™)
b2 /Oo ““le7*n(s)d

—_— S e S S.

r(3)

2

z

Tr(Q(c)(1 4+ D'~

By Lemma 5.1.1.(ii), the second term in the above sum has extension to an entire
function, and so we focus on the first term. We have,

2 ! z—1(.— p - _
I‘()/0 ¥ (s 1h(s)+§Ch(c)s % ds =

Z
2

2 12*255
P(;)/os h(s)d

1
p z—3
+ =7 Ch(c) / s*7°ds.
T (3) 0
Due to Lemma 5.1.1.(i), the first term in the above sum has extension to an analytic
function for R(z — 1) > 0. That is, for R(z) > 1.

As for the second term, since we are still working with R(z) > 2 we may compute:

1
/ s 3ds = (z—2)"%
0
So in summary, the function initially defined for £(z) > 2 given by:
2 Te(Qe)(1+ D)) — L _(;—9)~

r(s)
is analytic on the set (z) > 2, and has analytic continuation to the set £(z) > 1.

Since the function ﬁ is entire, and I'(1) = 1, we may equivalently say that the

2

function
2z Cep(z+p—2) —pChle)(z —2)71, R(z) > 2
has analytic continuation to the set (z) > 1. In other words, for £(z) > p,

¢e,n(2) = pCh(e)(z —p) "
has analytic continuation to the set R(z) > p— 1. This is exactly the statement of the
theorem. O

5.2. An Integral Representation for BZA* — (A2 BAz)?

In this section, we follow the convention that for all s € R we have 0°° = 0, so in
particular we have the unusual convention that 0°© = 0. This section is devoted to
the proof of Theorem 5.2.1 (stated below). Theorem 5.2.1 is a strengthening of [33,
Lemma 5.2] (which corresponds to the special case where z is real and B is compact).
Theorem 5.2.1 also substantially strengthens [10, Proposition 4.4].

Here we work with abstract operators on a separable Hilbert space H. Given a
positive bounded operator A on H, and a complex number z with £(z) > 0, the
operator A* may be defined by continuous functional calculus.
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Theorem 5.2.1. — Let A and B be bounded, positive operators on H, and let z € C
with R(z) > 1. Let Y := AY/2BAY?. We define the mapping T, : R — Zo, by,

T,(0) := B*'[BA?, A* %] 4+ [BA?, A3]y*"!,
T.(s) := BZ71+iS[BA%,A27%+iS]Y7iS + Bis[BA%,A%Jris]Yzflfis’ s #0.
We also define the function g, : R — C by:

z
2(0) :=1— —,
9:(0) 5

Then:

(i) The mapping T, : R — Z, is continuous in the weak operator topology.
(ii) We have:

B*A* — (A*BA?)* =T,(0) — /RTZ(S)@(S) ds.

Remark 5.2.2. — For R(z) > 1, the function g, is Schwartz, and hence so is the
(rescaled) Fourier transform g,.

Proof. — For t # 0, we may rewrite g,(t) as:

1 (tanh((z — 1)t/2
sy L (=YD Y
2 tanh(¢/2)
Letting s = ¢/2 and w = z — 1, it then suffices to show that for (w) > 0 the function
tanh(ws)
w = YT 17/~ — 1; 07
fuls) tanh(s) s
with f,,(0) = w — 1 is Schwartz. Since lims_,q mng(s) = 1, it is evident that f, is

continuous at 0 and that f,, is smooth in [—1,1].

It suffices now to show that the function tanh(ws) — tanh(s) is Schwartz, since
for |s| > 1 the function is smooth and bounded with all derivatives bounded.
For s > 1, we can write,

tanh(ws) — tanh(s) = tanh(ws) — 1 4+ (1 — tanh(s))

and then note that since R(w) > 0, the functions tanh(ws) — 1 and 1 — tanh(s) have
rapid decay as s — 0o, with all derivatives to all orders also of rapid decay as s — oo.
Similarly, for s < —1, we can write tanh(ws) —tanh(s) = tanh(ws) + 1 — (tanh(s) +1)
and then use the fact that tanh(s) + 1 and tanh(ws) + 1 have rapid decay, with all
derivatives of rapid decay, as s — —oo0. O

1
tanh(s)
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Lemma 5.2.3. — Let Ay, X € Zoo, 1 < k < m, and let X3, > 0,1 < k < n. The
function from R to Z», given by:

n
s HAkX,is,s eR
k=1
is continuous in the strong operator topology (and in particular in the weak operator
topology).

Proof. — 1If uniformly bounded nets {A;};cr and {B;};c1 converge in the strong op-
erator topology to A and B respectively, then the net {A;B;};c1 converges to AB in
strong operator topology. This fact is standard and can be found, e.g., in [8, Propo-
sition 2.4.1]. Therefore it suffices to show that for each &k = 1,...,n that the func-
tion s — X,is is continuous in the strong operator topology.

We note if X has a spectral gap at 0, then log(X}) is well defined by continuous
functional calculus and X}* = exp(islog(Xy)) is strongly continuous by the Stone-von
Neumann theorem.

If X does not necessarily have a spectral gap, then instead we use the Borel
function:

log(t), t>0
logy (1) : {0, F—0.

Hence, for s € R and ¢t > 0,

s, t>0,
exp(z'slogm):{l o

Recalling our convention stated at the start of this section, that 0% = 0 for all ¢ > 0,
we have:
t** = exp(islogy(t))(1 — x{o3(£))-

Let Py be the support projection of Xy (i.e., the projection onto the orthogonal
complement of the kernel of Xj). Then since P, = 1 — x{0}(X%) by Borel functional
calculus we have:

Xj® = Py, exp(islogg(Xk))-
Since the operator logy(Xy) is self-adjoint, by the Stone-von Neumann theorem it
follows that s — exp(islog,(Xy)) is strongly continuous. Hence, s — X}* is strongly
continuous and the proof is complete. O

Lemma 5.2.4. — Let X andY be positive bounded operators and z € C with R(z) > 1.
Set V, :=X*"Y (X -Y)+ (X -=Y)Y*"L. Then,
X -Y*=V, - / XV, Y g, (s)ds.
R

The integral is understood in the weak operator topology sense. The function g, is the
same as in the statement of Theorem 5.2.1.
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Proof. — We define the function ¢; , on [0, 00) x [0, 00) by:
A
$1,2(A p) = gz(log(;)) A p>0,
¢1,z(07,uf) = 07 14 > 03
(bl,z()\, 0) = 0, A > 0.
We caution the reader that ¢ . is not continuous at (0,0) unless z = 2 (indeed,

#1,:(A\,A) = 9.(0) = 1 = % for all A > 0). If we rewrite the definition of g, in terms of
exponentials, then for ¢t # 0 we get

ezt — e~ 3t
gz t)= 1- Z— — )
( ) (e% —6_%)(6( 21)t +67( 21)t)
and therefore:
N — p?
9.3 d),z )\,,U, =1- ’ )‘7M>Oa>‘7éu
53 B T )
We claim that
(5.4) b1:00m) = [ G, A0,
R

Indeed, since g, is Schwartz we can use the Fourier inversion theorem:
9= (t) :/’g\z(s)e”tds, teR.
R

If A\, u > 0, we simply substitute ¢t = log(A/u). For A = 0 or u = 0, then the right hand
side of (5.4) vanishes, as does ¢1 , by definition. Hence (5.4) is valid for all A, > 0.
Thus, by the definition of the double operator integral (2.14), we have:

(5.5) TXY (4) = / 4.(s) X" AV —i%ds.
’ R

Indeed, since g, is a Schwartz function, it follows that g, € Ly (R) and so the condition
(2.13) holds. Therefore, (5.5) follows as a consequence of (2.14). Here, the integral on
the right hand side of (5.5) is understood in the weak operator topology sense.
Measurability of the function s — X*AY % in the weak operator topology is
guaranteed by Lemma 5.2.3 and condition (2.10) follows from the inequality

13: ()X AY 7o < [G:(5)] - [ Allo, 5 €R,

and from the fact that g, is a Schwartz (and in particular integrable) function. So it
follows that Tdﬁf is bounded in the operator norm from Z, t0 Zws.
We introduce two more functions on [0, 00) X [0, 00). First,

Go (A p) =N+ (A —p), Ap>0

and secondly,
¢3:(Np) = VA=) = (W = pF), A p>0.
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Both functions are bounded on compact subsets of [0,00)%, and so in particular
on Spec(X) x Spec(Y), since by assumption both X and Y are bounded.

The equality ¢3 . = ¢1,,¢2, . holds on [0, 00) x [0, 00). Indeed this follows from (5.3)
for \,pp > 0, X # p. For A = > 0 one has ¢1.(A\,A) = 1— 3, ¢2.(A\,A) = 0 and
¢3.:(A,A) =0.If A\=0 or =0 one has ¢1 (A, u) =0 and ¢3 (A, p) = 0.

Using formulae (2.16) and (2.14), we obtain that Téf : Zoo — oo and

TV (A) = X"A— X*1AY + XAY* ™ — AY*.

Since ¢3,, bounded on Spec(X) x Spec(Y'), we also get that T;izf is bounded in the
operator norm from Z, to Z», and
T3V (A) = (XPA— X*TTAY + XAY* ™' — AY?) — (X*A — AY?).
We note at this point that T;izf(l) =V,.
We have ¢3 , = ¢1,.02,, on Spec(X) x Spec(Y), and thus by (2.15):
Ty (V2) = Ty, (T, (1)
=Ty (1)
=V, — (X*-Y7%).

The assertion follows now from (5.5). O

We are now able to prove Theorem 5.2.1 in the special case where the spectrum
of B is a finite set.

Lemma 5.2.5. — Theorem 5.2.1 holds under the additional assumption that the spec-
trum of B consists of a finite set of points.

Proof. — Suppose that Spec(B) = {A1,...,A\,}, where each A\ > 0 is distinct. By
the spectral theorem there exists n mutually orthogonal projections {Py}}_; such
that

B=> \Pi
k=1
and Y ,_, Py = 1. We have

B* = En: AiPy.
k=1

Therefore,
B*A* —Y* =) (P \A* — PY?)
k=1
(5.6) = Pu((MA)* —Y?).
k=1
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Applying Lemma 5.2.4 to each term in the above sum, with X = A\ A, if
Vie = (A)* (A = ¥) 4 (A — Y)Y=-1,
then
MAP =Y* =V, — /R(/\kA)iSVkszfiqu\z(s) ds.

Now substituting into (5.6), we have:

B*A*-Y =) "P (V;w - /()\kA)iSVk7zY_is§Z(s) ds>
k=1 R

= Z Pka,z — / <Z Pk(AkA)istJ) y“is /g\z(s) ds.
k=1 R \k=1

By the definition of V; .:
Viz = A4 — MA)*Y + A\ AV - Y7
and so
n
> PVi.=B*A* - B*'A*7'Y + BAY* ! - Y*

k=1
= B*"Y(BA* — A*7'Y) 4+ (BA-Y)Y*!

_ Bzfl(BAz _ AzflAl/ZBAl/Z) + (BA _ A1/2BA1/2)Y271
— [BAI/Q,AZ_1/2] + [BAI/Q,Al/Z]Yz_l
— T.(0).

We may also compute the sum in the integrand:
> PA) Vi. =D Po((AA) T — (WA Y
k=1 k=1
4 ()\kA)lJrisyzfl _ ()\kA)isyz)
— Z]Pk)\i—i-zs . Ap+is _ Z Pk)\i—1+is . Az—1+isY
k=1

k=1
n n

+ Z PkAi+isAl+isyz—l _ Z Pk)\?qs . Aisyz'
k=1 k=1
By functional calculus, we have

Z Pk()\kA)ist,z _ Bz+isAz+is _ Bz71+isAz71+isY + Bl+isA1+isyz71 _ BisAisyz
k=1

—_ Bz—1+is(BAz+is _ Az—l—i—isy) 4 Bis(BA1+is _ Aisy)yz—l
— Bz71+is[BA%,Az7%+is] +BiS[BA%,A%+iS]YZ71.
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So multiplying on the right by Y~
n
(Z Pk(AkA)ist,z> Y—is _ Bz—1+is[BA%’Az—%+is]Y—is + Bis[BA%,A%-HS]YZ_l_iS.
k=1

We recognize this right hand side as exactly T(s), and so

B = Y* = T.0) - [ T.(5)-(s) ds.

as required. O

We now explain how to deduce the general version of Lemma 5.2.1 from the special
case of Lemma 5.2.5 (i.e, when Spec(B) is a finite set). To do this we will select a
sequence {B,}5°, with B, — B in the uniform norm and such that the spectrum of
each B,, is finite.

The following lemma shows that under certain conditions, if B,, — B in the uniform
norm, then B — B in the weak operator topology for each fixed s € R.

For a bounded operator T' we denote supp(7') for the projection onto the orthogonal
complement of ker(T") (this is the support projection of T').

Lemma 5.2.6. — Let C be a positive bounded operator, and let {C,,}22 ; be a sequence
of positive bounded operators such that C,, — C in the operator norm, and for each n
we have supp(C,,) = supp(C). Then for all s € R, we have that Ci¥ — C* in the
weak operator topology.

Proof. — By definition, we need to show that for all s € R and &,7 € H we have
Jim (C}7¢,m) = (C™*¢,n).

By assumption, supp(C,) = supp(C) for every n > 0. By taking a quotient by
the closed subspace ker(C) if necessary, we may assume without loss of generality
that supp(C,) = supp(C) = 1 for every n > 0. Also without loss of generality,
we assume that ||Cllec < 1 and sup,~q|[|Cullc < 1. Let &, € H be such that

€Ml = lInll = 1.
Fix € > 0. Since ker(C) = {0}, we may select m > 1 such that

X0, (©))€]l < e.
Let 0 < ¢ < 1 be a smooth function supported on the interval [mLH, 2] such that ¢ =1
on the interval [-L,1]. We note that therefore
(1 =@(C)Ell = [[(1 = ¢(C))xpo, 2 ¢l
< lIxpo, )¢l
<e.

Let 9(t) := t**¢(t). Since ¢ and ¢ are smooth and compactly supported, it follows
that their first and second derivatives are in Lo(R). These conditions are sufficient
for ¢ and v to be operator Lipschitz (see [44, Lemma 6, Lemma 7]): i.e., there are
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constants Cy and Cy such that
[6(Cn) — (O)lloo < ColICn — Clloo,
[%(Cr) = ¥(C)llee < CyllCr — Clloo-
Select N > 0 such that for all n > N we thus have,
[¢(Cr) — #(C)lloc < € and
[6(Cn)Cr¥ = ¢(C)C* ||oo < €.
For n > N we have:
(Cle,m) — (C™€,m) = (C (1 — ¢(Cn))E,m) + (C™(4(C) — 1)€,m)
(5.7) +((Crp(Cr) — C*h(C))E,m).
For the first term in (5.7) above, we have:
(CrE (1= ¢(Ca))E )] < (I(1 = ¢(Cr))El

<A@ = ()&l + 19(Cn) — ¢(C)lloo
< 2e.

Next, for the second term in (5.7), we have
{C™(@(C) = 1)&,m)] < (1= d(C))]lo
<e.
Finally, for the third term in (5.7),
{(CRo(Cn) = C=¢(C))Em)| < [[$(Cr) = %(C)]|oo < &
So in summary, for n > N we have:
|(C;Sfy77> - <Ci857 77>| S 45'

Since € > 0 is arbitrarily small, the assertion follows. O
We are now ready to prove Theorem 5.2.1.

Proof of Theorem 5.2.1. — Without loss of generality, ||B|lcc = 1 (if not, then we
replace the couple (A, B) with a couple (cA,c™!B) with a suitable constant ¢ > 0).
In this case we have Spec(B) C [0,1] and 1 € Spec(B). For every n > 1, set

i m
Bp= ) —X(met m(B).
m=1

n_ 0

Recall that Y := AY/2BAY2  and let Y,, := AY/2B,AY? and let T, .(s) be defined
as T, (s) with the occurances of B replaced with B,, and Y replaced with Y,.

By construction, the spectrum of B consists of at most n points, indeed by the
spectral mapping theorem:

m’n

Spec(B,) C { — }

n r?m=1
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Since 1 € Spec(B), we always have that X(anl@](B) # 0, so 1 € Spec(B,) and
|Brlloc = 1. We also have that supp(B,,) = supp(B), and supp(Y;,) = supp(Y).

Moreover, B,, converges in norm to B, since || B—Bj || < . Thus by Lemma 5.2.6,
for any s € R we also have that B — B® in the weak operator topology. Similarly,
Y,, — Y in the norm topology and Y,;** — Y in the weak operator topology.

It follows now that for each s € R and z € C with R(z) > 1, we have that
T, 2(s) = T.(s) in the weak operator topology.

One can also see that sup,cg Sup,>1 [T,z ()|l < 00.

In other words, for every &1 € H, we have

(Tn,2(s)€,m) — (T(s)€;m).
Since [(T,2(s)€,m)| < sup,>1 |Th,2(5)|loo, and this is bounded in s, we may use
the Dominated Convergence Theorem to obtain

[ @@eng.(is — [ (T(s)eng-s)ds.
R R
By Lemma 5.2.5, for all n > 1 and &,n € H we have:
(5.8) (B = Y)6m) = Te0n) = [ (Ton(6)6 )3 (5) s

As already discussed, B — B* in the weak operator topology, and similarly
Y? — Y* in the weak operator topology. Hence both sides of (5.8) converge, and:

(B A% = Y?)¢, ) = (TL(0),n) — /}R (T.(5)€,m)g:(s) ds.

Since £ and 7 are arbitrary, this completes the proof. O

5.3. Analyticity of the mapping z — g,

So far we have considered the function,

e3t — e~ 3t
g:(t) =1- 4 P 2=1); —(2=1)¢ it #0,
(65 —e‘E)(e(T) +e ( 2 ) )
with g.(0) := 1 — 5 as a Schwartz function of ¢ with a fixed parameter z € C, with

R(z) > 1.
We may equally well consider g as a function of z. That is, the mapping z — g,
defines a function:
{zeC: R(z) >1} - SR).
As a matter of fact, the function z — g, is holomorphic with values in the Hilbert-

Sobolev space:
H2*(R) :={f € La(R) : f', f" € Ly(R)},
equipped with the Sobolev norm:

1 2@y = £, + 1 1@y + 177112, -
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We remind the reader of the meaning of Banach space valued holomorphy. If D C
C is a domain, X is a Banach space and f : D — X then the following two conditions
are equivalent:

(a) For any continuous linear functional w € X*, the function wo f : D — C is

holomorphic.
(b) For any z € C, the limit in the norm topology of X
_f(z) - Q)
’ -1
f(2) e —
exists.

The equivalence of these conditions is well-known, see e.g., [50, Theorem 3.31].
We work with the first condition. Since H?(R) is a Hilbert space, for any continuous
linear functional @ on H?2(R) there exists h € H?(R) such that:

w() = [ a.Oh® i+ [ gOW @+ [ gon o

R
So we focus on proving that for each h € H2(R), the mapping z — w(g,) is holomor-
phic.

Lemma 5.3.1. — Let G : {z € C : R(z) > 1} — H?(R) be the function given
by G(z) = g,. Then G is continuous on its domain.

Proof. — It suffices to prove that the mappings
G:{z€C: RN()>1}— H*(-1,1), G:{z€C: RN(z)>1} — H*(1,00)

and G : {z € C : R(z) > 1} — H?(—o00,—1) are continuous on their domains.
We write the first function as follows:
g: =1—azbc,, R(z)>1,
where
sinh ()

a:(t) = — 25, b(t) =

t 1
2sinh(%)’ e:(t) = cosh((Z%51) ¢)
Since z — a, and z — c, are continuous C?[—1, 1]-valued mappings, the first assertion
follows.
We rewrite our function as follows.

inh (z—2)t

9 sinh(%) cosh(@) ’

Equivalently,
9> = —a, bczy

where

_ (32—3)¢ b et 1
—e 2 = Cc), = ———.
’ l—et’ 7F 14 G-t

Since z — a, and z — ¢, are continuous C?(1, 0o)-valued mappings and b € H?(1, c0),
the second assertion follows. O

_Gtue
a, =e 2
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Theorem 5.3.2. — Let G : {z € C : R(2) > 1} — H?*(R) be the function given
by G(z) = g.. Then G is holomorphic on its domain.

Proof. — To show that G is holomorphic with values in H?(R), it suffices to show
for all continuous linear functionals  on H?(R) that z — w(G(z)) is holomorphic.
Since H%(R) is a Hilbert space, it suffices to show for all h € H%(R) that:

(5.9) Z— /R g:(Oh(t) + gL (N (t) + g (t)h" (t) dt, R(z) > 1

is holomorphic.
Let v be a simple closed curve contained in {z : R(z) > 1}. By Lemma 5.3.1, the
function
(2,t) = g=((t) + g. (N (1) + g (DR (t), tER,z€y
is integrable on v x R. Indeed,

[ ([ 1a:0m0)+ g2tem 0 + g2 n 1) =

< [ Nl dz) < length(s) -sup g 1=ce) < o
el zey

‘We may apply Fubini’s theorem to conclude that:

J=@ds= [ ([ t0n0) + st + g2 01

8!
For each fixed ¢ it follows from the definition that the functions g,(¢), ¢.(t) and
g2 (t) are holomorphic in z. Hence [ w(G(z))dz = 0 for all simple closed curves v
contained in {z : R(z) > 1}. Since z — w(G(z)) is continuous, by Morera’s theorem
z — w(G(%z)) is holomorphic in the domain {z : R(z) > 1}. Since w is arbitrary, G is
H?(R)-valued holomorphic. O

5.4. The function z — Tr(XB?A?%) — Tr(X (A%BA%)Z) admits analytic continuation
to {R(z) >p—1}
As indicated in the title, in this section we prove (under certain assumptions on A
and B) that for all X € 74, the mapping
2 Tr(XB*A%) — Tr(X (A2 BAZ)?),
defined initially on {z € C : R(z) > p} is holomorphic, and admits analytic contin-

uation to the set {z : R(z) > p — 1}. The precise assumptions on A and B are as
follows:

Condition 5.4.1. — Let p > 2 and let 0 < A, B € Z, satisfy the conditions

(i) BPA € 4 o0,
(i) BY72[B, A] € 2y for every q > p,
(iii) A2BA? € %) o,
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(iv) [B,A%] € Zp .
The main result of this section is the following:
Theorem 5.4.2. — Let p > 2 and let A and B satisfy Condition 5.4.1. If X € Zwo,
then the mapping
2 — Tr(XB*A®) — Tr(X(AZBA?)?), R(z)>p
admits an analytic continuation to the half-plane {R(z) > p — 1}.

Lemma 5.4.3. — Assume that p > 1 and that A, B satisfy Condition 5.4.1. Then for
all7 > 1 we have BFA € Zr 00 More precisely, we have the following norm bound:

P 1—1 1
[1B* Allro0 < el|Alloc ™ [ BPAll{ oo

Proof. — We show this is a consequence of the Araki-Lieb-Thirring inequality (2.1)
and (2.4).
Fix r > 1. Then by the Araki-Lieb-Thirring inequality:

|BP/" A" <<10g BPA".
Now using (2.4):
IBP/" Allr.c0 = [[BP/7 A" [|1,00
<e|B"A"||1,
< el| A5 HIBPAll1,00- N

The next lemma provides a sufficient condition for a function to be holomorphic
with values in a Banach ideal of Zo.

Lemma 5.4.4. — Assume that D C C is a domain (i.e., a connected open set) and
that F : D — %4 is a holomorphic function. If J is a Banach-normed ideal of Zuo
such that F takes values in J and F : D — J is continuous, then F is also an
J-valued holomorphic function.

Proof. — Fix a contour v C D such that the interior of v is contained in D. Then
for all z in the interior of 7, we have

Flz) = - Awdw.

T omi ) w— 2z
A priori, the integral is a weak integral. However, F' : D — J is continuous and,

therefore, the integral is Bochner in .J.
In order to show that F' is holomorphic, it suffices to show that it is differentiable.

Let o ) / Flw) ]
(Z)_Tm 77(711—2)2 w.

Once more, since F' : D — .J is continuous, then this integral is defined as an ./-valued
Bochner integral. If F' were holomorphic, then G would be the derivative of F'. The
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proof will be completed upon showing that G is indeed the derivative of F' considered
as an J-valued mapping.
For every z and zp in the interior of 7, we have:

F(z) - F — F
F(2) = Fzo) _ G(z) = z ,zO / (w) dw.
z— 2 2mi J, (w— 2)(w — 2)?
Again, this integral is an .J/-valued Bochner integral.
Thus,
F(z) — F(z) |z — 2| / 1
FA-FG) )l Fl; y
== Col, =55 | @l 1wl
|z — o] / 1
< sup ||F(w . dw]|.
s [Pl E 2 [

Since f is continuous, the right hand side tends to 0 as z — zg. Hence, G = F’ and
so F' is holomorphic. O

Lemma 5.4.5. — Let 0 < A € Zoy. The function z — A* is Loo—valued holomorphic
on the half-plane {z : R(z) > 0}.

Proof. — For zp,z € C with R(z) > 0 and R(z) > 0, we define the opera-

tor A* log(A) by means of functional calculus (the convention 0% log(0) = 0 is
used).
Hence,
A% — A% 2\ — )\?o
H —— — A log(A)H < sup —— — Mlog(\)
Z= % % 0SAL Al | 2T 20

=0(z — z), 20— 2.
Hence, for all z with £(z) > 0
A% — A% = A*log(A)(z — z0) + o(1), 2zp— 2
and so A? is Z-valued holomorphic with derivative A*log(A). O

Lemma 5.4.6. — Letp > 2 and assume A and B satisfy Condition 5.4.1. The mapping
z— [B,A%], R(z)>1

is a holomorphic %g,oo—valued function.

Proof. — We take care to note that since p > 2, the ideal %p/Q,oo can be equipped
with a norm generating the same topology as that of the canonical quasi-norm (see
[3, Chapter 4, Lemma 4.5]). Denote such a norm as || - ||,

p/2,00 :
Denote

F(z) = [B, A%].
Since F(z) = BA* — A*B it now follows from Lemma 5.4.5 that F is Z.-valued
holomorphic. Due to Lemma 5.4.4, it now suffices to show that F is Z, /2,00-valued
and Z,, /2 oc-continuous.
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Let ¢ be a compactly supported smooth function on R, such that 0 < ¢ < 1 and
¢ =1 on the interval [0, ||A||oo]. Define

o.(t) = t]Po(t), teR,R(z)> 1.
Since ¢ = 1 on the spectrum of A, we have that ¢,(A) = A* and so for all z, 21, 29
with R(2), R(z1), R(22) > 1,
F(z) = [B, ¢.(A)]
F(z1) = F(22) = [B, (¢2, — ¢2,)(A)].
Now we refer to [43], where it is proved that if A and B are self-adjoint operators

and r > 1 is such that [A, B] € . «, then for all Lipschitz functions f, there is a
constant ¢, such that:

I1f(A), Blllg, . <crllf'lzmlllA; Bllg, .-

Since p > 2, we may apply this result with » = p/2 and since ¢ is smooth and
compactly supported, we may take f = ¢,. Thus,

IFGI, < coallélliolB. Al
and similarly taking f = ¢,, — ¢.,,
1F(21) = F(22)lly, ,, . < cppalld, — 8, e mlIIB, Alllz,

/2,00

/2,00 /2,00

/2,00.

Note that for z; — 29 we have:

o, — Ll @ — 0

and hence F' is Z, /5 o.-valued continuous. The result now follows. O

Lemma 5.4.7. — Let p > 2 and let A and B satisfy Condition 5.4.1. Then:

(i) The mapping Fy(z) := B*1[B,A*"2]Az + [B, A2]A2Y*"1 is an Z4—valued
holomorphic function for the domain R(z) > p — 1.

(i) The mapping Fi(z) := B>~1A*"! is an $ﬁ71—valued holomorphic function for
the domain R(z) > p — 1.

(iii) The mapping Fa(z) := B*~1[BA, A*~'] is an Z;—valued holomorphic function
for the domain R(z) > p— 1.

(iv) The mapping F3(z) := Y*71 is an ﬁﬁwl—valued holomorphic function for the
domain R(z) > p — 1. (Recall that Y = AY/2BA'Y/?).

Proof. — We first prove (ii). Fix ¢ € (p,p + 2). If ®(2) > ¢ — 1, then
Bz—lAz—l —_ Bz—q+qu—2A . AZ_Q.
By Lemma 5.4.3, we have that
B1724 S iiq%m - gZp’%wl

and correspondingly by Lemma 5.4.5 the mapping z — B*~1A*~! is continuous in
the Zp/(p_g)’l norm.
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Moreover Lemma 5.4.5 implies that the mappings z — B*~9*! and z — A*2
are Zoo—valued holomorphic for ®(z) > ¢ — 1. Thus by Lemma 5.4.4 the mapping
z— B*71A*"lisZ p_ ;—valued holomorphic for R(z) > ¢—1. Since ¢ > p is arbitrary,
(ii) follows.

Now we prove (iii). Again fix ¢ € (p,p + 2) and let z satisfy R(z) > g — 1. We
rewrite F5 as:

Fy(z) = B*A* - B 'A*"'BA
=B*'A*"'.[A,B] + [B, B 47|
(5.10) =B*'A* 1. [AB|+B* ' [B,A]- A* ' + B*7'A.[B, A" 1.
The first summand in (5.10) can be written as
B*4tl.BI72A. A*72 . [A, B].
Due to Lemma 5.4.5, the mappings z — B*~ 9! and z — A*"2 are Z,,—valued
holomorphic for ®(z) > g — 1. By Lemma 5.4.3, we have that
BT 2AcZ» o CZLr_;.
q—27 p—2°

The element [4, B] = A'/2[A'/2, B] +[A'/2, BJA'/? belongs to Zp . Hence, the first
summand is Z;-valued holomorphic for ®(z) > g — 1.
The second summand in (5.10) can be written as

z— B*7 1. BI?[B, A] - A*1

By our assumption of Condition 5.4.1, the operator B¢~2[B, A] belongs to Z; and
accordingly the map z — B*~!.[B, A] - A*~! is Z;-continuous. Once again due to
Lemma 5.4.5, the mappings z — B*~9t! and z — A*~! are Z,,—valued holomorphic
for ®(z) > g — 1. Hence, the second summand of (5.10) is Z;-valued holomorphic
for R(z) > ¢ — 1.

We now treat the third summand of (5.10). By Lemma 5.4.6, the mapping

z— [B,A*7Y], R(z) >q-—1,
is a holomorphic %g’oo—valued function. Due to Condition 5.4.1, we have that
B1%4A ¢ %q%m C %p%’l.
Hence
z— B . B172A . [B,ATTY, R(2) >q-1,

is an Z;-valued holomorphic function.

So, all three summands in (5.10) are holomorphic for R(z) > ¢ — 1. Thus,
z — F5(z) is holomorphic for (z) > ¢ — 1. Since ¢ > p is arbitrary, it follows
that z — F»(z) is holomorphic for $(z) > p — 1. This proves (iii).

For (iv), we note that this is an immediate consequence of the assumption of
Condition 5.4.1.(iii) and Lemma 5.4.5.
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Finally we prove (i). We write Fy(z) as
Fo(z) _ Bz_l[B,AZ_1A1/2]A1/2 + [B,A1/2]A1/2yz—1
= Fy(2) +BZ_1AZ_1[B,A1/2]A1/2 + [B,A1/2]A1/2F3(z)
= Fy(z) + Fi(2)[B, AY?|AY? + B, AV?]Fy(2).
Hence, by (ii), (iii) and (iv) and Condition 5.4.1.(iv),
Fo(z) e + 55,,/(;,4),1 'zp/loo + EZ;p/2,o<>5zp/(p*2),00’

so by the Holder-type inequality (2.7), Fy(z) € Z1, and it continuous in the Z;-norm.
So by Lemma, 5.4.4, Fy is Z;-valued holomorphic. O

Lemma 5.4.8. — Let s — H(s) be a bounded Zoo—valued function measurable in the
weak operator topology (see Definition 2.8.1). Let g, be as in Theorem 5.2.1. Define

z) = / H(s)g.(s)ds, R(z)>1
R
as a weak operator topology integral:

(i) G is an Zoo—valued holomorphic function for the domain R(z) > 1,
(ii) if there is v > 1 such that for all s € R we have ||H(s)||r00 <1+ |s|, then G is

an L. 0o —valued holomorphic function for the domain R(z) > 1.

Proof. — Define:
0
g1,z = &gz, ze€C, R(z)>1
Define the Zyo-valued function G; by:

= [ H -1

We will show that G is Zso-valued holomorphic by showing that G is the derivative
of G.
Let z, zg € C have real part greater than 1. Then we have
G(Z) — G(Z() . /H gz gzo( )
zZ— 20 zZ— 20

Ql,zO(s))ds.

So by the triangle inequality,

G(z) — G(» §-(8) — G, (s N
|CE=EE) )| < essomp e [ | ED I g o)
2 =20 00 seR R 2 — 20
By [44, Lemma 7], we have an absolute constant c,ps such that:
gz(s) B gzo (8) ~ ‘ ( 9z — Gz g,lz /
- 2 d < abs — 2 70 — )
/]R z— 2o 91,0(3) § X Cab 2 — 2 91,z Z— 2 1,20 5

The assertion (i) follows now from Theorem 5.3.2, and hence moreover we have
that Gl = G/.
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Let us now establish (ii). Indeed, by Lemma 2.3.3, we have

||G(Z)||r,oo =5

r

— / (1 + Is)lg(s)lds,

A

r

16/ e < = [ (@ +IsDla1.-(5)1ds,
R

r
< 1
r,oo_’f‘—l/R( +|S|)

Once more using [44, Lemma 7], we have

HG(z) — G(%0)

— G (z) 92(8) — 9 (s)
Z— 2 z

— 20

— §1,2,(8)|ds.

/(1 + 18132 (s)lds = 19zl + 1lg"- ]l < cansllgallw=..
R

Similarly,
/(1 +[8D1g1,z()lds = (11,1l + 191,11 < canslgr,zllw
R
and
gz(s) - gzo (S) N ‘ ‘ gz - gzo N ‘ gAlz B gA/z iy

1 - = = - d = —_— = Zc2 T2 g

Jar =2 gy s = | B g |+ T -
9z — 9z
< Cabs T — 2 — 91,z wae'

We now deduce (ii) from Theorem 5.3.2. O

Lemma 5.4.9. — Let p > 2 and let A and B satisfy Condition 5.4.1. If X € o, then
(i) the mapping
Gi(z) = /[BA%,A%“S]Y_“XBisy(s)ds,
R
is an %g,w—valued holomorphic function for R(z) > 1;
(ii) the mapping
Ga(z) :== / ABY "X B*g,(s)ds,
R
18 Loo—valued holomorphic for R(z) > 1;
(iii) the mapping
Ga(z) = / Y-isX Bi[BA}, A3+t (s)ds,
R
is zgyoo—valued holomorphic for R(z) > 1.

Proof. — By Lemma 5.4.8.(i), the functions G1, G5 and G3 are Z, —valued holomor-
phic. In particular, this proves (ii). We now prove the first and third assertions.
Set
Hy(s) = [BA7,Ast#]Y " XB* scR,
and
Hy(s) = Y " XB"*[BA?,A>"™]  secR.
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For every s € R, we have for j = 1,2,

1 liis
|||, < 1Xl - ||iBAY AR+

L,00
Let ¢s(t) := [t|*T2) t € R. We now write
[BA?, AH) = [BAZ, 6,(A%)].

We again refer to [43]. Since p > 2 and ¢ is a Lipschitz function, we have

I[BA%, ATz oo < €|l | BA, AZ]g 00

< cp(1+ [sDI[BA, A]ll5 oo

Hence for j = 1,2 we have:

1 ()1 ,00 < cp(1+ 15 I[BA, A2]llg ool X [l oo-

The assertions (i) and (iii) now follow from Lemma 5.4.8.(ii) upon taking j = 1 for
(i) and j = 2 for (iii). O

Lemma 5.4.10. — Letp > 2 and let A and B satisfy Condition 5.4.1. Let T,(s), s € R
be defined as in Theorem 5.2.1. Then if R(z) > p — 1 we have:

[Tl -a:)1ds < o
R

Proof. — We recall the definition of T (s):
T,(s) = Bz—1+i8[BA%’Az—%+isly—is + Bis[BA%7A%+is]Yz—1—is’ s €R.
Consider the first summand in the definition of T, (s). Using the Leibniz rule:
Bz—1+is[BA%7Az—%+is]Y—is _ Bz—1+is[BA%,Az—lA%+is]Y—is
_ BisBz—lAz—l[BA%’A%-i—is]y—is
+ BisB*1[BA, A*"1 Ay .
By the Z;-triangle inequality, we have
||Bz71+i5[BA%,Az7%+is]y—is”1
< [BF AT BAR, AR+ | BETHBA, AT
We now apply the Holder-type inequality (2.7),
||Bzfl+i8[BA%7Azf%+is]yfis”1
(5.11) < B AT 2 o lI[BA?, ATl o + (| BT [BA, A |

Consider the function ¢,(t) = |t|'*2¥, t € R. Immediately, ¢, is Lipschitz and
lotll L., < 2(1+|s|). Since p > 2, we may apply the result of [43] to obtain:

IBAY, 6(AY2)]llp 2,00 < Cp(L + [sDIBAYZ, A2, /2,00.-

ASTERISQUE 445



5.4. THE DIFFERENCE OF TWO (-FUNCTIONS ADMITS ANALYTIC CONTINUATION 105

Therefore,
(5.12) IBA?, A2+ |5 o < Cp(1+ |s])[[[BAZ, A2]||2 oo
Combining (5.11) and (5.12), we have
||Bz—1+iS[BA%7Az—%—l—is]y—isnl
(513) < Cp(L+[sDIBAY, A¥]|lp | B A s, 1 + B [BA, A" |1

Let us now consider the second summand in T, (s). Using the Holder inequality in
the form of (2.7), we obtain

|B*[BA?, Az iy ==t < |[BAZ, A2 Fi)y =L,
(5.14) < [[BAZ, A2 ¥ |lg oo V=] 2, 10
Now combining (5.14) with (5.12), we arrive at:
||BiS[BA%,A%—HS]YZ_I_isHl

(5.15) < Cp(1+|sDIBAZ, A2]|lg ool Y57 2, 1.

Now we may combine (5.13) and (5.15):

ITo(s)lln < |B*~*[BA, A1

+ cans(1+ [sDIBAY, A4 p oo - (1B 1A oy s + V7|2, 1 ).
By Lemma 5.4.7,
1B="H[BA, A ||y, [ B A5 ey 0, [V Y| 20 <00, R(2) >p—1.

Hence,
IT(s)lly < Ca,pz - (L+[s]).
We now have

ST -19:(5)lds < Ca [ (1 +IsDla(s)lds.
R R
By [44, Lemma 7], we have

[ I (9)lds = gl + 5z < capalgs v

Thus,
/R 1T (5)l1116:(5)]ds < Capllgs lwe.

The assertion follows now from Theorem 5.3.2. O

Corollary 5.4.11. — If p > 2 and A and B satisfy Condition 5.4.1, then for all
R(z) > p— 1 we have:
B* A% — (A1/2BA1/2)z c %
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Proof. — The integral formula from Lemma 5.2.1 is valid for $(z) > 1. Since p > 2,
we therefore have a weak operator topology integral:

B*A* — (AY2BAY?)* = T,(0) — / T.(5)g.(s) ds.
R
From Lemma 5.4.10, we have that
LIl -laGs)ds < .

Thus by Lemma 2.3.2, we have that [, T.(s)g.(s) € Z1.
Recalling the definition of T%(0):

T,(0) := B> '[BA?, A" 3] + [BA7 A3]Y*" 1.
So by (5.11) and (5.14), T.(0) € Z;. Therefore, B*A* — (AY/2BAY/?)* ¢ Z,. O

Lemma 5.4.12. — Assume that p > 2 and let A and B satisfy Condition 5.4.1. If
X € Zro, then for R(z) >

Tr(X (BZAz - (A%BA%)Z)) Tr(X Fy(z ZTr Gr(2)Fi(2)).
Here, the functions Fy, are as in Lemma 5.4.7 and the functions Gy are as in
Lemma 5.4.9.
Proof. — By Lemma 5.4.10,
1T i) ds < .
So by Lemma 2.3.2, we have:
/ T.(s)g.(s)ds € 4
R
and

Tr(X /}R Tz(s)az(s)ds) - /R Tr(X T, (s))3 (s)ds.

By Theorem 5.2.1, we have:
(5.16) Tr(X(BZAZ - (A%BA%)Z)) = Tr(XT.(0) /R'I‘r(XTZ(s))gz(s)ds

for R(z) > p
Observing that Fy(z) = T.(0), we have:

(5.17) Tr(X(BZAZ - (A%BA%)Z)) = Te(X - Fo(z)) —/Tr(XTz(s))gz(s)ds.
R
By (5.11) and (5.14), we have
B*"l[BAz A*"3tis) e 4
[BAz Ast#]y*~1 e 4.
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Now by the definition of T, (s), we have
Tr(XT,(s)) = Tr(Y "X B*B*"![BAz, A*~31¥%))
+ Tr(YfisXBis[BA% ’ A%JriS]Yzfl).
By an application of the Leibniz rule, we have
Bz—l[BA%’Az—%+is] _ Bz—lAz—l[BA%,A%—H'S] + B*"[BA, A=Y A"
Each of the above terms is Z;, by (5.11) and Lemma 5.4.7.(iii) respectively. Therefore,
Tr(X - T.(s)) = Tr([BA?, A7)y~ X B* B*~1 4~ 1)
+ Tr(A®Y " “XB*B*"1[BA, A*7'])
+ Tr(Y "X B's [BA%’A%Hs]YzA).
Thus,

/Tr(XTZ(s))gz(s)ds - Tr(/[BA%,A%HS]Y’“XB“AZ(s)ds-Bz’lAz’l)
R R
+Tr(/ ABY S X Bi%g, (s)ds - B*1[BA, Az—l])
R

+ Tr(/ Y-S X B [BAY, A3+%)g, (s)ds - YH).
R

Using the notations from Lemma 5.4.7 and Lemma 5.4.9, we may summarize the
above equality as:

3
(5.18) ATr(XTZ(s))gz(s)ds = Z Tr(Gr(2) Fi(2)).

k=1
Combining (5.17) and (5.18) completes the proof. O

We are now ready to complete the proof of Theorem 5.4.2.

Proof of Theorem 5.4.2. — We will show that the function
3
A(z) == Te(X - Fy(2)) — Y Tr(Gi(2)Fi(2))
k=1
is analytic for ®(z) > p — 1.

For the Fy term, we use Lemma 5.4.7.(i): the mapping z — X Fy(z) is Z; —valued
analytic for (z) > p — 1. For the G1F; term, we use Lemma 5.4.7.(ii) and
Lemma 5.4.9.(i) to see that the mapping z — G1(z)Fi(z) is Z;—valued analytic
for R(z) > p — 1. For the G2 F» term, we use Lemma 5.4.7.(iii) and Lemma 5.4.9.(ii)
to see that the mapping z — Ga(2)Fz(2) is Zy—valued analytic for R(z) > p — 1.
Finally, for the GsF5 term, we use Lemma 5.4.7.(iv) and Lemma 5.4.9.(iii) to see
that mapping z — G3(z)F3(z) is 1 —valued analytic for R(z) > p — 1.
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Hence, A is holomorphic in the set $(z) > p — 1. By Lemma 5.4.12,
A(z) = Tr(X (BZAZ - (A%BA%)Z))

and so the proof is complete. O

5.5. Criterion for universal measurability in terms of a {-function

In this section we provide a sufficient condition for universal measurability of op-
erators in 7y .

We recall that a linear functional ¢ on the weak Schatten ideal 551,00 is called a trace
if for all unitary operators U and T € Z; o, we have o(U*TU) = ¢(T'). Equivalently,
for all bounded operators A we have @(AT) = ¢(T'A). We say that ¢ is normalized if

1
di o =1.
¥ < 1ag{n+1}n>0>

An operator T' € 7  is called universally measurable if all normalized traces take
the same value on T'.

In this section we prove Theorem 1.2.7, which provides a sufficient condition for
operators of the form AV, A € Z,, V € Zj o to be universally measurable. This result
is new, and is sufficiently powerful to allow us to prove Theorem 1.2.5. A similar
characterisation is provided in [55, Theorem 4.13], but the result provided here is
stronger. A previously known characterisation of universal measurability in terms of
a heat trace can be found in [15, Proposition 6].

Let b be a signed Borel measure on [0,00). Recall that b can be written as a
difference of two positive measures, b = b, — b_ such that b, and b_ are mutually
singular to each other. Given a Borel set S, the total variation of b on S is defined to
be Varg(b) := b1 (S) + b_(95).

We will consider measures b which satisfy,

(5.19) Sgpo Var(, 541)(b) = cp < 00.

Clearly any measure of finite total variation will satisfy this condition, as will
some measures with infinite total variation such as Lebesgue measure and the
measure dv(t) = sin(t)dt.

Lemma 5.5.1. — Let b be a signed Borel measure satisfying the condition (5.19) and
let f be the Laplace transform of b, that is,

f(z):= / e tdb(t), R(z)>0.
0
The function f is analytic on the half-plane {R(z) > 0}.

Proof. — For every n > 0, let

fu(z) = /0" e *db(t), zcC.
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Each function f,, n > 0, is entire. Let € > 0. For (2) > ¢, we have

5G) — @l =1 [ O] < Y e Varp i () < g

1—e¢’
k>n

—ne

Therefore, f,, — f uniformly on the half-plane {®(z) > €}. Since € > 0 is arbitrary, it
follows that f,, — f uniformly on the compact subsets of the half-plane {(z) > 0}.
Thus, f is analytic on the half-plane {}(z) > 0}. O

For x > 0, we denote
b(x) := b([0, x]).
We caution the reader that b(z) does not denote b({z}) nor the Radon-Nikodym
derivative of b at x.
The following lemma is very similar to [54, Lemma 2.1.3]. However we require a
slightly different formulation of that result and we were unable to find an English-
language version of its proof, and so we include a self-contained proof here.

Lemma 5.5.2. — Let b be a signed Borel measure on [0,00) satisfying (5.19), and let
f be the Laplace transform of b. For x > 1, T — 00, we have

_ 1 ! (1 — t2)2 ( it)x

Proof. — Let x > 1. By definition we have:

1
/ (1 ) f( + t (2 +zt)zdt / / 14it)(z— s)db( )d
1 = + it x = + zt

Examining the integrand, we see that the function
(1—#) (1tin@—s)
(S7t)’—>mex it)(z—s
is bounded above in absolute value by
s/x

(s,t) — exe”

Since z > 0 the function s — e~/ is in L; ([0, 00), b) we may interchange the integrals
to get:

1 212 o0 1 212
(L—t%) 1 (i / (/ (A=) (2 yin)(a
2 LineGtine g 2 eEHE=s) g ) db(s).
/_1 T f(x—l—z)e ; I o e (s)

Now we refer to Proposition A.5.1, where it is proved that:

1 1 1— t2 2 .
— (17_)6%“”(%—8% = (1 +272)%x[0,0(s) + min{1, (z — s) 72} - O(1).
27'(' —1 - + 1t ’
Thus,
1t a-)2 1 1y, e
_ AR - t (;+Zt)xdt — / 1 -2 2db
o | T (G e a2
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+/0 min{1, (& — s)%} - O(1) db(s).

We let h(s) be the total variation of b on [0, s]. That is, h(s) := Vary 4(b). Then by
the triangle inequality, there is a positive constant c,ps such that

‘ /Oo min{1, (z — )2} - O(1) - db(s)‘ < Cabs - /Oo min{1, (z — s)~2}dh(s)
’ ’ k+1
S / min{1, (z — s)~2}dh(s)

k>07k
k+1
< Cabs * Z sup min{l, (z —s)"%}- / dh(s)
k

k>0 SElkk+1]

< Cabs * Cp Z sup min{lv ($ - S)_2}
k>0 s€lk,k+1]

=0(1).
Thus,

(5.20) —/ 1_+t22f( +it)e(zHiT gy — /(1+x %)2db(s) + O(1).

By the definition of b(z),
b(z) — b(O)] < Vargp(b) < co(1+2), >0,

Therefore,
/ (1+272)2%db(s) = (1 + 232 - (b(z) — b(0)) = b(z) + O(1), =z >1.
0
A combination of the latter inequality with (5.20) completes the proof. O

The following lemma is similar in spirit to (but much stronger than) the well-known
Wiener-Ikehara Tauberian theorem [52, Theorem 14.1].

Lemma 5.5.3. — Let b be a signed Borel measure on [0,00) satisfying (5.19), and
let f be the Laplace transform of b. If there exists € > 0 such that f has analytic
continuation to a half-plane {z : R(z) > —¢}, then for z > 1

b(z) =0(1), = — oco.

Proof. — We write f(z) = f(0) + zfo(z), where fo is an analytic function on the
half-plane {z : R(z) > —e}. In particular, since the (closure of the) set

1
{—+zt: 2> 1, te[—l,l]},
X

is a compact subset in {R(z) > —e}, it follows that

(5.21) sup sup fo( +it)| <

z>1te[-1,1]
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The assertion of Lemma 5.5.2 is now written as follows

7/ (1 —t2)? fo( +it)elGriTgs 4 — (1 )
2 J_1 = —|— it
(5.22) =b(z)+0O(1), z— oo.
The first summand in the left hand side is bounded for z > 1. due to (5.21). By
Proposition A.5.1, we have

=" F(0)e (%—Ht)xdt

1 1 1— t2 2 )
(523) %/ %6(%+lt)mdt =1+ O(LL'_2), xr — OQ.
-1 3

Combining (5.22) and (5.23), we get:
b(z)+O(1) = f(0) + O(1), =z — oc.
So b(z) = O(1) as z — oo. O

In order to continue our discussion of measurability we refer to the concept of a
modulated operator. This theory was introduced in [32] and is developed extensively in
[39, Section 11.2]. If V € 7 « is positive, and T' € Zoo, we say that T is V-modulated
if

sup t'/2|T(1 +tV) Y|y, < oo

>0
It can be easily seen that if T is V-modulated, and A € Z.,, then AT is V-modulated
(this is also [39, Proposition 11.2.2]). It is proved in [39, Lemma 11.2.8] that V is
V-modulated, and therefore that AV is V-modulated.

The relevance of the notion of a V-modulated operator to measurability comes
from [39, Theorem 11.2.3], which states that if V' > 0 is in Z; o0, ker(V) = 0, T is

V-modulated and {e,}n>0 is an eigenbasis for V ordered so that Ve, = u(n,V)e,
for n > 0, then

(8) T € %1, and diag{{Ten, en)}30 € T
(b) we have:

n

> MK, T) =) (Ter,er) =0(1), n— co.

k=0 k=0

Recall that {\(k,T)}}2, denotes an eigenvalue sequence for T', ordered with non-
increasing absolute value.

Lemma 5.5.4. — Let 0 <V € 4 o satisfyker(V) =0 and let A € Loo. Let {e}32, be
an eigenbasis for V' ordered such that Vey = u(k,V)er. We have

n

> Ak, AV) = > (Aerer)u(k, V) +O(1).

k=0 p(e,vy> VLo

Here, ey, is the eigenvector of V' corresponding to the eigenvalue p(k, V).
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Proof. — We have that AV is V—modulated. [39, Theorem 11.2.3] now states that

as n — o0
n n

D Ak, AV) =) (AVey, ex) + O(1)
k=0 k=0
=) (Aex, ex)u(k, V) + O(1).
k=0

For n > 1, let
mn) = max {k e : (e v) > hee ]

n
Using this notation, we write

m(n)
Z (Aek,ek Aek,ek k) V)

(e, v)y> Voo k=0

We have u(k, V) < % for every k > 0 and, therefore,

Ve o Voo _
m(n)gmax{kEZ bt 1 > p }—n—2<n.
On the other hand, we have u(k, V) < % for all k > m(n). Thus,
Y Uepenntk V)| <4l > akV)
k=m(n)+1 k=m(n)+1
[Alloo Vi 5
< =0 o
< - >t
k=m(n)+1
= 0(1).
Finally, we have
DAk, AV) = (Aeg, ex)u(k, V) + O(1)
k=0 k=0
m(n)
= Z (Aeg, ex)u(k, V) +O(1)
k=0
= Y {depen)u(k,V)+0(1). O
(V> V10

We now conclude with the proof of Theorem 1.2.7, a sufficient condition for univer-
sal measurability in terms of a (-function. Recall that if f is a meromorphic function
of a complex variable z with a simple pole at z = 0, then Res,—of(z) denotes the
coefficient of 2! in the Laurent expansion of f, or equivalently the value of zf(z)
at z =0.
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Theorem. — Let 0 <V € 24 o and let A € L. Define the -function:
Cav(z) = Tr(AVIT?),  R(2) > 0.

If there exists € > 0 such that (a,v admits an analytic continuation to the set
{z : R(z) > —e} \ {0} with a simple pole at 0, then for every normalized trace ¢
on 4y o we have:

@(AV) = Res,=oCa,v (2).
In particular, AV is universally measurable.

Proof. — Assume without loss of generality that ker(V) = 0. Select an orthonormal
basis {ex}72, such that Ve, = u(k,V)es.
We define:
b(t) := —tResy—olav(w) + > (Aexex)u(k,V), t>0.
p(k,V)y>e—t

Since b is a linear combination of monotone functions, it is of locally bounded varia-
tion. Hence there is a signed Borel measure b such that b([0, z]) = b(z), =z > 0.
We first prove that b satisfies (5.19). If > 0, then:

Var(; ;1116 < [Resy—oCa,v (w)] + > |(Aeg, ex)|u(k, V)
p(k,V)e(e—1—= e—=]
< [Resy=0a,v(w)] + 2[| Al cce™ Z 1
n(k,V)e(e—1—= e—=]
< [Resy=0a,v(w)] + 2[| Al cce™ Z L.

n(k,V)e(e—1—=,00]

Since V' € Z; o, we have that

> 1<e™®|V]io, z€R.
wu(k,V)E(e™17%,00]
Therefore,
Varp o116 < [Resw=0Ca,v ()| + 2e[|Allco[|V ]| 1,00-

So b indeed satisfies (5.19).

Let af, := log(m) and by, := (Aey, ex)p(k, V), then the function b has a jump
discontinuity at the point aj of magnitude by. Let R(z) > 0. Using the identity
e~ % = u(k,V)?, we have:

/ e tdb(t) = Z e~ % by — Resw=OCA’V(w)/ e tdt
0 0

k>0
= Z w(k,V)? - (Aeg, ex)u(k, V) — Resw:()CA,v(w)/ e *tdt
k>0 0
o0
= Z(AV1+Zek,ek> — Resw:()CA,V(w)/ e #tdt
k>0 0
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1
= Tr(AV'T#) — “Resy,—ola v (w).
z
By assumption, the above right hand side has analytic continuation to the set
{z : R(2) > —¢€}.
Thus, since b satisfies (5.19) the assumptions of Lemma 5.5.3 are satisfied, and we
may then conclude that b(t) = O(1), for ¢t — co. Thus by the definition of b:,

> (Aex,ex)u(k,V) =t-Resy—oCa,v(w) + O(1), t— oo.
u(k,V)y>e—t

t_ Vi
n

Setting e~ , we obtain

Z (Aeg, ex)u(k, V) =log(n) - Resy=0la,v(w) + O(1), t— oo.
(e v)> Vo
By Lemma 5.5.4, we have
> Ak, AV) =log(n) - Resy—oCa,v(w) + O(1), t— oo.

k=0
The assertion follows now from Theorem 2.1.5. O

5.6. Proof of Theorem 1.2.5,p > 2

In this section we complete the proof of Theorem 1.2.5 under the restriction
that p > 2. We require this restriction in order to directly apply the results of Sec-
tion 5.4. We will handle the p = 1 and p = 2 cases separately in the next section.

Lemma 5.6.1. — Let (c#,H, D) be a spectral triple satisfying Hypothesis 1.2.1. Let
0<accA. If p> 2, then the operators A = a®? and B = (1 + D2)_% satisfy Condi-
tion 5.4.1.

Proof. — Let Dy = F(1 + Dz)%. By Lemma 3.1.4, the spectral triple (¢#, H, Do)
satisfies Hypothesis 1.2.1. Since |Dg| > 1, we have that ||| Do| ™! < 1.
Let us establish Condition 5.4.1.(i). We have

BPA = |Dy|Pa®.

Since (¢#, H, D) is p-dimensional, we have that |Dg| Pa € Z; o, and so BPA € ) .
Next let us prove Condition 5.4.1.(ii). Let ¢ > p. We have

BY?[B, A] = |Do|*"[|Do| ", a”]
—|Do|' %80 (a®)|Do|
= —|Do|" 980 (a)a|Do| ™" — |Do|"%ado(a)|Do| "

Referring to Lemma 3.1.3, we have
|Dol'~80(a) € Zp/(g-1),005 |Do|""%a € Zp)(g—1),005
50((1)|D0|71 (S ipm, CL|D0|71 € ip’oo.
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Therefore,
BY2(B, Al € Zy/(g-1),00 * Lp.oo + Lo/ (q-1),00 " Lo
So by the Hélder inequality, B 2[B, A] € 2,4, Since ¢ > p, it then follows
that B4=2[B, A] € Z;.
Now we establish Condition 5.4.1.(iii). We have

A*BA? = a|Do| 'a.

Thus,
11 _
A% BAZ |00 < ||a]|oollalDo| ™" [|p,co-

The above right hand side is finite by Lemma 3.1.3.

Finally we prove Condition 5.4.1.(iv). We recall the notation that dp(a) denotes
the bounded extension of [|Dg|, a]. Using (2.2), we have:

(B, A%] = [|Do| ™", a) = ~|Do| " do(a)| Dol .
By Theorem 9 in [56], we have
|Do| ™ d0(a)|Do| ! << 8o(a)|Do| 2.
By Lemma 3.1.3, we have
do(a)|Do| ™ € T oo
Since the norm in the space %g,oo is monotone with respect to the Hardy-Littlewood
submajorisation (recall that p > 2), it follows that also

[B, A%] = —| Do| ™60 (a)|Do| ™ € Zs .- O
Now we may prove Theorem 1.2.5 for the case p > 2.

Theorem (1.2.5,p > 2 case). — Assume p > 2 and let (c#, H, D) be a spectral triple
satisfying Hypothesis 1.2.1. If ¢ € sA®P*TY) is a local Hochschild cycle, then for every
normalized trace ¢ on ﬁZil,OO we have:

(Q(e)(L + D)7 %) = Ch(o).

Proof. — By Theorem 1.2.3, the function

Ce,p(2) == Tr(Qc)(1+ D*)7*/?), R(2) >p
admits an analytic continuation to the set {z : R(z) > p—1}\ {p}, and p is a simple
pole for (. p with residue pCh(c).

Let ¢ = Z;n:l @ ® - ® af,. We assume that c is local, i.e., that there exists
0<ac o/ such that for all j we have aaé = aé. Equivalently, (1 — a)a% = 0. So
im(a}) C ker(1 — a). Since the support projection supp(l — a) is the projection onto
the orthogonal complement of the kernel, we have:

supp(l — a)a% =0.
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By functional calculus, supp(l — a) = 1 — xq1}(a), so moreover we have that
x{1}(a)a} = aj). Therefore, for all z € C with ®(z) > 0:
a ag =a ZX{l}(a)a% = 12za6 = a%.
Recall that Q(c) = Z;’;O Ta)d(a))- - d(a}). Since a commutes with T', we have for
all ®(z) > 0,
(5.24) a**Q(c) = Q(c).
Let A=a? and B = (1+ D?)"2, as in Lemma 5.6.1. Then B*A% = (1 + D?)~%/2¢%*,
and hence
Tr(Q(c)B*A%) = Tr(Q(c)(1 + D?)~2a%)

= Tr(a®*Q(c)(1 + D?)"2)

= Tr(Qc)(1 + D?)72).
By Theorem 1.2.3, it then follows that z — Tr(€Q(c)B* A*) admits an analytic contin-
uation to the set {R(z) > p—1}\ {p} with a simple pole at z = p and residue pCh(c).

Condition 5.4.1 holds for A and B by Lemma 5.6.1. Hence we may apply Theo-
rem 5.4.2 to conclude that

. Tr(Q(c) (BZAZ - (A%BA%)Z))

admits an analytic continuation to the set {(z) > p — 1}.

By Lemma 5.6.1, AzBA: € Zp,o- Hence, the function (defined a priori
for R(z) > p)

z — Tr(Qc)(A? BA?)?)
admits an analytic continuation to the set {R(z) > p — 1} \ {p}, with z = p being a
simple pole with residue pCh(c). Consider V = (A2 BA2)?P € Z; o. It has just been
demonstrated that
z — Tr(Q(c)V?)

admits an analytic continuation to the set {f(z) > 1 — %} \ {1}, with a simple pole
at z =1 and the corresponding residue being Ch(c).

By Theorem 1.2.7, we therefore have

¢(Q(c)V) = Ch(c)

for every normalized trace ¢ on Z; o.

By Corollary 5.4.11 we have:

V — BPAP = (A2 BA?)P — BPAP € 7.
Since ¢ vanishes on Z;, it follows that
P(Q2(c)BPA?) = p(Q(c)V) = o(2(c)(V — BPAP)) = o(Q(c)V)

for every normalized trace ¢ on Z; o. Now using (5.24) with z = p:

P(Qe)(L+D?)7%) = p(ae)(1 + D*)7%) = p(Q(c) BP A7) = Ch(o),
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for every normalized trace ¢ on Z; oo. O

5.7. Proof of Theorem 1.2.5,p = 1,2

In this final section we complete the proof of Theorem 1.2.5 by dealing with the
remaining cases of p = 1 and p = 2. We require adjustment for these cases since
Theorem 5.4.2 is inapplicable for p < 2.

Lemma 5.7.1. — Let (c#, H, D) satisfy Hypothesis 1.2.1. Suppose that spectrum of the
operator D does not intersect the interval (—1,1). Then for all x € dom(d) we have
an absolute constant c,ps such that

D15, 2l < cavs||[[ D], ][]
and for all v € (1,00) a constant ¢, > 0 such that
1
D15, 2]llr.co < er|[|1D]; 2][lr,o0-

These inequalities are understood to be trivially true if the right hand side is infinite.

Proof. — We only prove the first assertion. One can prove the second inequality by
an identical argument, with the Z;. o, quasi-norm in place of the Z; norm.

Let f be a smooth function on R such that f(t) = [¢|3 for |¢| > 1. For ¢ > 0,
set fo(t) = f(t)e=="*, t € R. Then,

FL) = (f/(8) = 22t f(1))e =",
2(8) = (f(1) = 4%f (1) + (4t — 26%) f(1)e ™ .

Since for |t| > 1 we have f/(t) = 1|t|=?/3, we have that as ¢ — 0 the Ly-norm
| f2ll,®) is uniformly bounded. Similarly, since for [t| > 1, f”(t) = —2|t|=5/3, we
also have that || f(t)||z,(r) is uniformly bounded.

We have that (see e.g., [44, Lemma 7]):

1720 < cans (172012 + 172112

and so if € € (0, 1), ||]/”Z||1 is uniformly bounded.
By Lemma A.2.2 (taken with s = 1), we have the identity:

[es) 1
[fe(ID]), 2] = / (/ fg(u)eiu“—”)‘D‘a(x)eiuleldv)du.
—oo 0
So taking the Z;-norm, we conclude from Lemma 2.3.3 that

70D, 21|, < 1720166 s

< cabs||6(z) |1
Fix N > 0. We have

CabsT
[ xto.m(PDILADD 2o, (IDD]| < 225 18(@) oo
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Since as € — 0, we have that f. converges uniformly to f on the set [0, N], we have
that: As e — 0, we have

1
X(0,8 (IDD[f(| D), x]x (0,51 (ID]) = X10,8 (1PN D], 2]x10,5 (| DI)
in the operator norm. By the Fatou property of the Z;-norm:
1
| xto.1(1DD - ID1E, 2 - X105 (IDD|, < cansllé@) -

Since the above inequality is true for arbitrary N > 0, we may take the limit
N — oo and again using the Fatou property of the Z; norm, we arrive at

|1D1#,31]| < canslid @)1 o
As a replacement for Lemma 5.6.1 in the p = 1 case we use the following;:

Lemma 5.7.2. — Let (c#,H, D) be a 1-dimensional spectral triple satisfying Hypoth-
esis 1.2.1. If 0 < a € #, then the operators A = a* and B = (1 + D2)_% satisfy
Condition 5.4.1 with p = 3.

Proof. — This proof is similar to that of Lemma 5.6.1.
Let Dy = F(1 + D2)%. By Lemma 3.1.4, the 1-dimensional spectral triple
(cH#, H, Dy) satisfies Hypothesis 1.2.1. Since |Dy| > 1, we have that ||| Do| ™ |lcc < 1.
Let us establish Condition 5.4.1.(i). We have

BPA = |Dg| 'a* € 7y o,

since by assumption (¢#, H, D) is 1-dimensional.
Next we establish Condition 5.4.1.(ii). Let ¢ € (3,4). Using (2.2), we have on Hy

BY2[B, A] = |Do| =" [|Do|~ %, ]
= —|Do| =" [|Dol*, a¥]| Do| =%
~[|Do|#,|Do| =" a*| Do~ %]

By Lemma 5.7.1, we have

1B972(B, Alllx < cansl[[Do], [ Dol = a*| Do| =311
Still working on H.,, we also have:

Dol 1Dol = a*|Dy| ~5] = | Do| 5" 8u(a*)| Do| 5
= [Do| ' 60(a*)a|Do| ™% + | Do| 5" a®Go(a®)| Do| 3.

Applying Lemma 3.1.3, we have

[ Dol, |D0| 3 a4|D0| ]E% 3 oo 0o L300 Cz%,oo

by the Holder inequality, since ¢ > 3, Z3/4,00 C %1, and so B1"%[B, A] € 2.
Now we establish Condition 5.4.1.(iii). We may compute:

ABA? = a*|Do| " a
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Thus,
142 BA2|l3.00 < llall%llalDo| ™ |l3.00-
The right hand side is finite by Lemma 3.1.3.
Finally we verify Condition 5.4.1.(iv). We have:

[B, A%] = [|Dy|™%,a?
— Dol (|Do|¥, a?]| Do |~ *
—[IDo|3, | Do|~ 32| Do|~3].

By Lemma 5.7.1, we have
1B, A=]|l5,
Moreover, by the Leibniz rule
(Dol |Do|~%a®|D|~ %] = | Do~ o (a?) Do~
= | Do|~ % do(a)a| Do| 3 + | Do| 3 a - do(a)| Do| 5.
By Lemma 3.1.3 and the Holder inequality, we have
[1Do], | Dol ™% a?| Do| 3] € Zs 00 - Za.00 € Ls oo O

1 _1
s < Cabs||[1Dol, [ Dol ™30 Do| 3]s oo

For the case p = 2, we instead use:

Lemma 5.7.3. — Let (c#,H, D) be a 2-dimensional spectral triple satisfying Hypoth-
esis 1.2.1. If 0 < a € A, then the operators A = a* and B = (1 + D2)’% satisfy
Condition 5.4.1 with p = 6.

Proof. — This proof is similar to those of Lemmas 5.6.1 and 5.7.2.

Let Dy = F(1 + D2)%. By Lemma 3.1.4, the 2-dimensional spectral triple
(c#,H,Dy) satisfies Hypothesis 1.2.1. By rescaling D if necessary, we may as-
sume without loss of generality that the spectrum of Dy does not intersect the
interval (—1,1).

Let us establish Condition 5.4.1.(i). We have

BPA = |Dg|?%a* € 7y o

by Hypothesis 1.2.1.
Next we establish Condition 5.4.1.(ii). Let g € (6,7). We have

BB, A] = | Dy| 5 [|Do|~#, ']
= —|Do| | Dol*, a")| Do|
= ~[|Dol*, |Do| =" a*| Do| 5.
By Lemma 5.7.1, we have
1BI=2(B, Alll1 < cansll[| Do, [Do| =" a*| Do| ~3]]l1.
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However,

[1Dol, 1Do| 5" a*[Do| ~5] = | Do| 5" b (a*)| Dol =¥

= |Do| 5" 8(a®)a?| Do| =5 + | Do| 3" a%do(a?)| Dol 3.
By Lemma 3.1.3, we have by the Holder inequality:
[1Do], 1Do| 5" a*| D3] € Lo o+ Lo,o0 C Lo oo
Since ¢ > 6, we have that Z5/4 oo C 21, and so BY2[B, A] € Zy.
Now we prove Condition 5.4.1.(iii). We have
ABA? = a2|D0|_%a2.
Thus,
| 42 BA lg.00 < [lall%lalDo|* [o,0c-

The above right hand side is finite by Lemma 3.1.3.
Finally, let us establish Condition 5.4.1.(iv). We may compute on Ho:

[B, A%] = [|Dy| ™%, a?
— Dol [|Do|¥, a2 Dy| ¥
= —[|Dol?, |Do| =% a?| Do|73].
Therefore using Lemma 5.7.1, we have

1B, A%]ll3,c0 < cabsl[|Dol, [ Dol =4 a?| Do| ~#]]l3,0c.
Applying the Leibniz rule,
(Dol |Do| ~¥a?|Do| ~4] = | Do| =% 8o (a?) Dol ~*
= | Do|~ 380 (a)alDo| =% + | Do|~ % ado(a)| Do| 7.
By Lemma 3.1.3, we then have from the Hoélder inequality:

[Do, [ Do|~a?| Dol ~%] € Zo,00 - Lo,00 € L co- 0
We may now at last complete the proof of Theorem 1.2.5.

Theorem. — Assume p =1 or p =2 and let (c#, H, D) be a spectral triple satisfying
Hypothesis 1.2.1. If ¢ € A®P*Y s a local Hochschild cycle, then for every normalized
trace ¢ on 4y o we have:

(Q(e)(L + D?)7%) = Ch(o).

Proof. — By Theorem 1.2.3, the function
Ce,p(2) = Tr(2(e)(1+ D*) /%), R(2) >p

admits an analytic continuation to the set {z : (z) > p—1}\ {p}, and the point p is
a simple pole with corresponding residue pCh(c).
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Let ¢ = Z;nzl ag R ® a{;. Since c is local, we may choose 0 < a € ¢# such
that aal = a for all j.

By exactly the same argument as in the p > 2 case, we can show that for all
R(z) > 0:
(5.25) a**Q(c) = Q(c).

We let A=a* and B = (1+ D?)"5 as in Lemmas 5.7.2 and 5.7.3.

We have that:

Tr(Q(c)B*A%) = Tr(a**Q(c)(1 + D?)75)
= Tr(Q(c)(1 4+ D?)73%), R(z) > 3p.
We recognize the above function as being precisely z — (. p(z/3). Hence by Theo-
rem 1.2.3, the function z — Tr(Q(c)B*A?*) admits an analytic continuation to the
set {z : R(z) > 3(p — 1)} \ {3p}, with a simple pole at 3p with corresponding
residue 3pCh(c).
Assume now that p = 1. By Lemma 5.7.2, Condition 5.4.1 holds for A and B (with
p = 3). By Theorem 5.4.2 the function

P Tr(Q(c) (BZAZ - (A%BA%)Z))

ol

admits an analytic continuation to the set {(z) > 2}.
By Lemma 5.7.2, A2BA: € 23,00 Hence, the function (defined a priori
for R(z) > 3)
z — Tr((c) (A7 BA?)?)
admits an analytic continuation to the set {R(z) > 2} \ {3}. with a pole at z = 3 and
corresponding residue 3Ch(c). Define V; := (A2 BA2)3 € Z; . Then,
Tr(Q(c)(AY2BAY?)?) = Te(Q(c)Vi/?).
We now know that function
20 Te(Q(e)V7°)
admits an analytic continuation to the set {®(z) > 2} \ {3} with a simple pole at 3
and corresponding residue 3Ch(c). So by rescaling the argument, we can equivalently
say that the function
2 s THOU(OVY)
has analytic continuation to the set {z : R(z) > 2/3} \ {1} with a simple pole at 1
with corresponding residue Ch(c).
Thus by Theorem 1.2.7, for any continuous normalized trace ¢ on Z; o, we have
¢(©(c)V1) = Ch(c).

Due to Lemma 5.7.2, we have that V; — B3A3 € Z,, and since ¢ vanishes on Z; it
follows that
©(Q(c)B3*A?) = Ch(c).
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So
¢(a'?Q(c)(1 + D?)7'/%) = Ch(c).
By taking z = 3 in (5.25), we have that a'2Q(c) = Q(c), this completes the proof in
the case p = 1.
Now assume that p = 2. By Lemma 5.7.3, Condition 5.4.1 holds for A and B (with
p = 6). By Theorem 5.4.2 the function

2o Tr(Q(c) (BZAZ - (A%BA%)Z))

admits an analytic extension to the set {§(z) > 5}.

By Lemma 5.7.3, AzBAz ¢ Z6,00- Hence, the function (defined a priori
for R(z) > 6)

z — Tr(Qc)(A? BA?)?)
admits an analytic extension to the set {f(z) > 5} \ {6}. The point z = 6 is a simple
pole with corresponding residue 6Ch(c). Consider V, = (A2 BAz)® € Z; ... We have
so far shown that the function
z = Tr(Q()V5)

admits an analytic extension to the set {z : R(z) > 5} \ {1}. The point z = 1 is a
simple pole with corresponding residue Ch(c).
Hence, by Theorem 1.2.7, for any continuous normalized trace ¢ on Z; o, we have

p(©(c)V2) = Ch(c).
By Lemma 5.7.3, the operator Vo — B%A® is trace class. Thus,
©((c)BS A%) = Ch(c).

So p(a'2Q(c)(1+ D?)~1) = Ch(c). Since a'2Q(c) = Q(c), this completes the proof for
the case p = 2. O
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A.1. Properties of the algebra .3

For this section, (¢, H, D) is a smooth spectral triple. Recall from Definition 2.2.7
that 3 is the *—algebra generated by all elements of the form 6*(a) or 9(6%(a)),
k>0, a € A. Recall that we define Ho := (5, dom(D¥), and that for all T € B,
we have T : Hy, — Hoo, and for all k > 0 we have D*,|D|* : H,, — H..

The following should be compared with [13, Lemma 6.2]. See also the discussion
following [30, Lemma 10.22].

Lemma A.1.1. — For every x € B and for every m > 0, we have the following
equalities of linear (potentially unbounded) operators on Hu:
|D|™"x = i m 6™k (z)|D|* and
k
k=0
oDl = 0 () iptn )

Proof. — We prove only the first equality as the proof of the second one follows by
an identical argument.
This formula can be seen by induction on m. Indeed, for m = 1, this is simply the
claim that since 8 C domy,(§) we have an equality of operators on H:
|D|z = §(x) + z|D|.
Now suppose that the claim is true for m — 1. Then on H., we have
|D["z =|D|-|D[" 'z

m—1

=i 3 (7 ) Hrmr
) g (mk_ 1) [DIg™ 1 (@) - |DI*
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—

m—1

C”;1>yw4—%xn0ﬁ+l + ) ( >6m *(z)| DI

k=0
(2o & (7, ot

k=0
(7)o *@ipr

and so the statement follows for m. O

3

(= 11

k=1

I
NE

o

(=)

Lemma A.1.2. — Let (c#,H, D) be a smooth spectral triple, and assume that D has a
spectral gap at 0. Then for all x € B and m > 0 we have

(i) the operators |D|~™z|D|™,|D|™z|D|™™ : Hy, — Hy have bounded extension;
(i) |D|*=™[|D|™,x] : Hy — Ho has bounded extension.

Proof. — By Lemma A.1.1, on H,, we have:

m —m % m m— —m
pimalpi = 3 (7 )sm @k,
k=0
DI all = -1 () IDp e ),
k=0

Clearly, the expressions on the right hand side have bounded extension. This proves
the first assertion.
By Lemma A.1.1, we have

m
1D1"2] = DI"s — S (- (7 ) Ipe o)
k=0
m—1 m
_ (_1)m—k—1<k>|D|k5m—k(x).
k=0
Therefore,
m—1 m
DI DI a] = Y (-1 () Ip e a),
k=0
Since z € domy(6), for each 0 < k < m — 1 the operator |D[**1=™m§m~*(z) has
bounded extension. Hence, |D|*~™[|D|™, z] has bounded extension. O

Lemma A.1.3. — Assume that (c#, H, D) satisfies Hypothesis 1.2.1. Let h be a Borel
function on R such that

ts 1+ h(t), teR
is bounded. Then for all z € JB and s > 0 the operator zh(sD) is in Zy, and:
|lzh(sD)||s = O(s7P), s 0.

ASTERISQUE 445



A.1. PROPERTIES OF THE ALGEBRA B 125

Proof. — Let s > 0. Clearly,
(1+ s2D?)~"% =|(1—isD) P71

Setting \ = %, we obtain from Hypothesis 1.2.1 that:
lo(1+$2D%) ™% |y = 5777 lw(D + =)y
s
=g P71 -0(s)
=0(s"?), slo.

Since the operator (1 + 52D2)pT+1h(sD) is bounded, with
(1 + s2D%) " h(sD)] o0 < ilelﬂlg(l +£2) 5 |h(t)]
We can conclude that:
leh(sD)ll < llz(1 +5*D*)~ "% [1[[(1 + $*D*) %" h(sD) |
=0(s7P), s|o. O

We note in particular that the assumption on A in Lemma A.1.3 is satisfied if A is
a Schwartz function.

Lemma A.1.4. — Let (c#, H, D) satisfy Hypothesis 1.2.1, assume that D has a spectral
gap at 0 and let © € JB. For all non-negative integers my, mo > 0 with my + my < p,

we have -
I|D|~™ | D|"™2e™* Py = O(s™*™27P), 5| 0.

Proof. — Suppose first that m; > 0. Using the triangle inequality:

oo
—m1 —mgy —s2D? —-m —mg —s2D?
IIDI™™ & D[ P Iy < Y [lxgar 2 (DD ™ 2| D726~ x ot gy (ID]) 14

k,1=0
e 21 2
< Y omhmimime e 72y o gy (| D)Xt 00 (| D)) 1
k,1=0
e l
_ _ _ 92 2
< Y amhmamime e =2y oriay (ID])@x(o 2041 (ID]) 1.
k,1=0

If m = min{k, [}, then

X201 (1P D2xj0,2: (1PN | < mim {[axgo.emey (1D,

_272(m+1)|D|2

X[0,2m+1](|D|)93”1}
_o5—2(m+1) 2
1,‘37*6 2 |D|

< emin {er

= 0(2m").

J
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Thus,
o0
|||D|_m1x|D|_m2e_82D2||1 < ( Z g—kmi—lmy  ,—2%s% 2p-min{k,l}) -0(1).
k,1=0
Since p — my > 0, it follows that

Z 2_km1_lm2 ] 6_22ls2 ) 2p-min{k,l} — § : 2(p—m1)k . 2—lm2 . 6_22l52

k,1>0 k,1>0
k<l k<l
o0
< 2.3 2@mml . g-ima =27,

1=0
Now due to our assumption that my > 0, it follows that

Z g—kmi—lma  ,—2%s* opmin{k,l} _ Z g—kmi  g(p—m2)l  ,—2%'s

k>0 >0
k> k>l
oo
_ _ 9202
SQE 2lm1'2(p m2)l'625.

1=0
Note that for m > 0, we have

Z gime—2%s* Oo(s™), slo.
Therefore,
DI 2] D=2+, < (22’“’ mom e ) o)

— O(Sm1+m2 P)_

This completes the proof for the case m; > 0.
To complete the proof we now deal with the case where m; = 0. We have

o0
D12l D2y < 3 el DI~ xgot gy (DD
=0

o0
<3 grima 2 me[” 2”11(|D|)H
’ 1
=0

Sl _Im _92l42
< 22 tm - e 2 . H:L‘X[0,21+1](|D|)H1.

Thus,

=

DD e 2, < (3 20 ) o)
O(S 2~ P)
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This completes the proof for the case m; = 0. U

Lemma A.1.5. — Let (cA,H, D) be a spectral triple satisfying Hypothesis 1.2.1 and
assume that D has spectral gap at 0. For all x € B we have

2| D771 (1 — e~ P, = O(s), s lo0.

Proof. — By the triangle inequality, we have
—p— _s2p2? e _s2D?
Iz[D]7P 711 = e™ Pl < |2l DI7P7H L = €7 P )x (2 00 (IDD 1y
e <22
(A1) + |2 D7 L = e P )xpo, 1 (IDD -
Let us estimate the first summand of (A.1). Since for ¢ > 1 we have:

P 1 —e )y <Pl <2 (24 1)

it follows that
pt1

D777 1= e P )x 1 o (ID]) < 5771255 (14 52D

So we may estimate the first summand by:

- _s2p2 1 o om1
[ DIP~H (1 = ™ P )x (1 0 (IDD) 1 < 272 \w<D2+s 7,
— 9% $(D+E)—p—1“
s 1
= O(s).

Where the final step follows from Hypothesis 1.2.1.(iii).
Let us estimate the second summand of (A.1). We have

P ll—e )<t P <etr P, tel0,1],
so it follows that

D[P (1 = e P )xp0,1)(IDI) < es” - (s| DR
So, the second summand in (A.1) can be estimated by:

—p— —s2p? —p —s2D2
2 D177 (1 = 2" )xj0,1 (DDl < es?|[e| D' 7627 .

From Lemma A.1.4, this is O(s) as s | 0. O

Lemma A.1.6. — Let (c#,H, D) be a spectral triple satisfying Hypothesis 1.2.1 and
assume that D has a spectral gap at 0. For every x € B, we have

I1D] 77~ z(1 — =Pl = O(s), s 0.

Proof. — On the subspace H,, we have:
|D|"P" e = z[D|7P7! + [|D| 7P, 2]
= z|D|7P7 — |D| 7P| D[P 2] | D] TP
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By Lemma A.1.1, we have (again on H):

[DPP*, 2] = [DIP* 'z — 2| D|PF!

p+1
= (Z (”Zl)ap“-k(xnmk) ~ 2D

k=0

P
p+1 _
:§:< N >5P+1 *(z)|D|*.
k=0
Thus on H:

P

1

DIt = alpp = 3 (U1 )pprtsr k@) o
k=0

752D2)

Multiplying on the right by (1 —e , on H,, we have:

(A.2)

ID| 7P~ 1z(1 — e*"P") = 2| D| P (1 — =P
P
p+1 p— _ e _2p?
N (i [ e e (R}
k=0

From Lemma A.1.5, we have that z|D|7P~1(1— 6_52D2) has bounded extension to an
operator in Z; with norm bounded by O(s).
For 0 < k < p, we have

|17t ar 1=k @) Dl (1 — 7P

;

< |ipre=ter k@) | (o] st ta - et )|

The first factor here is finite by Remark 3.1.1. The second factor is finite because
k < p. The third factor is O(s) by the functional calculus. Thus,

[|D| 7P~ 18P+ R(2)| DI* P~ (1 — e D7) ||, = O(s), s 0.

Hence, each summand in (A.2) extends to a trace class operator with norm bounded
by O(s), s | 0. By the triangle inequality, this completes the proof. O

A.2. Integral formulae for commutators

In this section of the appendix, we collect results concerning formulae for commu-
tators with functions of D. Many of the results of this section will be known to the
expert reader, but since they are scattered around various sources we provide them
here with short and self-contained proofs.

In this section, (¢#, H, D) is a smooth p-dimensional spectral triple.

The following is essentially a consequence of the classical Duhamel formula.
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Lemma A.2.1. — Let (¢, H, D) be a smooth spectral triple. If x € B then for all
teR:

1
[eitlDI,.'I}] _ it/ eit(l—v)|D|5(x)eitv|D| dv.
0

Here, the integral is understood in the weak operator topology sense.

Proof. — We do not use the specific of the algebra 3 here. In fact, the only constaint
on z is that z: Hy, — H,, and that the operator §(z): Hy, — Ho extends to a
bounded operator on H. For n > 0, we define the projection

Dn = X[O,n](lDD
Since |D| is non-negative, as n — oo the sequence of projections {py},>o converges
in the strong operator topology to the identity. We define the functions £ and 7 by:

§(v) = pn exp(it(1 — v)| D),
n(v) := zexp(itv|D|)pn, v E€R.

Since p,|D| < n, the operator valued functions £ and 7 are continuous and differen-
tiable in the uniform norm.
Since ¢ and 7 are continuous and differentiable, we have:

£()n(1) — EO)(0) = / ¢ (v)(v) + £ (v) do,

where since £, £, n and 7’ are continuous, this may be considered as a Bochner
integral. Therefore in particular, this is an integral in the weak operator topology.
We can compute the terms in the integrand as:

& (v)n(v) = —itp, exp(it(1 — v)|D|)|D|z exp(itv| D|)py,
E(v)n'(v) = itp, exp(it(1 — v)|D|)z|D| exp(itv|D|)py.
Thus,

£(1)n(1) = £(0)n(0) = —it/o Pn exp(it(1 — )| D])é(x) exp(itv| D|)pn dv.

Since the operator exp(it(1 — v)|D|)d(x) exp(itv|D|) is a continuous function of v (in
weak operator topology), the weak operator topology integral

/0 exp(it(1 — v)|D|)d(z) exp(itv|D]) dv

exists, and we have:

1
pn/0 exp(it(1 — v)|D|)d(z) exp(itv|D|) dv - py,

:/0 pr exp(it(1 — v)|D])d(z) exp(itv|D|)py, dv.
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Therefore:
1
£(1)n(1) = £(0)n(0) = pn/o exp(it(1 — v)|D|)é(z) exp(itv| D) dv - pn.
On the other hand, we can compute £(1),7(1),£(0) and n(0) directly:
§(1)n(1) — £(0)n(0) = pnz exp(it| D|)pn — pn exp(it| D|)xpn
= pnlz, exp(it|D|)]pn.
Thus,
1
pnlexp(it| D)), x]p, = itp, /o exp(it(1 — v)|D|)dé(z) exp(itv|D]) dv - py,.

Since n > 0 is arbitrary, we may take n — oo and since p,, converges in the strong
operator topology to the identity we get the desired equality. O

Combining Lemma A.2.1 with the Fourier inversion theorem yields a formula
for [f(s|D|),z] for quite general functions f. The following formula is well-known
and appears in many places, for example [8, Theorem 3.2.32].

Lemma A.2.2. — If f,f € L1(R), then for all x € B, and s > 0,
0o 1
[f(s|D|), z] = s/ (/ ff(u)aius(lv>DI5(x)ei"8leldv> du.
—o0 0
Here, the integral is understood in a weak operator topology sense.

Proof. — Indeed, by the Fourier inversion formula, by functional calculus we have a
weak operator topology integral:

F(s|D)) = / Flw)e™ Pl du,
R
Therefore,

S|D| / f zus|D| ]

By Lemma A.2.1, we have a weak operator topology integral:
1
[eius|D|’ QZ] _ ius/ eius(l—v)|D|6(m)eiusv|D\dv.
0

Thus,
o0 1
[f(s|D]),z] = s/ w]?(u)(/ e“‘s(l_”)lDl6(x)ei“s”|D|dv)du.
—oo 0

Since zuf(u) = f’(u), the assertion follows. O
Lemma A.2.3. — Iff, f’, ﬁ € L1(R), then for all x € B and s > 0 we have:

0o 1
£61DD,] = 5 (51D)(@) = —* [ (/ w1 - )“““”'D'ﬁ()mv'D'dv)dw
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F(s|DI), 2] — s6(x)f(s|D]) = —° / ( / F(u)(1 - v)en=oIPl2(z) “‘5(1‘”)|D|dv> du,

Here once again the integrals are understood in the weak operator topology.

Proof. — We only prove the first equality as the proof of the second one is similar.
By the Fourier inversion theorem and functional calculus we have a weak operator
topology integral representation:

'(s|D]) = / 7 (we1Pldu.

So multiplying on the left by the bounded operator §(z),

F(6IDDaE) =5 [ PP ey

= s/_w (/0 P(u)emlDa(m)dv) du.

Now representing [f(s|D|), z] by the integral representation given by Lemma A.2.2,
we infer that

F(sID]), ] — sf'(s|D])é(z) = / / Fu “‘“”'D‘a()WS“'D‘—e""s'%(x))dv)du

(A3) _ / / f’ zus(l v |D\[6( ) eiusv‘D‘Dd’Z})d’u.
Applying Lemma A.2.1 to §(z) € B, we have:
(A4) [5(m),eiusv\D|] — —’LUS’U/ eiusv(l—w)|D|52(x)eiusvw|D|dw.
0

Combining (A.3) and (A.4), we obtain
(A.5)

s6i).a1 - sr6ipha =~ [~ ([ / 7o 0P )Pl ) o) o

We focus on the inner integral. Performing a linear change of variables, wy = vw,
we get:

1 v
/ ,Uelus(l—vw)\D\52(x)ezusvw|D| dw = / ezus(l—wo)\D\g?(x)ezuswo\D\ dwo,
0 0

and therefore:

1 1 1 v
/ / ,Ueius(l—vw)\D|52(x)eiusvw|D| dwdvy = / / eius(l—w)|D|52($)eiusw|D| dwdv.
0 0 0 0

Since the integrand is continuous, we may apply Fubini’s theorem to interchange the
integrals:

1 1 1 1
/ / ,Ueius(l—vw)|D|52 ($)eiusvw\D\ dwdvy = / / eius(l—w)|D|62(x)eiusw|D\ dvdw
0 0 0 w
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1
— / (1 _ w)eius(l—w)|D\62(x)eiusw|D| dw.
0
So from (A.5):

oo 1
[f(s|D|), z] — sf'(s|D])d(z) = —32/ / (1 —w)ets=IDI§2(g)etuswIPl dyydy, O
—oo Y0

A.3. Hochschild coboundary computations

In this part of the appendix we include some of the lengthy algebraic computations
required for Sections 4.3 and 4.4. Recall that for a multilinear functional 8 : Z®? — C
the Hochschild coboundary b6 : Z®®+1) — C is defined in terms of the Hochschild
boundary b by b0(c) = 6(bc).

Explicitly, for an elementary tensor ap ® --- ® a, € AP we have:

p—1
(00)(ap ® - --ap) = 0(apa1 ®az @ -+~ ayp) + Z(—1)’“9(a0 Q@ ® kg1 Q- Q ap)
k=1

+ (—1)P0(apao @ a1 @ - - ® ap_1).

A.3.1. Coboundaries in Section 4.3. — Let « C {1,...,p}.
Let T := D>~ |D|p+1e_s2D2. Following the notation of Definition 4.1.1, we define

for a € oA,
6(a), ke,
bk(a) = ( )
[F,a], k¢ <.
Fix 1 < m < p — 1. We introduce a pair of multilinear mappings, 6} and 62, defined
onag® -+ Qa,—1 € AP by:

0r(ap® - ®a,_1) :=Tr (Fag (1:[ bk(ak)> 6% (am—1) (1:[ bk+1(ak)> T)
k=1

k=m

and

9§(a0®---®ap_1) =Tr (Fag <1:[ bk(ak)> F,6(am—1) (H br+1(ak) ) )

k=1
The mapping that here is denoted 0} is exactly the multilinear mapping 6, intro-
duced in Lemma 4.3.2, and similarly the multilinear mapping 62 is the multilinear

mapping 0 introduced in Lemma 4.3.3. For 1 < k < m we also introduce X} and X?
defined by:

k—1 m—2 D

X =Tr (Fao (H bl(al)> an (H b,(alﬂ)) 6%(am) ( II b,(a,)> -T) ,
=1 =k l=m+1
k—1 m—2

Xl% = TI‘ (Fao (H bl(al)> Qg <H bl(al+1)> F (5 am ( H bl(al ) . ) .
=1 1=k l=m+1
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Now if m < k < p, we define Y}! and Y}? by:

m—2 k—1 P

Y} =Tr <Fa0 <H bl(al)> 62 (am_1) (H bl+1(al)> ak ( H bl(al)> 'T> )
=1 = I=k+1

Y2 :=Tr (Fao <H bi( al)> [F,6(am—1) <H bit1(ar) ) < H bl(‘”)) 'T> :
=1 I=k+1

Lemma A.3.1. — Forj=1,2 and ap ® - -- ® a, € AP+ we have:
07 (a0a1 ® a4y @ --- ® a,) = X7,

Proof. — This follows immediately from the definition. O

LemmaA32. — Forj=1,2,1<k<m-1landay®- - ap e AP ye have
0l(a0®  ® arars1 ® - ®ap) = Xi + X1,

Proof. — We will only describe the j = 1 case, since the j = 2 case is identical. By
the definition of 7, we have

9;(a0®a1®“‘®ak—1®akak+1®ak+2®"'®ap)

k-1
=Tr (Fao (H bl(al)) bi(arary1) < H bi(ai4+1) ) <H biyi(ai41) ) 'T> .
=1 I=k+1

Now applying the Leibniz rule to bg(arag+1),
Oi(a0 ® a1 ® -+ @ ap—1 @ Akak+1 ® Apsa ®~--®ap)

k-1
=Tr (Fao (H bl(az)> arbr(ars1) ( H bi(ars1) ) (H bit1(ai41) > . )
=1 I=kt1
k-1
+ Tr (Fao (H bl(“l)) br(ar)aks1 < H bi(aiy1) ) (H biy( al+1)> )
-1 I=k+1
k-1
=Tr (Fao <H bl(az)> a (H bi(aiy1) ) < H bi(ay) ) )
=1 =k I=m+1
k m—2
<Fa0 (Hbl >ak+1 ( H bl(az+1)> (am) ( H by(ar) > : >
=1 I=kt1 I=m—+1

=X, + Xk+17

as required. O

LemmaA33. — Form<k<p,j=12anday® - ®a, € AP+ we have
03(a0® a1 ® - ® ap—1 ® AhAk11 @ Apy2 @ - ® ap) = Y + Y, .
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Proof. — Again we demonstrate only the j = 1 case since the j = 2 case is identical.
By definition we have:

91(a0®a1®“'®ak—1®akak+1®ak+2®"'®ap)

=Tr (Fag (H bi(ar) ) (@m-1) (H biy1(ar) ) bet+1(akags1) ( 1:[ bl+1(al+1)> 'T> .
=1 l=m+1

Applying the Leibniz rule to bi41(arar+1) we have:
Oi(a0®a1 @+ ® ap—1 ® Apak+1 ® Appz ® -+ @ ap)

m—2 -1
=Tr <I‘a0 (H bi(ar) ) (@m-1) (H bi1(ar) ) arbrt1(ar+1) ( H biti( al+1)> T)

=1 I=k+1

m—2
+Tr (Fao (H bi(ar) ) (@m—1) (H bit1(ar) ) bit1(ak) 041 ( H bit1(ai41) ) 'T>

=1 I=k+1

m—2 — p
=Tr (Fao <H bl(al)> 52(am—1) (H bl+1(al> ag ( H bl(a’l)> : T)
=1 l=m I=k+1
m k P
<Fa0 (H > 5 (am 1) (H bl+1(al)> ak+1 ( H bl(al)> -T)
=1 l=m l=k+2

= Yk +Yk:+1'

We recall also the multilinear maps 9/, from Definition 4.1.1.

LemmaA.3.4. — Letc=ay®a1®---Qay, € APPTY | [fwe assume that m—1,m € o,
then we have:

02(a0® a1 ® * ® Am—2 ® Ap—18m ® A1 @+ @ ap) = X1 +Y,h + 2Tr(Wy () - T).
Now if # C {1,...,p} is such that |B| = || and AP = {m — 1,m} (where
A denotes the symmetric difference) then
02(a0 ® a1 ® + + ®m—2 ® A1 @ Ami1 ® +++ @ ap)
= X2 |+ Y2+ Tr(Wy(c) T)+ Tr(Wz(c) - T).

Proof. — Using the repeated Leibniz rule, we obtain
82 (am—1am) = 0% (@m—1)am + 26(am_1)8(am) + am_10%(am),
[F,6(am—1am)] = [F, 6(am—1)|am + [F, am-1]6(am) + 6(am—1)[F, am] + am—1[F, §(am)].

Let us focus on proving the assertion relating to 61, since the other assertion is iden-
tical.
By the definition of 0!, we have

9;(0’0®a1®"'®am—2®am—1am®am+1®"'®G/p)
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m—2 p—1
—Tr (rao (H bl(az)> 5 (am-107) (H bl+1(az+1)> -T)

=1 l=m

=Tr (Tao (1:[ bz(az)> (@m—1am) < 1T o az)) )
=1 l=m+1

Applying the Leibniz rule to the §%(a,,_1a,,) term:
Qi(ao Qa1 ® QUm—2® Amp—10m @ Amt1 Q « ®ap)

m—2
=Tr (F(lo (H bl C”)) QA — 15 CLm ( H bl al)) >
=1 l=m+1

(Fa0<Hblal>25am 1) (ll;[Hblal>' )

m—2
+ Tr (Fao <H bl(a1)> 6% (a@m—1)am ( H bl(al)> )

=1 l=m+1
= X1+ 2Te(We(c) - T) + Yo O

Lemma A.3.5. — Forag® -+ ® a, € AP we have
0 (apap ®a; ®as ® -+ @ ap_1)

=Tr <I‘a0 (Wi_fbl (ar) ) (am-1) <H bit1(ar) ) T, ap]> +y;)1.

=1
We also have:

02(apap ® a1 ®ag @ -+ @ ap_1)
m—2
=Tr (Fao (H bl(al)> F,6(am—1) (H b1 (ar) ) T, ap]> _|_Yp2.
=1

Proof. — We prove only the assertion involving 6!, since one can prove the other
result by an identical argument. Since I' commutes Wlth ap, we have:

0 (apap ®a; ®as ® -+ @ ap_1)

m—2
=Tr (Fapao (H bl(az)> (am—1) (H biyi(ar) ) . )
=1

m—2
—Tr <aprao (H bl<az>> 5*(am-1) (H bm(al)) -T) :
l=m

1=1
Using the cyclicity of the trace, we have

02 (apap ®a; ®as ® -+~ @ ap_1)
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m—2 p—1
=Tr (Fao (H bl(al)> 5% (am—1) <H bl+1(al)> ~Tap>
=1

=Tr (Fao <ni'[ bi(ay) ) (Gm_1) (H bir1(ar) ) -[T,ap]> +Y,). O

=1

Note that for j = 1,2, the telescopic sum

m—1
X+ (0RO + X)) + ()™ (X + Vi)
k=1
p—1
+Z Y + Y7, + (-1)PYS.

vanishes.
Therefore, combining Lemmas A.3.1, A.3.2, A.3.3, A.3.4 and A.3.5 we have:

(b0:)(a0 ® -+ ®ap) =2+ (=)™ Tr(Wer (c) - T)

m—2
+(-1)P - Tr (Fao (H bl(a1)> (@m—1) (H bit1(ap) ) [T, a,,])
=1

Similarly, if 4 is such that |&/| = |%] and AP = {m — 1, m} then:
(b03)(a0 ® -+ ® ap) = (1) - Te(Wer(c) - T) + (=1)" " Te(Waz(c) - T)

m—2
+(=1)P - Tr (I‘ao (H bl(al)) F,6(am-1) (H bii1(a) ) [T, ap]>

=1

This completes the computation of the coboundaries for §! and 2.

A.3.2. Coboundaries in Section 4.4. — Again in this subsection, (¢#, H, D) is a smooth
spectral triple where D has a spectral gap at 0. Let T" = Fe=="D”_ Note that this is
different to T" in the preceding section.

We define the multilinear mapping Zs : ¢#%? — Con ag @ - - ® a,—1 € A%P by:

p—1
Z(a0® - ®ap) i=Tr (FGO (H[F, m) -T> .

k=1
We also define the multilinear mapping &, : Z®®*t1 — C by:

Hs(ap ® -+ ®ap) :=Tr <Fa0 (ﬁ[F, ak]) [T, ap]> .

k=1
By definition, ¥, is exactly the mapping from Theorem 4.4.2.
For 1 < m < p, we define X,,, by:

m—1 D
X i=Tr (Fao (H [F, ak]> am ( II % ak]> T> )
k=1 k=m+1
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We have

p
Lo(agar ® a2 ® - ® a,) = Tr(Tagar | [[F,ax] - T)
k=2
= X;.

Applying the Leibniz rule to [F, ay—1am]:
Zs(ao®a1 ® @ Am—2 ® Ap—10m ® Apt1 @ -+ @ ap)

=Tr <Fa0 <1:[ [F, ak]) [F, am—10m] < H [F, ak]> . T>
k=1 k=m+1
:’I‘r(l"a()(ml:f[F,ak)am 1(ﬁ Fak>. )
k=1 k=m
+’I‘r<Fa0 ("i_[ [F, ak]> ( - Fak) . )
k=1 k=m+1

=X+ Xing1-
Finally,
p—1
Zs(apao ® a1 ® -+ ® ap—1) = Tr(Tayag H[F, ag] - T)
k=1
p—1
= Tr(Tag H[F, ax] - Tap)
k=1
p—1 p—1
= Tr(Cao [ [ [F, ax] - [T, ap]) + Tr(Tao [ [ [F, ax] - a,T)
k=1 k=1
=Hslap @ - ®ap) + Xp.
Thus,
(0Zs)(ao ® -+ ® ap) = Ks(ao ® -+ ® ay)
p—1
+ X1+ (D ()" (K + K1) + (1),
m=1

The latter sum telescopes and indeed vanishes, so it follows that bZs = .

A.3.3. Coboundaries in Section 4.5. — In this section, (¢#, H, D) is a smooth spec-
tral triple where D has a spectral gap at 0, and T := |D|2_pe_52D2. We define the
multilinear mapping 05 : A% — C on ag ® - - - ap—1 € AP by:

fs(ap ® -+ @ ap_1) = ((Haak> )
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For 0 < k < p we also define:

k-1 p
Xk ="Tr <<H 8(al)> ag ( H 8(&1)) T) .
=0 I=k+1

So in particular,

Applying the Leibniz rule to d(araq+1) we get:
0s(a0 ® -+ ® k—1 ® ApOk41 @ Apy2 @ - @ ap)

k—1 D
=Tr ((H 8(al)> O(arans1) ( II a(al)> -T)
1=0 I=k+2
k—1 P
=Tr <<H a(@)) ag ( H 3(%)) 'T>
=0 I=k+1
k V4
Tr ((HWW)) akt1 < H a(al)) 'T>
=0 I=k+2

= X + Xgy1.
We also have

93(%@0 Ra1 Q-+ a’p—l)

(o) )
1o (o) o)

:X,,+’IT<<1;[ (ak> Ta,,>

+X0+Tr<a0<H8ak>~ , ap)]>.

If we assume that p is even, then:

(b95)(ao ® -~ ® ap)

= <i(—1)’“(X;c + Xk+1)> + (Xp + Xo)

k=0

((H d(ax) ) T, ap> +Tr <a0 Cli[i 3(ak)> : [T,B(ap)]>
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_2X0+Tr(a0 C]"[iaak)) [Taap> <<H8ak) Tap)
_om ( (H am)) .T> T ( (H amk)) [T, aap])
((Haak> T>

This completes the computation of the coboundaries.

A.4. Technical estimates for Section 4.4.1

For this section, (¢#, H, D) is assumed to be a spectral triple satisfying Hypothe-
sis 1.2.1 and we assume that D has a spectral gap at 0.

The results of this section are very similar to that of Lemma 4.1.3. However ad-
ditional technicalities make the proofs more involved and therefore are included here
in the appendix. We make use of the mappings by from Definition 4.1.1, defined in
terms of m > 1 and a subset  C {1,...,m} on a € &

) d(a), ke,
bk(a)'_{[F,a], k¢ B

Lemma A4.1. — Let m > 1 and Let n € Z. Then for all B C {1,...,m} the operator

on Hy, given by:
|D|~™ <H bk(ak)) |D|n+m—|33|
k=1

has bounded extension, where by, is defined in terms of 4.
Proof. — We prove the assertion by induction on m. If m = 1 then there are two

possible cases, = and # = {1}.
If %4 = (), then on H,, we have:

D" (H bk<ak>> | D"t = | D|™"(F, ay]| D"

= |D|7"L(a1)|D["
=|D[7"8(a1)|D|" = F|D|™"8(a1)| D"

By Lemma A.1.2, the operators |D|~"9(a1)|D|™ and |D|~"d(a1)|D|™ have bounded
extension, so this proves the % = () case. On the other hand, if = {1}, then on H:

D" <H bk(ak)) | D" = D6 (a1) | DI
k=1

SOCIETE MATHEMATIQUE DE FRANCE 2023



140 APPENDIX

Again by Lemma A.1.2, the operator |D|™"§(a;)|D|™ has bounded extension. This
completes the proof of the .3 = {1} case.

Now assume that m > 1 and the assertion is true for m — 1. Define ¢ := £\ {m}.
and let ny = n+ (m — 1) — |%|. Then on Hy:

|D|I™" <H bk(ak)) | Dl
k=1

(A.6)
= <|D|" <7ﬁ bk(ak)> |D|n+(m1)?o”|> (|D|7n1bm(am)|D|"1+17|@m{m}|) '
k=1

By the inductive assumption, the first factor has bounded extension.
If m € A, then the second factor in (A.6) is:
|D|""*6(am )| D[™,

which has bounded extension by Lemma A.1.2.(i). On the other hand, if m ¢ %, then
the second factor in (A.6) is

|DI™™ F(am)|D[™*! = [D|™™ (9(am) — Fé(am))| D™,

which also has bounded extension by Lemma A.1.2.(i). In either case, the second
factor of (A.6) has bounded extension. So the assertion is proved for m, completing
the proof by induction. O

Lemma A4.2. — Let o C {1,...,p} Assume that there is m > 1 be such that
m — 1,m € /. The operator on H, given by:

Tag <1:[ bk(ak)> 52(am_1) (1:[ bk+1(ak)) |D|p_|g{‘
k=1 k=m

has bounded extension.

Proof. — Let n; = [{1,...,m — 2} \ &/| and ny = [{m + 1,...,p} \ &| so that
immediately ny < m —2 — |&/] and ny <p—m — |«/|. On H,, we have

Tao (H bk(ak)) 6% (am-1) <H bk+1(ak)> |DIP~l =111 TIL.
k=1 k=m

Here,

I= Fao <ﬁ bk(ak)> |D|n1,

k=1
II = |D|7"6%(am-1)| D|™,

p—1
1l = |D| ™ (H bm(ak)) | DI,

k=m
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The operators I and III have bounded extension by Lemma A.4.1. On the other hand,
IT has bounded extension due to Lemma A.1.2. O

Lemma A.4.3. — Let o/ C {1,...,p} and assume that there is m > 1 be such that
m—1¢€ .« and m ¢ /. The operator on Hu, given by

m—2
ag (H bk(%)) F,6(am-1) (H brt1(ax) ) |D|P~ 1
k=1

has bounded extension.

Proof. — Let ny = [{1,...,m =2} \ &/| and ny = {m +1,...,p} \ &|, so that we
immediately have ny < m — 2 — |«/| and ne < p —m — |&/| as in Lemma A.4.2. We
have

m—2
ao (H bk(ak)> F,5(am—1) (H bri1(ax) > |D|P~1“l = Taq - I-11- 111
k=1

Here,
m—2
I= (H bk(%)) |D|"™,
k=1
I = [D|7™[F, 6(anm—1)]|D""™,

p—1
01 = |D| ™! (H ka(ak)) |D|tHratn,

k=m

The operators I and IIT have bounded extension by Lemma A.4.1. On the other hand,
1= [D|7™(8(8(am-1)) — F6*(am-1))|D|™,
which has bounded extension by Lemma A.1.2.(i). O

Lemma A.4.4. — For every m > 1, the operator on Hy, given by

(H Fak)|D|m+l
k=0

has bounded extension.

Proof. — We prove the assertion by induction on m. For m = 0, on H,, we have
[F, ao]|D| = 0(ag) — Fé(ayp),

which has bounded extension.
Now let m > 1 and assume that the assertion is true for m — 1. On H,, we write

(1TiFa) i - ((mﬁlm a])IDI"™) - (1D [F, am]| D" ).
k=0 k=0
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The first factor has bounded extension by the induction assumption. The second
factor is

|D|™™L(am)| D™ = |D|""8(am)| D™ = F - |D|""6(am)| D™,

which has bounded extension by Lemma A.1.2.(i). Hence, the assertion holds for m,
completing the inductive proof. O

A.5. Subkhankulov’s computation

The following assertion is identical to [54, Lemma 2.1.1]. However to the best of
our knowledge there is no published proof in English, and [54] is not easily accessible.
For the convenience of the reader we include a proof here.

Proposition A.5.1. — For all u € (0,1) and v € R, we have

1 /1 ﬂe("“t)”dt = (14+u?)?x (v) + €*’ - min{1,v2} - O(1)
or ), u+it [0,00] ’ '
Proof. — We will deal separately with the v > 0 and v < 0 cases. First, assume

that v > 0.
Let o be a smooth curve in C without self-intersections such that

o starts at ¢ and ends at —i,

7o lies in the half-plane {R(z) < 0},

the distance between vy and the interval [—1, 0] is greater than or equal to 1,
the length of vy is at most 10,

5. 7o is contained in the disk {z : |z| < 10}.

Let v; be the interval starting at —¢ and ending at 7 and let the contour v be the
concatenation of vy and ;.
Define

Ll

(1 + 22)?

fe) =

, z€C\{—u}.
So that by definition:

1P (1-)? 1
- ( ) e(u+zt)v dt = 7,61“]/ f(z)ezv dz.
27 J_1 u+it 27 -

(A7)

Since z — €V is entire, the function z — f(z)e*” is holomorphic in the set C\ {—u}
and has a simple pole at z = —u with corresponding residue (1 + u?)2e~%. By
construction, the point —w is in the interior of the curve v and so by the Cauchy
integral formula we have:
1

— / f(z)e*dz = (1 + u?)2e™ v,

27 J,
Since v = o U y1:

1

271

(A.8) AO f(z)e*?dz + QLﬂ'Z [h f(2)e™dz = (1 +u?)?e ™.
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By definition -y has length at most 10, so by the triangle inequality we have the
bound:

f(z)e*dz
Yo

Since 7o is contained in the half-plane {z : R(z) < 0} we also have that
Sup, ., [€**| < 1 and therefore:

< 10 sup |f(2)]|e**].
Z2€%0

f(z)e*Vdz

Yo
For z € v we have that |z| < 10 and |u + z| > 1 so it follows that

sup |f(z)| < (1 +10%)% < 10°.

z€%0

< 10 sup | f(2)].

zZ€%0

Therefore, we have

(A.9) / f(z)e*?dz = O(1).

Yo
Using integration by parts twice and taking into account that f(4i) = f'(%i) =0,
we obtain
(2)e*Vdz =v"2 | f'(2)e"*dz.
Yo Yo

Thus,
v? / f(2)e*dz| < 10 sup |f"(2)|.
Yo 2€70
We may compute f”(z) directly as:
2
"(2) = (4+ 12 —82(1+2%)—— + (1 + 232 ——.
fiz) =4+ z)u—i—z “( +Z)(u—|—z)2+( +2) (u+2)3

Since |z| < 10 and |u + z| > 1 for every z € 7y, it follows that
sup [f"(2)] < (4+12-10) +8-10- (1 +10%) +2- (1 +10%)*

z€v0
< 10°.
Therefore, we have:
(A.10) / f(2)e*dz = O(v™2).
Hence, "
(A.11) / f(2)e*dz = min{1,v"2} - O(1).
Yo

Combining (A.8) and (A.11), we obtain

i, / f(2)e*dz = (1 +u?)%e™™ + min{1,v"?} - O(1).
27 J .,
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So using (A.7) and (A.8):
1 [ a-2)?
27 J_1 u+it
This completes the proof of the v > 0.
Now assume that v < 0. This proof is similar, but instead we consider a contour

in the half plane {z : () > 0}. Let 72 be a smooth curve without self-intersections
such that

e+ gE — (14 u?)? + e - min{1,v"2} - O(1).

o starts at —i and ends at i,

72 lies in the half-plane {(z) > 0},

the distance between 2 and [—1,0] is greater than or equal to 1,
the length of 5 is at most 10,

72 is contained in the disk {z : |z| < 10}.

CUR 0

As in the v > 0 case, ~y; denotes the interval joining —i and 7, and now write ' for
the concatenation of v; and ~,.
Since f is holomorphic in the half-plane £(z) > 0, we have:

/ f(2)e**dz = 0.
"

Since v = 1 U 2 we have:
1

1
2mi )

/Yl f(z)e**dz + 3 /72 f(z)e*¥dz = 0.

(A.12)

Since by definition -5 has length at most 10, and we are assuming v < 0 we have:,

A 2 F(2)e*dz

< 10 sup | f(2)e*"|
ZEY2

< 10 sup |£(2)|

z€72
< 10(1 + 10%)?
=0(1).
Using integration by parts and taking into account once again that
f(£i) = f'(£4) = 0, we obtain in also in the v < 0 case that:

f(z)e*dz=v"2 [ f"(2)e"?dz.

2 Y2

[yz f(z)e**dz

Thus,

2

v < 10 sup |f"(2)|]e*”|

ZEY2
< 10°
=0(1).
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Therefore,
(A.13) / f(2)e*dz = min{1,v"2} - O(1).
Combining (A.12) and 22.13), we obtain
% A F(2)e*dz = min{1,v~2} - O(1).

Hence, by (A.7) we conclude the proof for the v < 0 case.

145
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