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Foreword

Neculai S. Teleman takes the reader on a fascinating expedition exploring the
lands between the smooth and the continuous domains. For a very long time a
continuous function was assumed to be differentiable perhaps with the exception
of a finite or numerable but discrete set of points. The Weierstrass example (1872)
of a continuous but nowhere differentiable function came as a great shock to
mathematicians of the nineteenth century. A similar attitude was prevalent in the
middle of the previous century when a topological manifold was considered to
carry the unique smooth structure inducing the initial topology of the manifold.
Then in 1956 John Milnor showed that on the 7-sphere there are several different
smooth exotic structures. But in 1963 Michael F. Atiyah and Isadore M. Singer
announced their index theorem which asserted that the index of the Laplace operator
(associated with the smooth Riemannian metric) is equal to the topological index
of the smooth manifold. Therefore, the index obtained from the data provided by
the smooth structure is the same as the one provided by the data derived from
the underlying topological structure. These two important and highly non-trivial
results turned attention of many a fine mathematician of the 1960s to the regions
where the smooth meets the continuous. A few years later (1965) S. P. Novikow
published his famous result that the rational Pontrjagin classes of a smooth manifold
are topological invariants. By the end of the decade, it was known that rational
Pontrjagin classes can be defined for any topological manifold (R. Kirby and L.C.
Siebelmann, 1969).

In 1971, .M. Singer in Future extensions of index theory and elliptic operators
wrote

I was asked to speak on “possible future developments, give conjectures, and speculate
about future advances.” .... probably at this very moment a graduate student is busily at
work on a theorem that might change present trends drastically. However, in a limited way,
I will try and fulfill the charge — at least within the context of index theory for elliptic
operators. My main theme is this: by and large this theory assigns an integer to an elliptic
operator on a compact smooth manifold; I expect extensions of the present theory to new
situations; i.e., non-smooth manifolds, non-manifolds of special type, and to a context
where it is natural that integer be replaced by a real number.

vii



viii Foreword

A few years later Neculai S. Teleman arrived at MIT and in 1977 defended his
Ph.D. thesis in which he extended the index theorem to combinatorial manifolds.
Ever since he dedicated all his efforts to developing new tools and results which
permit to extend the validity of the index theorem such as combinatorial Hodge
theory on PL manifolds, (TAMS, 1979, Inv. Math., 1980), “elliptic machinery” and
signature operators on Lipschitz manifolds (Publ. IHES, 1983). The following year
he published a version of the index theorem for general topological manifolds using
new tools, i.e. Kasparov’s realisation of the analytic K-homology group Ko(M)
and Fredholm operators on non-compact manifolds. His quest to generalise various
“smooth” constructions led him to use the existence of the quasiconformal structure
on any topological manifold which finally turned his attention to the techniques and
ideas of non-commutative geometry (1991).

The reader of the book is asked to embark together with the author on this
fascinating journey which leads to the boundaries of our topological knowledge.
Neculai S. Teleman introduces the reader step by step to the basic and then advanced
tools of this fascinating theory: classical differential geometry, e.g. Riemannian
metrics, Laplacian, Hodge theory and the smooth version of the index theorem. Then
to go beyond that the basic elements of non-commutative geometry are presented
as a method of delocalisation of our mathematical perception and natural extension
of the classical geometrical tools. Having covered the known regions of geometry
and topology of manifolds, the knowledgeable and experienced guide shows new
fascinating vistas of non-commutative topology.

It is a very important volume which gathers and presents in an orderly manner
the story of the index theorem. The tools and the results are scattered in numerous
publications. But having them in one place is not the only advantage of this book. We
get much more since the narrative is both objective and passionate at the same time
as the narrator is one of the principal protagonists in this fascinating mathematical
epic.

Krakow, Poland Robert Wolak
April 2019



Preface

This book combines some of the author’s research contributions in index theory
with elements of non-commutative geometry. The book ends with non-commutative
topology.

This work shows that the index formula is a fopological statement; on the other
hand, this book gives a re-formulation of the index formula. The re-formulation
should have important consequences.

From the non-commutative geometry side, this book explains how differ-
ent results in index theory, obtained by classical geometry methods (Riemann—
Roch, Hirzebruch [32], Atiyah and Singer [53], Teleman [83, 84]) and by non-
commutative geometry (Connes [82], Connes and Moscovici [96], Connes et
al. [101]), are connected. This has to do with the possibility, offered by different
theories, to exhibit/describe the fopological index of elliptic operators. The passage
from classical differential geometry to non-commutative geometry, exemplified by
the index formula done in this book, describes also the way how the author became
interested in, and approached, non-commutative geometry. For this reason, this book
does not intend to give a complete review of all its results or to give a complete list
of its contributors. This book offers the reader a natural path starting with basic
problems of differential geometry and leading to non-commutative geometry and
topology. However, although this book does not intend to present the very significant
developments of non-commutative geometry in all directions, it accompanies the
reader towards present research problems in index theory.

This book has multiple goals:

1. The author did his Ph.D. with Prof. I. M. Singer (1977) working on extending the
index theorem to combinatorial manifolds—a problem that was formulated by 1.
M. Singer in his programme article “Prospects of Mathematics” Symposium,
March 16-18, Princeton [58]. One goal of this book is to fill the existing gap
in the mathematical literature in reporting the developments which occurred in
index theory after I. M. Singer presented his 1970-research programme. This
report is certainly not complete.

ix



X Preface

2. It aims to provide a friendly introduction to non-commutative geometry. It studies
index theory from a classical differential geometry perspective up to the point
where classical differential geometry methods become insufficient.

3. Another goal is to present non-commutative geometry as a natural continuation
of classical differential geometry. This is based on the following concepts:

* Non-commutative geometry is abstract index theory.

* Non-commutative geometry is a de-localised theory. In many cases the de-
localisation occurs by replacing C°°-homomorphisms by operators on Lj.
This change replaces exact relations by Ly-local averages.

* Non-commutative geometry is a multi-distribution theory. The multi-
distribution theory occurs by means of two processes: (1) polarisation of
algebraically higher order expressions; (2) each factor of the polarisation
becomes a mono-distribution theory.

* Hochschild homology—and its variants—replaces the de Rham homology.

4. Beginning with Riemann and up to the present times, index theory has passed
through most chapters of mathematics: algebraic geometry, analytic geometry,
differential geometry, combinatorial geometry, Lipschitz and quasi-conformal
geometry as well as L ,-structures geometry. Another goal of this work is to
show that while the objects of non-commutative geometry of a (classical) space
X live in all powers XP of X, classical differential geometry objects associated
with X live on the main diagonals of those powers. The possibility of describing
an object classically depends on whether the non-commutative object has a
classical limit, i.e. whether its restriction along the main diagonals are defined,
this depends on whether certain products of distributions can be performed.

The book has the following main mathematical objectives:

(i) it intends to provide a natural link between classical differential geometry and
non-commutative geometry.
(ii) it presents the basic algebraic structure and results which stay at the founda-
tions of non-commutative differential geometry.
(iii) it summarises the basic analytical structures on topological manifolds.
(iv) it shows that the index theorem is a topological statement.
(v) it summarises the results in index theory obtained with non-commutative
geometry methods—Ilocal index theorems.
(vi) it proposes prospects in index theory.
(vii) it proposes non-commutative topology.

This book presents the mathematical facts in their chronological order most of
the time. Both the de Rham isomorphism theorem and the Hodge decomposition
theorem show that real cohomology may be extracted analytically from differen-
tiable structures on topological manifolds. These results constitute two of the basic
links between differentiable structures and topological structures. Given, however,
that not all topological manifolds possess differentiable structures, and that the
same topological structure might be compatible with non-equivalent differentiable
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structures, there is a fundamental question to ask whether these relations could
be derived purely in topological terms, on all topological manifolds. S. Novikov
proved the fundamental result [41] stating that the rational Pontrjagin classes
of smooth manifolds are fopological invariants. Kirby-Siebenmann results [56]
complete Novikov’s theorem by stating that all topological manifolds possess
rational Pontrjagin classes. Going along the same line of ideas, the following
fundamental question arose: whether the Hodge decomposition theorem and index
formula could be stated an all topological manifolds (see e.g., [58]).

This fundamental question was answered using Sullivan’s fundamental result
[75], which states that any topological manifold of dimension # 4 possesess
a Lipschitz or quasi-conformal structure, unique up to Lipschitz/quasi-conformal
isotopy. The first results on Hodge theory on combinatorial manifolds are due
to Teleman [72, 76-78] and to Cheeger [79] on pseudo-manifolds. These results
are successively extended using Sullivan’s result on Lipschitz manifolds [83, 84].
Successive work due to Donaldson and Sullivan [92], Connes et al. [101] extends the
index formula on quasi-conformal manifolds. This book summarises these results.

The first problem the author of this book undertook in his Ph.D. thesis was
extending the Hodge decomposition theorem from smooth manifolds to pseudo-
manifolds, see Teleman [72] and Singer [58]. At that time (1976) this subject was
totally unexplored. In fact, .M. Singer’s programme [58], published in 1971, poses
the following two questions too:

A “If M is a PL manifold, the L-polynomials are still well defined (Thom [25]),
and one can define from them the rational Pontrjagin classes. The Hirzebruch
signature theorem still holds. Is there an associated elliptic operator (as in the
smooth case) whose index is the signature? On what spaces does it operate? Does
it have a symbol and where does the symbol lie?”

B “...Are present analytic techniques strong enough to prove the Hodge theorem
for smooth manifolds by approximations via combinatorial Laplacians associated
with smooth triangulations? If so, this might shed some light on the PL-
problem.”

Looking retrospectively, it is important to remark that extending the Hodge
isomorphism theorem and the index formula to spaces which are not differentiable
manifolds was a daring task; the proof of the Hodge isomorphism theorem (see de
Rham [86]) and the proof of the Atiyah—Singer index formula (see Palais seminar
[42] and Atiyah and Singer [53]) heavily used the differentiable structure.

Combinatorial manifolds are the closest relatives of smooth manifolds. For this
reason, the first problem addressed in trying to extend the index formula to more
general contexts was to investigate whether Hodge theory could be extended from
smooth manifolds to combinatorial manifolds.

Given that the Laplace operator is defined in terms of a chosen Riemannian
metric on the manifold, it was crucial to understand in which respect the special
characteristics of the Riemannian metric should be satisfied if a Hodge type result
is desired. The de Rham [86] proof of the Hodge decomposition theorem showed
that if one wishes to extend the Hodge theory to combinatorial manifolds in such a
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way that the main identities of the smooth Hodge theory be preserved, see formula
(1.198), the combinatorial Riemannian metric should satisfy the property that the
local measure around each point x of the manifold (the total local solid measure of
the simplices containing the point x) should be equal to the value of the solid angle
about any point in the Euclidean space of the same dimension.

The following theorem answers this question.

Theorem 1 (Teleman [72, 76]) Let M be a combinatorial manifold of dimension
n. Let g be a combinatorial Riemannian metric on M with the property that for any
point x € M, the total local solid measure of the simplices containing the point
x equals the value of the solid angle about any point in the Euclidean space of
dimension n.

Then the metric defines a smooth differentiable structure on M.

The following fundamental result was known.

Theorem 2 (Milnor [66]) There are obstructions to the existence of smoothings of
combinatorial manifolds, the Milnor [66] obstructions.

These two results lead to the conclusion.
Corollary 1

(i) If one wishes to extend the Hodge theory to general structures, it is necessary
to ignore special requirements on the Riemannian metric.
(ii) Riemannian metrics provide generalised smoothings.

The Laplace operator on smooth manifolds is defined exclusively in terms of a
Riemannian metric on the manifold. On the other hand, the de Rham parametrix for
the Laplacian [86] is expressed purely in terms of the geodesic distance function.
Given that the signature operator plays a basic role in different proofs of the
Atiyah—Singer index theorem (in differential geometry and in the Connes—Sullivan—
Teleman and Hilsum index theorem) in non-commutative geometry it is important
to understand the structure of the signature operator. In the smooth category the
signature operator can be described completely in terms of the distance geodesic
function; this is shown in Sect. 1.12.

This book is organised as follows.

Chapter 1 presents those tools of differential geometry which pass directly into
non-commutative geometry. This is necessary to bring the reader from classical
differential geometry topics to non-commutative geometry by providing a natural
link between the two. This chapter ends with the geometry of the signature operator.

Chapter 2 introduces the first elements of non-commutative geometry. This
chapter reconsiders the tools of differential geometry and finds the minimal
structure necessary to make them work in non-commutative geometry. At this
point we are at the boundary between differential geometry and non-commutative
geometry. It shows that the minimal structure leads naturally to a new definition
of differential forms, homology/cohomology and Chern—Weil theory. This is the
way in which Hochschild homology and cyclic homology appear naturally. The
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basic non-commutative geometry topics are presented here: universal algebra, non-
commutative Chern—Weil theory, and Connes’ long exact sequence.

Chapter 3 establishes the first relations of non-commutative differential
geometry. It presents the basic results concerning Hochschild and cyclic
homology/cohomology. It begins with the computation of the Hochschild homology
of the algebra of smooth functions. The result has to be thought of as the link
between differential geometry and non-commutative geometry. Its proof shows how
combinatorics, topology and geometry interact towards the final result. Hochschild,
cyclic and periodic cyclic homology are introduced and their principal properties
are presented. The results due to Connes and Karoubi on the extension of Chern
character to idempotents, extensions of associative algebras, K-theory and K-
homology are presented. In the same section it is shown that the Chern character
may be extracted from direct connections. Chapter 3 also presents the periodic
cyclic homology bi-complex and homology.

Chapter 4 makes a rapid panorama of the analytic structures on topological
manifolds. These analytical structures classify the various fields of geometry and
are significant in index theory: algebraic geometry, analytic geometry, differential
geometry, combinatorial geometry, Lipschitz, quasi-conformal and L, geometry.
Research interconnecting these fields, however, is not the norm. Global analysis on
combinatorial, Lipschitz, quasi-conformal and L, manifolds represent a small part
of research. The majority of research is done in the most regular cases. Differential
geometry benefits from the theory of partial differential equations. In spite of this
reality, understanding the roots of fundamental problems in mathematics is of
maximum importance. Index theory is one of them. It began with the Riemann—
Roch theorem on compact Riemann surfaces. It was later extended by Hirzebruch
on analytic manifolds and then by Atiyah and Singer on differentiable manifolds.
Teleman proved that the index of abstract elliptic operators is a topological
invariant. Presenting the hierarchy of analytic structures on topological manifolds
helps the reader to place correctly the various index theorems. Hence, even though
this chapter is short, we have decided to keep it as a separate chapter to provide a
conceptual framework for the reader.

Chapter 5 presents the index theorems which were obtained with classical
differential geometry methods: the Riemann—Roch index theorem, the Thom index
theorem, Hirzebruch index theorem, Atiyah—Singer index theorem and Teleman
index theorem.

Chapter 6 discusses index theorems which were obtained via non-commutative
geometry methods (local index theorem and applications) due to Connes—
Moscovici, Donaldson—Sullivan, Connes—Sullivan—Teleman and Hilsum.

Chapters 7-9 are devoted to prospects in index theory. In this part a new
formulation of index theory is proposed using the newly introduced local structures
and a few conjectures are formulated. More specifically, index theory is defined on
an arbitrary pair (7, #) where ¢ is an ideal of the localised ring </. A new
definition of the topological and analytic indices is proposed. The new formulation
is based on the T!°°(a7)-groups which replace the classical algebraic K,-theory
groups.
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Chapter 10 introduces non-commutative topology. In this part we define non-
commutative spaces, the homology of the new field and the Chern character of
idempotents. This chapter is short because it is entirely new research that has not
been published before. Nonetheless, we feel this work will provide a useful starting
point for future research.

One of the main themes of this book is locality. The analytic structures (algebraic,
analytical and differentiable) are sufficiently rich to allow writing down a formula
for the topological index theorems. This is not the case of more general structures
(combinatorial, Lipschitz or quasi-conformal structures). The possibility to have a
local formula for the topological index depends on whether the non-commutative
topological index has a classical limit.

The book introduces or recalls the following recent or new structures introduced
by the author: micro-localisation of Hochschild homology [107, 121], direct con-
nection [116, 117], local periodic cyclic homology [125], local index formula [130],
localised algebras [125, 129], T-completion comp. [129], topological periodic
eyclic homology [122), (b, d) bi-complex [122], Alexander—Spanier co-homology
of localised rings, topological and analytic index, reformulation of index theory,
local periodic cyclic characteristic classes and non-commutative topology.

The contents of this book are self-contained. That said, in order to keep the size of
this book reasonable, a few chapters are compact. In these cases, readers are invited
to deepen their understanding further by reading the cited references. We hope this
book will serve as a useful resource to introduce these concepts in non-commutative
geometry to a broad audience of readers in the fields of mathematics and physics.

Ancona, Italy Neculai S. Teleman
April 2019
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Chapter 1 )
Spaces, Bundles and Characteristic Shethie
Classes in Differential Geometry

Abstract Part II prepares the reader to see how some of the basic notions of differ-
ential geometry pass into non-commutative geometry. The basic notions presented
in the first chapter are reconsidered in the second chapter from a non-commutative
geometry view point. Differential geometry begins with the algebra o7 = C*°(M)
of smooth functions and builds up by adding multiple structures; classical index
theory uses most of these structures. Non-commutative geometry is abstract index
theory; its axioms comprise many of these structures. While differential geometry
is built by summing up different structures, non-commutative geometry reverses
this process. In differential geometry the commutativity and locality assumptions
are built in by means of the construction of differential forms. There are two
basic differences which summarise the passage from differential geometry to non-
commutative geometry: in differential geometry (1) the basic algebra &/ = C*®
is commutative, has true derivations (differential fields), and has a topology—the
Fréchet topology; in non-commutative geometry, the basic algebra o7 is not required
to be commutative nor to have a topology, nor to have derivations, (2) in differential
geometry, the basic algebra <7 is used to produce local objects; in non-commutative
geometry the locality assumption is removed. Non-commutative geometry finds
and uses the minimal structure which stays at the foundation of geometry: of
differential forms, product of (some) distributions, bundles, characteristic classes,
cohomology/homology and index theory. The consequences of this discovery are
far reaching.

1.1 Differential Forms

In this section we suppose that M is a paracompact smooth manifold of dimension
n. We denote by C°°(M) the unital associative algebra of smooth functions on M.
This is a commutative algebra. We denote by T (M) the tangent bundle to M and by
T*(M) its co-tangent bundle. We denote by I' (T (M)) the space of smooth sections
of the tangent bundle 7' (M) and by 2 L(M) the space of smooth sections in the co-
tangent bundle 7*(M). The following result describes local objects in differential
geometry.

© Springer Nature Switzerland AG 2019 3
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Proposition 1.1 (Peetre [26]) Let Q be a C*°(M)-module and let F : Q —> Q
be a linear mapping over the algebra of C*°(M).

Then F is a differential operator if and only if F decreases supports. We will say
that F is a local operator. In other words, if

E(f.y) = f.F), (1.1)
forany f € C°°(M), and any y € Q, then for any point p € M, one has

(Fy)(p) = F(y(p) (1.2)
where y (p) is a jet.
Theorem 1.1

(i) I'(T(M)) is the space of derivations of the associative algebra C*°(T (M)),
i.e. any X € I'(T(M)) is an R-linear mapping X : C*°(M) — R which
satisfies the Leibnitz identity

X(fi- o) =X(f0). 2+ fi- X(f). (1.3)
(ii) The differential df of the smooth function f is defined by

((df )X N(p) == (Xf)(p), (1.4)

forany X € I'(T(M)) and p € M.
(iii) I'(T(M)) and .QI(M) are C*°(M)-modules.
(iv) d1 = 0.
(v) Taylor’s formula with reminder and Schwartz’ lemma on the commutativity of
second order mixed partial derivatives, applied onto the smooth function f,

imply
(df )(p) € C®(M)/13, (1.5)

where I, C C°°(M) is the ideal consisting of all smooth functions which
vanish at p.

Definition 1.1 A k-differential form w € £2%(M) is an k-multilinear C>(M)-
function

® 1 Qoo yy (T (M) —> C¥(M), (1.6)
which is skew-symmetric

Xty X X X = —o(X1s o X X X5,
(1.7)

Skew-symmetry is a form of graded commutativity.
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Definition 1.2 For any w € 27(M) and o € £29(M) define the exterior product,
or wedge product N\

plq!
(a)/\(T)(Xl,....XP+q) = (p+q)' Z a)(XU(l),....,Xo(p))"[(Xo(p+1),...., er(p+q))~

(@,7)€Sp+q

(1.8)

Definition 1.3 The exterior derivative dw € 2" (M) € 2" (M) is defined by

r=k+1
do(Xi,.... Xj ... Xj o X)) = Y (DX oXy L X XD+
r=1
Z D o(X, X1 X1 Xiv oo X X))

I<i<j<k+1
(1.9)

The non-commutative geometry does not assume any of the two requirements

(D the locality and
(I) graded commutativity.

In non-commutative geometry both the space M and the algebra of smooth functions
C®°(M) are replaced by an arbitrary associative, unital or non-unital, commutative
or non-commutative, algebra 7.

(i) In non-commutative geometry it is not assumed that the algebra &/ has true
derivations (for example, the algebra of continuous functions does not have
non-trivial derivations),

(ii) Ip, p € M, may not be used for any individual point p,
(iii) the point-wise Taylor formula may not be used,
(iv) the differential forms and their derivatives need a new definition,

(v) the product of differential forms may not follow the classical definition. It is
not postulated that the product of differential forms is graded commutative.

However, in non-commutative geometry the following properties are
preserved
(vi) the collection I of local ideals I,,, p € M, may be recovered from

I :=Ker{u: o Qp &/ —> o}, (1.10)

where p denotes the multiplication in .27 this is going to be used into the
construction of non-commutative differential forms,
(vii) the elements of the algebra </ constitute a system of generators of the non-
commutative differential forms,
(viii) the non-commutative differentials d produce complexes, i.e. d 2 =,
(ix) the graded Leibnitz formula should hold.
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In differential geometry the locality requirement is too restrictive to allow
making products of distributions of any kind; this difficulty persists at all levels
of regularity below the C'-regularity level. In non-commutative geometry the
locality requirement is removed; the problem of multiplying distributions has new
possibilities to be accomplished. Although it is not true that the existing non-
commutative geometry succeeds to deal with the problem of multiplying arbitrary
distributions, it is important to state that it is sufficiently powerful to cover the
basic questions raised by the index formula on topological manifolds, if one
takes advantage of the fundamental result due to Sullivan [75], which affirms
that any topological manifold of dimension # 4 admits an unique Lipschitz or
quasi-conformal structure. Sullivan’s theorem together with the non-commutative
geometry techniques produce results below the classical differential geometry of
Cl-structures level, see e.g. Connes et al. [101].

Given any associative unital algebra <7, we anticipate by saying that the idea to
define a complex, whose chains satisfy the conditions (viii) and (ix) only, leads to
the universal complex % *(<7); this will be discussed in Sect.2.4.10, see [9, 15].
In non-commutative geometry any differential form associated to the algebra .7 is
the equivalence class of an element of the quotient of a certain sub-algebra of the
universal complex; in the case of topological algebras the projective tensor product
completion will be used, see Sect. 2.4.8.

1.2 de Rham Cohomology

The vector spaces $2¥(M) together with the co-boundary homomorphisms d form
the de Rham complex §2, (M) of the smooth manifold M, 20M) = C®M).

The de Rham complex is an example of elliptic complex, see Atiyah and Bott
[51].

Theorem 1.2 (de Rham [86]) The homology of the de Rham complex is isomor-
phic to the singular cohomology H* (M, R).

Karoubi [89] extended de Rham homology in the non-commutative context;
more details will be given in Sect. 2.4.13.

1.3 Alexander-Spanier Cohomology

Alexander—Spanier cohomology is a non-commutative geometry object.
We assume that the topological space M is metrisable; we choose a metric d
on M and we use this metric to define z-neighbourhoods Utk (0 < t) of the main
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diagonal in M**!

UK := (0, x1, o x) | d(xg, x1) + d(xp,x2) + ...+ dxx_1, %) + dx, x0) <1},
(1.11)

forx; e M.

The system of neighbourhoods Utk form a projective net U with respect to ¢: if
1] < tp, we consider U,’j > U,’; given by restriction to the smaller space is placed in
the rth-position. Let G be an arbitrary Abelian group.

Let

C,lfxs, AG)={fI|f: Utk —> G, with f arbitrary function.} (1.12)
Forany f € Cks (G)and 0 < r < k + 1 define , f € CKE! (G)

By (X0, X1y ooy Xkt1) i= F(XOy oor Xy v oy Xit1)- (1.13)

This function is well defined because, if (xg, x1, .., Xk+1) € Utk‘H, the triangle

inequality implies (xq, .., Xy, . .., Xp+1) € Utk+ .
Define d : Ckg ,(G) — CYE!(G)

df= Y (=1)5f (1.14)
O0<r=<k+l
The homomorphism d passes to the projective limit and satisfies d> = 0. Let
Chs(U, G) = ProjLim,Ck | (G). (1.15)

The cohomology complex C% (M, G) := {C}4(U, G), d}iscalled Alexander—
Spanier complex.

Theorem 1.3 (Alexander—Spanier, See [45])

For any locally finite simplicial or CW complex M, the homology of the
Alexander—Spanier complex is canonically isomorphic to the singular cohomology
H*(M, G).

Remark 1.1 In the Alexander—Spanier complex any cohomology k-chain on M
is represented by a non-local function defined on M*; this is a feature of non-
commutative geometry.

Definition 1.4 The Alexander—Spanier co-chain ¢ has cyclic symmetry provided

G (x0, X1, ..., x9) = (=D9¢(x1, ..., x4, x0).
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The Alexander—Spanier co-chain ¢ is skew symmetric provided

@ (X5 (0)> Xo(1)s - - -+ Xa(q)) = Sign(o) ¢(xo,x1,...,%4), for any permutation o.

Proposition 1.2 (See e.g. [96]) Ler C;J (M, G) denote the sub-complex of the
Alexander—Spanier complex consisting of all co-chains which have cyclic symmetry
or are skew-symmetric. Then

(i) the inclusion of H*®(M, G) into H*“(M, G) induces isomorphisms in
homology.

(ii) If M is a smooth manifold and H*®*"°°'""(M, G) denotes the sub-complex
of H*®(M, G) consisting of all smooth, skew-symmetric Alexander-Spanier
co-chains, then the inclusion of C*S"°""(M  G) into H*“(M, G) induces
isomorphisms in homology.

(iii) The mapping

k

i i i
f(xo,x1, .00, X ) > i S (X0 X1, Xk )| diagdX] Adx AL Adxf
X

k

ax\'oxy...9
(1.16)

is a chain homomorphism &, from the Alexander—Spanier complex to de Rham
complex which induces isomorphisms in homology

Ev: HSg(M,R) —> H (M), (1.17)

The next observation is useful in non-commutative geometry.

Remark 1.2 Suppose Cat is a category of analytic structures on topological mani-
folds M with the property that the corresponding associative algebra <7 of functions
on M is a topological algebra with the property that Car(M*+!) is the projective
completion of the algebraic tensor product algebra ®]é+1Cat(M ). This means that

forany f € Cat(M**1), the function f is given by the sum of a series

o0

f=> fi®cfi®c - ®cfi. (1.18)
i=1

This condition is satisfied, in particular, if Cat = Top or Cat = C*°.
Then

dr(fo ®c f1®c; ..., ®c fr) = fo ®c fi®c,...,®cl®c...&c fk, (1.19)

where the factor 1 is placed into the rth-position.
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1.4 Alexander-Spanier Homology

We assume that M is a locally finite simplicial complex. We define the vector spaces
C,,ést R) :={n | n is a measure on Utk}. (1.20)

If 11 < 1, let p be the restriction of continuous functions defined on U,’; to the
sub-space Ut]j. LetpueC 1?5;1 (R). Then the restriction p induces the measure p, (i)
over the space U,’;. The homomorphisms

px: CRS (R) — C1S (R) (1.21)

k, 1
define an inductive system of vector spaces
CA5 (M, R) = IndLim;C{S (R). (1.22)
By definition, the real Alexander—Spanier homology complex is
CAS(M,R) := {CAS(M,R), 3). (1.23)
and its homology is denoted H*AS(M , R). For more information on Alexander—
Spanier homology see Massey [73].

Theorem 1.4

(i) The Alexander—Spanier homology is functorially isomorphic to the real singu-
lar homology of M.
(ii) The integration induces a pairing

/ HX(M, R) @ HS(M, R) — R. (1.24)

(iii) The pairing f coincides with the canonical pairing H*(M, R) Qg
Hiy (M, R) — R via the isomorphism between the Alexander-Spanier
cohomology/homology and the singular counter-parts.

1.5 Vector Bundles and Connections

The purpose of this section is to discuss how the vector bundles, linear connections
and curvature of classical differential geometry pass into non-commutative geome-
try.

A vector bundle n = (E, m, B) of rank N over the real or complex numbers
consists of the total space E, projection v : E —> B and base B such that each
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fibre 7~ !(x), for any point x € B, is a vector space isomorphic to K", where
K = R, or C. It is required that the bundle n be locally trivial, i.e. there exists an
open covering U = {U;} of the base space and homeomorphisms #; : 7~ (U;) —>
U; x K" which sends each fibre 7 ~! (x) isomorphically onto the fibre {x} x K", for
any x € U;.

If all spaces in the definition of n are topological spaces, respectively,
Lipschitz/quasi-conformal manifolds, or smooth manifolds, and the mappings 7,
h; are, respectively, in the same category, the bundle n will be called a continuous
bundle, respectively, Lipschitz/quasi-conformal or smooth bundle. Denote by Cat
any of these categories.

If the base space is paracompact simplicial or C W-complex of finite dimension,
then the bundle 7 may be embedded into a product bundle N := B x KV, with N
sufficiently large, see Milnor [66].

We may choose in the product bundle N the product Hermitian, or Euclidean,
structure, depending on whether K = C, or R.

Let Ac,; be the associative unital algebra

Acat :={f | f: B — K, where fisa Cat function} (1.25)

Let px : {x} x K¥ — 77!(x) be the orthogonal projection, for any x € B. The
collection of matrices p(x) produces an N x N matrix p with entries in Acy.

Theorem 1.5

(i) For any embedded bundle n into a product bundle of rank N there corresponds
an N x N matrix p with entries belonging to the algebra Acy;.

(ii) The matrix p is an idempotent (p*> = p); if p is produced by pointwise
orthogonal projections, then p is self-adjoint (p* = p) and is called a
projector.

(iii) Vice versa, for any idempotent matrix p with entries in the algebra Acy; there
corresponds a bundle n such that, up to an isomorphism, its corresponding
idempotent is p

(iv) 1 — p is also an idempotent; if p is a projector, then 1 — p is the orthogonal
projection onto the orthogonal complement 1™ of the bundle 1.

(v) The direct sum p @ (1 — p) decomposes the 2Acq-free module of rank N into
a direct sum

(Gea)¥ =T(N) =T () ® I'(nh) (1.26)

and therefore the space I' (1) of sections of the bundle 1 is a finite projective
Hear-module.

(vi) Vice versa, to any finite projective <cq-module M there corresponds a bundle
n such that, up to an isomorphism, its associated <Jcq-module is the module
M.
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Proof Only (iii) and (vi) need a discussion; we leave this as an exercise for the
reader.

Remark 1.3 In non-commutative geometry bundles over the associative algebra .o/
are by definition idempotents or, equivalently, finite ./ -projective modules (Serre—
Swan theorem) see [43].

An idempotent defines a bundle together with an embedding into a product
bundle. In the case of a projective module, although one knows that such an
embedding exists, the embedding is not provided.

1.6 Characteristic Classes

Characteristic classes are co-homological invariants of bundles.

1.6.1 Chern Classes

Chern classes are integral cohomology classes (of the base space) associated to
complex vector bundles over C W-complexes.

Leté : E ~5 Mbea complex vector bundle of rank n over the C W-complex
M. The Chern classes c;(E) € H* (M, Z) represent the cohomology obstruction to
the existence of n — i + 1-linearly independent sections in the bundle &, see Milnor
[66].

The Chern classes are characterised by the following properties
Theorem 1.6

(i) For any complex vector bundle & over the CW-complex M, of rank n, the
Chern class c;(§) € H¥*(M,Z),0 < i < n; co(¢§) = 1, forn +1 < i,
ci(§) =0,

(ii) for any bundle as in (i), ¢, (§) represents the obstruction to the existence of one
non-vanishing section in &

(iii) the Chern classes are natural, i.e. for any continuous mapping f : N — M
and for any complex vector bundle & over M

ci(f*§) = frei(®); (1.27)

(iv) for any two bundles &1, & over M

ci1® &) = Z cr(§1) Ucs(82). (1.28)

r+s=i
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The Chern class ¢, (&) from (ii) is the Euler class of &. For complex line bundles &
c1(&) has a simple description in terms of the transition functions of the bundle, see
Weil [22].

Definition 1.5 The formal power series

€)=Y er@® 1 (1.29)
o<r
is called fotal Chern class.
The property (1.28) becomes
c(61 @ &) = c(61) Uc(8). (1.30)

Definition 1.6 Let £; and & be complex vector bundles over the spaces X1, X,
respectively. Their external product is £ x & a bundle over the space X; x X».

If X1 =X, =Xand:: X — X x X denotes the inclusion onto the diagonal,
then we obtain the internal product &1 ® &;.

Theorem 1.7 For the external product the total Chern class satisfies the relation

c(§1 x &) = c(&1) x c(62). (1.31)

while for the internal product one has

c(61 ® &) = c(61) Uc(8). (1.32)

1.6.2 Pontrjagin Classes

Definition 1.7 For any real vector bundle &, the Pontrjagin classes p;(£) are by
definition, up to a sign, the even order Chern classes of the complexified bundle

pi(€) == (=1) 2 (¢ ®r C). (1.33)

Remark 1.4 The Chern classes of ¢;( £ @r C), i = odd, are 2-torsion elements of
the corresponding cohomology groups, see Milnor [66, p. 174].

Theorem 1.8 (Milnor [39])

Let M be a smooth manifold and let T (M) denote its tangent bundle.

The integer Pontrjagin classes p; (T (M)) € H* (M, Z) depend on the differen-
tiable structure; they are not topological invariants.
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However, the image of the integral Pontrjagin classes into the rational cohomology,
i.e. the rational Pontrjagin classes p; € H* (M, Q), behaves differently. The
following result is of fundamental importance.

Theorem 1.9 (Novikov [41])
The rational Pontrjagin classes of the tangent bundle to any differentiable
manifold

pi(T(M)) € H¥(M, Q) (1.34)

are topological invariants.
Prior to the Milnor and Novikov results, the following two theorems were known.

Theorem 1.10 (Rohlin and Svark [18]) The rational Pontrjagin classes of a
triangulated smooth manifolds are combinatorial invariants.

Theorem 1.11 (Thom [24]) The rational Pontrjagin classes are combinatorial
invariants.

The solution of the Hauptvermutung problem given by Kirby and Siebenmann [56]
has as corollary the following theorem.

Theorem 1.12 (Kirby and Siebenmann [56], See Also [69])
Topological manifolds possess rational Pontrjagin classes.

The Novikov theorem gives information about the rational Pontrjagin classes of
smooth manifolds. The Kirby—Siebenmann result covers all topological manifolds.

1.6.3 Chern Character

The Chern character derives from the Chern classes. The Chern character establishes
an isomorphism between the rational K -theory with bi-graded rational cohomology.

Definition 1.8 Let £ be a complex vector bundle of rank n. Let’s represent the total
Chern class

c®= ) o =[] a+1®0n, (1.35)

0<r<n 1<r<n

where ¢ and A, are commuting indeterminate. (This decomposition, which we would
referred to as Hirzebruch reduction procedure, could seem formal, but it has a
topological justification, see Hirzebruch [32, section 4.2] and; see also Milnor [66,
§19. and p. 307]).
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For the definition of the Chern character, Ch(§), see also [32, §. 10.1].

ChE) = Y "®" =3 "Chy(#) 1", (1.36)
0<r=<n 0<s
where
)\-r § ¢ 1 ¢ ¢
elr(s)l‘ — Z E‘?) 5= Z N ( Z )\r(é)s ) 5 (137)
0<s ’ 0<s ° 1<r<n

is the exponential series.

Formula (1.35) describes the Chern classes ¢, as the rth-fundamental symmetric
function in the variables A1, A, ..., Ay

cr(§) = > Aiyhigs o os A, - (1.38)

1<ii<iz<,...,<ir<n

Definition 1.9 The coefficients of the formal series (1.36) are called components of
the Chern character.

The definition implies the first part of the next theorem.
Theorem 1.13

(i) The components of the Chern character are symmetric functions in the inde-
terminate A, and therefore Chg(€) are well defined universal polynomials with
rational coefficients of the basic symmetric functions, cy(€).

(ii) Vice versa, the Chern character determines the rational Chern classes by means
of (inverted) universal polynomials with rational coefficients.

Proof See [32, Chapter 3] and Milnor [66, p. 306].

Chern—Weil theory—discussed in the next section—allows one to express the
characteristic classes of bundles in terms of their curvature. In particular, the Chern
character is given by the next theorem.

Theorem 1.14 Let p € M,(M) be an idempotent, let V. := p d p be its Levi-
Civita connection, and let Ry = (d p)(d p) p be its curvature.
Then

Chy(p) = tr e2ni B9 (1.39)

is a formal sum of closed forms in the de Rham complex 2,(C°°(M)); this form
represents the Chern character of p.

Proof The reason why this form represents the Chern character of the bundle
follows from two facts. Firstly, one verifies that the formula is correct for complex
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line bundles; secondly, one uses the Hirzebruch reduction procedure to extend the
result from line bundles to arbitrary bundles.

This theorem passes to non-commutative geometry after the homology theory
framework (called cyclic homology) is defined, see Connes Karoubi Chern charac-
ter, discussed in Sect.2.4.11.

1.6.4 Chern—Weil Theory

Definition 1.10 Let M,,(C) denote the algebra of n x n-matrices with entries in C.
The function P : M,,(C) — C, depending continuously of its entries, is called
invariant provided for any matrices M, N € M,,(C)

P(MN) = P(NM), (1.40)
or equivalently
P(MNM™" = P(N), (1.41)

for M invertible.

(Clearly, if the first relation holds and M is invertible, replace init N = ZM~! to
get the second relation. Vice versa, if the second relation holds, with M invertible,
take N = ZM to get the first relation. Any singular matrix is the limit value of a
continuous path of non-singular matrices).

Theorem 1.15 (Chern—Weil Theorem, See Chern [6] and Bott [63]) Ler & be
any complex vector bundle of rank n over the smooth manifold M. Let V be any
smooth linear connection in & and let Ry be its curvature. Let P be any invariant
function over the algebra of n x n matrices.

Then

(i) P(Rv) is a well defined differential form on M
(ii) the differential form P(Rv) is closed in the de Rham complex, i.e. d P(Rvy) =
0
(iii) the de Rham cohomology class of the cycle P(Rv) does not depend on the
chosen connection V. An analogue statement holds for principal bundles.

The determinant is an invariant function.
One has the following:
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Theorem 1.16 Ler & be any complex vector bundle of rank n over the smooth
manifold M. Let V be any smooth linear connection in & and let Ry be its curvature.
Then

1
det(ly + , Ry =1+ c1€)t + () P+ a@®r o+ )"
(1.42)

or

1
det(l, + Ry)=1+ ,_c1i(é) 1 +

@) F 4.+ ! G EVE 4
27‘[ )r

1
(2mi)? U Qi
(1.43)
For any real vector bundle of rank n, the Pontrjagin classes are given by

det(Iy+ Ry =140y 1+ Q) 2p1(E) 2+ 03 + ...+ @m) 2 pr&) PF +opppy 12 4.
(1.44)

while oo+1 are de Rham co-boundaries.
For any complex vector bundle & the Chern character is
! Ryt
Ch(§) =trace eni™v "', (1.45)

Vice versa, the components of the Chern character determine the Chern classes
of the bundle by means of universal polynomials with rational coefficients.

The proof of these results could be found in [66], see also [63].

Theorem 1.17 The Chern character passes to K -theory

Ch:K%X)®zQ — @ H*(X, Q). (1.46)
¢=0.1,2,...

It is a ring isomorphism.
Ch(f*§) = f* Ch(§) (1.47)
Ch(51 @ &) = Ch(§1) & Ch(é) (1.48)

Ch(§1 ®c &) = Ch(&1) U Ch(&). (1.49)
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1.6.5 Geometric Construction of the Chern Character
1.6.5.1 The Cube Construction

For this sub-section we use Teleman [44].

Let M be a smooth Riemannian manifold and let & be a vector bundle over
M endowed with a linear connection V. Let (x1, x2, ..., x,) be local system of
coordinates about the point p of the manifold. Let X1, X»,..., X, be linearly
independent tangent vectors to M at the point p. We may assume that these vectors
are ortho-normal. The affine structure of the local coordinate system allows one
to speak about segments joining points and coordinate lines. Let P be the g-
dimensional parallelepiped, with respect to the local coordinates, whose sides are
tangent, respectively, to the vectors X1, X2, ..., X, in such a way that the vectors
X; are the unit basic tangent vectors X; = d/dx;. Suppose the point p is the origin
of the coordinate system.

Let 7(y, x) denote the parallel transport along the segment joining the point x
with the point y. For each element o in the permutation group 1, and for each
small 7 € R, let A, (¢) be the unique path in P consisting of linear segments which
start at p = (0,0, ...., 0) and finish at the point (¢, ¢,...,¢,0,0...,0), such that
the coordinates, x1, x2, . .., X, change just ones from 0 to 7, in the order prescribed
by the permutation o. Let x4 (;),; denote the ith point of this path.

Let n be any vector belonging to the fibre of the bundle over the point p. Consider
the alternating sum of the vectors obtained by transporting the vector n along the
path As (¢); let @, (n, t) be the resulting vector.

The correspondence n + @,(n,t) is linear. Consider the function &,()
obtained by taking the trace of the function @, ( — , 1)

Definition 1.11
D,y (t) = tr Z Sign(o) T(Xg(g),t> Xo(g—1)1)s -+ , 0T (Xo(2),15 Xo(1),1) © T(Xg(1),r5 0).
o€lly
(1.50)
In the sequel this construction will be referred to as the cube construction.
Theorem 1.18 (Teleman [44])
(i) For an even number of tangent vectors, the cube construction gives
. 1 q'2g)(—2mi)?
Limpp 2 Doy (1) = 22 0 (1.51)

where W, denotes the qth-component of the Chern character of the bundle §.



18 1 Spaces, Bundles and Characteristic Classes in Differential Geometry

(ii) For an odd number of ortho-normal tangent vectors {X1, X2, ..., Xo24, X24+1}
the cube construction gives

i=2q+1 R
> DXy, Xa X Xog. Xog41)-

i=1

9'Q2q)(=2mi)?

. 1
Limp\ 0 2 Pog4+1(t) = 22

(1.52)

Remark 1.5 The geometric construction of the Chern character provided by Theo-
rem 1.18 shows that the Chern character is the extension of the Riemann curvature
tensor from dimension 2 to even higher dimensions.

1.6.5.2 The Simplex Construction

The simplex construction, due to Teleman [52], introduces two changes in the
cube construction [44]: (1) the affine segments (relative to local coordinate charts)
are replaced by arcs of geodesics joining close points (relative to an additional
Riemannian metric on M), (2) the parallel transport along the sides of the cube is
replaced by parallel transport along the sides of the simplex, which begin and finish
at the first vertex of the simplex; the permutation o describes the order in which the
vertices of the simplex are used to produce the path.

Remark 1.6 The formula (1.51), improved by the simplex construction, may be
rewritten using the notion of direct connection defined in Sect. 1.7. In this form
it becomes the Chern character of idempotents. Applied to topological manifolds, it
leads to the rational Pontrjagin classes, see Sect. 10.5.

1.6.6 Levi-Civita and Linear Connections of Idempotents

If M is a smooth manifold embedded in the Euclidean space R, then its tangent
bundle is embedded in a product bundle of rank N, denoted N. The fibre-wise
orthogonal projection of the product bundle N onto the embedded tangent bundle
produces an idempotent p.

The space of smooth sections in N will be denoted 1" (N). The vectors belonging
to I'(N) will be represented as column vectors. These vectors have N components;
each component is a smooth function over M.

Instead of considering a manifold M and its tangent bundle embedded in an
Euclidean space, we may consider an arbitrary idempotent p € My (C*°(M)). Let
I'(p) denote the range of the idempotent p. This space represents the vector space
of smooth sections in the bundle represented by p; it is a sub-space of the space of
sections of the product bundle N.

Lete; € I'(N), 1 <i < N, denote the vector having all components equal to
zero, with the exception of the ith component equal to 1. As the algebra C*°(M)
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is commutative, the left and right module structures coincide. We insist, however,
that in the next considerations we are going to work exclusively with the right
module structure of I'(N) over the algebra C*°(M). Any vector (f1, ..., fn)" €
I' (N) decomposes uniquely as a linear combination of the vectors e; with smooth
coefficients

oo I =) i fi (1.53)

The right module structure is given by

froeoos " f = (i foos N DT (1.54)

Although the algebra C*°(M) is commutative and the following identity
p-f=1/f.p. YfeC?WM), (1.55)

holds, we are not going to use this identity. With this precaution, in all analogues
situations in non-commutative geometry, the algebra C°° (M) could be replaced by
any associative algebra.

Definition 1.12 A linear connection into the bundle p, over the field K =
R, or C,isaK-mappingV : I'(p) — I'(p) ®coowm) 2L, satisfying
the Leibnitz relation.

VEf) = (VE)f +Edf, Veel(p), VfeCT(M). (1.56)

Proposition 1.3 For any linear connection V in the bundle p, there exists an unique
connection extension

V :I'(p) @comy 21 (M) —> T @cooqry 2771 (M) (1.57)
satisfying the Leibnitz relation
V(é.w) = (VE). o+ (1) VE.(dw), (1.58)

Jorany & € I'(p) ®coom) QUM) and w € 27 (M).

Proof We define the extension of the linear connection
V(E @coon i) = V) Qceon o + (=D & ®cory doy (1.59)

forany & € I'(p) and w; € £2;(M).

The extension satisfies the Leibnitz relation.
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V(&) is called covariant derivative of the section £. The following properties of
linear connections are familiar.

Proposition 1.4 Any linear connection satisfies the properties

1. V_:T(p) — I'(p) @cmw 2 (M),

2. Vx(p) is a C*(M)-homomorphism in the argument X,
3. Vx (&) is R-linear in the argument & and

4. Vx (&) satisfies the Leibnitz identity in the variable &

Vx(E )= E®c~w df + (V=) f. Vf e CTM). (1.60)

Proof We leave to the reader to check this proposition.

Proposition 1.5 For any linear connection V in the bundle p, the homomorphism
R =V o VisaC>®(M)-homomorphism.

Proof One has

VoV(&f) =V (VE).f + & Qcem df ) =

(V(VE)). [ —(VE)) .df +(VE)).df +(V (VE)).ddf) = (V(VE)). f.
(1.61)

Definition 1.13 The endomorphism R = V o V is called the curvature of the
connection.

Proposition 1.6 Let V| and Vg be two linear connections in the bundle defined by
the idempotent p.
Then

Vi —Vo: I'(p) —> I'(p) ®cocu) 21(M) (1.62)

is a C*®°(M)-homomorphism.

Proof The definition of linear connections gives, for any £ € I'(p) and f €
C>(M)

Vi = Vo). =

(Vi&).f + E®cxundf) — (Vol).f + &§®cowmdf ) = (Vi — Vo)§) .f.
(1.63)

Remark 1.7 All C*°(M)-modules considered next are right modules.

The idempotent p defines a vector bundle together with an embedding of it into
a product bundle N.

The structure equations describe how the connection and curvature of the bundle
are seen from the product bundle perspective.
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In the product bundle the exterior derivative, acting on functions belonging to
C>®(M), is available.

Theorem 1.19 (Structure Equations)

(i)

(it)

First structure equation. For any linear connection V in the bundle p, there exist
well defined differential forms w?j € (M) such that

V(pe) =Y (pej)®cu o). (1.64)
J

Second structure equation. The curvature of the connection is given by the
equations
R(pe) =Y (pew) @ (0f; Ao + dof). (1.65)
k’j

(In non-commutative geometry the algebra 2*(M) is replaced by another
graded differential algebra having good homological properties—universal
algebra. In this algebra the wedge product is denoted by a dot. It is not graded
commutative).

Remark 1.8 If we denote by w;; any solution satisfying the first structure equation,
such a solution is not unique. In fact, if p e; = 0, the coefficient wj; is arbitrary.
The theorem states that there exists a well defined particular solution a)(}i.

Proof

@

By definition V takes values in I"(p) ®ceo () £21(M). This means that there
exist elements & € I'(p) and differential forms ¢, € £2 (M) such that

V(pe,-) = Z%‘L ®C°C(M) (7 (166)

As the elements p e; constitute a system of generators of the right module
I'(p), there exists a system of elements f, ; € C°°(M) such that

& =Y (pej).fir (1.67)
J

Then
V(pe) = Y (pej)-fiu®ce ¢ =
Jit

Z( pej)®cowmy fi-¢u

Jst

(1.68)
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Denote >, fj.-% = wij. Then

V(pe) = Y (pej)®cxu) wji, (1.69)
Ji

where wj; = Z/lt fie
(i1)) We use the first structure equation to compute the curvature R = V V

R(pe)=VV (pe)=y_ V((pe)) ®cxm wji) =
j
Z(V(P ej) ®comy wji + (p ej)-d(wji)zz ((p ex) ®coom wjwji + (pej).dwji) =
J Jk
Z((P er) ®CoM) WjWji +Z(P ej).d(wj;) :Z((P ek) ®(CoM) WijWji +Z(P ex)-d(wki).
Jjk J Jjk k

(1.70)

This completes the proof of (ii).
Definition 1.14

(i) The forms wj; are called connection components.
(i) The second structure equation may be rewritten (summation convention used)

R(pei) = (pex) Qcom) $2kis (1.71)
where
2 = Wkjwji + dwy; . (1.72)

The differential forms §2; are called curvature components.

Remark 1.9 The connection coefficients and the curvature components defined
above do not coincide with the classical definitions, see [66, pp. 294, 297].
Classically, the connection coefficients and the curvature components are defined in
alocal system of coordinates, or product bundles. Our treatment differs with respect
to the classical treatment. In fact, our treatment describes these quantities as if the
manifold M were embedded in an Euclidean space; compare also with [89, §1.9]
and proof of Theorem 1.19.

Although the quantities involved in the structure equations we present here do
not coincide with the classical definitions, the equations remain the same.

Formally, the second structure equation may be written

R=TIT+dTr. (1.73)

Comparing with the second structure equation presented in [66, pp. 294, 297] we
see that there is a sign discrepancy. The discrepancy is due to a different definition
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of the connection extension, compare [66, p. 292]. Looking at the components only,
the second structure equation writes

2 = d Ty + Iy I'j;. (1.74)
From this relation we get
dS =ddlyy + dTy) 'y — Iy d ) = [dI, T g, (1.75)
or
d$2 = 1[dI, I'], (1.76)

known as Bianchi identity.

1.6.7 Levi-Civita Connections

A particular case of a linear connection in the bundle p is the Levi-Civita connection.

Definition 1.15

V_(§) := podop (§) € I'(p) ®cwwm) 2" (M) (1.77)

where d is the direct sum of exterior derivatives d

d(fi. froe N7 = @ fi. d fr.nd f§)" € T'(p) ®coour 2 (M)
(1.78)

acting onto the sections & = ( f1, f2,..., fn )", fi € C*(M), of the product
bundle M x RV,

The above formula has to be understood in the following manner. Of
course, if & is a section of the bundle p, then p(§) = &. On the other side,
d fi.d fr,...d fn)"(X) = (X f1,X f2,...,X fn)" is a section in the product
bundle M x RV,

Let p = (pij). The product of matrices is given by

(p-Pi = Y, Pkj Pji = Pki- (1.79)
J

The matrix p acts on the vector ¢; by the formula

(p ei):Z ej pji- (1.80)
J
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Definition 1.16 Define the Levi-Civita connection

Vipe) = pd(pe). (1.81)

In this formula the operator d acts onto the components of vectors belonging to
I"(N); these are smooth functions.

The Levi-Civita connection satisfies

Vpe) =Vippe) =Vp(Y ejpji) = Vpep).pji) = Y [V(pe)pji + (pej)dpjil

J J J
(1.82)
Proposition 1.7 For any idempotent p the following identities hold
p (dp) = (dp) (1 = p) (1.83)
(I —p) (dp)=(dp) p (1.84)
p (dp) (dp) = (dp) (dp) p. (1.85)
Proof As the idempotent p satisfies the identity p> = p, the first two identities
follow by differentiation
@pyp+p@p) =dp’ =dp. (1.86)

The third identity is a consequence of the first two.
Proposition 1.8 The Levi-Civita connection is a linear connection.
Proof We leave to the reader to check this result.

Remark 1.10 This definition of Levi-Civita covariant derivatives V. coincides with
the extension of the Levi-Civita connection [89, Proposition 1.10].

Theorem 1.20 The Levi-Civita connection V = {Vy }x associated to the idempotent
p satisfies the relation

tr tr

Vir1oVi)(w1, 02, ...,0ony)" = pdp)Adp)AN(w1,02,...,0N)

(1.87)

for any sectiont = (w1, wy,...,ox )" inthe bundle Dok

Proposition 1.9 The curvature of the Levi-Civita connection is

Ry = p(d p)n(dDp). (1.88)
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Proof

tr

(Vg1 o Vi )(or, ,...,0n)" = (pd p)(pd p)(w1,02,..., 08 )" =
= (pdpdp)o,o,... oy)" =
= pldp) + pdl ANdp(w,o,...,0n)" =
= pdp) Adplor,w,..., wy)" =
=p@p AldpA(wr,o..., oy)" + pd(on, ..., oy )" =
= pdpldp) (o, o,..., on)" + pdp)pdlo,o,..., oy )" =
= pWp) A W@p)A(wr,02,...;08)" + pdp) pdlon,w,...,on)" =

= pWdp)dp) A(wr,o,..., on)" + pdp)d(d—-plo,o,..., oy)" =

(the section & belongs to the kernel of 1 — p)
=pdp) AN Ap A(op,o,...,0o8)". (1.90)

Remark 1.11 The Levi-Civita connection suffices for the definition of the Chern
character of idempotents in non-commutative geometry. However, linear connec-
tions are used to show that the Chern character may be defined in more general
contexts.

The Chern character of idempotents will be discussed in Sect. 3.12.

1.6.8 Infinitesimal Connections

In this sub-section we will gradually extend the generality of our considerations until
we will reach a point where the passage to non-commutative geometry becomes
easily understood.

To begin with, we mention the following theorem.

Theorem 1.21 (Séminaire Sophus Lie, 1954-1955[13, Ch. III, §. 9])
Lie algebra extensions

0—L —L—L"—0, (1.91)

with L' a commutative Lie algebra, are classified by the elements of the group
H*(L", L.

We assume the reader is familiar with the notion of principal bundle. For more
details, the reader may consult the treatise Kobayashi and Nomizu [34, Vol. I and
11].
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In 1957, Atiyah [17] associated with any analytic principal bundle P with
structural group G over the manifold M an exact sequence of Lie algebras

0— L(P)— Q —>T — 0 (1.92)

here Q denotes the Lie algebra of right-invariant tangent fields over the total space
of the bundle, T denotes the Lie algebra of tangent fields on the base space and
L(P) denotes the Lie algebra of right-invariant tangent fields along the fibres of the
bundle P. Atiyah uses this exact sequence to study analytic principal bundles.

We recall that for any vector bundle E of rank n over the field K = R, or C,
there is an associated principal bundle P(E) with structural group GL(n, K). The
associated principal bundle P(E) has as fibre over the point x € M the space
of isomorphisms I SOk (K", E,). The group GL(n, K) acts to the right onto the
total space of the bundle P (E) while transforming its fibres in a simply transitively
manner

ISOkXK", E,).GL(n,K) — ISOk(K", E,). (1.93)

The fibre of the associated principal bundle is diffeomorphic to the group GL(n, K)
and the group G L (n, K) acts to the right.

A linear connection into the bundle E induces an infinitesimal connection into
the associated principal bundle.

In this section we will be interested in smooth principal bundles P rather than
analytic principal bundles. An infinitesimal connection in the principal bundle P is
a C*®°(M)-splitting p : T —> L(P) of the Lie algebra extension (1.93) of smooth
tangent fields.

For any infinitesimal connection there is an associated connection form and
curvature, see [34].

1.6.9 Characteristic Classes of Lie Algebra Extensions

For the next considerations we use Teleman [62]; this article gives an algebrisation
of some of the basic geometric constructions in differential geometry and could be
used as introduction to the theory of algebroids.

The purpose of the article [62] was multiple. On the one hand, its intent was to
extend Theorem 1.21 to Lie algebra extensions by non-commutative Lie algebras
L'. On the other hand, the article gave a non-conventional definition of connection
form and curvature; it made one step further towards the algebrisation of the theory
of characteristic classes. The structure used in [62] is known as Lie algebroid,
which was defined earlier, independently, by Pradines [48]. More information about
algebroids may be found in [88, 105] and [118] by Mackenzie. The article [62]
introduces formal polynomial homotopies and formal integration.
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1.6.9.1 Connections and Curvature of Lie Algebra Extensions

We consider the following algebroid structure (1)—(9).

. Ris a commutative ring with 1 € R

. Fis a commutative R-algebra with 1 € F
H, P, T are Lie R-algebras

. the sequence

B W=

E: 0—H-5SP ST >0

is an exact sequence, where ¢, m are Lie R-algebra Lie homomorphisms.
We agree to identify ((H) with H.
5. H, P, T are F-modules, which induce the R-module structures (3).
. i, w are F-linear homomorphisms.
7. The exact sequence E is F-split, i.e. there exists an F-homomorphismV : T —
P suchthatw oV = 17.
F is a T-Lie algebra module. Therefore F is a P-Lie algebra module by .

@)}

X(fi.f2) = Xf0). L+ fii X(f),

forany f1, f» € Fandforany X € T.

[f X1, X2l = f [ X1, X2] = (X)) (f . X1),

forany f € Fandany X1, X» € P.

Remark 1.12 The conditions (1)—(9) do not require any analytical structure, like
smoothing or manifold structure; the ground ring R could be any commutative
ring. Only at the end of the construction, in Sect. 1.6.9.3 where we are associating
characteristic classes, we will need the ring R to contain the rational numbers.

Example 1.1 Let P be a principal bundle with structural Lie group G and base M
in the smooth category. The bundle P provides an example of algebroid (1)-(9),
where

1. Risthefield K=RorC

2. F is th algebra of smooth functions on M with values in K

3. H, resp. P, are the Lie algebras of right-invariant tangent fields on P which are
tangent to the fibres, resp. of the total space of the bundle P, while T is the Lie
algebra of tangent fields of the base space.

4. The projection 7 is the projection of a right-invariant tangent field on P onto the
base space.

These algebras and modules satisfy all other requirements (1)—(9).
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If the bundle P is an analytic bundle then there are obstructions to the existing of
the splitting V, see Atiyah [17]. However, at the C* level, the splitting exists [17]
and provides a classical infinitesimal connection in P, see [34].

We come back to the general algebroid structure (1)—(9).
The Lie algebra H is an ideal in P. Therefore, H is a P-module given by the
adjoint representation of P over H: forany X € Pandh € H

Xh :=[X, h]; (1.94)
the Lie module structure means
[X1, X2]h = X1(X2h) — X2(X1h); (1.95)

this is the Jacobi identity, for any X1, X € Pandh € H.
The axioms imply that

[fX1, X2l = f[X1,.X2], VfeF, VX, € P and VX, € H. (1.96)
Definition 1.17 Define the connection form
X)) =X-Vr(X), VXeP. (1.97)

Any element of H will be called vertical, while the elements VX, VX € T, will be
called horizontal.

It is easy to check that w : P — H. Given a commutative ring A and two A-
modules, M and N, define

Cﬁ(M, N)={f]|f: MY — N, with f A —multilinear and skew — symmetric}.
(1.98)

In addition, if one supposes that M is Lie algebra over the ring A, define
d:ckm, Ny — &, N) (1.99)

by the familiar formula

@A X1, X, Xpp) o= Y (=X f(X0, X, X Xag)
1<r<k+1
+ Z (_l)rJrSf([Xr,XS]’Xl,---,)A(r,---’f(sﬂ--’Xk+l)-
1<r<s<k+1

(1.100)
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Given that F is a T-module and H a P module, {C*(T, F), d} and {C*(P, H), d}
are co-chain complexes.

Definition 1.18 The basic curvature is the form 2v € C%(T, H) defined by
2v (X1, X2) == V[X1, X3] — [VX1, VX5 (1.101)
forany X1, X, € T while the spatial curvature is the form £23, defined by

Q3(X1, X2) = [X1, 0(X2)] — [X2, V(XD] — o([X1, X2]) — [0(X1), ©(X2)]
(1.102)

for any X1, X» € P.

The basic curvature measures in which respect V is not a Lie algebra homomor-
phism.

Remark 1.13 The reader should notice the difference between the definitions
of connection form and curvature given above and the classical definitions of
connection form and curvature of infinitesimal connections [34] and [17]. The
definitions of connection form and curvature presented here are relevant to the
theory of algebroids, compare Mackenzie [88, 105, 118]; they extend naturally to
the case of short exact sequences of associative algebras and their Chern character:
they pass easily into non-commutative geometry, see Sect. 2.3.3.

Proposition 1.10 The spatial curvature and the basic curvature satisfy the rela-

tions
2y € CA(T, H) (1.103)
2% =7"Qvy, therefore 2% € C%(P, H) (1.104)
Q5(X1, X2) = Vr[X1, X2] — [Va X1, VT Xal. (1.105)

Definition 1.19 We introduce the following operations

() [w, @]1€ CA(P, H)is defined by
[0, o (X1, X2) :=[w(X1), ©(X2) ] (1.106)

for any X1, X € P.
(i) [ 2%, w]e CH(P, H)

X1, X2, X3) :=

[Q5(X1, X2), o(X3)] — [ 2E(X1, X3), o(X2)] + [ 2%(X2, X3), o(X1)],
(1.107)

for any X1, X», X3 € P.
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(iii) Forany ¢ € C f,(T, E), with E an arbitrary T-module, the covariant derivative
Dv(p) € CkTNT, E) is

Dv(p)(X1, X2, ..., Xkg1) = (7" @) )V X1,V X2,...,V Xp41).

(1.108)
Proposition 1.11 (Structure Equation of Lie Algebra Extensions)
The spatial curvature satisfies the equation
do = 23 + [w, o] (1.109)

Proposition 1.12 (Bianchi Identity of Lie Algebra Extensions)

(i) The exterior derivative of the spacial curvature 23 satisfies the equation
d2y = —[23%, o], (1.110)
while the covariant derivative of the basic curvature satisfies

D2y = 0. (1.111)

1.6.9.2 Constant Invariant Forms of Lie Algebra Extensions

We proceed with the study of short exact sequence of Lie algebras.

Definition 1.20 Letg : H x HX, ..., x H —> F be a k-multilinear F form.
The form g is called constant invariant form provided it satisfies the condition

T (X)eh, ha, .., hi) = Z oy, ..., [X, kil ... i), (1.112)

1<i<k

forany hi, hy,..,hy € Hand X € P.

To understand the above condition, we give a definition and theorem from the theory
of invariant forms on Lie groups.

Definition 1.21 Let G be a Lie group. The k-differential form ¢ defined on G is
called invariant differential form iff it is invariant at the adjoint action, i.e. for any
element g € G and for any right-invariant tangent fields X1, X», ..., Xx on G, one
has

¢(Ady(X1), Ady(X2), ..., Ady(XK)) = ¢(X1, X2, ..., X0). (1.113)
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Theorem 1.22 Let G be a connected compact Lie group. Then ¢ is an invariant
k-differential form on G provided it satisfies the equation

> eXi . (X X)L X)) =0, (1.114)

1<i<k

for any right-invariant tangent fields X1, X2, ..., Xy and X on G.

We explain here the condition on ¢ of being constant invariant. For, we assume that
the conditions (1)—(9) refer the algebroid associated to a principal G-bundle and
we suppose that ¢ is a constant invariant form. Suppose X € H. Equation (1.114)
becomes

> el (X kil h) = 0, (1.115)

1<i<k

which says that ¢ is an invariant differential form over the Lie algebra H, which
represents the Lie algebra of right-invariant tangent fields along the fibres of the
bundle. This gives an understanding of the local meaning of the condition (1.115).
The fact that the equation should be satisfied for any X € P rather than X € H, says
that ¢ may not change when we pass from one local trivialisation of the principal
bundle to another local trivialisation; this justifies calling such forms constant
invariant forms.

1.6.9.3 Chern—Weil Theory for Lie Algebra Extensions

There is a Chern—Weil theory for principal bundles.

Theorem 1.23 (Chern—Weil)

Let & be a smooth principal bundle with structural group G over M. Let V be an
infinitesimal connection in &. Let 2v be its curvature and let ¢ be any k-invariant
form on the group G. Then

(i)
Py = @(82v, 2v, ..., 82v)
is a well defined 2k-differential form on M.

(ii) The form @ is closed.
(iii) The cohomology class of ¥ is independent of the connection V.

Theorem 1.24 (Teleman [62]) Let (1)—(9) be an extension E of Lie algebras. Let
V be a connection in E and let §2v be its curvature form. Let ¢ be a k-invariant
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form of the extension. Then

1.
Dy == 9(2v, ..., 2v) € CHT,F)

is a well defined 2k-co-chain,

the form @ is closed,

3. if the ground ring R contains the rational numbers, then the cohomology class
[ @v |1 € H*(T, F) does not depend on the connection V.

N

Proof

1. is clear.

2. As in the classical case, the proof is based on the Bianchi identity Proposi-
tion 1.12.

3. The proof of the homotopy invariance of the characteristic classes [62, §5] uses
formal polynomial homotopies between connections and a formal integration of
powers of the corresponding curvatures. A formal Leibnitz—Newton type formula
for formal polynomial integration is introduced; it requires rational numbers for
its implementation.

For a complete proof see [62].

Theorem 1.24 passes into non-commutative geometry. The next remark will be used
as the departure point for non-commutative considerations. For further reference, we
summarise the result proven in this section.

Remark 1.14 For any short exact sequence of Lie algebras E (1)—(9) and any
constant invariant form ¢, &y € C 2"(T, F) is a closed form; if the ground ring
R contains the rational numbers, then the cohomology class of @v is independent
of the connection V.

Remark 1.15 The problem of defining characteristic classes of short exact
sequences of associative algebras means going beyond the almost commutative
case of Lie algebras; this will be discussed in a non-commutative context, in
Sect.2.3.3.

1.7 Direct Connections

The notion of direct connection was introduced by Teleman, originally using
the term of linear quasi-connection, see [116], and later changed into direct
connections, [121].

The genesis of this concept passed through a few stages. It started with the
geometric interpretation of the Chern character [44]. This interpretation used cubes
relative to the affine structure on local charts of coordinates and a parallel transport
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defined on the bundle. The second stage was the article by Teleman [52]. This
construction replaced cubes by simplices; such simplices were built using the
parallel transport along geodesics of an additional Riemannian structure on the
manifold. In the simplex construction the Riemannian metric was used as a support
for the construction of simplices. The parallel transport along geodesics was used
also in more recent articles, among which, in [96], for the study of the Novikov
conjecture discussed in a non-commutative geometry context.

The next step derived from the study of the geodesic distance d(x, y) between
close points x,y belonging to a Riemannian smooth manifold [116, 121]. The
purpose of the study was to extract the Pontrjagin classes of the manifold from
the geodesic distance.

A further step was the extension of the procedure (used in [83, 121]) from the
tangent bundle to an arbitrary smooth vector bundle; see also Kubarski and Teleman
[117].

Direct connections remove the need to introduce Riemannian metrics as support
for the parallel transport along geodesics.

We pass now to summarise the content of the articles [83, 121].

We recall that the geodesic distance d(x, y) is a basic ingredient of the parametrix
for the Laplacian, see Sect. 1.9.2. The parametrix uses the exterior powers of the
double form on M x M derived from the geodesic distance

1
AC,y) = =) dadyd(x, y).

This double form was used in [83, 121] to produce the tensor Aon M x M. The
tensor A is covariant in the first argument and contravariant in the second argument

_ d*(x, y) ot 9
A(Z&a )= Z& axinys & gk (1.116)

where g;; are the local components of the Riemannian metric.

Theorem 1.25 The tensor A has the following properties:
1.

A: T (M) — Ty(M) (1.117)

is an isomorphism for x, y sufficiently close points and
2. A(x,x) =1d.

These properties are easily extended if we replace the tangent bundle by an arbitrary
vector bundle.
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Definition 1.22 (Teleman [116, 121]) A dérect connection in the vector bundle &
over M consists of a system of mappings A : §&; — &, from the fibre over the
point x to the fibre over the point y such that

1.
At — g (1.118)

is an isomorphism for x, y sufficiently close one to each other and
2. A(x,x) = Id.

Theorem 1.26 (Kubarski and Teleman [117]) The infinitesimal part of a smooth
direct connection in a smooth vector bundle is a linear connection in the bundle.

Proof Let A(x,y) be a smooth direct connection in the vector bundle &. We
assume the bundle is locally trivialised, ie. A(x,y) : KI — K%, x,y €
coordinate chart,is a vector valued function.

The infinitesimal part of the direct connection A is the second order partial
derivative

Il = (02Ax, y)/0xi9y) je=y.

The functions I” aﬁi ; are the Christoffel coefficients of a linear connection.
For more details, please see [117].

Theorem 1.27 (Kubarski and Teleman [117]) Smooth direct connections are
more general than linear connections.

We will see in the last chapter of this book that direct connections could be used on
topological manifolds.

Proof Let I" be a smooth linear connection in the vector bundle . Let 7 (y, x), be
the I"-parallel transport of vectors along the curve y, from the point x to the point
y. Then I' satisfies the condition

T(-xv )’)y OT(%)C))/ = Id

A direct connection does not have to satisfy this condition.

Definition 1.23 (Direct Connections in Algebraic Systems) M may be replaced
by any set M, provided the notion of close points is defined; the fibres &, may be
replaced by any algebraic structure. (In particular, M could be replaced by any
simplicial complex or even discrete space).
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A direct connection in the algebraic system & is a system of mappings A g —>
&y such that

1.
At — & (1.119)

is an isomorphism for x, y sufficiently close one to each other
2. A(x,x) = 1d.

Remark 1.16 A particular case of direct connection is the parallel transport along
geodesics in any vector/principal bundle over a smooth manifold, see e.g. Teleman
[52], Connes and Moscovici [96].

Definition 1.24 For any direct connection A in the vector bundle £ over the
manifold M, define the function ®@; over M k+1

B (x0. X1, ..., xx) = tr A(xo,x1) 0 A(x1, x2)o, ... 0A(xk_1, Xk) 0 A(xk, X0).
(1.120)

The function @; reminds the cube [44] and simplex constructions [52] used in the
geometric interpretations of the Chern character; compare with formula (1.51). In
comparison with the cube and simplex constructions of the Chern character, the
present formula eliminates both the need to consider arcs of geodesics—derived
from a Riemannian metric on the base space—and the skew-symmetrisation. The
elimination of skew-symmetrisation is one of the basic features of non-commutative
geometry.

Theorem 1.28 (Extension of Chern-Weil Theory to Direct Connections [116,
117,121]) Let & be a complex/real bundle over a smooth manifold and A a direct
connection in §. For any natural even number k = 2q consider the function Wy.
The function ¥y, is a cyclic homology cycle. (For cyclic homology see
Sect. 3.21). Its cyclic homology class represents the Chern/Pontrjagin character of
the bundle & (up to a multiplicative factor). The homological information contained
by this class is concentrated along the diagonal of the product M*4+1, see Sect. 3.21.

Proof The proof is postponed to Sect. 3.24.
Remark 1.17 The interest for direct connections follows from the following facts.

1. Classical connections apply to vector/principal bundles over spaces with analytic
structures, over manifolds. Direct connections do not require manifold structure.
Direct connections work with generic algebraic structures over sets in which
the notion of neighbouring elements is defined, as for example, in simplicial
complexes.

2. Classical connections transport the fibres of vector/principal bundles along
smooth curves. Direct connections define isomorphisms of the algebraic struc-
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tures (not necessarily vector spaces or groups) from one point to a neighbouring
point.
. Direct connections are more general than ordinary connections.
4. Direct connections are suitable for many applications in non-commutative
geometry, including the Chern—Weil theory.
5. Direct connections permit to obtain the rational Pontrjsagin classes (Sect. 10.5)
on topological manifolds.

W

1.8 K*-Theory of Banach Algebras

K -theory classifies bundles over associative algebras A. Isomorphism classes of
vector bundles form a semi-group under direct-sum operation. The basic idea
of K-theory consists of treating vector bundles as elements of a commutative
group. In general, the procedure of passing from a semi-group to a group is
called Grothendieck completion. Depending on the additional structures which are
considered onto the algebra <7, different K -theories are obtained. If no topological
structure is considered on the algebra <7, the corresponding K -theory is called
algebraic K-theory. The K-theory for commutative algebras is closest to the
original idea of classification of vector bundles. The definition of the isomorphism
equivalence relation plays a fundamental role in the construction of classical K-
theory and index theory. This is going to be reconsidered in the last chapters of this
book. In that chapter new developments in algebraic K -theory are presented and the
basis of a new algebraic K-theory is proposed.

The original K -theory was created for C°(X), the commutative algebra of contin-
uous functions over C W-complexes, theory due to Grothendieck [16], Hirzebruch
[32] and Atiyah [50]. From the very beginning K -theory played a fundamental role
in index theory.

1.8.1 K*(C°(X))

Two continuous vector bundles &1, & over X will be called C O-isomorphic, and we
write &1 ~ &, provided there exists a homeomorphism between their total spaces
which induces isomorphisms between their fibres. If X were a smooth manifold,
the homeomorphism could be required to be smooth, in which case the two bundles
would be called C*-isomorphic. Over smooth manifolds, two vector bundles are
C-isomorphic if and only if they are C*°-isomorphic.

Let Vect(X) denote the set of C 0-isomorphism classes of vector bundles of finite
rank over X.

Definition 1.25 Let + denote the direct sum operation defined on Vect(X).
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Definition 1.26 Two vector bundles &y, &1 over the space X are called homotopic
and we write &y ~, &1 provided there exists a vector bundle £ over the space X x
[0, 1T such that & x iy ~ &, i =0, 1.

~, is an equivalence relation.

Theorem 1.29 The functor
Vect : Top —> Vect(X)

is a contravariant functor.
This functor is a homotopic functor, i.e. for any bundle & over the space X x [0, 1]

& ~ & xxo) x [0, 1].

If&y ~, &1, then their stabilisations are still isomorphic/homotopic.

Definition 1.27 The group K°(X) is by definition the Grothendieck completion of
the semi-group Vect(X).

The elements of the Grothendieck completion group are formal differences of
elements (&1, &) € Vect(X) x Vect(X). Such a pair is called virtual bundle of rank
m — n; here m and n represent the ranks of these bundles.

Definition 1.28 A vector bundle isomorphic to a product bundle is called trivial
bundle.

The virtual rank of an element belonging to K°(X) is an invariant of the element.

Definition 1.29 Let
Rank : K°(X) — Z (1.121)

denote the virtual rank function.

Definition 1.30
K°(M) = Ker(Rank) = Ker{K°(X) — Z}. (1.122)

In other words, the elements of K O(m) represent virtual bundles of rank zero. As
the bundles &, £ @ N are stably isomorphic, they represent the same element in
Vect/ ~. Any element of K may be represented by the difference £ — x € KO(M),
which is a virtual bundle of rank 0, where 7 is the rank of the bundle &. Therefore,
K°(X) could be defined also by

K(X) := Vect(X)/ ~;. (1.123)

with the additional information that its elements represent virtual bundles of rank
Zero.
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K°(X) being by definition the kernel of a homomorphism between commutative
groups, it is a commutative group. However, it is useful to understand directly how
the opposite elements are produced in this group. In fact, any bundle & may be
embedded as a sub-bundle of a product bundle N. The bundle &, the orthogonal
complement of the sub-bundle &, has the property that & + &+ = N and hence its
class represents the opposite of the class of £ in KO(X).

Definition 1.31 One defines K (X) = K°(X X), where ¥ denotes suspension.

Recall that ¥YX = C_(X) Uy C4(X), where C_(X), C+(X) are cones over
X and these cones are glued together along X, the base of the cones. Therefore,
any vector bundle over X'X is given by a pair of product bundles N over the cones
C+(X) glued together by a clutching function u € GLy (C).

Definition 1.32 Letu € GL,(C%(X)). Then u and u @ 1y (in any order) are called
stably equivalent invertibles.

For any associative algebra with unit 27, and for any invertible element u €
GLy (&), the element u & 1, € GLy4,(A) is called stabilised invertible element
of u and we write (in any order) u ~5 u @ 1,.

~ 1s an equivalence relation.

This gives us an equivalent definitions of K (X)

KI(X) = stably homotopy classes of invertibles in Mn(CO(X)).
(1.124)

Definition 1.33 The higher order K’ theory groups are defined by
Ki(X)=K(Z'X), 1<i. (1.125)
For any closed sub-space Y C X, one define the relative K*-theory groups
Ki(X,Y):=K'(X/Y), (1.126)

where X /Y denotes the quotient space.
Here we give the original definition of the relative K-theory groups.
Definition 1.34 Let (X, Y) be a pair of C W-complexes with Y C X a closed sub-

space. Define

Vect(X, Y) := {(§1, &0, @) | &1, &0 € Vect(X), with a : &)y —> &o|y isomorphism.}
(1.127)
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Two triples (&1, &o, &), (@1, o, B) are isomorphic provided there exist two isomor-
phisms

hi:& — ¢ (1.128)
ho : & —> ¢o (1.129)
suchthat Boh; = hgoa.

The triples (§1, &, @), (61 + N,& + N,a + 1x) (in any order) are called
stably equivalent; we write

(61,50, ) ~5 (51 + N,§o + N,a + 1y). (1.130)

The sum of two triples is defined by

1,80, @) + (p1,90,B) =1 + ¢1,60 + @o,a ®P). (1.131)

Theorem 1.30 For any closed sub-space Y C X, define

I (£, 0. a) = (&.£0) € K'(X) (1.132)
and
J (1.£0) == (&1, 1v. %0 v) € K°(Y) (1.133)
Then, the sequence
KOx,v) - KO -5 kOn) (1.134)

is exact.

This theorem states that the functor K is half exact, see e.g. [68]. We already know
that this is a homotopic functor. In this situation, the Puppe sequence, see [23],
produces a generalised co-homological functor. Using the equivalent description
of the relative K* groups and the definition of higher order groups, the Puppe
construction leads to the following

Theorem 1.31 K* is a generalised co-homological functor on the category of finite
dimensional CW-complexes.

In particular, for any paracompact finite dimensional CW-complex X and any
closed sub-complex Y, and with § denoting the connecting homomorphism, the
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sequence

KOx.v) -5 k%) -5 kO -5 k' x.y) ZE k) 2L k) 25
i—1 . . . i
% kixo L ki) L ki 28
(1.135)

is exact.

Theorem 1.32 (Bott Periodicity, See [S0, 57])

The groups K'(C°(X)), K'*t?(CY(X)) are isomorphic (Bott periodicity). The
Bott periodicity isomorphism is functorial.

Therefore, up to isomorphisms, there are only two K'-theory groups: K° and
K

The Bott periodicity leads to the 6-term exact sequence

K%X/Y) - K°%X) - KO©Y)
4 . (1.136)
K'(Y) < K'(X) < K'(X/Y)

K*(C 0 (X)) is used in index theory to follow up the contribution of the symbol of
an elliptic operators on its index. Although the total space of the co-tangent bundle
is not compact, only the restriction of the symbol to the unit co-sphere bundle in the
index formula counts; this is a compact sub-space, if the base manifold is compact.
For this reason, the K*-theory construction has to be modified when it is used in
index theory. The relevant K *-theory in index theory is the K *-theory with compact
supports. We do not give more details on this notion; see [53] for more details.

The following result is of basic technical importance. We give it without proof.

Theorem 1.33
(i) The Chern character extends to the relative K i-groups, i=0,1,
Ch:KO(X, Y) — H"(X,Y;R) (1.137)
Ch:K'(X,Y) — H°(X,Y:R). (1.138)
(ii) Ch:K'(X,Y)®z H(X,Y;Q), i=-ev,odd are isomorphisms.
(iii) The K*(C%(X)) has a multiplicative structure. The Chern character Ch

is compatible with the multiplicative structures both onto K*(C°) and
Heven/odd(_. Q).
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1.8.2 K*-Theory of Banach Algebras

In the last part of this section we discuss briefly an extension of K*-theory by
replacing the algebra C?(X) by an arbitrary unital Banach algebra .27 In this case,
vector bundles are replaced by idempotents of the algebra of matrices over .o/

Definition 1.35 Three equivalence relations can be defined onto the set if idempo-
tents and invertibles over .o/

1. conjugation p1, pa € M, (&), idempotents are conjugated, and we write p; ~,
p2 provided there exists u € GL, (%) such that
p1 = upgu_1 (1.139)

ui, up € GL, (&), invertibles are conjugated, and we write u; ~. uy provided
there exists u € GL,, () such that

up = uupu . (1.140)

2. stabilisation for idempotents: p ~5 p ® 0,
and invertibles: u ~; u @ 1,.

3. homotopy: for idempotents: pg, p1 € M(&7) are called homotopic and we write
po ~n P1, provided there exists an idempotent p € M(«) x [0, 1] such that its
restrictions ro, resp. r1, to &/ x {0}, resp. &/ x {1}, is po, resp. pi.

By definition

o x[0,11:={f | f:[0,1] — &, f continuous function}. (1.141)

ro, r1 are the restrictions of functions f € &/ x [0, 1Jtor =0, 1.
Two homotopic invertible elements ug, u#1 are defined analogously and we
write ug ~p uj.

K*(47)-theory groups of the algebra o are defined

K%)= {[pl—[q)| p*> = p e M (), q*>=q e M,(/), m,neN}
(1.142)

where [ ] means homotopy class
K'(a) := 7o (Limy_0oGLy () ). (1.143)

To the (X, Y) pair of compact non-empty topological spaces there corresponds
the exact sequence of algebras of continuous functions

0—> %X, v)—> c’x) - c%y) — o, (1.144)



42 1 Spaces, Bundles and Characteristic Classes in Differential Geometry

where
X, v) = {f e C°X) | f(¥) =0} (1.145)
More generally, one may consider an arbitrary exact sequence of Banach algebras
0—-J—A—B—0. (1.146)

Let J := J @ C.1 be the algebra J with the unit 1 € C adjoined and let € : J—><C
be the augmentation mapping. By definition, fori =0, 1

K'(J) = Ker ¢ (1.147)

where ¢; : K'(J) = K'(C).

By construction, K/ (C(X)) = K/ (X),i =0, 1.

The analogue of Bott periodicity holds for K-theory groups, see Wood [47];
hence, for any short exact sequence of Banach algebras and continuous mappings
as above, the 6-terms K exact sequence of K -theory groups holds.

K'(J) - K'(A) - K'(B)
A (- (1.148)
K9B) « K%A) <« K°)

Theorem 1.34 For any paracompact CW-complex X, the Chern character estab-
lishes an isomorphism

Chy : K°(X) ®7 Q — H(X, Q). (1.149)

Definition 1.36 Algebraic K. theory is a more general K-theory; it uses exclu-
sively the algebraic structure of the algebra. It will be discussed in Sect. 7.2.1.

1.9 Maetric Defined Operators

There are a few reasons why we have chosen to devote to the Hodge theory a special
section. Smooth Hodge theory, through the Laplace operator, is one of the basic
bridges connecting the local geometry (Riemannian metrics) with global invariants
(real cohomology). The Laplacian is also a model for the class of elliptic operators.
The Laplacian has an almost inverse, called parametrix. The parametrix belongs
both to the class of singular integral operators and pseudo-differential operators.

Extending Hodge theory to more general structures was one of the basic
questions posed by Singer in his programme [58].
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The Laplacian is not interesting from the point of view of the index formula
because its index is equal to zero.

Smooth Hodge theory was extended to more general analytic structures: on
pseudo-manifolds by Cheeger [79], on combinatorial and Lipshitz manifolds by
Teleman [77, 78, 83], by Donaldson and Sullivan on quasi-conformal manifolds
[92] and by Connes et al. [101] on even dimensional quasi-conformal manifolds of
dimensions # 4.

The signature operator will be discussed later in this chapter. It is an elliptic
operator related to the Laplacian but much more interesting from the point of view
of the index theory. It extends to all topological manifolds in dimensions # 4, see
[78, 92] and [101]. Many proofs of the index theorem use the information provided
by the signature operator. It is going to be discussed later in this book.

1.9.1 Laplace Operator

Any paracompact smooth manifold M possesses Riemannian metrics. We assume
that M is also compact and oriented. We choose a Riemannian metric on M.
The orientation of 7*(M) allows one to define the Poincaré pairing

P:of @ro’* —>/ wAo eR. (1.150)
M

The Poincaré pairing is non-degenerate. Stokes’ formula implies that the Poincaré
pairing passes to de Rham cohomology.

P*: H . (M™) @r Har(M)" % — / [w] A[o] € R. (1.151)
M

The Riemannian metric induces a Euclidean structure on each exterior power k of
the co-tangent bundle. Indeed, if w1, > ..., is an ortho-normal basis in T;‘M ),
then {w;j; Awi, Ao Awy}, 1 i) <iz < ... < i <nisan ortho-normal basis
in AKTX(M™).

The orientation of the co-tangent space T;‘(M ) induces an orientation of this
ortho-normal basis. Let

it NNTEM™) — A"KTEM™) (1.152)

be the corresponding oriented isomorphism.
The star operators *j satisfy the relations

kp_k oxp = (—1DF=R, (1.153)
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The star operators are used to define a Hermitian scalar product on §2¥

(p,0) = O N %G (1.154)
Mn

here we have assumed the differential forms take complex values. The star operators
are used to produce the first order differential operators

Sk = (=D Ly gy @k — 2L, (1.155)
The operators §; are formal adjoints of the operators d, i.e.

(dp.0) = (¢,80), (8¢,0)=(¢,do). (1.156)
The Laplace operator is the second order differential operator
Ap = ds + 8d : QXM) — QM. (1.157)
The solutions of the Laplace equation A(w) = 0 are called harmonic forms.

The above identities imply that a harmonic form w is characterised by the
equations

dw = 0, (1.158)
sw = 0. (1.159)

1.9.2 Smooth Hodge Theory

Theorem 1.35 (Smooth Hodge Decomposition Theorem, See [86]) Let M be
any oriented closed smooth manifold. Then one has the orthogonal direct sum

QKM) = Ker Ar(M) @ Im Ap(M). (1.160)
QKM = HY (M) @ d2¥ 1 (M) @ 28T (M), (1.161)

Hodge theorem states that any de Rham cohomology class contains one and only
one harmonic representative.

The proof of the Hodge decomposition theorem is based on an explicit operator
almost inverse of the Laplacian. A parametrix for the Laplace operator, and more
generally, for smooth elliptic operators, may be produced by using the calculus of
pseudo-differential operators, see, e.g. [53].
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The Laplace operator Ay is defined in terms of the Riemannian metric. Its
parametrix §2; may be expressed explicitly in terms of the metric by means of a
singular integral operator (here we use the notation from de Rham [86])

k(@) (x) :=/ @k (X, y) A *¢, (1.162)
M(y)

where wy, is the double form

o(x,y) ar(x,y)

(n —2)sn d(x, )2 (1169

wp(x,y) =

for 2 < n, where d(x, y) is the geodesic distance from the point x to the point y, o
is a cut-off smooth function on M x M, identically 1 on a small neighbourhood of
the diagonal; s, is the area of the unit sphere in the Euclidean space of dimension n
and

ap = kl'(dxdyA(x, w5, for Ax,y) = —;dz(x, y). (1.164)

For n = 2 the parametrix is given by the singular integral operator

$22(p)(x) := —/ w2(x, y) Ax@(y), (1.165)
M(y)
wr(x,y) = — “(x’y)s;"‘(x’y) In d(x, y). (1.166)

The double form wy (x, y) is symmetric in x and y.

Theorem 1.36 The parametrix §2i satisfies the equations

QA = Idy— Q' (1.167)
and

A2 = 1dy—Q (1.168)

where Q' Q are integral operators

(Qp)(x) = / q'(x, y) A xp(y) (1.169)

M(y)
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and
(Q)(x) = f q(x, y) A x@(y) (1.170)
M(y)
whose kernels are
q(x,y) = —Ap(x) wp(x, y) (L.171)
and
q'(x,y) = —Ax(y) wr(x,y) (1.172)

Proof For the proof of this result see de Rham [86, §28]. The de Rham’s proof is
significant. In fact, after certain algebraic manipulations using Green’s identities, in
an e-neighbourhood of the point x, the proof ends with the following computation

(V) (x) + Q' p(x) =

= lime\o/M( : [B(d(x,y)" do)+d(dx,y)" §w)] Ay xp(y) =
y

n
- lime\o/ / 0(X) %y 1+ 0(d(x, 7)) = o(x).
M(y) JM(y) Sn

(1.173)
Definition 1.37 Let T be an integral operator T
(Ty)(x) := f t(x,y) N o(y), (1.174)
M(y)
where the kernel #(x, y) = O( d(x yl),,,, ), where 0 < r < n; then the operator T

is called singular operator of order r.

It is important to check the order of singularity of the above operators. The
following result is proven in [86].

Theorem 1.37 In spite of the fact that the operator 2k is of order n — 1, the
operators Qr, Q are singular operators of order n — 2.

This result is important. It shows that the parametric £2; (defined in terms of the
geodesic distance) are good approximations of A7 as two orders of regularity are
gained. This property will be used in Sect. 1.13 where we will describe the signature
operator in geometric terms.
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1.10 Analytic Preliminaries on Operators

1.10.1 Symbol

The symbol of an operator captures part of the information contained by the
operator. Depending on the nature of the operator there are various types of symbols.

1.10.1.1 Symbol of Differential Operators

The symbol o (A) of a differential operator A registers the top order partial
derivatives of the operator.

Let A be a differential operator of order r from the bundle ¢ to the bundle ¢
over the smooth manifold M. The symbol o (A) may be extracted from the operator
by means of the formula

o(A)E, e) = A(f"(x) e(x)(x), (1.175)

where f is a smooth function defined on a neighbourhood of the point x € M such
that f vanishes at x and (df)(x) = & € T*(M),, e is a smooth section in the bundle
wo and é(x) = e € @o .

The symbol

o(A)(—, =)@ T*(M)x X @0, x — @1, (1.176)

is a homogeneous function of order r on the co-tangent space 7*(M), and a linear
function between the fibres of the bundles o (A)( & , — )(x) : 9o, x —> ¢1, x. For
more details on differential operators see [42, Chapter IV].

1.10.1.2 Sobolev Spaces

Choose a non-negative integer s. On the algebra of smooth functions on the smooth
manifold M, consider the family of semi-norms

L f11k,r = Supxex|d" f(x) /8" x" ... 9"x"], A1.177)

where K is any compact set in M, r < s is an arbitrary non-negative integer and
Srt=r.
Proposition 1.13 The topology defined on the algebra C*°M) by the family of

semi-norms || — ||k, with respect to all compact sets K C M and non-negative
integers r defines a Fréché algebra.



48 1 Spaces, Bundles and Characteristic Classes in Differential Geometry

Definition 1.38 Choose a locally finite covering of M by compact sets K. On the
subset C°(M) C C°°(M), consisting of smooth functions on M having compact
support, define the norm

WA= Y IIf Ik - (1.178)

K, 0<r<s

where the sum is extended over all compacts K of the chosen covering.

The completion of C3°(M) with respect to this norm is a Hilbert space, called
Sobolev space of order s, denoted Hy joc(M).

If M is compact, then Hy j,.(M) is denoted Hy(M).

Although the Sobolev norm || — ||; depends on the choice of the covering, the
resulting topology is independent of the choice.

The definition of Hy j,.(M) extends naturally to the space of sections in an
arbitrary vector bundle £ on M; the Hilbert space produced in this manner is denoted

Hs,loc(g)-

Theorem 1.38 Any differential operator A of order r defines a continuous operator
A Hs joc(M) —> Hs—y10c(M), foranyr <s. (1.179)

For any s < t, the inclusion H; (M) — H (M) is compact.

1.10.1.3 Pseudo-Differential Operators and Their Symbol

The Fourier transform of the function f, denoted f ,or .% f, is defined on Ly (R")
by the formula

/ e =58> F(x)d x. (1.180)
Rn

In this formula £ is seen as a co-tangent vector to R” and < , > denotes the standard
Euclidean scalar product.

Theorem 1.39 The Fourier transform
F :LyR") — Lry(R") (1.181)

is an isometry.
The inverse of this isometry is

1 .
(FHEw = Q) fR ST dE. (1.182)

The Sobolev spaces may be defined in R in an alternative way.
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Theorem 1.40

Hy(R") := Hy, 1,c(R") = {f | f € Ly(R") such thar(1+|§1*)*/? f(§) € Ly(R™)
(1.183)

It is important to note that this definition of Sobolev spaces holds for any real
number s. Although this definition uses the whole Euclidean space R”, it produces
local Sobolev spaces; the local Sobolev spaces may be transferred on manifolds by
mean of coordinate charts.

For more information about Fourier transform and Sobolev spaces see [42,
Chapter X].

Definition 1.39 Let ¢, ¢1 be two smooth vector bundles over the smooth manifold
M.Leto(x, §),x € M, & € T}, be a smooth function having the properties

1. with regard to the argument x, it is defined away from a small neighbourhood %
of the zero section of the co-tangent spaces 7, (M); with respect to the argument
&, it is homogeneous of order r along the fibres of 7, (M)
2. foreachpair (x, £§) e T) — % .,0(x, £): @1, x —> @2, x is a linear mapping.
If this linear mapping is an isomorphism for all such pairs, then the symbol is
called elliptic.

o(—, —) iscalled a symbol of order r from the bundle ¢ to the bundle ¢;.
Let Symb, (¢o, ¢1) denote the set of all symbols of order r between the two
bundles.

Definition 1.40 Let 0 € Symb, (o, o). With the symbol o one associates the
operator

0o f )= 1y [ atr 0 f@rd e (1184

(27‘[)"/2

The operator Op, is called pseudo-differential operator with symbol pseudo-
differential operator o .

Patching together pseudo-differential operators defined locally, one defines
pseudo-differential operators on smooth manifolds.

Definition 1.41 A pseudo-differential operator Op,, is called elliptic if its symbol
is elliptic.

Theorem 1.41 For any symbol of order r

Op, : Hy(&1, &) — Hy_, (&1, &) (1.185)

is continuous for any s € R.
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Theorem 1.42 On compact manifolds, the symbol of a pseudo-differential opera-
tors is a ring homomorphism; in particular,

o(A.B) = o(A)oa(B). (1.186)

The following theorem is a fundamental result in the theory of elliptic operators.

Theorem 1.43 If A is an elliptic pseudo-differential operator of order r and u is a
solution of the equation

A() = f, where f e Hy(M), (1.187)

thenu € Hyqr (M).

1.10.1.4 Abstract Symbol

Definition 1.42 Let B(7, S) denote the space of bounded operators from the
Banach space S to the Banach space T. Let K(T,S) C B(T, S) denote the sub-
space of compact operators.

Lemma 1.1
K(T,S)oB(S,S) = B(T, T)oK(T,S) = K(T,S). (1.188)

Definition 1.43 The abstract symbol Symb (A) is the class of the operator A
modulo the sub-space of compact operators K (S, T')

Symb (A) € B(S, T)/K(S, T). (1.189)

If S =T, K(S,S) is an ideal in the algebra B(S, S). The quotient algebra
B(S, S)/K(S, S) is called Calkin algebra.

1.10.2 Fredholm Operators

Definition 1.44 Let A : S — T be a bounded operator between two Banach
spaces.
Recall the operator A is called Fredholm operator provided

dim Ker A = finite, A(S) is closed and dim : Coker A = finite.
(1.190)



1.10  Analytic Preliminaries on Operators 51

Equivalently, A is a Fredholm operator iff there exists an operator B € B(T, S) such
that

So:=1—BA€K(S,S), S :=1—ABecK(T,T). (1.191)

We will say that B is an almost inverse of A, or parametrix for A.
Proposition 1.14
(i) Let Ay € B(S,T) and Ay € B(T,U). Then

Symb (As . Ay) = Symb (A2) o Symb (Ay). (1.192)

(ii) The operator A is a Fredholm operator if and only if Symb(A) is invertible.

Theorem 1.44 A pseudo-differential operator is a Fredholm operator if and only if
it is an elliptic operator, or equivalently, if and only if its symbol is elliptic.

1.10.3 Analytical Index

Definition 1.45 The analytical index a — Ind() of the Fredholm operator A is
a—Ind(A) =dim Ker A —dim Coker A.
Theorem 1.45 (Calderon [49] and Hormander [61], See Also [82, Proposition
6])Let B be a parametrix for the operator A such that the operators
So :=1— BA, S1:=1—-AB. (1.193)
be trace class operators. Then
a—1Ind(A) =Tr Sy — Tr S;. (1.194)
If So and S1 belong to the Schatten class L, see Sect. 1.12.4, then
a—Ind(A) = Tr (So)" — Tr (S1)", (1.195)
Proposition 1.15 The operators Sy, S1 satisfy the identities

ASy = S1 A, B S = Sy B.
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Proposition 1.16 Suppose the operators So, Si belong to the Schatten class L". Let
B be the operator

B:=(1+S + ... + S~ B.

Then,

Both operators Sy and S are trace class; therefore
a—Ind(A)Sy = TrSj —TrS}.
Proof One has

So=1-BA =1-(1+S+--+S¢HB.A=1—-BA+S+---+5H A=

1 - BAQ+S++8H =1-0=-S) A+S+--+857"H = s5.
Analogously we find
Si=1-AB=1-A0+ S+ ...+ SHB = s

The procedure presented above is not symmetric on the pair of operators A, B.
The next construction has symmetry, see [101, pg. 674].

Proposition 1.17 Let q(t) be the unique polynomial of degree 21, n < 2l such that
=072 = qt) + OQL+1) for t small.
Let p(t) be the polynomial
p() = (1 — 0Dg*>(1)—1 = 0QI+1).
Define
A = q(s1) A, B = q(S) B.
Then

a—Ind(A) = Tr p(S1) — Tr p(So).
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Proof One has

So:=1-BA =1-q(S) Bq(S1) A =1—q(S0).q(S) BA =
1—q(S0).q(So) (1 —8y) = —p(Sp) e L'S;:= 1 —AB = —p(Sp) € L.

Therefore

a—1Ind(A) = Tr Sy — Tr S = Tr p(S;) — Tr p(Sp).

1.10.4 Dirac Operators

We do not discuss Dirac operators in this book. Dirac operators exist on Riemannian
smooth manifolds which admit a spin structure. Dirac operators are fundamental
for certain differential geometry and physics phenomena, but the necessary spin
structure reduces their existence on all topological manifolds; for this reason we do
not study them here.

1.10.5 Signature Operators

In this section we use the notation of Sect. 1.9.
We assume here that M has even dimension n = 2/. Then

*n_k okp = (—DF. (1.196)
The star operator is modified

7 = K6 DH (1.197)
The operator T := @1k is an involution, (‘1,')2 = I,on 2% := @OSkSan. The

bundles A¥ @ A" * are r-invariant.

Definition 1.46 An element of the external power of the co-tangent bundle (not
necessarily homogeneous), £, is called positive, resp. negative, provided t(§) = &,

resp. 7(§) = —&.

The total wedge bundle N := @o<k<n Ak decomposes into the orthogonal direct sum
of the positive and negative bundles N*

A=nrt@ A, (1.198)
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Accordingly, a differential form (not necessarily homogeneous), w, is called
positive, resp. negative, if T (w) = w, resp. 7 (w) = —o.

Definition 1.47 The space £2* decomposes in the orthogonal direct sum of positive
and negative differential forms

=t o 2. (1.199)
Due to the dimension n assumption, the expression of the operator § becomes
Sk=—%d *. (1.200)
Definition 1.48 Define the operator
D:=d + §: 2" — Q% (1.201)

Proposition 1.18 The operator D has the properties
1. it is self-adjoint,
2. it anti-commutes with T
Dt = —-tD (1.202)
3. it interchanges the spaces 2%

D: Q% — QF. (1.203)

Definition 1.49 We define the signature operator DT as the restriction of the
operator D on the sub-space of positive differential forms. Its co-domain consists
of negative forms. Likewise, D~ is the restriction on the sub-space of negative
differential forms.

Proposition 1.19 The operators T and D, expressed with respect to the orthogonal

direct sum decomposition 2 = Q7 ® 2~ are
10
= 1.204
o= (52%) (1.204)
0 D~
D = . 1.205
( Dt 0 > ( )

The operator D is self-adjoint and it anti-commutes with T. One has
Dt* = D¥ (1.206)

D¥r = —¢ DT (1.207)
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1.10.5.1 Signature Operators and Their Analytical Index

Signature operators play a fundamental role in the index theory. We will study
signature operators both in the smooth and Lipschitz/quasi-conformal categories.
We begin by discussing signature operators in the smooth category.

Definition 1.50 If M is a closed, oriented topological manifold of dimension 4k,
then the signature M, denoted Sig (M), is difference between the dimension of the
+1 and —1-eigenspaces of the Poincaré pairing on the H?*(M, R).

Theorem 1.46 The signature operator is an elliptic first order differential operator.
Its analytical index is the signature of the manifold

a—Ind(D) = Sig (M). (1.208)

Proof The first part is clear. The proof of the second part is based on the following
facts:

1. the adjoint of the signature operator is D~ and therefore

2. dim Coker D™ = dim KerD~

3. the regularity of solutions of elliptic equations, Theorem 1.43 gives that Ker D
and Coker D consist of smooth sections

4. the Hodge isomorphism Theorem 1.46 (1.208), combined with the fact that (i) the
kernel and co-kernel of the signature operator, which originate from 2% @ £2" %,
k # n/2, cancel out; (ii) the remaining contribution to a—Ind (D7) concentrates
to the middle dimension, where the properties of the involution t and of the
Poincaré pairing complete the argument.

The rest of the proof is left to the reader.

We will see that signature operators exist on any topological manifold endowed with
a Lipschitz/quasi-conformal structure.

1.11 Statement of the Atiyah—Singer Index Theorem

The intent of this section is not to present a detailed discussion of the Atiyah—
Singer index theorem. We state the Atiyah—Singer index theorem here to give us the
possibility to indicate, in a chronological order, some of the developments which
occurred in connection with it. We will return to the Atiyah—Singer index theorem
in Sect. 5.6

Theorem 1.47 (Atiyah and Singer [42, 53, 54]) Let A be an elliptic pseudo-
differential operator on the smooth manifold M and let o (A) be its symbol. Then

a—Ind(A) = / Ch o (A) U TdS(T*(M)). (1.209)
M
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The Todd class is a basic ingredient of Hirzebruch’s [32] formula both for the
topological index of the signature operator and Hirzebruch’s index formula for
analytic bundles (1953); the Todd class is a basic ingredient of the expression for the
topological index in all categories under consideration, going down up to topological
manifolds. For more information about the Todd class the reader should refer to
[32, 60] and [54]. It is also very interesting to read how Hirzebruch was lead to
discover his index formulae [60].

Definition 1.51 (Todd Class, Todd [2] and Hirzebruch [32], See Also [60]) For
any complex bundle 7 of rank n over the C W-complex X, its Todd class is defined
by

yi
Td(n) = ]‘[ 1_’6_”. (1.210)
1<i<n

where y; are the formal Chern split symbols

cm, )y:=1+ ¢yt + 02(77)12 + .o+t amMt" =0 +x100 4+ x28) ... 1+ xp0).
(1.211)

For any real vector bundle n of rank N, its Todd class, TdC(n), is the Todd class
of the bundle complexification

7d%(n) := Td(n ®g C). (1.212)

For any smooth manifold of dimension n, the Todd class of M is Td(c(T*(M ).

Remark 1.18 For any real vector bundle n the total Chern class c«(n,t) €
H' (X, Q) (torsion killed) is an alternating sum of Chern classes of degree 4k,
i.e. of Pontrjagin classes; its Chern factorisation may be expressed in terms of y;,
the basic characters of the standard torus of O (n)

con )= 1+ o> + ... + eumt* + ...+ C2[n/2](17)t2["/2] —
1 — pi® + pamie* + -+ (=D oy (e =
[Ta +yna -y =TJa - yo.
l l (1.213)
Then

— Vi Vi

TdS(T*(M .
( ( )) 1—¢eYil — e Vi

I
—]

(1.214)
1<i<[n/2]
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These show that the Todd class TdC(T*(M)) is a symmetric polynomial in

the variables yl.z. Therefore, the Todd class of T*(M) is given by an universal

polynomial of the Pontrjagin classes p; (T*(M)). See [32, 54] for more details.
More generally, the Hirzebruch genus associated to the power series

@(y) =1+ aiy + ay> + ... + apy" + ...

is the cohomology class

D(p1,p2s---s Puj2) = l—[ D(yi)
1<i<n/2
where the Pontrjagin classes of M are seen as symmetric functions of y1, y2, ..., ¥

(1.213).
In particular, the co-homological class associated to the power series £ (y) =
J/y/tanh./y is the Thom genus, see Sect. 5.2.

Theorem 1.48 (Atiyah and Singer [54, p. 553])
Let V be a complex vector bundle over the compact CW-complex X. Let

oy : K(X) — K(V) (1.215)
Vv H(X,Q) — H*(V,Q) (1.216)
be the Thom isomorphisms in K -theory and cohomology.
Then, the Todd class T(V) is the unique rational cohomology class T(V) €
H (X, Q) such that
Yy (Ch (py w)) = (Chu) . T(V), (1.217)

foranyu € K(X).

For Thom isomorphism ¥y in cohomology, the reader could refer to Milnor [66].
For Thom isomorphism in K -theory refer to Atiyah [50].

1.12 K-Homology
1.12.1 Clifford Algebras

Let Q) 4 be the quadratic form defined on the real vector space E = R”*4

Q1. Xp Yo ¥g) = — (4 .+ x2) + OF+ ... +yD. (1.218)
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Let T (E) be the tensor algebra
T(E)=R®E® (R(LE)D .... D @LE)®.... (1.219)

LetI C T(E) be the bi-lateral ideal of T (E) generated by the elements x Qg x —
O(x) .1, forany x € E.

Definition 1.52 Let C), , be the quotient algebra
Cpq:=T(E)/I (1.220)

The algebra C), , is called Clifford algebra.

Letey,...ep, €1, ..., €, be the unit vectors in E corresponding to the compo-
nents xi, ..., Xp, Y1, ---, Ygq-

Theorem 1.49 The Clifford algebra C, 4 is the free algebra generated by 1 and the
elementse;, 1 <i < p, €j, 1 < j < p subject to the relations

31'22—1, for 1<i<p; ee = —eje for 1<i#j=<p
(1.221)
E=1, for 1<j<q eej=—¢jq for 1<i#j<p (1222)
ei€j=—€je¢ for 1<i<p 1=<j=gq. (1.223)

The algebra Cp 4 is a Banach algebra with involution *; the involution acts on the
generators according to the relations

ef = —ej, for 1<i<p; e;fzej, for 1 <j<gq. (1.224)
Definition 1.53 In the definition of the Clifford algebra C, , we replace the space
RP%4 by CP*4 and we keep the quadratic form Q unchanged. The corresponding
algebra will be called complex Clifford algebra; it will be denoted by Cg g

Theorem 1.50 The complex Clifford algebras CS g Cg’ g+1 7€ isomorphic.
Proof The function f : C [(): g C [(): g+1° defined on the generators of the two

algebras by the formulas
flex) =ex, for 1<k=p, flepr1)=1i¢€;
fle)=¢, for 1=l=gq,

induces an algebra isomorphism.

For more details on Clifford algebras and modules see [38].
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1.12.2 Kasparov K-Homology

Whitehead [31] gave a formal homological definition of K-homology (1962).
Kasparov [67], using Atiyah’s [50] definition of abstract elliptic operator, found an
explicit realisation of this functor. Another description of the K-homology functor
was given by Brown, Douglas and Fillmore [70] in terms of extensions of algebras.
Here we describe the Kasparov construction. We use the following notation

1. & is a finitely generated Banach algebra with involution *.
2. H is a separable complex Hilbert space.
3. L(H) is the Banach algebra of bounded operators on H. The adjoint mapping *
is an involution on this algebra.
4. K(H) is the algebra of compact operators on H;
A(H) := L(H)/K(H) is the Calkin algebra.
5. U(H) is the group of unitary operators on H.
6. CS’ 4 18 the complex Clifford algebra.

Definition 1.54 Let E(</) consist of all triples {¢, 1, F} such that

1. ¢ : A — L(H) is an involutive algebra homomorphism with ¢ (1) = 1,

2.¢9:C 1(9:7 g+1 L(H) is an involutive homomorphism which commutes with ¢,

3. F is a Fredholm operator on H such that

4. F anti-commutes with the elements ¥ (e1), ..., ¥(ep), ¥ (€1, ..., ¥(eg+1) sat-
isfying the properties

o(f) F — F ¢(f) = compact operator, for any f € . (1.225)
Definition 1.55 Define the set of degenerate elements of E(</)
D(#/) C E(«) (1.226)
consists of those elements (¢, ¥, F) for which

o(f)F — Fo(f) = 0, forany f € <. (1.227)

There are two equivalence relations defined in E(.<7)

1. homotopy, denoted ~j. Two triples (¢o, Vo, Fo), (¢1, ¥1, Fi) belong-
ing to E(4), are called homotopic provided there exists a family of triples
(¢r, Y, Fy) € E(&), depending continuously on ¢t € [0, 1], which begins
and ends with the two triples.

2. conjugation, denoted ~.. Two triples (¢o, Yo, Fo), (91, Y1, Fp) are called
conjugated provided there exists an auto-morphism u of the Hilbert space such
that

(90, Yo, Fo) = ueiu™", uyiu™", uFu™"). (1.228)
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Let E () be the quotient of E(<) modulo the two equivalence relations.
E(<7) becomes a semi-group under the direct sum operation

(w0, Yo, Fo) + (@1, Y1, F1) = (0o ® @1, Yo ® Y1, Fo D F1). (1.229)

The direct sum b~ecomes commutative after factorisation; one obtains the commuta-
tive semi-group E(&/). .
The image of D(&7) in E(A) is denoted D(.<).

Definition 1.56
Kp4(A) == E(/)/D(F). (1.230)

Theorem 1.51

1. (Kasparov [67, Proposition 1]): K, (<) is a group.

2. (Kasparov [67, Proposition 2]): In the definition of E(</) the condition F* +
F = compact operator, or stronger condition F* + F = 0, could be
added; in this case, in the definition of D(<), the condition F* + F = 0 should
be added

3. the condition F> + 1 = compact operator could be added; in this case the
condition F> + 1 = 0 should be added in the definition of D(<7).

4. (Kasparov [67, Theorem 2]): The groups K (') K p11,441(A) are isomorphic.

In non-commutative geometry the structure involved in Theorem 1.51 is called
spectral triple.

Definition 1.57 (Spectral Triple) A spectral triple is a quadruple (<7, H, p, F)
where & is an associative algebra, H is Hilbert space, p is a representation of the
algebra o7 in the Hilbert space H and F is Fredholm operator on H. In the next
chapter we will not specify F, even if it is understood.

Spectral sequences are non-commutative spaces.

Definition 1.58 The complex K,,-homology groups, n € Z, is by definition

Kno0(A) for 0<n
Kon(A) for n <O.

K () = (1.231)

(o

Recalling the algebra isomorphism f : C g

we get

— C1(7:+1,q given by Theorem 1.50,

Theorem 1.52 For any finitely generated Banach algebra <7, its complex K-
homology groups are 2-periodic

K, (o) is isomorphic to K,i2(2/), for any n € Z. (1.232)
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Therefore, up to isomorphism, there are only two K -homology groups, Ko(<7) and
K ().

For any compact CW-complex X, the groups K;(C?(X)) are isomorphic to the
K -homology groups of the space K.(X) defined by G. W. Whitehead [31].

Theorem 1.53 In view of Theorem 1.51

1. we canuse p =1, q = 0 to define Ko()
2. and p =0, g =1 to define K| ().

K.(C°( —)) is a generalised homology functor on the category of paracompact
CW-complexes.

K. ( —) is a generalised homology functor on the category of finitely generated
Banach algebras.

1.12.3 Even and Odd Spectral Triples

Spectral triples were introduced by Connes [82]. The definition of spectral triples
uses part of Kasparov’s [67] data which define K-homology. In particular, no
assumption is made concerning a possible topology on the basic algebra. Spectral
triples play in non-commutative geometry the role differential manifolds play in
differential geometry.

Definition 1.59 (Even Spectral Triples) Let </ be an associative algebra. Let H
be a complex separable Hilbert space of infinite dimension.

Let p : @/ —> L(H) be a representation of the algebra <7 on the Hilbert space
H, where £ (H) is the algebra of bounded operators on H.

Let y : L(H) —> L(H) be an involution, y> = 1 which defines a Z»-
grading of the Hilbert space H. We suppose that yisself —adjoint y* = y. We
assume the representation p preserves the grading (o y = y p). Let H * be the

+1-eigenspaces of the grading y acting on H.

Let D € L(H) be a bounded operator satisfying the properties: D> = 1, D* =
F, Dy = —y D.

Then (<7, p, D) is called an even spectral triple.

If [D, p(a)] € LP, for any a € o7, where L? is the Schatten class ideal (see
Sect. 1.12.4), then (<7, p, F) is called p-summable spectral triple.

Let us explain the meaning of some requirements which are used in the definition
of an even spectral triple.
The condition D y = —y says that D exchanges the spaces H+

0 -G
D =:(F O): H &H_-— H_® H,.
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The condition D> = —1 + compact operator says that Sy = 1 — GH and
S1 = 1 — HG are compact operators. In this case, G and H are parametrices
one to each other. If D? = —1,then So = Oand S; = O.

The condition

Yo =py

says that the representation p keeps the spaces Hi invariant. This means that for
p=p+@p—, p: Hr — Hy.

If D were a pseudo-differential operator on the n-dimensional smooth manifold
and f were a continuous function on M, then

o f D—Dp f = compact operator.
However, this property could be sharpened if f were a smooth function
pf D—Dpf el"t¢ Ve>O0.

Proposition 1.20 Ler F be an pseudo-differential operator on the smooth manifold
M". Then there exists a parametrix G for F so that the corresponding operators
So and S1 would be Schatten class operators in L€, for any 0 < €. In this case
(“, p, D) is an (n + €)-summable spectral triple.

Therefore, n-summability of spectral triples codifies the dimension of the underly-
ing space.

More information about Schatten class operators is given in the next section
(Sect. 1.12.4).

Remark 1.19 € in the above formula could be removed if instead of ordinary trace
we used the Dixmier trace, see Dixmier [40] and Connes [99]. We do not treat
Dixmier trace in this book.

Definition 1.60 Suppose & = {7, p, F} is a triple satisfying all conditions
above, with one exception: F2 # 1. The triple & is called a pre-Fredholm module.

Proposition 1.21 Let & = {7, p, F} be a pre-Hilbert module.
There is a canonical procedure which associates with the pre-Hilbert module &
a Fredholm module &.

Proof For the proof we use [82, Appendix 2].
Assume F is given by the matrix

- (0)
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operating on the Hilbert space H = H™' @ H ™. By hypothesis

So :
St

1-0QP
1-PQ

are compact operators. }
Consider Hc to be the Z;-graded Hilbert space with H(a—L = C. Let H be the
graded tensor product H & Hc. One gets

(HRHc)Y = HY o H™
(HRHc)™ = H-®H™
H=H"®@H oH @®H".

Define

10
= T H Hc.
e (00) Cc — C

H becomes a left .27 -module by means of the representation /

AHESN = (p()HE)S(e )

Let F : H —> H be operator defined by the matrix

i 0 0 (I+80)0 So
. 00 0 0 S —P
F=(2%)= . 1.2
<P 0) P S 0 0 (1.233)
So —(1+5)0 0 0

It is easy to check that ( F )> = 1.The operators P and Q are compact
perturbations of the operators P and Q.
Then & = {</, p, F}is a Fredholm module.

Definition 1.61 (Odd Spectral Triples) Let </ be an associative algebra. Let H
be a complex separable Hilbert space of infinite dimension.

Let p : @/ —> L(H) be a representation of the algebra .« on the Hilbert space
H, where L(H) is the algebra of bounded operators on H.

Let F € L(H) be a bounded operator satisfying the properties: F2 = 1, F* = F,
Fy = —yF.

Then (7, p, F) is called an odd spectral triple.

If[F, p(a)] € £P, for any a € o7, then the spectral triple is called p-summable.
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1.12.4 Schatten Class Operators

The operators k belonging to the Schatten class L” are characterised by the speed
their characteristic values A, converge at infinity. For any compact operator k
the eigenvalues of the operator k*k are non-negative real numbers, discretely
distributed. We put these numbers in increasing order and denote by s, the nth such
number. The number A, = /s, is by definition the nth characteristic value of the
operator k.

Definition 1.62 A compact operator k defined on the Hilbert space H belongs to
the Schatten class LP (H) provided its characteristic values A, satisfy the condition

Ikl == > )7 <oo. (1.234)
1<n<oo
[| — Il is the norm in the space L.
Proposition 1.22

(i) Schatten class operators L" are bi-lateral ideals of the space of compact
operators K(H).
(ii) Schatten class operators satisfy the Holder-type relation

1 1 1
L. 11 c L, = + , 1<p,gqg<oo. (1.235)
r p q
(iii) The Schatten norms || — || satisfy the Young-type inequality
STl =< USHp - 1ITlg- (1.236)

(iv) The Schatten class L' consists of trace class operators. The operator trace Tr
exists only for operators belonging to this class.
(v) If S € Ly, then

IISIl, = (Tr|S|P)HP, (1.237)

where |S| := (S.5%)1/2.
(vi) If Aj € L", 1 <i < n+ 1, then the operator trace Tr( Ay . Ay . .... Ay)
exists.

More information about Schatten class operators could be found in Appendix, Part
1[82].

Property (vi) is the main reason why n-summable Fredholm modules (defined
next) are introduced in non-commutative geometry.
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1.12.5 n-Summable Fredholm Modules

Definition 1.63 Assume that K = R, C. A triple {<7, D, p} consisting of the
associative algebra 7, a Fredholm operator D and a representation p of < on the
Hilbert space H, satisfying the Schatten condition D € L, (1.234), is called an n-
summable Fredholm module provided that the conditions discussed in Connes [82]
Part I, Section 1, hold.

1.13 Geometry of the Signature Operator on Differentiable
Manifolds

The next Theorem 1.57 provides a non-commutative Thom—Hirzebruch formula.
The understanding of this section would become clear after reading Sects. 6.1
and 6.2 below. We present this topic here because it is formulated and uses
exclusively the smooth manifolds structure.

The signature operators are at the root of the index formula on topological
manifolds [83, 84, 101].

Remark 1.20 In this section we present the signature operators in the category
of smooth manifolds. We will show in Chap. 6 that signature operators live on
topological manifolds with Lipschitz structure and on quasi-conformal manifolds.
We anticipate by saying that the study of the index formula of signature operators
index formula of signature operators reflects the entire philosophy of this book.
In this context the topological index is identified as a cohomology class [83]. The
same phenomenon occurs in the quasi-conformal case [101]. The topological index
of signature operators may be identified as a differential form, provided the quasi-
local index formula [101] converges towards a differential form while approaching
the diagonal; the limit is the Hirzebruch—-Thom formula.

The interest in the present approach consists also of the fact that while the original
Hirzebruch proof [32, 60] of the Hirzebruch—Thom class formula was based on
Thom’s results on cobordism [11], the present treatment is realised in the non-
commutative geometry of the manifold itself. Involving cobordism technique to
prove a certain property & on a manifold M means treating the property & on
all manifolds which are cobordant with M.

In this section we produce a non-commutative version of the signature operator
on smooth manifolds. At the end of this section we show how the signature of a
smooth manifolds builds-up from the geodesic distance and give formulae aimed at
finding the classical limit of the non-commutative signature operator.

This section reports joint work with Lescure and Teleman [124], unpublished
(2007).

Definition 1.64 Let (M, g) be a Riemannian manifold of dimension n = 2[. Let
us note by r(x, y) the geodesic distance between x and y. One fixes a smooth cut-
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off function X positive, supported on [—p, p] with p the injectivity radius of M, g.
Assume moreover, that 1 — A(r2) is at least O (+*). Around the diagonal of M x M
the function A(x, y) = — ’22 is smooth and we define the following bi-forms :

1 n
ap = (dxdyA(x, y))Ap o= Zap
p: =0

rz’")»(rz)
w= o
(n —2)sy

Then, a parametrix §2 of the Laplacian A acting on forms is given by the
following formula (de Rham’s book [86]) :

2¢(x) =/w(x,y)/\*<p(y)-

Associated with §2, we introduce the following bounded operators acting on [-
forms:

Sy =dRs+ydQsy

(withy = i'%, y2 =1.)
Let AT be the +1-eigenspaces of y.

Definition 1.65 Let A be the r-signature operator

1
A=s TV L+

; A (1.238)

The operator A is called r-signature operator to distinguish it from the classical
signature operator considered in Sect. 5.2. The discussion made in Sect.5.2 shows
that the analytical index of the signature operators depends on the middle dimension
only. The domain of the r-signature operator is the space of differential forms
of middle dimension. The signature operator and the r-signature operator are
homotopically equivalent.

Proposition 1.23 Let dimension of M be n = 21, | = even. Then
a—Ind(A) = Sig(M). (1.239)

Proof Letu € AT and A(u) = (S_ 1JEV)(M) = 0. Itis easy to see that u is an
harmonic form. An argument similar to that done in Sect. 5.2 completes the proof.
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Proposition 1.24

(i) The operator Sy satisfies
Sy =1+ K,

where K is the integral operator

ko)) = [+ 5@ Ag.
(ii) the (metric) kernel of K is
ki y) = (14 xexy) (dadyor-1) = 0™,
Remark 1.21 The proposition above says that the operator Sy is not interesting

from the homological view point. However, we will see later that this operator may
be used to regularise the r-signature operator, see Remark 1.22 and Sect. 1.13.1.

Proof Let ¢ be an [-form.

Sep(x) = (@26 + (=) % dQ5%)(p)
= dx(/ =1 A %8y @) + (= 1) dX/wH A%y8y %y @
= (=1 (/dxwl,l Ady %y ¢+/*dewl,l Ad,,q;) sincedyw = O(r'™)
= —ginb (dy(dx @11 A #y9 + xxdywi—1 A @) — (drdywi—1) A %yp — dyxxdxoi—1 A @)
—0Jr>e

= lim{ dewj—1 A *y @ + spdywj—1 A @ + / dxdya)171 A ky@ + *dedya)],I A @}

e=0 Jy=¢ r>e

= hr% Leop(x) + Gep(x).
e—

Let us examine the first integral depending on ¢ of the previous formula:
Lep(x) = / dywi—1 A *y@ + *cdiwi—1 A
r=¢

= 5_”/ r"dywi—1 A sy + sr'dewr—1 A @
r=e

Sin/ dy{r"dxay,l A kyp + serdywi—1 A ¢}
r<e

" / dy(r"dywi—1) Axy@ + dy(xxr"dywi—1) A + O(e)
r<e

57"/ (1 + swuxy)(dyr"dewr—1) Asxyp + O(e).
r<e
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But
1
dy(r"dvor1) = dy(r"(—r' A d () At + O@rh)
n
= ld(k(rz)d (A) Ao + o@?
== 5, y X 171) (r)
_ 1 2 3
= AMr9)dydy(A) A1 + O@°)
n
l
= D + 00).
Sn
Hence

l —n
Lep(x) = Ss / (1 4 5,5, (P2 ar) A sy + O (e). (1.240)

Now let us use normal coordinates centered at the point x. Since

Lo i ed I+ 003
— . =4;idx r’),
2 dxtayt Y Y
we get
o = Z dx! @dy' + 0 =@ + 0, (1.241)
|1|=l
where the sum is taken over all multi-indices I = (i1, i3, ...,i{;) withi] < iy <

. < i; and @ denotes the Euclidean analogue of « in this coordinates system.
If I denotes the complementary multi-index of I and o (/) the signature of the
permutation (I, I'), we check

s (dx’) = o (Ddx!,
and
w@dy') = Vgl o™y +) Y oW mdy’ |,

k>1J,|JNI|=l—k
(1.242)
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where, for multiindices 7, J are of same length
gil,jl gil,iz - gi1,j1
i2, 1 :
1J _ 8§
g =
ginin ... g,

Hence, (1.242) becomes

%y (dy') = o (Ddy' + 0(r?),

69

(1.243)

Then (1.243) implies that (1 + *,*y) (o) = 20, 4+ O(r?) and using this in (1.240),

we get
le™" D\ A~
Lop(x) = (A2 A %y + O(e).
Sn r<e
But
a(x, y) Axy@(y) = @(x) *y 1 + O (r),
hence

ne™" )
Lep(x) = w(X)/ Aro) #y 1+ 0(e)

ne "
=s0(x)<s / *),1>+0(s)

= ¢x) <n8"f rﬂdr) + O0(e)
=¢(x)+ O(e).

Coming back to S, we can now write
(S+ — De(x) = lim Gep(x),
e—0

Let us investigate the right-hand side of this equality

Geo(x) = I+ *x*y)(dxdywlfl) N *y@.

r=¢

(1.244)
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Since @ = O(r>™"), the bi-form drdyw is O(r™") but we are going to check that
the operator 1 + %, cancels its leading part.
Since « is closed, we have

A
dydy(wj—1) = dxdy( 5 s ) Ay
A(rz) 5 .
— d d n A B 0 n
(n—2)s, " VT A+ 00T
r*n)\’(rz) n 1 )
IS {4r2dxr2 ®dyr” - 2dxdyr2} Aa—p + 0@t

Let us denote 7 the Euclidean distance function in this coordinates system. Using
(1.241) and the Donnelly formula, see [96, pg. 347]

2 ~ 1 Koloi ingaj o 5
re(x,y) = ro(x,y) — 3R;ka(xg)x X' —=xH() —x/) + O((x, y)°) (Donnelly Formula),

(1.245)
we get
rA) [ n - - 1 2]~ 3
ddy(orn) = "7 {4r2dxr ® )i~ ddy7 ]AaHJro(r ",
(1.246)
It remains to prove
~ no -~ ~ 1 Dy A~
(1+*X>ky)<{4r2dxr ® 7 — dudy? }/\(xl_l) —0. (1.247)

Firstly,

n

" " 1 " n . . . . . . . .
4r2d~*r2 ®dyr2 _ 2dxdyr2 — _r2 Z(xz — (& = ydx' @ dy’ + dez ®dy'
i,j i

i

=Y (=L —yar @dy + ) 6 —y) — 3 dx @y,
i i#]

Setajj = (x' —yH(x/ —y),
" AP @d — L dd PG
{4r2 x! ® yr - 5 X yr }/\0[[_1

= Y (- Depddd ndx! @dy ndy! +3 ey Y dx' ndx! @dy' ndy!
il r i#j 17)=i-1
||=l-1 i#]
= Z (- r12 Zakk)dxl ®dy1 + Z oz,-jdxi Adx! ®dyi /\dyI.
r

[1]=l kel [7|=1-1
i#]
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But

— n
(4% Y (- 2 > aw)dx @ dy’

[1|=l kel
n n
=Y (-, awdx @dy' + ) (- ) ) aw)dx' @ dy’
[1|=l g kel [1|=l d kel
n n
=Y (-, awd @dy' + ) (11—, aw)dx' @ dy’
|1|=l " ke [|=l r kel

n
n n
=y @- 2 > aw)dx' @dy' =) (2l — r2r2)dx1 ®dy' = 0.
Ve k=1 |1]=l

On the other hand, we check that for all multi-index / of length / — 1, not containing
the indices i, j

$¥y (dx' A dx! @ dyl Ady') = —dxI A dx™NY @ dyt A dxNEIY T (1.248)
Indeed

F(dx' Adx') = o, Ddx"N = 6 (i, e |’, - ’,ldxf A dx\G7Y
L=
where 8§ is the signature of the permutation sending I to (j, I \ {j}). Using the

corresponding formula for s (d y/ A dy"), and the relation

oli, Do (j, Defel = (o(1))* =1.
we get (1.248). Now

(14 %%y) Z aijdxi Adx! @ dy' A dy!
Z ot,'jdxi Adx! @ dyi /\dyl - Z oz,-jdxj A dx N ®dyi A dx M
|1|=l-1 |1|=1-1
i#] i#j
= Z ozijdxi Adx' @dy' Ady! — Z oz,-jdxj Adx! @ dy' Adx!
[1]=l-1 1]=l—1
i#] i#j

Z oujdxi Adx' @dy' Ady! — Z otj,-dxi Adx' @ dyl A dx!
|1|=l-1 |1|=1-1
i# i#]

= Osincea,-j =0jj.
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This proves (1.247). Next

F A2 no . ~ 1 ~ - _
(I + syy) (drdyor—1) = s ( )(1 + #yky) <{ 472 dxr2 ®d),-r2 - 2dxdyr2} /\‘1171>+ 0(r3 ")

n

—n) 2 ~ N N 1 » -
= r (r )(*x *y —Fyky) <{ 4}:2 dxr2 ® d),-r2 _ 2dxdyrz} A Ol],1>+ 0(1‘3_n).

Sn

It only remains to prove that %, %, —#;%, = O (r?). To do this, we introduce some
notations.
Let & be the Riemannian curvature of M, g :

X(X,Y)Z = VxVyZ —VyVxZ — Vix.viZ.
and set in local coordinates system, with local frame e, .. ., e,
Rijri = (Z(ex, er)ej, ei)g.
We know that in normal coordinates centered at a point x :
g&ij(y) = &;j — ;Rikjl(xB)ykyl + 007

Setting R;j(y) = R,-kjl(xB)ykyl, we get a symmetric matrix R(y) =
(Rij(¥)1<i,j<n and

1
g0 = I— RO + o),

S0
-1 1 3
g O = I+3R(y) + O@r).

If wenote Ry j(y) = (Rij(y))iel, jes then

Li;n _ 1 3
gy =1+ 3T”[RI,I()’)] + 0(r),

1
Vgl = 1- (TTIROT + o),

g™ = o¢™if|InJ| =1 -k
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These data and (1.242) give

1 1
#y(dy!) = (1= TrRG)D (ou) (1 + 3Tr[R1,1(y)]> dy' + Zo(/)g’*’(y)dy’)wv%,
i =1-1

~ 1 1
= K@y + jo) (Tr[Ru(Y)]— 2Tr[R(y>])dy’ . og may’ + o).
[JNI|=l—1

Since R(y) = O (r?); it follows that s, ky —Hy k) IS o(r?).
This ends the proof of Proposition 1.24

Corollary 1.1

We intend to implement the local index procedure [96] onto the operators S .
We define

0:=1-57 = —Q2K +K?).

Recall the following elementary result concerning the composition of week
singular integral operators, see e.g. [86, Sect. 27].

Proposition 1.25 Ler L1, resp. Lo, be a singular integral operator with kernel
Li(x,y)=0@""), resp. La(x,y) = 0(r2™"), with e1, ex > 0, continuous away
from the diagonal, with compact support. Let L = Ly o Ly and let L(x, y) be its
kernel.

(i) If e1 + ex < n, then L is a singular integral operator with kernel L(x,y) =
O(relJrezfn)

(ii) Ife1 +ex > n, then L is an integral operator with continuous kernel L(x, y) =
0(r9).

From Proposition 1.24, Corollary 1.1 and Proposition 1.25 we get

Proposition 1.26 The operator 0 has the property that 0 = — (2K + K?) where
K, resp. K2, are integral operators with (metric) kernel ki(x,y) = O@*™),
resp. ka(x,y) = O@F*™).

Let A* denote the +1-eigenspaces of the operator y acting on the Hilbert space A
of L,— forms of middle degree / on M. Let Imd, Imé denote the closed sub-spaces
of all exact, co-exact forms of degree /. We recall that the Hodge decomposition
theorem states

A=1Imd®Ims ® H#",

where 7! denotes [-harmonic forms.
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Proposition 1.27 The operators S+ have the properties
(i) yS+ ==£S8¢y

(ii) Sp(AY) C A%, S_(AY) C AT
(iii) S+(Imd) C Imd,  S+(Im8) C Im8
(iv) St =St

(v) 0:=1-— Si commutes with y and S+
(vi) O keeps invariant the spaces N*, Imd and ImS$.

Propositions 1.26 and 1.27 imply the following result.
Theorem 1.54 The operator S— satisfies the properties

(i) S— is quasi local (its support may be chosen arbitrarily small around the
diagonal)
(i) (S-)iima =1+ K’
(iii) (S )jms = —1+ K",
where K', K" are integral operators with metric kernel of type O (r>~").

S_ is a local Hodge decomposition, as it is called in Connes et al. [101].

We intend to apply the localisation procedure [96, 101] onto the r-signature
operator

— A (1.249)
For, we consider the parametrix
B:AT —> AT

given by

where

N
Iy = Y 6.

J=0

and N is a sufficiently large number, which will be specified later.
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The corresponding operators Sp, S1 are

1+)/ 21+)/ N11+y
So:= 1—BA = 9/ .52 =1-) 6/.5% = oMVt
0 Z Z 5
u 1— -y I—y
S;:=1—AB=1-Y 0/.52 =1-)Y ¢/.52 —oN+l ~ 7
)y Sos ! :

The associated operator
R=:AT®&oA — ATHA™ (1.250)
is given by the matrix

R=P—¢ = ((So)2 So(1+So)B> _

SFA —(S)?

_ @2(N+1) Hz‘)/ 9N+1(1 +9N+1)2N(0)S7 151/ _
pN+lg 1tv _p2(N+D 1y -
- 2 2

1 1—
(92(N+1) 1451/ gN+1 52N+1(9)i9— S )
N+1 +y 2(N+1 4
oNtIs_ —g2(N+Dh 7

and

= (01)

General considerations [96] show that P is an idempotent (P2 =P).
The operator P, seen as an operator on A, is

1— 1 1—
P =y gVH[ Y ;V22N+1(9)]S_+ v

We have proved the following result.

Theorem 1.55

1 1-
Sig(M) = a—Ind(A) = Tr (So)*=Tr (S1)? = Tr 62N+ ;V ~Tr g2V V' —7r yg2WNHD,
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1.13.1 1-Parameter Family of Hodge Decomposition Operators

Remark 1.22 In the remaining part of this section we are going to make prepa-
rations for the localisation of the operator R. The r-signature operator is already
local. We need to localise the operators depending on 6. Recall that 6 = 1 — Si =

—(2K + Kz), where K = S; — 1, cf. Proposition 1.24

We introduce the 1-parameter family of parametrices for the Laplacian §2; whose
supports concentrate about the diagonal while ¢ | 0

210(x) = /wt(x,y) A *p(y),
where

)
o.

T —2s,

(<2

and « is defined as above
1 P "
ap = (dxdyA(x, y))A o= Zap.
p: =0

Associated to §2; we introduce the operators
S:t’[ = dQ[(S + )/th(Sy
acting on [ — forms. Supposing the support of the function A is in the interval
[—1, 1], the kernels of the operators S+ ; have supports in the 7-neighbourhood of
the diagonal.
The corresponding operator K; introduced in Proposition 1.24.

Kt =S+,t_1

is given by
(Krp)(x) = /(1 + *x*y)(dxdywlfl,t) N *y@;
M

its (metric) kernel is

kit (e, y) = (14 %)) (dedywr—1,1).

We intend to study the kernel kq ;(x, y) while ¢ | 0.
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Since « is closed, both with respect to x and y, we have

)

dxdy(wlfl,t) = dxdy< n —2)s ) ANoy—1
- n

= ! Arzdd 2n d )\rz do(r2n

= (n—z)sn{ (2)dxdy(r™) 4 daA( )1 @ [dy(r™ )]
2—n r2 }’2 2—n

+  [ldi(r )]®dy[)\-(t2)] + [dxdy)\.(t2)][(r A a—y

r2 2—n ’ r2 r2 l—n
(I’l _ 2)571 {)\-(tz )dxdy(” ) + (2 — Vl))\- (t2 )[dx(tz )] [39] [dyr]r

I ”2 r2 1— }’2 2—
+Q =N C )1 1y )1 + [dedyh ()16 ) Ay

1 r2 2—n ’ r2 r2 d}'r 1-n
1= 235, PGB+ Q=N (181 I
dxr2 }"2 1-n ’ r2 r 2—n

19 [dy()r + Al Cd Ol ) Aey =

}"2
+@=mN L

: {k(rz)dd(z’") +
X r
(n—2s, 12 J
2 2
n re ,re 1 ) )
r (2—n)t2)»(t2)r2[dxr]®[dyr] +

/}’2 r2 2—
DAy (N A =

2 Yoy (2
(n—2)sn{ (t2) X y(r )+
—n rr, ol 2 2
r (z_n)t2)"(t2)r2[dxr]®[dyr] +

2 2

2 2 7'2 r r
+ NN @I A =

¥ r 2—n
K ddy (10
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0 dedy (2
(n—2)sn{ (t2) X y(r )+

—nrz /Vz 1 2 2 2
r tzk(tz)[(Z—n)rz(dxr ) ® (dyr?) + (dxdyr?)]  +

_nr4 " r2 1 2 2
O @ Wy} Aoy =

—n 2
(n —2)sy, {r"A(ZZ Ydxdy T+

2

2 1
AR = @) ® @)+ (ddyr )]+

rt ” r2 ol 2 2
t4)“ (tz)[rz(dxr )®(dyr )]}/\alfl

On the other hand,
r2 2—n
1 dddy (27 =
2" ey ()1 =
2
M — D)y =
2 Y
2
M; YA =DIDE T der®) @ (dyr?) + (D) ddyr?] =
2 2 _
)™ D) © dyr?) + (¢ dadyr?) =
“n r22—n n_1 2 2 2
()T D) @) ® @) + dudyr ) =

—n 2 n 2 2 1 )
r (n - 2))\(t2 ){4}"2 (dxr ) ® (dyr ) - 2dxdyr } =
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Putting together the above results, we get

kl,l‘(xs y) =

—n

1
(nr_z)snﬂ o) (L1 =2) 23) ([, @) ® (dyr?) = dudyr?)

1
= OP VD (1=2) 5 @dar?) ® [dyr) = (drdyr?)

1
+ OV @) @ @) ] A )

1.13.2 The Cut-Off Function

We see that certain terms of the kernel k1 ,(x, y) group together. We intend to use
this feature in order to simplify its expression. For this purpose we use a special
cut-off function

1+ —=Dx! —1x=! for0<x<1
)\:{ +U—Dx—lx orb=x= (1.251)

0 forx > 1,
where dimension of the manifold is n = 2I.

Proposition 1.28 The function A has the properties

(i) M0 =1, x1)=0
(ii) A (x) is continuous on R, X' (x) = 0(x!=2), V(1) =0

) :(1 — DI 10— D2 forx < 1
)\, ()C) =
forx > 1

(iii) X' (x) is discontinuous in 1 and

, :(1— DX — 10— DI - 23 for0<x <1
A(x) =

forx > 1

(iv) A satisfies the differential equation

20 (x) — (n — 2N (x) + ”(”4_ D) = 1.
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(v) for4 < n, A satisfies

1—A(r?) = 00™).
We return to the formula for the kernel kj ;, which may be rewritten

—n

.
Baoy) = 7 ()

nn—2) r2 2 4

2 2 1
(e T e ) @)

n—2_r2 r? , r? 2
- [( ) )»(tz) - tz)»(tz)) (dedyr?) 1 AN oy }.

We use the cut-off function A from Proposition 1.28 with x = ; j ; by virtue of
property (iv) the formula for k1 ;(x, y) simplifies

—n

kol = 0 ()
-7 1 ) 2 2 2
{"("4 ) e~ 1) = D) @y ey )
r*}’l
_ 20— 1s, (1 4 sy %y)
1 2 2 r? r? ’ r? 2
{td-1) rz(dxr )® dyr?) — [U - 1))»(t2) - tz?» (t2)] (dxdyr) Noy—1 }
= r (1 4 *kyxy)
T 2(1 = Dsy, Y
1 2 2 r' 2
{{a-1 rz(dxr )® dyr?) — [ -1 - o )N (drdyr™) Noy—1 }
r" 1 2 2 r 2
= 2, (1 4 syl 2 dxr) @ dyr?) — (11— t") (dedyr®) Nog_1 }

—n

r 1 11
=, (scny) (11 S ()@ dyr®) = (dedyr®) T A ey} = - (saky) o
Sn r " sp
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The formula (1.247) along with the fact that %, *, —*x, = 0(r?) implies that

(1 4+ sy) { [ :2 (dyr?) ® (dyr®) = (dedyr®) 1 A 11} = 002).

Theorem 1.56 If the cut-off function A (Proposition 1.28) is used, the kernel
k1,:(x, y) of the operator

S:t’[ = d.Q[(S + detay

simplifies to

11
ke ) == 0 (Lt xety) e + 0(r"2). (1.252)
n

The formula for the homological local index class is (compare with (1.51))
R(x0, y0) ®4 R(x1,¥1) ®4 ... ®4 R(x2q, y24) ®4 -

Theorem 1.57 Let M be closed, oriented smooth manifold. Then the signature of
M is

Sig(M) = Trace R. (1.253)
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Chapter 2 )
Spaces, Bundles, Homology/Cohomology Shethie
and Characteristic Classes in
Non-commutative Geometry

Abstract In Chap.1 we recalled some of the basic notions and results which are
commonly used in differential geometry. We had presented them with the intent
of showing how they pass into non-commutative geometry. By definition, a non-
commutative space is a spectral triple {7, p, F} consisting of an associative, not
necessarily commutative or topological algebra o7, a Fredholm operator F acting on
a separable Hilbert space H and p : &/ —> L(H) arepresentation of the algebra &/
onto the Hilbert space H, subject to additional conditions. Such a structure codifies
an abstract elliptic operator defined by Atiyah (K -Theory, Benjamin, 1967). While
in differential geometry elliptic operators are defined after multiple structures are
summed up, in non-commutative geometry this process is reversed. The study of
non-commutative geometry consists of finding the hidden mathematical structures
codified by a spectral triple. In Chap. 2 we show how the notions of space, bundles,
homology/cohomology and characteristic classes can be extracted from spectral
triples. We stress that non-commutative geometry objects are defined in such a way
that (1) the locality and (2) the commutativity assumptions, used in the differentiable
geometry counterparts, are not postulated.

2.1 Basic Algebra <7 in Non-commutative Geometry

In differential geometry the basic algebra is the algebra of smooth functions C*° (M)
where M is a smooth manifold. This is a commutative associative algebra. It
has many derivations: any tangent field is a derivation. The algebra C*°(M) is a
topological algebra too. For any relatively compact open subset K of M and finite
order partial derivatives D*

Supxex| D f(x) |, Vf e C¥(M) 2.1

form a system of semi-norms. With respect to this system of semi-norms C*° (M)
becomes a Fréchét algebra.

In non-commutative geometry, the space M is replaced by an associative algebra
<. In non-commutative geometry the algebra <7 is not required either to be

© Springer Nature Switzerland AG 2019 85
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commutative or to have a topology. It is not required 2/ to have a unit or not. It
is not required <7 to have true derivations.

The motivation behind this choice is based on fundamental results which connect
algebras with spaces. We list only few of them.

Theorem 2.1 (Gelfand and Naimark) Any commutative C*-algebra with unit
is *-isomorphic to the C*(X)-algebra of continuous functions on a compact
topological space X.

Any commutative C*-algebra without unit is x-isomorphic to the algebra C*(X)
of continuous functions on a locally compact topological space X which vanish at
infinity.

Theorem 2.2 (Gelfand and Naimark [3]) Any complex C*-algebra is *-
isomorphic to a C*(Z£(X))-algebra of bounded operators on a separable Hilbert
space X.

Theorem 2.3 (Gelfand and Mazur) Any complex Banach algebra with unit in
which all non-zero elements are invertible is isometrically isomorphic to the algebra
of complex numbers.

More information about these and other topics regarding topological algebras
may be found in the books by Rickart [28], Dixmier [40], and Arveson [80].

A space in non-commutative geometry is given by a spectral triple. Spectral
triples were defined in Sect. 1.12.3. A spectral triple is a system {<7, p, F} where F
is a Fredholm operator acting on a separable Hilbert space H and p : &/ —> L(H)
is a ring homomorphism into the algebra of bounded operators .2 (H); these entities
have to verify additional conditions.

The information contained by the algebra < is very limited. This is the reason
why extra structure is added in the definition of a spectral triple.

2.2 Bundles in Non-commutative Geometry

In non-commutative geometry, see Connes [82, 99], bundles appear in at least these
modalities: in an explicit way, as finite projective modules, or idempotents in the
matrix algebra M, (&), where 7 is an associative algebra or, in an implicit way,
either under the form of the Hilbert space H of spectral triples, or as equivalence
classes of bundles, as elements of the K -theory groups.

2.3 Non-commutative Chern—Weil Theory

We saw in Sects. 1.6.6 and 1.6.7 that the commutativity of the ground algebra is not
used in the definition of linear connections, curvature as well as in the construction
of the structure equations. For this reason, the algebra of smooth functions may be
replaced by an arbitrary associative algebra .o/ over the ring K.
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We are going to see that the minimal structure necessary to implement the Chern—
Weil construction may be decomposed in three steps, see [91]:

1. first step: the connection and curvature should be elements of a graded differen-
tial algebra,

2. second step: the homological information has to be collected in an interesting
homology theory,

3. third step: a trace-type operator should be available.

The discussion below will hold at least in the case K = R, or C. If not differently
specified, all tensor products are over the field K.

2.3.1 Preparatory Material: Graded Differential Algebra B

We insert this section with the only purpose of facilitating the reading of the topics
related to characteristic classes; some of their proofs are omitted. With the present
notation the degrees of chains and homology are increased by 1 with respect to the
final setting. These notions and the degree shift will be discussed again in Sect. 2.4.

Definition 2.1 Let 7 be an associative algebra over the ring K.
We define

(i) the space of k-chains

By = @k o/ (2.2)
(ii) the boundary b : By —> By_;
b(a® - @a) = Y () 'a®.. @a)®.. .4 (23
0<r<k-1

(ii1) Let V be a K-algebra. Define the space of co-chains on A with values in V:
(B,V)p:=Homg(By(A), V). ) )
Let 6 be the transpose of b ,1.e. §p11: B, V)pyr1 — B, V),

Gpr19) (@ ® - ®apy1) =¢b (@1 @ ®ap)).
(iv) On the space of co-chains (f}, V)« define the product, see Quillen [91]
x: (B, V), x B,V)y — B,V)yiy

(apxﬂq) (al®' . ‘®ap®bl®' . ®bq) = O5[7(al®' . '®ap) . ,Bq(bl® . ®bq)
2.4
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Proposition 2.1

(i) By is an </ bi-module given by the left and right multiplication of tensor
product factors with elements of <,
(ii) b b =0
(iii) (B, V). is a graded differential algebra
S(ap x Bg) = (Bap) x By + (=D, x (384) (2.5)

(iv) if the algebra o/ has an algebra homomorphism, called augmentation, p :
o/ —> K, then the mapping s : B, — B,

s(a1®---®ap) =-Da1®---Qa,®1 (2.6)
satisfies the identity
sb+b s=1 (2.7)

and therefore the bar complex B, is acyclic.

Remark 2.1 The graded differential algebra structure on (ﬁ, V)4 derives from the
co-algebra structure of B, see [91]

A ® - ®ap) =Y (@1® - ®a) X (@41 @ ®ap).
r

Proof

(iii) The expression of the boundary splits up in two parts

b/(a1®”'®ap+q+1):

Z [@®...arar11- Qapt1 1 [ap2 @ ®apyg+1 |+

I=r=p

D Nar @ ®a)l @1 Y (D) ap @ ®a,arpy ® - ®apigiil.

p+1=r=<p+q
2.8)
We leave the remainder of the proof to the reader.
Definition 2.2
(1) Define the homomorphisms 7, N : By —> By by the formulae
Ta® - Qa) = D200139 - QarQa (2.9)
N = Z T" (2.10)

0<r<k—-2
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(i) A chain y € By (%) is said to have graded cyclic symmetry and called cyclic
provided T'(y) = y, see [82]. The set of all cyclic chains in Bi(%/) is denoted
Bl ().

Proposition 2.2

(i) b' (B} (<)) C B} ().
(ii) If the ring K contains the rational numbers, then Ker(1 — T) = ImN =
space of cyclic elements.

Definition 2.3 The homology of the cyclic complex {(B,i‘ (&7)), b'}is called cyclic
homology of the algebra <7, denoted H” (<), see [82].

2.3.2 Associative Algebra Extensions and Their Geometry

In this section we extend the Chern—Weil theory to exact sequences
E= 0—H-——>P-5T—0 (2.11)

of associative algebras. In Sect. 1.6.9 we presented Chern—Weil theory on extensions
of Lie algebras, see Teleman [62]. For the present discussion we use Quillen’s
article [91] with certain modifications. The invariants we obtain belong to the cyclic
cohomology of the algebra <7, results due to Connes [82].

We consider an associative algebra 27. We assume the algebras P are unital and
that r(1p) = 17.

As said before, the problem is split in three steps.

The first step involves connections, curvature and the analogues of the structure
equations. This is going to be done inside the graded differential algebra b'-bar
complex, denoted B, of the algebra <7, see Quillen [91]. The algebra B provides the
differential calculus which replaces the Lie algebra context of [62]. The second step
deals with the choice of the homological framework in which the minimal structure
produces useful results. The third step deals with the choice of trace.

We anticipate by saying that the trace is characterised by its basic property of
being invariant under cyclic permutations of the zero-degree factors. The graded
cyclic symmetry, imposed on chains of any degree, is compatible with the ordinary
trace and leads to cyclic homology, due to Connes [82].

We begin by discussing the first step.

Definition 2.4 Letu : &/ —> T be an ./-homomorphism with u(14) = 1p.

We assume there exists a K-homomorphism ¢ : &/ —> P, suchthatu = mog.
¢ .o =B (/) —> P is called connection.

We associate with the connection ¢ its curvature w : Bo(«/) — P

w(a1 @ az) = ¢lar.az) — (¢ ar).(¢ a2). (2.12)
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The curvature measures in which respect the connection is not multiplicative. As
m o = 0, it follows that w takes values in the ideal H. Taking into account
the present structure, the objects introduced by Definition 2.1will be defined more
specifically.

Definition 2.5

1. Let § be the transposed b, acting on Homg (B(</), P), resp. Homg (B(%),
H).
For any ¢ € Homg (Bx (&), P),resp. ¢ € Homg (Bx(=/), H), we define

BP)@ ® - @arr1) = ¢(b (a1®-- ®ars1)).
2. On Homg (B(«), P),resp. Homg (B(<), H), we define the product: if
ap € Homg(By(&), P)
and
B, € Homg (B, (), P)
one defines .8, € Homg By, (27), P),resp. Homg By, (<), H),
@pB) (@1 ® - ®apiy) 1= @ (@1 ® - ®ap) . B app1 @ ®apiy),
(2.13)

where the last product is performed in P, resp. H.

Proposition 2.3 Homg (B, (<), P), resp. Homg B (), H), are graded
differential algebras with respect to the boundary operator § and the multiplication
defined by (2.13).
8(etp.Bg) = (Bap).By + (—=DP «p.(8By). (2.14)

Proof The property follows from the co-algebra structure A on B, (<7) [91, §1.2].

A1 @ ®ak) = Bi<r<k(@1 @+ @ ak) @ (ar41 ® -+ ® ax).
We have

8(@p-By) (@1 ® -+ ®apigi1) = () b (@1 ® - ®apigs1) =

ap(b (@1 @ ®api1)) . By (@pp2® - ®apigr1) +

(—DP ap (@ ®: - ®ap) . by b (aps1 ® - @ apiy).
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Proposition 2.4 (Second Structure Equation) The curvature and the connection
satisfy the equation

w=8p — ¢.0p. (2.15)

Proof Indeed
G )@ ®a) = b (a1 ® @) = plar.a), (2.16)
(¢ x p)a1 ®az) = ¢(ar) . p(a2). (2.17)

2.3.3 Connes Chern Character of Algebra Extensions

Proposition 2.5 (Bianchi Identity)

1. Let ¢ be any 1-chain in the graded differential algebra and let w be defined by
the equation

wi=8¢ — @.¢. (2.18)
Then ¢ and w satisfy the generalised Bianchi identity
Sl = — [, ¢]. (2.19)

This formula for ¢ = 1 is the Bianchi identity.
2. The curvature w and the connection form ¢ satisfy Eq. (2.19).
Proof

1. For g = 1 the relation follows easily

do=08(3¢ —pg) = —-0Cooe +e@ep =
(2.20)
—(B9) —9po + 9B —9p) = —[o, ¢l
The general formula follows by induction on ¢
sl = 8w .w) =
(Dl " glo + (Do ' [w.¢]=
(—D(@? g — 9ot o + (Do (w.p —g.0) =
(Dol —p.0! + (D) (0! pw—0?"lpw) = —[w?, ¢].
(2.21)

2. The connection ¢ and the curvature w satisfy the second structure equa-
tion (2.15).



92 2 Spaces, Bundles, Homology/Cohomology and Characteristic Classes in Non-. . .

We introduce the chain
@, = of. (2.22)
Formula (2.21) says that
8Py, =[Py, 0] = Pg.0 — ¢. Dy (2.23)

We pass to the second step. In the sequel the bar complex B, is understood to be
associated to the algebra .#'. We intend also that Hom means Homg. We know that
o takes values in the ideal H. Therefore, @, and 6@, belong to Hom(B(=/), H).

The analogue of the constant invariant forms of [62] is the trace. Recall that H
is the first term of the exact sequence E. Let V a K bi-moduleand lett : H — V
a K-homomorphism. The composition with the function 7 produces a function

T:HomBy, H) — Hom(By, V) (2.24)

The following definition deals with the third step.

Definition 2.6 Let V be a K bi-module. A K-homomorphismt : H — V is
called a trace on H provided it vanishes on the commutators [ H, P]. In other words,
T is a function

t:H/[H,P]— V. (2.25)
Definition 2.7 Let 7 be a trace on H. Define
Y, = toawl. (2.26)

For the definition of ¥, it would be sufficient to require that T be defined on the
gth power of H and that it would vanish on the commutators [HY —1 P]. The
generalised Bianchi identity combined with the trace property prove the next result.

Proposition 2.6 Let t be a trace on H.
Then ¥; =1 0w o N is acyclein the complex { Hom(By, V), 6 }.

Remark 2.2 Proposition 2.6 tells that ¥, is a cycle in the complex { Hom(By, V),
3 }. However, the homology of this complex does not provide always the kind of
information we look for—see Sect. 1.6.3. ¥, does satisfy the trace conditions. This
property is not used to the maximum of its possibilities: the cycle is not supposed
to live in a complex in which all chains have cyclic symmetry. Connes [82] defined
graded cyclic symmetry condition and defined the cyclic complex { BZ(A), b }
consisting of Hochschild chains which have cyclic symmetry. The homology of this
complex is the cyclic homology. For the purpose of the Chern character, Hochschild
homology is not an interesting homology theory for characteristic classes, see
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Sect. 1.6.3. A refinement of it, called cyclic homology, or better periodic cyclic
homology, discussed in Sect. 3.21 is the right homology theory.

Theorem 2.4 (Connes [82, Theorem 5], See Quillen [91, Theorem 1]) Let E be
an extension of associative algebras. Let ¢ be a connection in E and let w be its
corresponding curvature. Let T : HY —> V be a trace vanishing on [H1~', P].
Then

(i) the chain
Y, =71o0 ol oN 2.27)

is a cycle in the cyclic complex T o Hom (B)‘q, H).
(ii) If the ring K is commutative and contains the rational numbers, then the
homology class of the cycle W, is independent of the connection.

Proof The chain ¥, has graded cyclic symmetry because it belongs to the image
of Nand Im N = Ker (1 —T). Ker (1 — T) consists of cyclic elements and
the boundary b’ carries graded cyclic symmetric chains in graded cyclic symmetric
chains, see Proposition 2.2

(1) ¥y is a cycle co-cycle because
8w, = stowloN = tobwloN = —to[w!,¢loN = 0. (2.28)
We pass to the proof of (ii). It remains to prove that the homology class of ¥,

does not depend on the choice of the connection.

The present proof uses a homotopy argument realised on the product of the “base
space”, given by the algebra .o, with the interval [0, 1], see Quillen [91, §2.1],
compare [62, §5] and [89].

To this aim we keep both the algebra <7 and the homomorphism u unchanged
and we replace the exact sequence & by the exact sequence

1x1 Tx1

ExK= 00— HQ®QK—PQRQK—T®K— 0. (2.29)

K. is the de Rham complex, with polynomial coefficients, on the line. More
precisely, the graded differential algebra K, is

K:= K[t,dt], dtdt=0; (2.30)
the chains of Ky are polynomials in t with coefficients in the ring K. The
polynomials commute with dt; Kj := Kp.dt.

Definition 2.8

(i) In the graded differential algebra Hom (B, V) ® K, the boundary operator is
D = § + d;. The boundary § operates on the first factor Hom (B, V) while
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the exterior derivative operator d; operates on the second factor K

d )
di§ = di. & =di.§. 2.31)

(ii) If f € Hom(B,, P) ® Ky, the total degree of f is |f|:= p +q.
(iii) If f € Hom(B,, P)®K, )and f € Hom(B,, P) ® Kj, the product of the
two co-chains is given by

(f x @)@i...apsr) = (=DP* flar...ap) . g(apt1 .. .apyr).  (2.32)
(iv) If f € Hom(B,, P)® K, the total differential of f is
Df = 8f + (=1)Pd,f. (2.33)
Lemma 2.1 If f € Hom(B,, P)® K, and g € Hom(B,, P) ® K, , then
D(f xg) = (Df)x g + (=D f x (Dg). (2.34)

Let ¢o and ¢ be two connections in the original exact sequence E. We introduce
in £ ® K. the connection

¢r = @o.(1 —t) + ¢1.t € Hom(By, P)®Kj. (2.35)
Definition 2.9 Define the fotal curvature
wr = Doy — @ror = (8 + di)or — @rpr = o + ¢r.dt, (2.36)
where
= 8¢ — ©r.@; 2.37)

The total curvature is the curvature of the connection w;.
Using formula (2.31) we get

diwy = di(w; + (01 — wp).t) = (w1 — wp) . dt. (2.38)

Word of Caution The form @, := 38w; — w; . w; is not the curvature of the
connection w;. However, @ is a 2 co-chain associated to the form w,, with respect
to the boundary map &, in accordance to Proposition 2.5(1).

Proposition 2.5(1) says that

saf = — (&1, @l (2.39)
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Note that the boundary § acts on the bar complex. Therefore, § commutes with t.
Putting together these two facts, we get

st = 0. (2.40)
We get

o = (@ + (01 — wo) .d)" = &' + Z o7 g Tt
1<r<m

(2.41)

The graded commutativity of the differential algebra K was definitely used in this
formula, in particular dt . dt = 0.

Proposition 2.4, in which we replace the operator § by D and the connection ¢
by the connection ¢;, gives

Dtw™N =0. (2.42)
We get then
0=D(od)N = (2.43)
G +d)T (&N + @G +d) Y @& .(p — o). )dtN.
1<r<m

(2.44)

Formula (2.43) combined with (2.40) and the fact that the second term of (2.44)
already contains the factor dz, imply

0=dtd!N+68 Y & " (pi—¢). 0" .dt.N. (2.45)

1<r<m

From this formula we find that

d
dt(td);”)N.dtz—S Z N (@1 — o) . @ UN L dt (2.46)
1<r<m
or
d SHm ~r—1 m—r
g (THDON = =8 Z ol (@1 — @) . @™ N. (2.47)
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Let V;(r@/*N), i = 0 or 1 denote the value of T@}"N at i. We integrate this last
equation on the interval [0, 1] to get

1
Vi(t@"N) — V{(t&"N) = _/ 8 Z ol (g1 — o). @™ N L dt.
0
1<r<m

(2.48)
But
Vit®'N) = to!'"N, i=0, 1. (2.49)

This completes the proof of Theorem 2.4.

Proposition 2.7 Taking the trace © : P/HIt' — V instead, one obtain the
Chern-Simons classes, see [91, §2.2].

Remark 2.3 The proof of Theorem 2.4(ii), we have just presented, uses an oppor-
tunity left between the first and the second structure equations. To be more specific,

the connection ¢; = ¢@o(1 —t) 4+ @1t could be used in two different manners:
either to consider the total curvature w, of the structure E x [0, 1] (associated to the
boundary operator D = § + d;), or to consider the curvature @, of the structure £

(with respect to the boundary §), for each value of the parameter . The validity of
the proof is based on the fact that the curvature @, for each value of the parameter
t = a, may be obtained from the total curvature w; by replacing in its expression
t=a.

Remark 2.4 The proof of Theorem 2.4 is based on the following facts:

1. the connection ¢ (of degree 1) and the curvature w := 6 ¢ — ¢ . ¢ (of degree
2)—related by the first and second structure equations—Ilive in the same graded
differential complex algebra

2. there is a trace operator t defined on the space where the curvature takes values

. the homotopy between the two connections is a polynomial homotopy

4. there is a compatible graded operator N which carries the bar co-chains into
cyclic co-chains B o N; the homology of the cyclic complex provides a good
homological realisation for the Chern—Weil construction.

(O8]

This proof scheme may be used in all situations in which the above conditions are
met.

For a formal integration procedure applied onto a polynomial homotopy see also
[62].
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2.3.4 Karoubi Chern Character of Idempotents

The extension of the Chern—Weil theory to idempotents/finite projective modules
over arbitrary associative algebras is due to Karoubi [89] in the homological context
and to Connes [82] in the cohomological case.

Here we present the non-commutative Chern—Weil theory using exclusively
idempotent matrices.

To this aim, we consider an associative algebra .7, possibly non-commutative
and we consider an idempotent p over this algebra. We keep in mind Remark 2.2
and we recall that the Chern—Weil procedure may be split in three steps. We begin
with the first step.

For the first part of the construction, the homological support will be an arbitrary
graded differential algebra 2 = {£2., d} in which £29 = /. The algebra £2
replaces the de Rham complex used in the classical differential geometry. At the
end of the construction, this algebra has to be defined further. Each £2; is an &/
bi-module. All #-modules used in this section are right modules.

We consider the next two definitions and propositions, and we proceed as in
Sects. 1.6.6 and 1.6.7.

Definition 2.10 Let p € My (<) be an arbitrary idempotent and let I"(p) denote
the space of its sections (i.e. elements of its range).

V:I'(p) — I'(p) ®a $21 is called linear connection in the bundle p provided
it satisfies the condition

VE.f) = VEf + EQudf, YE € T'(p) and Vf € A. (2.50)

When not otherwise specified, the tensor product ® is over K.
Definition 2.11 Let p € My (A) be an arbitrary idempotent.
The Levi-Civita connection is defined by the formula
V = pdp. (2.51)
In this formula the boundary d is acting onto the components of the elements of A",
which are elements of the algebra A = £2.
Proposition 2.8 Let p be an idempotent. Then

(i) the Levi-Civita connection in p is a linear connection,
(ii) any idempotent p has linear connections.

Definition 2.12 For any linear connection V its connection extension is defined by

V:T(p)® 2 — ['(p)® 2us1. (2.52)
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Definition 2.13 The curvature of the linear connection V is defined by
R = VoV. (2.53)

Proposition 2.9 (Non-commutative Structure Equations) For any linear con-
nection V in the bundle p one has the

(i) first structure equation

(i.1) there exists a well defined matrix solution w° = (a)?i), whose entries a)?l. are
elements of 2", particular solution of the equationin = (w; i)
Vipe)=(pej) @ wji, (2.54)
where
o)y = aji + dpji, with V(pe) = Z ex ® ji (2.55)
1<k<N
0

(i.2) for the Levi-Civita connection, the matrix " is

o = pdp. (2.56)

(ii) for any pair of solutions satisfying Eq. (2.55), wj; and w5 the matrix

ofy = A=noj; + 1wy, Vie01] (2.57)

satisfies the first structure equation
(iii) to any connection V and any solution o = {wj;} of the first structure equation,

the curvature R = V V is given by the matrix
R(pe) = Y (per) @ Qi (2.58)
1<k<N
The matrix 2 = ($2y;) satisfies the second structure equation
ki = . wji + d oy, (2.59)
or
2 =w.0o + do. (2.60)
Remark 2.5

(1) Notice that (i.1) associates a matrix; compare with the Karoubi [89] treatment
where a matrix is associated to a linear connection in a free projective module.
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(i1) In the sequel, although we could continue working with any matrix solution
 of the first structure equation, we will use the particular solution »° given
by (2.56).

Proof

(i.1) Consider the matrix of the idempotent p. Its entries are the components of the
element p e;

pei =e.pii + ... +en.pyi € Imp, p=(pji), with pjjed.
(2.61)

p being an idempotent it satisfies
pei = p(pe) = (pe).pi + ... + (pen).pni. (2.62)
Given that V is a linear connection, it satisfies

V(pe):=V((pe).pi + -+ (pen)pni) =
Vipe)).pii + ...+ V(pen).pni + pe1®(dpi) + ... + pen ® (dpn).
(2.63)

V(p e;) decomposes as a linear combination of the elements ¢, 1 < j <
N, with uniquely defined coefficients o j; € !

Viped= Y ex®a. (2.64)
1<k<N

We know however that V(p e¢;) belongs to (Im p) ® 21(A). Therefore,
V(pe) = p(V(pei)),or

Vipe) = p( Y. e)®aji = Y. (pej)®aji. (2.65)
1<j<N 1<j<N
Therefore
Vipe) = Y (pe))®(aji+dpji). (2.66)
1<j<N

We have found well defined elements

a)(}i = ojj +d Pji» (2.67)

which completes the proof of (i.1).
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(i.2) For the Levi-Civita connection one has

V(pe) = pdp(pe) = pd(pe) = pd Y, ej.pji =
I<j<N

(2.68)

p Y. ei®dpi = Y. (pe)®dpi. (2.69)
I<j<N 1<j=<N

Therefore, for the Levi-Civita connection one has 0 = p ® dp.

(ii) For any two choices of the connection forms wj; there is an affine homotopy
connecting them: if V(pe;) = 3,y (pe;) w?i = Yi<j<n (Pej) wjl.l.
Fhe?n Vi(pei) = lejsN (pej) (1 —1) w?l + t a)}i ) is a connection. It
is important to notice that under the hypothesis, R C o7, the affine homotopy
is produced inside the algebra A: V! = (1 —1) VO + ¢ V!, its matrix is
o = A=) + 10

(iii) The second structure equation follows from the definition of linear connections
and the first structure equation

R(pei) = V'V (pe)) = V( Y (pej) ® wji) =

I<j=N
(VY (pep)).wji + Y. (pej) ® dawji) =
1<j=N 1<j=N
(2.70)
Y e ® wyjoji+ Y. (pe) ® oy ) =
1<k<N 1<k<N

Y e ® (wrj.wji + doii).
1<k<N

Proposition 2.10 The second structure equation gives the generalised Bianchi
identity

d" =" .0 — 0.2" =[2" 0], 1<m. (2.71)
In particular, for m = 1, one gets the Bianchi identity
d2 =2 .0 —w.2 =[2, 0] (2.72)

Proof For the proof of this proposition we use the proof of Proposition 2.4, with
minor changes due to a sign change.

This ends the first step of the non-commutative Chern—Weil procedure. We pass to
the second step.
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2.3.4.1 Karoubi Chern Character

The hypotheses remain the same: .27 is an arbitrary unital associative algebra over
the ring K and p € M, (<) is an idempotent over this algebra. V is an arbitrary
linear connection in the bundle defined by p and R = V o V is its curvature. We
assume the first step of the non-commutative Chern—Weil procedure is performed in
the graded differential algebra £2,, = {£2,, d}. The first and second structure forms
are available and they satisfy the generalised Bianchi identities.

For the third step, one has to ensure that on the graded differential algebra €2, a
trace is defined. The ordinary trace satisfies the property tr (o . B) = tr (B.«); for
graded chains, the graded trace should satisfy tr (ot . Bs) = (—=1)"tr (Bs . o).
(If one of the factors had an inverse, the trace would turn out to be invariant under
conjugationtr (8 . o . B H=tra)

Definition 2.14 The graded differential algebra 2 = { £2,, d } defined by

Q= 2/ ) (2.2, (2.73)
r+s=k

where [£2,, §2,] is the subset generated by all graded commutators
[ar, Bs]1 = a . Bs — (=D By . oy (2.74)

with o € £2, and B; € 2.

The boundary operator d satisfies the relation
dlay, Bs1 = [day, Bs]1 + =D o, d Bs ] (2.75)
i.e. the boundary d passes to the quotient spaces. We denote the boundary map in

the quotient spaces by the same symbol d.

Definition 2.15 Let 7 : B — By to be the projection mapping; we call it graded
trace. This takes care of the third step.

Proposition 2.11 The graded trace t satisfies the relation
(o . Bs) = (=D 7( s . ar). (2.76)

This relation holds for classical differential forms.
The function v commutes with the boundary operator d.

Definition 2.16 For any idempotent p over the associative algebra o7, any graded
differential algebra £2,, 29 = 7, and any positive integer ¢ define the Karoubi
Chern character

1 _
Ch(p)y = q'tR‘f € 2. (2.77)
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Theorem 2.5 (Karoubi Chern Character [89, Theorems 1.19 and 1.22]) Let
p € M (&) be an idempotent and let §2, be any graded differential algebra with
20 = . Let q be any natural number. Then

(i) the chain Ch(p), € S_qu isacycle.
(ii) its homology class [Ch(p)y] € Ha4(82) is independent of the connection.

Proof

(i) There is a direct argument due to Karoubi, see [89]—proof Theorem 1.19,
which shows that Chi(p) are cycles. To this purpose one introduces the
operator J := 2p — 1. This operator satisfies /> = 1 and

Jdp = 2p—-1)dp = 2(dp) (1—p) — (dp) =

(2.78)
(dp) 2=2p—1) = (dp) (1 =2p) = —(dp) J.
Proposition 2.10 says that T commutes with d; we have then
d 7 [(p(dp)(dp))? = d tr{p(l(dp)(dp)1¥} = d T {p(dp)*I} =
T (dp)Xt! = 1 J2dp)*tt = — 1t Jdp)tly = (2.79)
—J@p)t T = — ¢ (dp)Xt!
which gives
T (dp)*t! = — 1 (dp)*t!. (2.80)
If 2 is invertible in the ground ring . %~ we get
tr [(dp) (dp)*] = 0. (2.81)

For an arbitrary linear connection V the generalised Bianchi identity (2.78) for
its curvature form, in the graded differential algebra £2,, becomes

d[2™] = "0 — (D) w.Q2,] = 0. (2.82)

These considerations complete the proof of (i).

(i) The second part (ii) may be proven either by using Remark 2.2, or by using a
homotopy operator. As for the proof of Theorem we use the de Rham complex
on the line, with polynomial coefficients K. We replace the graded differential
algebra £2, by the graded differential algebra given by the graded tensor product
2,®kK. The differential in this algebra is given by

D(y ®k 0):= (dy)®k o + (=17 y @k (do).
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Let Vo and V; are two linear connections in the bundle defined by the
idempotent p. Then V; := Vp(1 —¢) + V¢ is a linear connection in p,
in the new algebra.

The connection form is

w; = wo.(1—1) + wi.t. (2.83)

and drw; = (w1 — wp).dt. The second structure equation (2.60) gives the
total curvature.

2, = d + d)oy + wr.0p = -ét + diwy =

~ (2.84)
QI + (COI — CU())dt
From this one gets, as in the proof of Theorem 2.4(ii)
Qr=0m" + Z 2F (w1 — w) 27 d1. (2.85)

p+g=m—1

Using the fact that the differential algebra K is graded commutative, it is easy
to show that

2. K, = 2, QK,. (2.86)

From this we get that the graded traces of the two algebras togk, T are related
by the formula

Toex = T ® ldx. (2.87)

Remark 2.3 may be used to complete the proof.

Theorem 2.5(ii) could be proved also by using a homotopy argument, see [89,
§1.20]. The success of the procedure resides in the construction of a polynomial
homotopy connecting any two connections.

Definition 2.17 Define the operator 4 : K — K

0 if L»ekKyp

1 (2.88)
Jo mdt if r=p.dtek.

h(})) = {

Proposition 2.12 Denote by V;(L) the value of the function ) at the point i =
0, or 1.
The homotopy operator h satisfies

dih + hdy)()) =

{m—vox, Va € Ko 2.59)

vir.dt € K.
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For any graded algebra {2, §}, the homotopy operator & extends naturally to an
operator h g : 2, kK —> 2, by the formula

ho (0 ®K A) :=w Kk h(X). (2.90)
Proposition 2.13 The homotopy operator hg satisfies the identity

ViA — VoA, VA € K
(5 + d)hg + ho( + d)@®RkA) = 0@k | 0 0

VA € K.
(2.91)
The operator hg passes to the quotient algebra
-Q*®K/[~Q*®K, Q*®K] = -Q*@K, (2.92)

denote it by hg.
The operator hg satisfies the relation

Via — VoA, VA € Ky
VA € K.
(2.93)

(8 + d)hg + ho( + d))(@®k ») =@ Ok

Proposition 2.14 (See [89, Ch. 1.20]) Ler y be any § + d;-cycle in the complex
2, K. }
Then Vi(y) — Vo(y) is a 6-boundary in the complex $2,.

Proof Use the relation (2.93).

To complete the proof of Theorem 2.5, we apply Proposition 2.13 onto the chain
02",

2.3.5 Connes Chern Character of Spectral Triples

In this section we construct Connes Chern character of spectral triples following
Quillen’s [91] setting: This means that we associate with any spectral triple .7
an extension of associative algebras &. To do this we define a homomorphism u
of the basic algebra into the quotient algebra of the extension and we consider a
splitting, called connection g; let w be its corresponding curvature. The homological
information contained by the spectral triple is extracted from the powers of the
curvature.



2.3 Non-commutative Chern—Weil Theory 105

Here are the details. We consider an associative algebra .27 and a representation
p o/ —> L(H),where L(H) is the algebra of bounded operators on the separable,
infinite dimensional Hilbert space H.

2.3.5.1 Connes Chern Character of Odd Spectral Triples

Let 7 := (&, p, F) be an odd spectral triple, see Sect. 1.12.3. We associate the
short exact sequence of associative algebras

= 0— ¥"(H)— L(H) = L(H) | " — 0, (2.94)

where .#" — is the ideal of Schatten class operators. As .Z"(H) is an ideal
in L(H),  is an algebra homomorphism. We define the algebra homomorphism
u:o — L(H)/Z"(H),u =m o p.

We associate with F its 1-spectral component p := 1/2(F + 1); it is an
idempotent.

The idempotent p € L(H) has the property that [p, po(a)] belongs to the
Schatten class .Z", for any a € <7

Define u : & —> L(H) /| X" tobeu(a;) = x p p(ay). Itis clear that u is an
algebra homomorphism

u(ar.ay) = 7 p plar.a) = 7 p p(a)).p(ax) = m p* play).plax) =
7 p ([p, pla] + pla)p).p(az) =7 (p p(a).(p.plaz)) =
7w (p pla).w (p.plaz)) = ular).u(az).
(2.95)

We define ¢ : &/ —> L(H), ¢p(a1) := p p(a1). ¢ is a connection of the
extension &’; indeed, the relation 7w o ¢(a;) = wu(ap) holds.

Let { B(«), b } be the bar complex. Consider the induced complex, with b
acting on the argument

Hom(B, L(H)) :={ Homk (B, L(H)), b/}. (2.96)

The corresponding curvature is (see Sect. 2.3.3)
wla ®a) = B¢ — ¢.9)a1®az) = pajay — (pay).(pa2). (2.97)
The curvature belongs to " (H). The Holder inequality implies that the power

n + 1 of the curvature, ™!, is trace class.
The next result is due to Connes [82, §1, 2] and [99].

Theorem 2.6 Let = (<, p, F) be an n-summable odd spectral triple. Let
p = 1/2(F + 1).Let u:o — L(H)/Z"(H) be defined by u(a) :=
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wp . p(a) and the connection p(a) = p p(a).Let w = 6 ¢ — ¢ . @ bethe
corresponding curvature.

(i) Then, for any 1 < m Tr ™™, 1 < is a Hochschild co-cycle of the algebra
.
(ii) Let Wy = Tr "N, 1 <m. Then

Yigm N (@1 ®az® -+ @ a2(ntm)—1 @ Q2(nym) = (2.98)

Tr F[F, p(D]LF, p(2)]...[F, p(D][F, p(=)]N (a1 ® - ® arn+m))

is an odd degree cyclic co-cycle of the algebra <7

(iii) If the ring K contains the rational numbers, then the Hochschild, resp. cyclic,
cohomology class of the cycle Tr "™, resp. W, is independent of the
connection .

Proof To begin with, we compute

plp.pladllp, playl = p (pp(a1) — pla)p)(pp(az) — pla)p) =

p (ppla)pp(az) — pplaplaz)p — pla)ppplaz) + pla)pplaz)p)) =
p plar)pp(az) — pp(a1).p(az)p — pplai)pplaz) + ppla)pplaz)p =
—p plar) plax) p + ppla) p pla2) p = —w(ar ® a2) p.

By iterating this formula, we obtain

plp, pa)]1lp, p(ayl...[p, pl@anrmy-DIP, pla2mpimyl =

(=) " (@) ® -+ - ® az(ntm)) P-
Then, as pw = w

Tr o"™ (a1 ® -+ ® ayinpm)) =
Tr p "™ (a1 Q@+ ® arnim) =

(=D plp, plaDlp. plan]...[p. p@2mtmy—DILP, p(@2n1m)].
From this we get

Tr (—20)"" (@1 @ - ® duimy) = (2.99)

(F + DIF, p@DIlF, play]...[F, pa2army-DIF, p(a2mim))]
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The cyclic symmetrisation N and the cyclic permutation operator 7 acting onto
the argument a; ® - - - ® az(»+m) have the effect

LF, p(DILE, p(D)]...[F, p(IIF, p(DIT N (a1 ®--- @ azpim) =

—[F, p(DIF, p(D)]...[F, p(DIF, p(]IN (a1 Q- Q a2n4m))-

Therefore

Tr [F, p(OIF, p(D)]...[F, p(DIF, p(H)IN(@1 ® - - - @ @2 (nm)) = 0.
(2.100)

Using this relation into the formula (2.99) gives

Tr (=20)"™ N (@1 ® - ® dnim) = (2.101)

FLF, p(DIF, p(D)]...[F, p(DIF, p(H]IN (a1 Q-+ Q@ a2n4m))

which finishes the proof of the theorem.

Remark 2.6 Theorem 2.6(ii) shows that ¥, ,, N contains 2(n + m) commutator
factors [F, a], a € /. By hypothesis, each such factor belongs to the Schatten class
£"(H). Therefore, in order to deal with trace class operators, the total number of
commutators could be halved and the exact sequence & could be replaced by the
exact sequence

= 0— L"*(H)—> L(H) - L(H) ] £L"* — 0; (2.102)

the same proof applies without other modifications.

Changing the scalar factor in the definition of ¥,,, N, one obtains the next
definition.

Definition 2.18 The Connes Chern character of the odd spectral triple 7 is by
definition

Ch" ' N (@ ®a®: - ® anim—1 ® dom) =

11
(=D"2(m — 2)~-- ) Tr F[F, p(=)]...[F, p(=)]N (a1 ® - ®am)
(2.103)

(2m-commutators) for n/2 < m.
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2.3.5.2 Connes Chern Character of Even Spectral Triples

Let = (&, p, F) be an even spectral triple over the Hilbert space H, see
Sect. 1.12.3.

We associate with .7 an odd spectral triple T = (@; , P, F ), over a new Hilbert
space H , to be defined.

We assume that the algebra o7 is trivially graded, i.e. its elements have degree
zero. We define 7 := o/ ® C 1.1, where Cy  is the Clifford algebra over C with
generators e and €1, e% =1, ef = —1, see Sect. 1.12.1. We view this algebra as a
Z»-graded algebra by considering C i”l = Cejand C i’dld = Cej. This means that
e has degree zero and €] has degree one.

By definition H := H® @ H° where H® = H = H.

We define also, for any a, b € o

plaer + bep) = (Z 2) (2.104)

seen as a matrix acting onto the direct sum which defines H.
We associate the short exact sequence of associative algebras

= 0— £"(H) — L"(H) = L"(H))<"(H) —> 0. (2.105)

7 is an algebra homomorphism because .Z" is an ideal.

Define u : & —> L(I:I)/f" (H)tobeu = 7 0; it is a ring homomorphism
because 7 and p are ring homomorphisms.

Define

~ (0 F
F=i (—F 0). (2.106)

In this formula each component F of the matrix has degree one. Then J is an n-

summable odd spectral triple over the algebra . Indeed, F2 = 1and F* = F;
moreover, the graded commutator is

—[F,b] —I[F,al

i [F, ae; + bel] = ( [F.a] (F.b]

) € L"(H). (2.107)

Define ¢ : o —> L(H)

@(aer + be)):=ald. + b F. (2.108)
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¢ .o —> L(H),¢(ay) := pp(ay). Then ¢ is a connection of the extension &
as the relation

wog(ar) = u(ar) (2.109)

is a consequence of the definitions of # and ¢.
Let B(«), b } be the bar complex. Consider the induced complex, with b
acting on the argument

Hom(B, L(H)):= { Homg By, L(H)), b'}. (2.110)

Then the curvature, see Sect. 2.3.3, w of the connection p, ® = ¢ — ¢.¢ belongs
to £"(H). Therefore, " ! is trace class.
The next result is due to Connes [82, §1, 2] and [99].

Theorem 2.7 Let F = (<7, p, F) be an n-summable even spectral triple.
Let

1 m
Chzm(f)(ao,al,...,azm) = = ; "Tr (yF[F,aq]...[F, ayl.

2.111)

Then

(i) Ch>™(T) is an even degree cyclic co-cycle of the algebra <f for any n < m.
(ii) If the ring K contains the rational numbers, then the cyclic cohomology class
of the co-cycle Ch*™ (.7) is independent of the connection p.

Proof We have shown that there is a precise procedure which associates with any
even spectral triple .7 an odd spectral triple 7. The proof of the theorem will follow
the proof of Theorem 2.6 concerning odd spectral triples. To complete the proof
two more ingredients are needed. The spectral triple 7 is over the algebra o =
o ®Ci1.

Proposition 2.15 For any two associative algebras </ and %,

Cl (A ®k B) = ®p=r1sCs () @k C}(B). (2.112)

2.3.6 Pairing n-Summable Fredholm Modules with K-Theory

We assume that K = R, or C and D? = —1; Proposition 1.21 shows that this
condition may be satisfied.

Let & = {«, D, p} be an n-summable triple over the Z,-graded Hilbert space
H, with grading homomorphism y. This data defines an element of the Kasparov
K -homology group Ko ().
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Let p = (pij) € My (&) be an idempotent over the algebra 7. It represents
an element of the K -theory group K (7).

We are going to define the pairing between & and p denoted & * p.

Let

1. HV := oV H,

2. yN =Ny

3. DN := "D : HN — HV

4. pV := diagonal action of <7 on H" ,i.e.

oV ()i, hay .. hy) = (p(Hh, p(Hha, ..., p(fhN).

D" is given by the diagonal matrix

DO0O0...0
0DO0...0

pYN =|. ... ] (2.113)
000D O
0000 D

N x N matrices whose components are operators on the Hilbert space H may be
multiplied (to the left and to the right) by N x N matrices with entries in p (&),
with the usual matrix multiplication rule. In particular, the product of DV by p is
well defined.

For any n-summable Hilbert module the property [D, p(f)] € £"(H Ny
becomes

[DN, M e 2" (HY) (2.114)

for any N x N matrix M with entries in p(%7).
Let D), be the operator

D,:= pD" p:HN — HV. (2.115)

D, has as domain and co-domain the Hilbert space Hy, := pH N,
Proposition 2.16

(i) For any matrix N x N matrix M with entries in p(</) one has

yN M=M yN, in particular yN p=p yN,
yN H, C Hp.
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Proof

(i) LetM = (p(fij)-Theny™ M = (v p(fij)) = (p(fi}) ¥)-
Gi) yN H, = y¥ pHY = pyN HN = p HV.

Proposition 2.17 For any n-summable triple & and idempotent p the correspond-
ing operator D), :== p DY p has the following properties:

(i) D, satisfies property
oN D, — D, pN eL" (2.116)
(ii)
y"D, = — D,y"; 2.117)

(iii) the operator D), splits up into its positive and negative parts

D, = Dy & D, (2.118)
D¥ = lsz"ND,,lizyN (2.119)

(iv)
0:= Iy + (D™)? belongsto L"(HV), (2.120)

(v)
©p = pIy + D, belongsto L"(pH™):; (2.121)

here Iy denotes the identity operator on the Hilbert space HYN (ply is the
identity operator on pH"V ).

Proof

(i) The operator p commutes both with p and DN modulo Schatten class
operators.
(i1) Obvious.
(iii) Property (ii) implies (iii).
(iv) We have

0:= Iy + (DN)2 = Iy + DVNDVN = Iy — Iy — Schatten class operator in L".
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(v) Withregard to &, one has
©p:= Iyp + D, = Iyp + pD"p.pD"p = Iyp+ pD"pD"p =
plvp + (DY, pl + pD")D¥p = p(y + DND")p + [DV, pID" p.

This operator belongs to L*(pH™) because the two operators in the last
member of the equality belong to this class.

(v) Part (v) of Propositions 2.17 and 2.16 say that H), splits up into its positive and
negative parts

H, = HfoH,, y"|HS = %I
and along with it, the operator D, too D, = D[‘f @ D;.
Proposition 2.18 The operator D), exchanges the positive/negative parts
. + F
D,:H, — H. (2.122)
Proof The property follows from the commutation relations
y¥D, = y"pDNp = py"D¥p = —pDVyNp = —pDVpy". (2.123)
For this last part we use [101, (34), (35)]. The relation (2.120) becomes D,z, =
Inp — O.
Let g (¢) be the unique polynomial of degree n such that
q(z‘)2 =141t + ...+ " + higher order terms. (2.124)
Define
D, = D, q(®) p. (2.125)
Then

D,.D, = (Inp — 0p)UNn + 6 + 91"7 + higher order terms in 6,) D,.D,, =

= Iyp + DP.DP(GZ + higher order terms) = Iyp — D,.D, %,  (2.126)

where 7 is a trace class operator. Denote

@&, p) = Iyp + Dp.D, = D,.D,# L. (2.127)
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Definition 2.19
Exp:=a-nd(yVO(&, p)) = Trace(y" ©(&, p)). (2.128)

Remark 2.7 Let us explain the reasoning behind the construction of the operator
& % p.

(i) Although p and ,oN do not commute (if <7 is not commutative), the operator
D, commutes with elements of the algebra ., modulo compact operators. The
operator D), is called the E twisted operator D along the bundle p. Usually,
the operator D), is produced by choosing a linear connection in the bundle p,
see e.g. [42]. The construction of the operator D, we have just presented uses
the Levi-Civita connection in the bundle p in a hidden fashion; see for example
[83] when D is the signature operator.

(i) The K-homology class, represented by &, and the K -theory class represented
by the idempotent p, produce the operator D,. The pairing involves the
analytic index of D;\t only. If the operators So(Dy), S1(Dy) were trace class
operators, then

a-Ind DIJ(, = TrSo(Dn) — TrSi1(Dn),

however, So(Dy), S1(Dy) € L*(H) are not trace class operators and hence
we are not allowed to use this relation. We may replace the operator D, by
the operator D p» Which is a compact deformation of D,. By doing this, the
positive parts of the two operators differ by a compact operator and therefore
have the same index. In addition, ® contains, as a factor, a sufficiently high
power of a Schatten class operator and hence it is a trace class operator. The
analytic index of D;; may be extracted from the operator @

&xp:=a-Ind(D}) = Tr(yNo&, p)). (2.129)

(iii) & * p may be expressed algebraically in terms of the Connes Chern character
of & and the Chern character of p.

2.3.7 Pairing of K-Homology with K-Theory—Explicit

Theorem 2.8 We assume that the operator D of the previous section satisfies D* =
—1; [82] shows that this condition may be satisfied. We consider the idempotent p
as above. Then the algebraic expression for & * p is

Exp = a-IndD% = Tr(yNplD, pP" "), n<n' (2130
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Proof Define

Lxyh oy 1xyN
DT = D
» , PDTP o,
Define
L+y lI+y '
Sy = 5 DyD, " el
1 - 1— '
SV=p 2y + D, D, zy,ELn

For the computation of the analytic index of the operator D;, Tr(So)ﬁ — Tr(So)ﬁ,
n < n, we use (see Hormander [74]). We get

a-Ind D} = Tr (S = Tr (S))Y" = Try" ()" =
TryN(p + D;D;{) = TryN p DV p]ﬁ.
This follows from the following identities:

pID.p* = pDpDp—-DppD—pDDp+pDpD) =
pDpDp—pDpD—-—pDDp+pDpD =
pDpDp—pDDp =pDpDp+p

because D> = —1. Analogously, one gets
[D, p)* p = pDpDp + p.
The two identities imply
p D, p* = [D, p)* p; (2.131)

additionally, p[D, p]> = [D, p)*p.
From this we obtain

(p + D,D,) = plID, pl* = [D, pl*p.

Therefore,

/

a-IndeJ =TryYN (p[D,pI»", n<n.
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There is another expression for the pairing, see [82, §3]

—1ym : :
Expi= ( 2) TryVDID, pI*" *!, n<n. (2.132)
Indeed

Try" DYDY, pp?" *1 = Try" DYDY, pI[DY, p**

= Try" DN (p[D", pl + (D", pIp)[DN, p*"
(here we have used the identity [DN, pl = p[D", p]l + [DN, rlp)
Try¥ DN p[DV, pI[DV, p1** =

— TVDNJ/NP[DN,p]2n +1 —
(here we have used the identity DV[DY, p1”* *!' = —[DV, p** *'D")

y p p

TVJ/NDN[DN, p]2n +1 — 2Tr)/NDN[DN, p]p[Dn’ p]2n —
2-1"Try™(p — pD¥pD¥py" L.

For more details see [82, §3].

2.4 Non-commutative Homology

In the previous sections we saw that the Chen—Weil theory can be extended to
possibly non-commutative associative algebras. We saw that the non-commutative
Chern characters belong to different homology spaces: cyclic cohomology (Theo-
rem 2.208) and non-commutative de Rham homology (Theorem 2.5). Using these
two results as motivation we intend to study these homologies more thoroughly.
This is going to be done in the next sections. We begin by discussing Hochschild
homology and then cyclic homology. Before going to study cyclic homology, the
following remark will be useful:

Remark 2.8 The cyclic symmetry property corresponds to the property of classical
differential forms of remaining invariant under cyclic permutations of tangent fields.

The basic feature of cyclic symmetry consists of the fact that it is compatible—
on even degree elements—with the symmetry property of the trace (tr(A B) =
tr(B A)).

Homology theories of general associative algebras appeared in the mathematical
literature about the middle of the last century. Some of them are: Hochschild
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homology [4], the homology of a module over an associative algebra, see Chevalley
and Eilenberg [5] and Mac Lane [68]. We have seen in Sect. 1.4. that the Alexander—
Spanier homology [45] may be used to compute the simplicial cohomology of a
CW-complex by means of discontinuous co-chains.

The first step we intend to accomplish is to show that the Alexander—Spanier
complex and the Hochschild complex may be used as foundations of a general
homology theory in non-commutative geometry and topology.

We start by defining the Hochschild complex and its homology.

Let 7 be an associative algebra over the ring K and M an < bi-module.

One associates the system of spaces and morphisms (the tensor products are over
the ring K)

Ck(sz,M):z{Zm®a1®a2®...®ak|meM, a; € A} (2.133)

finite
and b : Cx(A, M) —> Ci_1(«/, M) defined by

b= Z (=) by, (2.134)

0<r=<k

where the Hochschild face boundary map and b, is defined by

brim®@a1 ®..Qay) =mRa| Qar®...... ®a,_1 Qk (ag.ax4+1) k -+ Q ay,
for 0<r<k-1, ag=m,
(2.135)
and
brimPR®a1 ®ar®...Qag) = . mMR a1 Qar R ... R ap—_1. (2.136)

It is easy to check that b b = 0 and therefore {C,, b} is a homology complex,
called Hochschild complex of the algebra </ with values in the module M. Its
homology is denoted H,(<7, M). By definition, the elements of Cy(</, M) are
chains of degree k; the degree of the Hochschild homology is defined accordingly.

The case M = & is of particular interest; the corresponding Hochschild
homology is denoted H,(<7). Loday [97] denotes it H H,(<7).

2.4.1 The Bar Resolution

We suppose that M is an ./ bi-module. We associate with the pair </, M the system
of spaces and morphisms (for any 0 < k)

Cr(A, M) := Cr(A, M) (2.137)
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and b, : Cx(A, M) —> Ci—1(A, M) defined by

b= Y (=1)b,. (2.138)

0<r<k—1

The Hochschild boundary b and the bar boundary b, acting onto the k-chains, are
related by the formula

b =b + (=DFpy; (2.139)

for the definition of by see formula (2.135) above.

Definition 2.20 The Hochschild complex is
CHA) = (Cp, blo<p. (2.140)
Definition 2.21 The bar complex of the module M over the algebra A is
(Cy(t, M), b ). (2.141)
Proposition 2.19 Let M be a right module over the associative algebra <f.

Suppose the algebra o7 is unitary. Then the bar complex of the module M is acyclic.
If M = of and <7 is unitary, then the bar complex of the algebra <f is acyclic.

Definition 2.22 If the algebra ./ is unitary, the complex {Cy(</, M), b,}, resp.
{Ci(A), b/}, is called bar resolution of the module M, resp. algebra <7, see [68].

Proof The mappings s : Ci(e/, M) —> Cry1(<7/, M), defined by

Sim®a ®@@m®...0a) = (~)'mRa®we®..eu el  (2.142)
establish a homotopy between the identity and the zero homomorphism

sa_nb + b'sgy = 1. (2.143)

Indeed, the identity follows from the relations

bspm®a®am®...0a;) = (=)D (m@a1@ar®...@a)®@1 +  (2.144)

D* MmO ®an®...®a.l

and

Se-nh M@ ®m® .. 0a) = (D'Om@®a @ar®...0a)) ® 1.
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2.4.2 Preliminaries: The Basic Structure

The cyclic group S,,+1 acts on the tensor product C,, through its generator 7,, whose
action is

Tu(ap ®k ag @k ay ... Qg an) = (—1)" a1 Qg ar Qg Rga| Sk .... Vg an Rk dg.
(2.145)

The sign (—1)" is the sign of the cyclic permutation. This action is responsible for
the basic properties of the cyclic homology, its refinements and derivatives; these
will be discussed later.

Definition 2.23 A chain y € C,, such that T,y = y is called cyclic.

The operator T}, satisfies
(T, = 1. (2.146)

The cyclic symmetrisation operator N, acting on C, is defined by
p=n
Ny = Y (Ty)". (2.147)
p=0

If the ring K contains the rational numbers Q, then the average J over the cyclic
group S,+1 is well defined; the space of cyclic elements is

Jr = N,. 2.148
p n 1N ( )

It is an idempotent. The image of the idempotent J,f‘ consists of all cyclic periodic
elements.

Let JnJ- =1 - J,f‘ be the complementary idempotent. If no confusion could
occur, the subscript n will be omitted.

Proposition 2.20
(i) The operators T and N satisfy

1-T)YN=Nd-T) =0. (2.149)
(ii) The complementary idempotent is

JE=a -nJt=Jta - ), (2.150)
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where

Fl._ n—p
Jt= 3" n+1T”. (2.151)

(iii) The identity mapping of C, (/) decomposes

1 . 1 3
1 = N 1-T)Jt = N + Jta =1). 2.152
ntl + ( ) nt + ( ) ( )
Proof

(i) The identity (2.149) follows from (2.146)
(ii)) One has

1 1
JE=1- N =1 - TP =
" n+1 n—i—lpz_;)

Iy Lo 1 -1
:n+1z(1_Tp):n+IZ(1—T)(1+T 4o TP
p=0 p=1
p=n—1 _ p= nl
= =D Z pr} =1 Z T”}(l — 7). (2.153)

(iii) It follows from (ii).
Corollary 2.1 Ifthe K contains the rationals, then
(i)
ImJ* = KerJ:t = Ker(1—T) = ImN, (2.154)
(ii)
KerJ,f‘ = ImJnJ‘ = Im(l — T) = KerN. (2.155)

Proof The first equalities (i) and (ii) follow from the projection properties.

(i) Relation (2.154) says that N and J* are scalar multiples of each other;
therefore, they have the same kernel and range.
For the other equalities (i), the relation N(1 — T) = 0 implies Im(1 —T) C
KerN. Vice versa, suppose that x € KerN. Then x € KerJ* = ImJ*.
But (2.155) tells that ImJ+ € Im(1 — T) and hence x € Im(1 — T).
(i) The other equalities are proved analogously.
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2.4.3 Relations Between N,1 —T, b’ and b

Here and in the next sections the associative algebra <7 is fixed; when no confusion
could occur, <7 could be omitted.

Proposition 2.21
(i) The operators N, 1 — T satisfy

1 -T)b =bQ1 —T) (2.156)

b'N = Nb. (2.157)

(ii) Therefore, the operators N, 1 — T are degree preserving chain homomor-
phisms

1 — T :{Cy«(A), b’} —> {Cs(A), b} (2.158)

N : {Cx(A), b} —> {C(A), b}, (2.159)

Proof The relations (i) are obtained by a straightforward computation, see [97,
(2.1.5.2)] while (ii) follows from (i).

The next definition introduces the important {b, b} bi-complex due to Loday and
Quillen [85].

Definition 2.24 We denote by {b, b’} the bi-complex formed by the mappings
b,b,1 — T, N

o

0—@* 7 Lt @t letw i .

N A

0@ LR AN Pl .

O N (N [

0Ll N @yl

N A

0— o7 & o X L N (2.160)

with general term C,, , := @471 .o7.
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The relations (2.156) and (2.157) allow us to consider two short exact sequences
of complexes. The first exact sequence is

Cs y 1=T n Cy
ES)= 0 b Cy, b ,b 0.
ESN= 0— {7 BN Gk T —
(2.161)
A second exact sequence of complexes will be needed
12 L 12 1'1’ C* 1
(ESy)= 00— {Ker(1 =T),0'} — {Cys, b’} — { ,b'y — 0.
Ker(1 —T)
(2.162)
where ¢ is the inclusion.
2.4.3.1 Study of the Exact Sequence (E S7)
The first exact sequence leads to the exact sequence in homology
Cs (A=1), , Cx o
Lo Hn(Ker(l _ T),b’) — H,(Cy,b) — H"(Im(l -~ T),b) —
Cx s (=T, 1, Cy -
H”“(Ker(l - T),b) —" " H,_1(Cy, b) —= H,,_I(Im(l - T),b) e (2.163)

We need an explicit formula for connecting homomorphism §,. Let [ ] denote
homology class.

Proposition 2.22

(i) Forany cycle x € {Im(f*—T) , b},

Cy

8u([x]) = [J*bx] € Hy—i( Ker(1 T)’b

d) (2.164)

(i) 8,(x) := JLtbx iswell defined at the level of chains

C* C*

N =1y P T e — 1y

b1 (2.165)
and
(iii) 8, factories to the quotient spaces

Cs C

: — . (2.166)
Im(1-T) Ker(1 —T)

n
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Proof

(i) Letx € C, be such that bx € Im(1 — T). Using Proposition 2.20, the chain bx
may be decomposed

by = N(bx) + (1 — T)J*(bx) (2.167)
n+1

or, if we define y = fl(b x),as N b x = 0, one has
(1 —-T)y = bx (2.168)
which gives
Su(lx]) = [JHbxl. (2.169)

(ii) Although 8,(x) := JLb x is supposed to act at the level of homology classes,
it makes sense at the level of chains

Sn: Cp —> Cy_1. (2.170)
(iii) Moreover,if x € Im(1 — T),i.e.x = (1 — T)x, then

8n(x) = 8,((1 — THX) = JTb((1 — T)X) =

1 (2.171)
7L Nz /=
J=((1 = T)bHx) = (11— N)bx =
n
1
b'x — Nb'x =b'x (mod. Ker(1 — T)). (2.172)
n
2.4.3.2 Study of the Exact Sequence (E S3)
The second exact sequence leads to the exact sequence in homology
8 . I, C %
25 Hy(Ker(1 — T),b'} =5 Hy{Cy, b} —> Hal g " T),b/} N
Cs ,

j ! 3
H,y_1{Ker(1 —T),b'} —> H,_{Csx, b} —> H,_1{ Py 2= L (2.173)

Ker(1—T)’

Proposition 2.23 If the algebra A is unital, then the complex { Kerﬁ*—T)’ b'} is
acyclic.
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Proof Let
sp 2 Cp —> Cpy (2.174)
be defined by
sn(ag ®g a1 Qg -....Qk an) =1 Qg ag®k a1 Qg .....Qk an, 0=<n, (2.175)

and s_; = 0. A simple computation shows that s establishes a homotopy of the
identity to the zero homomorphism

b'sy + sp—1b’ = 1. (2.176)

Remark 2.9 The acyclic complex {Cy, b’} is known in the literature as the bar
resolution of the algebra A, see MacLane [68, §10.2].

Proposition 2.24

(i) The connecting homomorphism

on
8, H b’ Hy—1{Ker(1 — T),b' 2.177
n ”{Ker(l Ty } —> Hp—1{Ker( ), by (2.177)

is an isomorphism. For any x € C,, such thatb'x € Ker(1 — T),
8,[x] = [b'x]. (2.178)
(ii) The inverse of the connecting homomorphism, (8'); Uis

! C
s~V H, |(Ker(1 —T),b H, * 2.179
» n—1{Ker( ), b’} — "{Ker(l—T),b’} ( )

is given by the formula
8 H(yh = Isu-1y]. (2.180)
(iii) The homology isomorphism 5;;1 extends to a homomorphism
871 Ker(1 =Ty — Cy (2.181)
given by

87N y) == sp1y. (2.182)
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Proof

(i) Let x € C, such that b'x € Ker(1 — T). Then §,([x]) = [b'x] €
H,_1(Ker(1 — T),b').

(ii) Suppose now y € Ker(l — T),—; be suchthatb’y = 0.Letx = s,-1y.
Thenb'x = b'sy,_1y = (1 — s,_2b")y = y — s,_2b'y = y. Therefore,
x is a cycle in{Ker(f*_ T),b’}. From (i) we know that §'[x] = [y]. As 8’ isan
isomorphism, it follows that

@G YD = [sa-1yl. (2.183)

2.4.4 Hochschild and Cyclic Homology

Definition 2.25 The homology of the complex {C.(%), b} is the Hochschild
homology of the algebra o/ with coefficients in .27, denoted H, (/). Other authors,
see e.g. Loday [97], denote it by H H.(A).

Remark 2.10 Note that the elements of C, (&) = ®’Il<+1 are by definition chains of
degree n, and hence there is a shift of one unit between the number of factors in the
tensor product and the degree of the corresponding Hochschild homology classes.

Remark 2.11 If M is an 27-bi-module, then the elements of M @k ® <7 are called
n-chains of the algebra .7 with coefficients in M.

More generally, one defines
Co (&, M) := M ®4 Cp(o) = M Qk Cp—1 (), (2.184)
endowed with the Hochschild boundary b
b(m ®k a1 ®k a2 Qk -+ Qk an) = (2.185)

may @k az @k -+ ®k an — m Qg b’ (a1 @k a» Ok -+ O an )

+ (=D"aym Qg a1 ®k a2 Qk -+ - Qk an—1

Definition 2.26 (First Definition of Cyclic Homology) The homology of the
complex { bﬁzl(ffT)) , b} is the cyclic homology of the algebra <7, denoted H} (7).
The same degrees convention applies as in the Hochschild case.

The cyclic homology may be computed using a different complex, as specified
by the next proposition.



2.4 Non-commutative Homology 125

Proposition 2.25

(i) The cyclic symmetrisation induces an isomorphism of complexes

o ,
Noi gy gy D — (Rer(l = T).. ), (2.186)

(ii) The mappings N*_1 defined by

1 1
“1y ~ ~
N, (x)= ot F = (n+ 1)sz (mod. Im(1 —T)). (2.187)
induce the chain homomorphism
NV (Ker(1 = T),, b} —> { Cn b} (2.188)
*k * ns Im(l _ T)n 9 9 .

inverse to the chain isomorphism N, given by (2.186).
This result justifies the next definition.

Definition 2.27 (Second Definition of Cyclic Homology)

Cs /

% .
H,(A) = H"{Ker(l -7 b

). (2.189)
Remark 2.12 The first definition of cyclic homology is used in the literature more
frequently than the second, see [82] and [97, 2.1.4, pg. 54].

In this section only, to distinguish the second definition of cyclic homology from
the first one, we have added an accent in its notation.

Proof Relations (2.186) say that N, is a chain homomorphism before factorisation.
As N(1 — T) = 0, N passes to the quotient of the domain and furthermore N
induces a chain homomorphism given by (2.186).

Now we check that N~ 1 induce a chain homomorphism; the other statements are
clear. Letx € Ker(1 — T),. We apply the decomposition (2.152) onto the element
bx and we recall (2.157) Nb = b'N; we get

1 y
bx = Nbx + (1 — T)J: bx (2.190)
n
or

1 - 1 5
bx= b'Nx 4+ (1 — T)J: bx = LR + (1 = T)J: bx. (2.191)
n n
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We recall that b'(Ker(1 — T)) C Ker(1 — T). The relation (2.152) applied onto
bx is

1 1.
= b 1 -7 Jt b 2.192
n—i—lx n * + )n—i—l n—17% ( )
or

1
PN 'x =NWx+0-=-17
n

e jLbx, (2.193)

which completes the proof.

Remark 2.13 Tt is important to note that b’ transforms cyclic invariant chains into
cyclic invariant chains while b does not. The defect to the cyclic invariance of b is
provided by the above relation

1
be—"T 0% = (1 = VL b (2.194)
n
However,
C Cp
b( "y C o (2.195)

ad-n¢" A - T)Ci

2.4.5 Connes’ Exact Sequence

We rewrite the exact sequence (ES7) (2.163) using the first definition of cyclic
homology; we use Definitions 2.25, 2.26 and (2.186) to get the exact sequence

Sutl oy Cs (1-T). Mo 5 & Cy (1-T)4 1,
H —" H, = H* 2> H S Hy =
" Ker(1 =) " " 1 ker(1 — 1) !
(2.196)

Recalling that §, H( Ker(l T) — Hr’ll | are isomorphisms, see for-
mula (2.177), the exact sequence above involves the Hochschild homology and the
cyclic homology expressed in the H}-form or in the H/*-form. Depending on which
description of the cyclic homology we choose, we obtain two different forms of
the Connes’ exact sequence (Ces), which we refer to as the Ces — b, Ces — b/,
respectively

Sn+1 B,_ By In—1

(Ces — b) = 28 oHk | 2S H, H)‘ S HY , 25 H, IS (2.197)
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and

B, 1, S, B, , I,
5 Hy S HM S BN, S H, S L (2.198)

Snt1
A d n

H/A

n—1

(Ces —b') =

Keeping track of the morphisms involved in the definition of the homomorphisms
B, I and S we are able to write down explicitly their expressions.
We study first (2.197). The composition of isomorphisms

C* 5,/1 Nin—1
H,Q(Ker(1 B T)) — H* | 5 H (2.199)

allows one to replace H,,( Ker%*iT) ) by Hntl . After this replacement, the homomor-
phism S, 41 becomes

Spt1 1= N1 08, 08u41 2 Hyy —> Hy (2.200)
while the homomorphism (1 — 7)., becomes

By =) "oN_!

*,n—1

CH' | — H,. (2.201)
The replacement keeps the homomorphism 77, , unchanged; this is going to be
denoted by I,.

Theorem 2.9 In the Connes’ exact sequence (2.197) the homomorphisms S, B and
I are

(i)
Spt1 = Nyn—108, 08,41 : Hyy — H)_| (2.202)

(ii)
Byi:= (1 = T)un1(8) " oN )\ : H | — H,. (2203

(iii)

Ly =TIy, : H, — H*. (2.204)

Although the homomorphisms S, B, I were expressed as homomorphisms relat-
ing various homologies, they are given by well defined formulas valid at the level of
chains.
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Theorem 2.10 The homomorphisms S, B and I, defined at the chains level, are
given by the following formulas:

S(x) = Nob oJtb(x) (see(2.164)) (2.205)
Bu_1(x) = nlz(l — T)sNx (2.206)
Ii(x) = My(x):Ch, — Im(fj - (2.207)

If the coefficients 1/ n? did not belong to the ground ring, the operator B could be
replaced by n*B

Buioi(x) = (1 — T)s N x. (2.208)

Theorem 2.11 The corresponding I,B.S operators are

S; = 8;71*8,,*N[j*1 ( where N,;,} is given by (2.188) ). (2.209)

B = (1 - 1), )" (2.210)

’

I, = Nprtp. (2.211)

These operators may be defined at the chain level as in Theorem 2.10.

Theorem 2.12 (Comparison Theorem)
Let @, ¥, be homomorphisms between 3-periodic exact sequences which make
the following diagram commutative:

oo B HH () S HN (o) S HY (o) -2 HH, ()25

S I A |

B I8 s B 4
= Uy — Vo — Vo — Up — ... (2.212)

Suppose @, = W¥,, =0 forn < 0.
Suppose also that @, 0 < p, are isomorphisms.
Then W), are isomorphisms.

Proof Use five lemma.

2.4.6 Chern—Weil Characteristic Classes of Direct Connections

The geometrical construction of the Chern character presented in Sect. 1.6.5 may be
reformulated using direct connections, see [117, 121, 122].
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2.4.7 Non-localised Alexander-Spanier Complex

Definition 2.28 Let <7 be a unital algebra. The non-localised Alexander-Spanier
complex associated with the algebra <7 is

CA5(ot) = (Cu(), d )}, (2.213)

where the co-boundary d : Cy (&) —> Ci(A) is defined by

d= Y (-1)d, (2.214)

0<r=<k+1

where
di(ag®k a1 Rk ---Qrar) = ay®k...adr—1Qk 1Qkar---Qgar. (2.215)

It is clear that d> = 0.

A Word of Caution The reader should distinguish between the non-localised
Alexander—Spanier complex ng sM, G), associated to a C W-complex M, defined
in Sect. 1.3 and the Alexander—Spanier complex Cf‘s (), associated to an associa-
tive algebra .o, defined here. There are two basic differences between these two
definitions. Supposing that G is an algebra, one may define & = {f | f : M —>
G}. However, the chains in Cf‘s () are finite sums of tensor products of functions
in o7, while in C} s(M, G) all functions f : M k 5 G are allowed. However, the
main difference between the two complexes consists of the fact that in the complex
Cf‘s () the localisation at the diagonal is not done.

Recall that C(%7) is an &7 bi-module through the left and right multiplications
by o and B given by
aay®a1 Q- Qap)f = (ay) a1 ® -+ ® (axB). (2.216)
Definition 2.29 For any a € A define the differential of a
da = 1Qka—a®k1leA®kA. (2.217)
Remark 2.14 1f the elements of the algebra o7 were functions on some space X, df
would represent the difference functiondf (x,y) = f(y) — f(x),foranyx, y € X.
Proposition 2.26

(i) da is the AS boundary of a € Co().
(ii) For anya, b € A one has d(a.b) = (da).b + a.(db), where the products
refer to the bi-module structure of the space of chains of degree 1.
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(iii) For any c € K, c.1, could be seen as a constant of the algebra A; in fact,
d(c.1y) = 0. In particular, for any ¢ € K and a € </, one has d(c.a) =
c.(da)andd(a.c) = (da).c.

(iv) Foranyai,ay € <, one has d(ay.ay) = (day).ay + ai.(dap).

Proof One has

dlcly) =1y @kclg—cly®ly = 1y ®kc.lpy—14.c®k 1y = 0.

(2.218)
We leave to the reader to check the other relations.
Definition 2.30 Define the product in CA5 (/)
X : Cr () @ Cs(F) = Crys(A). (2.219)

(a®a1 Q- ®a,) X (bg®b1®...Qbs) = ag®@®a1 Q- Q(a,bg) ®b1 ®...Rby.
(2.220)

This product coincides with the classical product of co-chains in the Alexander—
Spanier complex, before the localisation at the diagonal.
Proposition 2.27 Let A be any unital associative algebra.

(i) The product in Cfs(xzf) is associative.
The complex €, () := {Y oy Cr(), d} is a graded differential complex:
forany w € C,(&/) and o € Cy() one has

dlwxo)=({dw)xoc+(—1)"wx (do). (2.221)

2.4.8 Augmentation

Definition 2.31 Let .o/ a unital associative algebra over the unitary commutative
ring K. Let 1., resp. 1k, be their units. We say that the algebra .o/ has an
augmentation if a K-algebra homomorphism u : &/ —> K is given such that

u(ly) = Ik.
Proposition 2.28

(i) Definet : K — & by (k) := k.1 = 1g.k. Then, the mapping t is
injective and henceforth K may be thought as a sub-algebra of the algebra < .
(ii) Foranya € <, one has a — it u(a) € Ker u.



2.4 Non-commutative Homology 131

Proof
(i) For any k € K one has

wik) = u (Iak) = u(l)).k = gk = k.

Proposition 2.29
(i) With respect to the additive group structure of the algebra <7, one has the direct

sum decomposition

o = Ko A/K. (2.222)

We denote o7 /K := .
(ii) The multiplicative structure of &7 is given by

(k1, a1).tk2, a2) = (kikz, kiaz + arky + ai.az) (2.223)

forky, ko e Kanday,ay € .

A unit will be denoted by 1.
Suppose the algebra «/ has an augmentation p : A — K. Then the
augmentation p provides a K-modules splitting of the exact sequence

0—K— o — &/K— 0. (2.224)
From this it follows that one has the direct sum of K-modules
g = Ko /K.

We saw that for any ¢ € K, dc = 0. Therefore, the differential da, a € A depends
only on the class of a in A/K. Viceversa, ifda :== 1®xa — a®g 1 = 0, then
ack.

Definition 2.32 The class of a in <7 /K is denoted a.

Remark 2.15 1f the algebra </ is unitary we will use the unit as discussed above.
Many authors prefer to add an external unit 1 even if the algebra <7 has one. In the
extended algebra o = Kl@ o the multiplication is defined by the same formula:
for (k1, a1), (ka, az) € K1 & o

(kil, ap).(kal, @) = (kikal, kjaz + a1kr + aj.az). (2.225)

The element 1 becomes a unit of the algebra o if the algebra <7 had a unit 1, this
element would no longer be a unit in the extended algebra.
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Therefore, if an algebra does not have a unit, we may always add a unit to it.
However; in this book we are not going to replace a unit of the algebra by an external
unit, unless specific needs would not require to do so.

Proposition 2.30 Ler o7 be a unital associative algebra and let p : &/ — K be an
augmentation of A.
Then, the AS complex {Cfs (), d} is acyclic.

Proof Define h : C;L‘S(.;zf ) — C;“_Sl (&), by the formula
h(ap®a1 ® ---Qay) = plag)ar ® - ay. (2.226)
It satisfies the identity
dh + hd = 1. (2.227)

Remark 2.16 1In the classical Alexander—Spanier complex, the augmentation homo-
morphism p is the valuation of functions at one point.

Definition 2.33 If the algebra / has a locally convex topology, it is natural,
see Connes [82], to replace the algebraic tensor product used in the definition
of ¢;(#/) by a topological tensor product completion to produce %;(</). The
elements of %, (/) are called continuous Alexander—Spanier co-chains. More often
the projective tensor products are used. The continuous Hochschild and cyclic
homologies are defined with the same topological completion agreement.

Remark 2.17 For smooth manifolds M, in the particular case of the algebra & =
C°° (M), endowed with the Fréchét topology and for the projective tensor product
completion, the continuous Alexander—Spanier co-chains consist of all smooth
functions on various powers of M. The homology of this complex is still acyclic; the
same homotopy operator 4 may be used. In addition, if the complex of continuous
Alexander—Spanier chains is replaced by the complex of germs of such functions
about the diagonals, the classical Alexander—Spanier theorem, see Spanier [45],
states that its homology is canonically isomorphic to the de Rham cohomology.

2.4.9 The Operator o

Definition 2.34 The Karoubi operator o [89] (see also other references [104, 115])
connects the Hochschild complex and the Alexander—Spanier complex; it is given
by the formula

db + bd:= 1 — o. (2.228)

The way the operator o is defined insures that it commutes both with d and
b. In addition, o is a chain homomorphism both in the Alexander—Spanier and
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in the Hochschild complex. The images of the operator o, and of its powers, are
sub-complexes of both complexes. Additionally, as o is homotopic to the identity
with respect to the Alexander—Spanier and Hochschild boundaries, the inclusions
of these sub-complexes into the Alexander—Spanier, resp. Hochschild, complexes
induce isomorphisms between their respective homologies.

Proposition 2.31
1. The operators b’ and d satisfy the identity

b'd + db = 0. (2.229)
2. The action of o onto (fo ® f1 ® --- & fi) is given by
c(fo® fi® - ®fi) = D@ S)® i@ @ ficr.  (2230)

3. The iterated kth power of o on C(A) is given by the expression

K@i --® fi) = dfidfr...dfcfo. (2.231)
Proof
1. The definition of the Alexander—Spanier and Hochschild boundaries give us

db' = Y (=DVbjad + Y (=DMbidig. (2232)
0<i<j<k—1 0<j<i<k

where d; and b; are, respectively, the Alexander-Spanier and Hochschild
boundary faces.
We have also on the other hand

bd = Z (_1)i+(j+1)bj+ldl. + Z (_1)(i+1)+/bjdl.+1 +
O<i<j+1=<k 0<j<i<k
Y. EDYbidp + o T (DY bid =
O<j=i<k 0<j=k,i=j+1
Z (_1)i+(j+1)bj+1dl_ + Z (_1)(i+1)+jbjdl.+1 — —db.
0<i<j+1<k 0<j<i<k
(2.233)

2. To avoid ambiguity we use (k) to indicate the degree of chains. A direct
computation gives

(D1 d — db)(fo® LQ---® fi) =

(2.234)
H®A® @ fi + —DXEfVf)® /i@ @ fii.
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We get

(1 -0)(fo®fi® - ®fi) = foR@fi®®fi + (—DUE)D/ID @ firt.

or

c(fo® i®-® fi) = (=D (dfi).fo) @ i®--® fic1. (2.235)

This completes the proof of part 2.
We may compute the kth power of o

K fo® fi® - ®fi) = dfidfs...dfr fo. (2.236)

The proposition is proved.

Definition 2.35 Let [T} be given by the operator
Huy == (1 — bd)of,. (2.237)

Theorem 2.13

1. The Il is given by the formula

iy (fo® fi®---® fi) = fodfi..... dfy. (2.238)

2. The operator Iy is an idempotent on Cx (&), ( (Ik))> = My )-
3. The idempotent Iy commutes with the operators d and b; therefore, d and b
keep the ranges of the operator Il invariant
d Iy = g4y d (2.239)
b IHyy = -1y b. (2.240)
Remark 2.18 Distinguish fo dfy..... dfy, defined here, from the same notation
used by Loday [97, §1.3.11] to denote the image of this element through the anti-

symmetrisation operator €, or fo dfi. A --- A .dfi. In both cases, the products are
over the algebra o7

Proof
1. The definition of the operator I1(;) ( 2.238) and the formula (2.228) give

Oy (fo® f1®---® fi) = (I = bd)dfy.....dfy fo =

dfi....dfi fo — (=D*b (@fy ... df dfy) =

dfy ...dfi fo — (=DFbdfy..... dfi 1® fo — fo® DI = fodft ... dfis
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here we have used the factthat b; (1® fi—1 — fi—1®1) = 0,for0 <i <k-—1.
Part 1 is proven.
2. The reader could verify easily that
A(fo® /1Q- @ fi) =1 — Hu)(fo® /1®...Q fi) =
fH®f1®...0 fk — fodft ... dfx.

(2.241)

Definition 2.36 Chains fy ® f1 ® --- ® fi in which at least one of the factors
fi belongs to K, 1 <i <k, is called a degenerate chain.

3. The relation d 1 = 0 and the expression of 1) imply that I, carries
degenerate chain into zero. In other words

Mu A = Mgy (1 — Mgy = 0. (2.242)

This shows again that I is an idempotent. Additionally, this argument says
that the range of the operator 1 — Il is a subset of the space of degenerate
chains. On the other hand, any degenerate chain belongs to the kernel of I7), or
to the range of 1 — IT). This double inclusion implies that the set of degenerate
chains coincides with the range of the complementary idempotent 1 — ).

4. The identity 1 already proven implies

d Hup(fo® f1® @ fi) = d(fodfi...dfk) =
dfodfi ... dfi = 1dfy.dft ... dfr =
g1y do (f0® [1®--® fi) = Hgryd (fo® 1 ®---® fi)
(2.243)

because [Ty di (fo® f1®---® fr) = Oforany 1 <i <k+ 1.
5. On the other hand

bMg = b(l — bdyol, = b (I — bd)(1— bd — db)oi)' =b (1 — bd — db)o;' =
b (1 —dbyofy' = (1 = bd)b of' = (1 = bd)oj”) b = Mgy b.
(2.244)
Definition 2.37

1. By definition the normalised Hochschild complex, resp. normalised Alexander—
Spanier complex, is

Cu() = Mgy (Cr()) = (2.245)
> o dfidfr...dfi. fied/K 1<i<k)

finite/series
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2. The range of the operator I7 is the universal algebra.
3. The complex of degenerate elements of the Hochschild complex, resp. of the
Alexander—Spanier complex, consists of the chains

C‘,?(.;zf) = {finite sums/series of degenerate elements of degree k.}
(2.246)

For any a € 7, denote by a its image in the non-degenerated sub-complex.
Proposition 2.32
1. The complexes {C. (), d}, {Cs (), b} decompose in direct sum of complexes

(Co(),d} = (Cu(),d} ® (CUH),d). (2.247)

{Cu(), b} = {Cu(), b} & {CU(), b}. (2.248)

2. The homology of the sub-complex of (Cy(),d} and the homology of the sub-
complex of degenerate Alexander—Spanier chains {C g (), d} are trivial

H{Ci(o),d}) = H{C'(<),d} = 0. (2.249)

3. The homology of the normalised Hochschild complex (Ci(Z), b} and the
homology of the complex of degenerate Hochschild chains, {C ,(3 (&), b}, are

Hi{Cu(e0), b} = Hi(), H{C(<), b} = 0. (2.250)

4. Any chain of degree k of the normalised Hochschild complex {Cy(<7), b} is a
finite sum/series, of elements of the form

ap.day. . ..day, (2.251)

where d is the Alexander—Spanier boundary operator and the product is per-
Jformed in the same graded differential complex.
5. On the sub-complex Cy (<) one has the identity

(1 —bd)ol, = 1 (2.252)

Proof The decomposition of Part 1 follows from the fact that I7 is an idempotent.
The two sub-complexes are the ranges of the idempotents I7 and 1 — I7.

Part 2 and Part 3 follow from the acyclicity of the non-local Alexander—Spanier
complex, Proposition 2.30 along with Part 1. and the next lemma.
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Lemma 2.2 The operator h : C,?(,Qf) — C,?H (o)

h(ap®a1 ®---Qar) = (—1) (a®a1®- - -Qai_1®1®aj11®--®y),  (2.253)

where a; = 1,1 < i < k, is the first factor of the tensor product equal to 1,
satisfies the identity

hb + bh =1 — h. (2.254)

We leave to the reader the task to check the identity.
Part (v) follows from the fact that (1 — bd)a&) := Il is an idempotent.

2.4.10 Universal Graded Differential Algebra

The next proposition summarises the basic properties of the idempotents I7T.

Proposition 2.33 [1; : Cx (/) —> Ci () has the following properties
M = (1 — bd)o*, (2.255)

where b = Hochschild boundary and d = Alexander—Spanier boundary

I = I (2.256)

Im [Ty = space of non degenerate chains (2.257)
Im (1 — II}y) = space of degenerate chains (2.258)
ITy (ap®a1 ®---Qay) = ap.day..... day, (2.259)

where dots represent products relative to the <f -bi-module structure and
daj = 1®a; — a;®1 = 1®a; — a;®1,

with a; = [a;] € &/ /K; therefore, ap.day. . ... day belongs to the image of Il
and, as Iy is an idempotent, one has

ITy(ap.da;y..... dar ) = ap.day..... day, (2.260)
I, 1 b = b1l (2.261)

My d = d I (2.262)
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Hi{Im I1,, b} = Hp{C«(&), b} = Hochschild homology (2.263)

Hi{lm I, d} = H{Cy(), d} = (non — localised) Alexander—Spanier homology = 0.
(2.264)

Definition 2.38 Let %, (/) := ®o<k Im Ii.

Proposition 2.34

(i) Forany1 <k andag, ay, ..., ar+1 € < one has

dag.day ...day . ag41 =

—D"agday.... dagy + Y (~DFdag. ... dap_y.d(ay.ariy)... . dag .
0<r=<k

(2.265)
(i) U.() is a graded differential algebra with respect to the Alexander—Spanier
boundary and the Alexander—Spanier product.
Proof

(i) An easy computation shows

0<r<k
> (=Ddao....da,1.((day).ar1 + ar(dary)).... dagy =
0<r<k

aop.dai....dag+1 + (—l)kdao.dal ..... dag . ag+1.

(2.266)

From this it follows that

dap.day ...day . agy1 =

(—1)k+la0.dll1 coodagyr + Z (—l)rfkdao...dar,ld(ar.ar+1)...dak+1.

0<r<k
(2.267)
(ii) The Alexander—Spanier product of the chains
ap.daj..... dap, x bo.db..... dby (2.268)

is

ap.daj..... dap . by . db..... dby. (2.269)
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Part (i) says that this is an element of %, . It is sufficient to bring the factor by
to the left by incorporating the same factor into a linear combination of terms
which depend of ag, a; ... ap, bp and which terms belong to %, ().

The formulas (2.265) and (2.265) say two things: (1) the Alexander—Spanier right
multiplication of elements of %, (<) by elements of the algebra <7 give elements of
U(<7), (2) the formula provides a procedure to incorporate right factors like a1
into a linear combination of elements belonging to % (<7).

More generally, one has the following result:

Proposition 2.35 Forany ay , by € & and ay, ...,ax, by,...,by € /K, one
has

ao . by .day . by .das . by ...day . by € U (). (2.270)

Proof We use Proposition 2.35 applied on the factor b;: we incorporate it into linear
combinations of terms which depend of ag, a1 . . . ap, bp and which terms belong to
U (). The same procedure will be applied then onto the factors by, b3, . .., by.

Definition 2.39 The graded differential algebra %, (<7) is called universal graded
differential algebra of <7 .

Proposition 2.36 The boundary operator d acts on an arbitrary chain of U.(<7)
by the formula

d (ag.(day).(day). . ... (day) ) = (dag).(day).(da)..... (day). (2.271)

Proposition 2.37
1. For any two chains a € Cp(&/) and B € Cy()

Mg (@) # ITp(@).11, ().
2. However, for a, B € U.(</) one has
Hpig(a.p) = I,(a).IT,(B). (2.272)

Proof 1. Leta = ap®1,withag # 0and 8 = byo®by, with by, b1 not belonging
to the sub-algebra K . Then,

I (a.f) = IMh(ap® 1.bg @ b1) = apdbg.db; #0, and (2.273)
I (@).I11 (B) = (ap.dl).(bo.db1) = 0.(bg.db1) = O. (2.274)

2. The hypothesis says that I1,(a) = a, I[1;(8) = Band [I,1,(a.B) = a.p.
Therefore, [T, 4(a.8) = a.f = Iy(a).01;(B).
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Proposition 2.38  Let .Q? = Ker u, where i : o Qg o/ —> < is the
multiplication in the algebra <7 .
Then %, (&) = Q?. e Q? (p factors), modulo degenerate chains.

Proof Any elementy € Ker wisy = ) ;a;.b; = 0.Then
Z a; ® bj = Z a;.(1®kb; —b;®k 1) = Z a;.db; modulo degenerated chains.
For ) ; a; . bj € Ker ju define

i((a; ®kb1) .oy ....ar(ar @k b)) := (a1.dby).o . ... (ar.dby), (2.275)

which shows that (Q?)P is contained in %, modulo degenerate chains.
Viceversa, any element of the form a.db belongs to Ker u; then any element
ap.day..... day € % may be written

ap.(day) ...(day) := (ap.day).q ....o7(day) € (Ker ).or . . .or (Ker ),
(2.276)
which shows that % is a subset of (.Qé)", modulo degenerate chains.

Proposition 2.39  If the algebra &/ has an augmentation p : A —> K, then the
graded universal differential algebra U (/) is acyclic.

Proof The complex %, (</) has a homotopy operator

s (ap.(day).(day). . ... (day) ) = (—l)kao.(dal).(daz) ..... (dag—1) . plag), with p(ay) = a € K.

(2.277)

with
sd + ds =1 in positive degrees (2.278)

and
s (ap) = 0 indegreeO. (2.279)

The homotopy operator is the valuation function at one point in the non-local
Alexander—Spanier complex, see Sect. 2.4.7.
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2.4.11 Non-commutative de Rham Homology and Cyclic
Homology

For this topic we refer to Karoubi [89]; for more information see Loday [97].

Definition 2.40 Let ./ be an augmented associative algebra over the commutative
ring K. Let %, (/) be its universal graded differential algebra. Define

U ) = UA) | | U A ), U], (2.280)
where [—, —] denotes the graded commutator
lap, Byli= ap . By — (=D B, . «ap. (2.281)

Recall the projection mapping
T Ul A) —> U (2.282)

it was called graded trace.

For k = 0, by definition | % (), %(F) 1= K + [, o ].

Define H,fR (), = H %), d};itis called reduced non-commutative de
Rham homology of the algebra 7.

2.4.12 Reduced Cyclic Homology

In this sub-section we introduce reduced cyclic homology, see Karoubi [89, 2.9] and
Loday [97, §2.2.13].
Recall the definition of the cyclic complex

CHt) :={Cp(?) | (I — T)Cp(), blo<p. (2.283)

Definition 2.41 Let C_’; () be the quotient of the module C;; (<) by the sub-
module generated by all chains which have at least one factor 1 placed in any
position i, 0 <i < p. The boundary operator b passes to the quotient.

The complex C_‘;; (/) with boundary b is called reduced cyclic complex; its

homology is called reduced cyclic homology, denoted H ;‘ (o).
There is an isomorphism of complexes

ap®a ®---Qdp — ag . day ...dap. (2.284)
Proposition 2.40 If the algebra o7 has an augmentation, then

Cr() = Ch(/[K). (2.285)
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Proof Note that, according to the definition of C ;; (), the elements N(1 ® a1 ®
.-+ ® ap) represent the zero element; recall that N is the cyclic symmetrisation
operator.

Theorem 2.14 (Karoubi [89, Theorem 2.15]) For any augmented associative
algebra <f the reduced non-commutative de Rham homology of the algebra is

HIR(o/) = Ker B, (2.286)

where B : I-_II),‘ () —> I-_Ip () is the Connes homomorphism (2.208).

The main difficulty in proving this result consists of the fact that the non-
commutative de Rham homology is defined in a cohomologic complex while its
counterpart, the cyclic homology, is defined in a homologic complex. The proof
is based on the operator ¢, which connects the homologic and cohomologic
environments. We will show that the operator o is closely related to the cyclic
permutation operator T'.

We pass to the proof of the theorem.

Proposition 2.41 For any elements ag, ay, . . .ak, ax+1 € &7 one has
b(ap.day...daxs1) = (=D [ag.day ... day , ars1) (2.287)
ie.
Im by, C U, . (2.288)
Proof One has

b(ao.day...day.dar+1) = b(ag.day...dax.(1Q@ar+1 —ak+1 Q1)) =

(_1)k+1 .(akg1.a0.day ... dax — ag.day ... dag . ajs1).
(2.289)

Recall the expression of the operator o acting on an arbitrary chain
o(ap ® a1 ®---® ap) = (~)"da, ap®@ar ® - ® ap—1.  (2.290)

The operator o commutes with the operators b, d, IT, and therefore it passes to the
universal algebra %.
Proposition 2.42 Forany | < k < p — 1, the powers of the operator c* are given
by the formulae
k = (=D)+by d
o (ag ®---® ap) = (=1 ap—k+1 . -..dap .ag ® ar---® ap i

oao . day.....day) = (=)D da, 1. da, . ag.day . ...dayy.
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For k = p one has

of(ap®aj..... Qap) = (=P P+D qq, .daj....day, . ag

oP(ag.dai..... day,) = (=1)P"*V day . da,...da, . ap.
Fork = p + 1 one has

o’ (ap ® ai..... ® ap)=(PPDaa, .ay.day.....dap-1 +(=1)Pb(dag . day.....da,)

ot (ay.da,..... da, ) = (= 1Pr+D dap .ag . day .day...dap_ | + (=1)Pb(day . day..... day ).

Proposition 2.43
1. For any chain in C, (/) one has

M, (c — T a®ar® --®a,)=(—DP"d(a, .day .da....da, ).

(2.291)
2. More generally, forany 1 <k < p one has
m, (" — ™) (ay ® a1 ®---®a,)=d — boundary. (2.292)
Proof
1.

Iy (c—T) (a0 ® a1 ®---® ap ) =
m, ()P (day .ap® - ®@ap_1 +ap@ar @ - @ap_1) =
D", ((1®ay —ap®D . ay®a1 ®w® -+ ®dp-1 + ap@®a® - ®ap_1) =
D" (1 ®apa—a,®a) ®ar - @ap—1 + ap@ag@ai - ap_1) =
(=DP T, (1@ (ap.a)) ® a1 ® -+ @ ap—1) =
(=P 1 d(a, . ap) . day. . ... day—1 = (=DP d(a, .ap) . day.. ... day_1.
(2.293)

2. We intend to compute

I, (c* — Tk)(a0®a1®-~-®ap) =
I, ( (—1)k'(p+l) dap_iy1.dap—j42 ... dap .ap®ay---Qap—p+1 —

(DX ap ji1 ®apj2®...ap a0 @ a1 ® -+~ @ dp—i ).
(2.294)
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We consider the term @ := dap_y1.dap_ji2...dap.ap®@ay - -Qap_i41;
we express it as a sum of tensor products. We group these terms in three
categories: (1) terms, degenerated or not degenerated, which begin with the factor
1, (2) terms which do not begin with the factor 1 but which are manifestly
degenerated (i.e. contain at least one factor 1) and (3) the remaining terms.
Denote their sum, respectively, by @1, ®, and ©3. Then I1,0 is a d-boundary
and 7,6, = 0.

The first group of terms is

O1 = 1®apk1.dap_ky2...dap.ag®ay--- Qap_j1. (2.295)
The remaining terms are
O+ O3 = —app+1Q@ldap_12...dap.ay®ar---Qap_ky1 (2.296)
and
O3 = (—Drap 411 ®ap 412® - QapaoQar-- Qdpgi1.  (2.297)
I, Kkills the degenerate terms ®;. Then

I, ) = Hy(dap—y1.dap_i2...dap.ay@ar--- Qap—g+1) =

(d — boundary) + (—1)kap,k+1.dap,k+2. - ®dap.dap.dar.dap_ii1.
(2.298)

We plug this relation into the formula (2.294) to complete to proof of part 2.
This completes to proof of Theorem 2.14.

This theorem shows that the operator o is closely related to the operator 7. We
intend to better understand this relationship.
One has

oIl (ag®a1 ®---Qar ) =0o(ag da; .day..... day) = (—1)k+1dak .ap.day..... day_1.
(2.299)

Iterating this relation with respect to r, one obtains for | <r <k

o I (ag®@a1 Q- - Qag ) = (—l)r(k+1)dak7r+1 .dag_r42...a0 . daj..... day_,.

The last relation obtained in this way is

M (ay@a1 ®@ - ®@ar) = (=D gay day .. .ap . ap. (2.301)
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Proposition 2.44

(i) On the quotient space %, /Im b one has
ol = 1. (2.302)
(ii) The action of o on U is given by the formula
olag .day..... dap) = (—1)”_1 dap . ap .da..... dap—1. (2.303)

Proof

(i) The operator o commutes with b and d and hence it keeps each p-component
%p of the universal algebra invariant. Indeed

oll, = c(1-bd)o?=(1 — bd)oc? = (1 — bd)oPoc = II,o.

(2.304)
We know also that [T, := (1 — bd)o? = 1on %,. Therefore
ol =1 on the quotient space %, | Im b. (2.305)
(ii) Foranyag . day..... da, € %, one has
o(ag day..... dap) =

(2.3006)

Proposition 2.45 Forany 1 < k < p — 1, the powers of the operator o*, acting on
the universal algebra %, are given by the formula

oo . day.....day) = (DM da, g dap.ap . day....da,_y.
(2.307)
For k = p one has
oP(ag . day.....day) = (~1)"""TV day . day....da,.ap. (2.308)

and therefore

o’ My(ay®a1 ®---®a,) = (—)PPVda day...ap.ap. (2.309)
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From here we get

P My(ay®a1®@---®ap) =
(PP Cday.ap).day.day .. .da,_y — dag.day.day ...da,_y.ap) =
(~DPH(d(ap).ag + ap(dag) ).day.day...da, | —dag.da).day ...day_y.ap ) =
(_1)p+1( d(ap).ap.daj.day...day 1 —[dag.day.day...day_1, ap]).

(2.310)

Recall that commutators [ dag.dai.da; ...dap—1, ap | belong to the image of
b, Proposition 2.41.
The next result is a consequence of Proposition 2.45.

Proposition 2.46 There is a natural action of the group ZL,, onto %,/Im b; the
operator o acts as a generator of this group action.

Proposition 2.47

(i) Letap = ag . da..... ap, with1 < pand B, = bo . by..... by be two
chains of U (). Let o be the operator acting on chains of degree p + q.
The graded commutator of the chains o, B is

[ap, Bgl = ap . Bg—(=DP1B, . ap=(10 —0N(ap.By). (2311)
The space of graded commutators [ «p, By 1, 1 < p, is the sub-module of U
generated by Im(1 — ak), 1<k<np.
(ii) For p =0, one has
[ag, bo.dby..... dby] = (=17 b (bo.dby..... db, . dag). (2.312)

Proof
(1) We use Proposition 2.45 formula (2.307) to get

(2.313)

Then, the graded commutator of the chains «, and g, is

[ap, Byl = ap.By — (—D)P4(=1)4- T D60 (0, By = (1 — o) (ap.By),
(2.314)

(i) follows from Proposition 2.41.
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Proposition 2.47 shows that the factorisation of %), by all graded commutators is
given by the formula

Uy = Up [ (Imb + Y Im(1 — o%)). (2.315)

I<k=p

Proposition 2.48 We assume Q C K. Then

U, = Ker(1 — o) on %,/Im b, (2.316)

i.e. the module of o -invariant elements of %, |/ Im b.

Proof Use Proposition (2.47) and the fact that o has order p on %, / Im b,
Proposition 2.41.

Proposition 2.48 states who are the chains which belong to the complex { %, d }.Tt
remains to compute its homology. We intend to relate the homology of this complex
with the reduced cyclic homology of the algebra <7 For this reason it will be useful
to represent the elements of the complex %, by elements of the reduced cyclic
complex. The next proposition shows how this can be done. To do this step we
remember that the elements of the complex % have cyclic o-symmetry modulo
Imb.

Proposition 2.49 The correspondence

D, a0 .day..... dap +— ap ®K -+ QK ap (2.317)

(i) defines a bijection
B, Uy [Imd — Ch(</) [Imb (2.318)
whose inverse is I,

I, : C_‘;‘,(sz) / Imb —> @Zp(xzf) /Imd, modulo factorisations.
(2.319)

(ii) @ interchanges o and T
P,0 =T P, (2.320)

Proof We prove that @, is well defined
L.

D(1® dap ® da1®---Qdap ) = d(dag ® da1®---®ap) = day ® da;®---®dap = 0 € “?ZP(,QY)/[m d.
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@ (=)' (ap, day...dap-y — agday...dap—1ap) = b(agday...da,) = 0 € Up(t) /Imd

(=D* d(a, . ap)..... da,_1 + ap day..... da, — (=D? apday...da,_1 = 0€ ‘?Zl,(pf) /Imd.

Therefore, ¥ is well defined.
Following the same kind of computations, one may verify that the inverse of @
is I1,, modulo factorisations

Ip(ay @ a1 @---®ap) = <1§_1(a0 ®a ® --Qap) = apday ... dap.
(2.321)

(i) Proposition 2.48 says that @/_p consists of elements ap.daj..... dap, €
%p | Im b; these elements have o-cyclic symmetry in %), / Im b. They correspond
through the mapping @ to elements ap ® a1 ® - - - ® a, which have cyclic symmetry
modulo the image of b.

The bijection @ interchanges T with o.

Proposition 2.50

(i) Let Z, denote the module of Hochschild cycles of degree k. Then the
composition of mappings

Ay Zp(A) I, Uy(A) = Up(A) (2.322)

induces an injection of the Hochschild homology Hy(A) into 0221, A).
(ii) Let  denote the canonical projection

T Up(A) —> Up(A) [ Imb. (2.323)

Then 1w o  : Hy(</) —> Uy(A) | Im b is injective.
(iii) Hp (/) is a sub-module of o -invariant elements of %,(A) / Im b.

Proof

(i) Consider an arbitrary Hochschild cycle y of degree p. Proposition 2.32 says
that the cycle I7,(y) is co-homologous to the cycle y. We have to show that
the graded trace homomorphism 7 : %, — 022,, is injective on the set of b-
cycles I1,(y). The module U, is obtained from %, through two factorisations:
one with respect to the Im b, and the second with respect to all commutators of
elements in %,. After the first factorisation is performed, the factorisation with
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respect to all graded commutators is equivalent to the factorisation through the
sub-module generated by Im(1 — ak), 1<k<p.

The factorisation with respect to the image of the homomorphism b does
not alter the homology class of IT,(y). We have to show that the factorisation
through the second set of commutators is injective on homology classes. We
know that I, (y) is a b-cycle; we get from this

(1 — o),(y) = (bd + db)I,(y) = bdI,(y); (2.324)

therefore, [0 I1,(y)] = [I,(y)], where [ ] is the homology class of a cycle
in the homology of the complex %), / Im b.

Recall that [T, = (1 — b d)o?, that IT, is the identity on %), and that
o = lon% / Im b.Suppose now that IT,y is a sum of commutators of
the second type

My = Y 4 -dy =0 - o, (2.325)
1<k<p

where 6 € %,/Im b. Then, as 0¥ =1 on this space
(I4+o+...0P" HYMy=>04+0+...0P"H1-0)d =0.  (2.326)

We assume that Q C K. We pass to the b-homology classes of the cycles in
the formula above. We get

p Tyl =0, ie. [yl = 0. (2.327)
Forp =0, H® (o) = o | K+ o, A)) = Uo().

(ii) Factorisation through boundaries does not affect homology classes of cycles.
(iii)) The operator o commutes with b.

2.4.13 de Rham Homology vs. Reduced Cyclic Homology

Proposition 2.50(i) represents the chains of the complex ﬁZZp /Im d as elements of
the module C; / Im b. We have to know how the boundary d of this complex is
transferred under this representation.
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Proposition 2.51

(i) The operator B : C_’é / Im b — Hpy1(a/)/Im b, defined on the reduced
complex becomes

Blag®a® - ®ap) = Y (-1)P1®ar®...ap@ay®a @ ®a,_j.

O=r=p
(2.328)
(ii) Assume that Q C K. Then
1
n,B =d
p+1
and therefore one has the commutative diagram
U L wuy
fJV lf
_ (p+Dd _
U — U (2.329)

(iii) B and b anticommute.
Proof

(1) Recallthat B = (1 —T) s N, where N is the cyclic symmetrisation operator.
In the reduced complex T s = 0. Therefore, the operator B becomes

Blag®a1 ®---®ap,) = Z -D"1®a,Q®...apQa Qa1 ® - ® ar_j.
O<r=<p

(2.330)
(ii)
My Blag®a1 ® - ®ap) = Y (—1)Plday....dapdag.day.....da,_| =
O<r=<p

d Y (-D'"arda,;;...dapdagda.....da,_.
O<r=<p

(2.331)

Proposition 2.50 says that the Hochschild homology H, (%) is a sub-module of
Uy,(7)/Im b and a fortiori a sub-module of %, (/) /Im b.
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Proposition 2.52 For any unital associative algebra </ one has the commutative
diagram

@ jtmd =2} jimb "I Wpir /Imb
b J{b
w LN %
o » (2.332)

Forany y € @Zp/lm d one has B(y) € Hp41(«) if and only if » B(y) = 0. But
the operator B on the second line of the commutative diagram (2.332) is injective,
see part (i) of Proposition 2.51. Therefore, b(y) = 0. This shows that the pth
homology group of the complex

- d d - -
U — ... — Uy —> Ups1/Hp11(A) (2.333)

is H 1); (7). This is true because, in spite of the fact that the formula consents the

boundary dy to belong to H p+1(), the proof shows that necessarily it should
be a cycle with respect to the boundary operator b. This completes the proof of
Theorem 2.14.

2.5 Relation Between B and d

Proposition 2.53 Suppose x € C().
Then

My (Bx) =dI, (x). (2.334)
Proof We have, see (2.208)

Mpy1 Blag®ar ®....Qap) = My ((1 = TY1@N(ay®a; ®....Qap)) =
My (1 = THYA®(ag®a; ®....Qap)) =
Myp 1®(ag®a; ®....Qap) = My (1Qa®a; ®....Qap) =
lday..... dap = d (ap.day..... dap ). (2.335)
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2.6 Non-commutative Cohomology

2.6.1 Hochschild H H,(</) and Cyclic Hf (o7) Cohomologies

Hochschild cohomology was defined in [4]; cyclic cohomology was defined by
Connes [82]; see also [99].

Although these notions appeared in previous sections in relation to non-
commutative forms of Chern—Weil theory we discuss here non-commutative
cohomology in a more organic fashion.

Definition 2.42 To begin with, we assume that K is a commutative ring and that .«
is an associative K-algebra.

The Hochschild cohomology complex {C* (<), b*}, of &7 over K is the dual of
the Hochschild homology complex

CP(of) := Homg(®%' (o, K)) (2.336)
with co-boundary
bP f)(y) = fbyy), Vy € Hom@R (o7, K). (2.337)

The operators T7 and N? are transposed operators of T,, N, defined on the
Hochschild complex

(TP )(y) = f(Tpy). (NPL)(y):= f(Npy)., Yy € Homg(®F' 7).
(2.338)

The Hochschild cohomology of the algebra o7 is the homology of the dual complex
C*(/)s. We denote it by H H* ().

A cyclic co-chain f is a chain of the dual complex f € CP(</) having
cyclic symmetry TP(f) = f. The cyclic p co-chains form the cyclic K-module
C ){7 («7). We know that the Hochschild boundary b sends a cyclic chain in a cyclic
chain; therefore the cyclic cohomology complex {C;(2/), b*}, is well defined. The
homology of this complex is the cyclic cohomology of the algebra <. It is denoted
H (o).

Theorem 2.15 (Connes [82]—Connes’ Long Exact Sequence) We assume K is
a commutative ring which contains the rational numbers and <7 is a K-algebra.
Then, the following sequence

S wP @) D BHP () B v () S B () s HEP () s
(2.339)

is exact.
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Proof The proof is obtained by transposing Connes’ long exact sequence in
homology.

Definition 2.43 More generally, given a bi-module .# over the algebra o7, the
Hochschild co-homology of </ with values in M is the homology of the cohomology
complex C*(&/, #) = {C*(of, #), b*} where

Cl(d, M) = HomK(®112;2%, M) (2.340)
and co-boundary b?

(b? f)(a1 @k a1 @K -+ - QK Ap+1) =
a.f(ay ®k -+ QK ap+1) +
w« (2.341)
+3 (1) fla1 ®K - ®K ar-rs1 OK ... aps1)+
r=1

(=DPH f(a1 ®k a2 ®k -+ - ®K ap).ap1.

(Recall that .7 is an .2 -bi-module provided .# is a K-module and for any a, b €
o/ and m € .# one has a(mb) = (am)b.)

The Hochschild complex of co-chains over of with values in M, C*(<f , #) =
{C*(of, M), b*} is by definition given by

CP(d, M) = Homg(Qk o, M) (2.342)
with co-boundary b”

(b? f)(a1 ®k a1 Ok -+~ K apy1) =
ai.f(ax ®k --- K ap+1) +

<, (2.343)
+ 3 (=1) f(a1 ®K -+ ®K ar.ar41 ®K - . dps1)+

r=1
(=P f(a) ®k a2 ®K - - - ®K ap)-apt1
The Hochschild cohomology of the algebra <f with values in the bi-module ./
is denoted H* (<, #).

There are two cases of bi-modules of interest (a) .# = ./*, the dual of <7, and
(b) # = <f.The bi-module structure on .«7* is defined by (afb)(x) := f(bxa),
where f € &/* and a, b, x € </. The bi-module structure on .7 is obvious.
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The correspondence

® : Homg (®%, /*) — Hom(@%™", K) (2.344)
D(f)(ao®K a1 K --- Rk ap) = (f(ai,...,ap))(ao) (2.345)

transforms the complex {C*(<7, &/*, b*) into the Connes Hochschild cohomol-
ogy complex {C*(&), b*},, i.e., the case (a) leads to the Connes’ definition of
Hochschild cohomology.

The case (b) .# = . was considered by Gerstenhaber [35]. It is relevant in
deformation theory.

2.6.2 Quillen Non-commutative Cohomology, H*(</, V')

Remark 2.19 In most constructions of the Chern character of idempotents, see
Connes [82, 99] and [89], the Chern character appears in two modalities: in co-
homological and homological contexts. The homological Connes Chern character
is obtained by considering tensor powers of the idempotent inside the periodic
cyclic homology complex, see [99], see also Loday [97, §8.3.3]. This is going to
be discussed in Sect.3.12. The homological Connes Chern character manifests
itself through its pairing with cyclic cohomology [82] or with the Alexander—Spanier
cohomology, see Connes and Moscovici [96] and Connes et al. [101]. The trace is
provided either by the graded trace interpretation of the cyclic co-homology, or by
the operator trace.

In Sect.2.3.2 we studied Quillen’s [91] general scheme which allows one to
extend the Chern—Weil theory to the non-commutative associative algebra category.
In Sect.2.7 we saw how this applies to Karoubi’s [89] treatment of the topic.
Karoubi’s construction requires a co-homological graded algebra in which the
powers and the boundaries both of the connection form and curvature form may
be computed. The necessary multiplicative structure is realised inside the universal
algebra of the associative algebra «7. The trace is provided by the factorisation of
the universal algebra through graded commutators. We recall, the universal algebra
of o7, factorised through graded commutators, produces a co-homological complex
whose homology is called non-commutative de Rham homology of the algebra. The
Karoubi Chern character belongs to the non-commutative de Rham homology.

Karoubi [89, §2.15] proves that the non-commutative reduced de Rham homol-
ogy is the kernel of the Connes B operator B : H;(,Qf) — Hp1(A), see
Theorem 2.14.

The main difficulty in proving this result consists of the fact that the non-
commutative de Rham homology is defined inside a cohomology context, while the
cyclic homology counterpart is defined in a homology theory.
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Another way of producing non-commutative cohomology derives from Quillen’s
[91] method. To do this, one fixes a K-algebra V and one considers the graded
differential cohomology complex

{Homg (®%.7, V), b'Yo<p. (2.346)

The case V = K leads to the Hochschild cohomology (and cyclic cohomology)
which was discussed above.

The multiplicative structure in this cohomology complex is provided both by the
co-algebra structure of the tensor algebra of .2/ and the multiplication in V. The
co-boundary operators are, respectively, the transpose of the Hochschild boundary
b and the transpose of the bar operator b.

Definition 2.44 Let o/ be an associative algebra and V a K-module.
Define

oA, V)= o (2.347)
CP(e/,V) = Homg(®k,V), 1<p. (2.348)

Letd, resp.d : CP(o/, V) — CP+l (a7, V), be the boundary operators ',
resp. b transposed: they are given by the formulae

(d ¢)a1 ®K -~ Ok OKap41) =

/ (2.349)
¢ (b (a1 ®K - K OKap+1)),
forany ¢ € CP(«/,K), or CP(sf, o/) where
b (a1 8K - Ok ®Kap) =
Z D) ® - ®a-1®a.a4+1 Q- Qap. (2.350)
I<r<p-1
and
(d¢)a1 ®K - Kk OKap+1) =
(d ¢)(a1 ®K - Ok ®kapt1) + (2.351)

(D" api1. ¢ (@ ® - ®kap ).

Define the graded cyclic permutation acting onto the argument

(Tp ¢)a1®k - ®kap) = (-1 ¢ (a2®k a3 ®kap@kar) (2.352)
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and the cyclic symmetrisation operator
— p—1
Ny =1+Tp +...+ T, . (2.353)

Definition 2.45 Let ¢ € CP(«Z, V)andy € Ci(/, V),V = .
Define their product ¢ . € CPT9 (o, V)

(@ . ¥) (a1 ®K - - OK OKap+q) =
¢ (a1 ®k - ®K ®Kdp) .v ¥ (Ap+1 ®K -+ OK ®Kp+q)-

(2.354)

This product uses the co-algebra structure of the tensor algebra of </ with respect
to the argument; regarding the values, the product uses the multiplication in V.

The following property follows easily:
Proposition 2.54
(i)
d.d =0, d.d =0. (2.355)
(ii) Forany ¢ € CP(</, V) and € C9(o7, V) the Leibnitz identity holds
d@vy)=(d ¢). ¥+ D"y (2.356)

Proposition 2.55 The operators d, d,T and N satisfy the identities

T) =1, Ny = T,) = (1 — T,))N, = 0 (2.357)
d(1—-T) = 1-=T)d (2.358)
dN = Nd . (2.359)

Proof The operators T, N, d and d’ are defined on the tensor algebra of the algebra
/. These relations are the transposed relations (2.156) and (2.157).

Definition 2.46 Let C;(</, V) C C*(&/, V) denote the subset of co-chains
having cyclic symmetry.
Define Hochschild-type cohomology
H*(a, V) := Homology*{C*(</), V), d}. (2.360)

Define cyclic-type cohomologies

H} (o, V) := Homology*{C;i (<), V), d'}. (2.361)
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Theorem 2.16 Let <7 be a unital associative algebra over the commutative ring K.
Suppose the ring K contains the rational numbers. Let V be a K-module.
Then, one has the Connes-type long exact sequence

S w1, vy L mr e, vy s mr e, vy S i e, vy D
(2.362)

Proof This long exact sequence is a formal consequence of the transposed rela-
tions (2.156) and (2.157). For more details see the proof of Connes long exact
sequence in homology.

2.6.3 Non-commutative de Rham Cohomology with Values
in an Algebra, H;R (A, V)

In this section we propose a non-commutative de Rham co-homology obtained by
combining Karoubi’s [89] and Quillen’s [91] methods.

We start with the cohomology complex {C*(&7, V), d/} considered by
Quillen—see section above. This means that

{C*(,V),d ) = {(Homg (@}, V) (2.363)

is a co-homological differential algebra with respect to the co-boundary d —the
transposed of the bar operator. The multiplication is given by the co-algebra
structure of the tensor algebra of <7 (of the argument) and the multiplication in
V.

Recall the product of co-chains

@ - YINa1® Qa1 Qapiqg) =¢(a1 Q- ®ap) .7 Y(Aps+1 @+ Q Rpig).
(2.364)

The Leibnitz identity holds with respect to the co-boundary d ;
The Karoubi [89] method consists of passing to the module of graded traces.

Definition 2.47 The graded commutator of degree ¢ is defined by

[C(e, V),C(«, V)]t := module generated by [CP (o, V),CP(e, V)], p+q=t
(2.365)

[¢p1 wq] = ¢p . Wq + (_1)P‘qu . ¢l[' (2366)
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The de Rham cohomology complex of the algebra .o/ with values in V consists of
the module of graded traces

(Chp(, V), d} :={C'(o/, V)/IC(, V),C(, V)i, d}o<i.  (2.367)

The homology of this complex will be called non-commutative de Rham cohomol-
0gy of the algebra </ with values in V; we will denote it by H;R (o, V).

Remark 2.20 1In this book, when we refer to non-commutative de Rham cohomology
we intend that the corresponding cohomology complex is produced through the
factorisation by the sub-module of graded commutators.

Problem 2.1 Express H f r(#, V) in terms of the Hochschild/cyclic cohomology
of &/ and elements of V.

2.6.4 Cyclic Co-cycles vs. Closed Graded Trace

We have seen in the previous sections that graded trace and cyclic symmetry are
used in the constructions of non-commutative Chern—Weil characters and we found
various relations between them. In this section we define the character of a cyclic
cycle and we establish its relationship with cyclic cohomology. There are two
modalities to present this argument. We start by presenting Connes method [82].

We recall that a cyclic co-cycle f is a Hochschild co-cycle, b* f = 0, which has
cyclic symmetry, T f = f.Werecall also that the universal algebra is the range of
the idempotents IT, introduced in Sect. 2.4.10. The elements of the universal algebra
are precisely the non-degenerate elements of the Hochschild homology complex
of the algebra 7. The product and co-boundaries in the universal differential
algebra are given by the (non-localised) Alexander—Spanier operations (Sect. 2.4.7).
Although the universal algebra can be described also as &/ ®y (<7 /K), the reader
should not confuse the elements of the universal algebra with the elements of the
Hochschild homology complex.

Definition 2.48 Suppose <7 is an associative algebra with, or without unit. We
associate with ./ a new algebra

o = {a + A1|Vae, and »eK}. (2.368)
The algebra structure in o is given by
(a 4+ A.D)b 4+ pl) = (ab + Ab + a.u, r.u.l).

1 € & is a unit.
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The algebra 7 is replaced with the algebra .
Proposition 2.56 The universal algebra of o is

U () = o Rk Q. (2.369)

Definition 2.49 Given any co-chain f € CP (<7), one associates with fits
character ty. It is a linear mapping defined over the p-component of the universal

algebra 7 ? («7) with values in K, see [82]

Tr(ap +A.1).day. . ... dap) := f(ap.daj..... dap). (2.370)

trd(ap + A.l).da..... dap—1) = tr(dao.da..... dap—1) =
rf((O—i—l)daodal...dap_l) = f(0®ao...a,,_1).

(2.371)

The character 77 of the co-chain f registers the values f takes on all non-degenerate
Hochschild chains.

Remark 2.22 The universal algebra is d-acyclic. However, after the factorisation by
graded commutators one obtains the non-commutative de Rham complex. It is not
acyclic. Therefore, factorisation by graded commutators has the effect of reducing
the Alexander—Spanier co-chains to the diagonal—see Sect. 1.3.

Definition 2.50 The co-chain T € %? (.;zf ) — Kis a graded trace provided it
vanishes on all graded commutators of degree p
T | [CP(, ™), CP(, )], = 0. (2.372)
Definition 2.51 The co-chain t is called closed if it vanishes on all d-boundaries
Tdw = O.
Proposition 2.57 (Connes [82, 99]) Let o7 be an associative algebra.
The correspondence
v: { fIf =b—closed cyclic co — chain over a ) — (2.373)
{tr |ty = d—closed graded trace } (2.374)

isal — 1 correspondence.
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Remark 2.23 The reader should not be surprised that the d-closeness condition is
part of the statement of the proposition. In fact, in various constructions of the non-
commutative Chern—Weil character the d-closeness of co-chains comes together
with the graded trace condition.

Lemma 2.3 Given that the universal algebra %.(<7) is generated both by the
elements a € &/ and differentials da = 1®a — a ® 1, T is a graded trace
if and only if T vanishes on all graded commutators of type t[ apday ...ap, aps1 |
and t| apday .. .dap, dapyy 1, forall a; € &.

Proof
1. Suppose f € Cf (<7) and b f = 0. We have defined

tr((ap + A.Dday...dap) = fay®a1 ®---Qap). (2.375)

We saw that 7y is a d-closed graded trace.
We have

0= Y (-1 f@® & @r.a41)® - ®ap1) +
O<r=<p
(—DPH f((aps1.a0) @ a1 @ - ®ap) =
Z tr(aoday ...d(ar.ary1) ... dapyr) +
Osr<p (2.376)

(—1)p+1‘5f(ap+1.aoda1 ...odap) =
tr(aoday ...d(ar.ary1) ... aps1) +
(—1)p+lff(a,,+1.a0da1 .o.odap) =

[ ty(aoday ... d(ar.ar1) ... ap), aps1)].
This proves that 7 vanishes on all graded commutators of type
tl(ap + Al)day...ap, apy1l.

Viceversa, the same computation read backwards shows that if 7 vanishes on
such commutators, then f is a Hochschild co-cycle.

Now we consider a commutator of the second type. Recall that in the universal
algebra degenerate elements are ignored. Therefore, in the universal algebra
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we have

(dap(ap+A.1).day...dap—1) =
H(dap(ap +A.lday ...dap 2(1Q@ap—1 —ap-1®1)) =
M(dap(ap + A.lday ...dap 2(1 ®ap_1)) =
M(dap(ap + A.Dday ...dap 2 ®@ap_1)) = ... =
Hdap(ap+2.1)®a1®ap2®---Qap—1) =
N(®ap, —ap,@a+12.1)Qa1®ap, 2®---Qap—1) = (2.377)
N(A®ap —5ap,@1a + 1.1)®a1®ap 2@ ---Qap—1) =
NA®@apa+r)®a ®ap 2Q - Qap-—1) =
—H(ap®@+r21)®a1®ap 2Q---Qap-_1) =
d(ap(ap + A.daiday—» ...dap_1)
—apd(ap + A.Ddaydap ... .. dap—1.

As the graded trace is d-closed, we get

ty(dap(ap + A.1)day...dap_1) = —tr(ap.d(ap + r.1).daj.day_>..... day,_| =
—flap®(a + LD ®ar®ap .-~ Qap_1).
(2.378)
We know that f is a cyclic co-chain; therefore,
tr(dap(ap +A.1).day...dap1) =
—flap,® (@ + A1) ®a1Qap—2.---Qap—1) =
(2.379)

(D" f (@ + D) ®a1 ®aps.--@ap_1 ®apy) =
(=P ep((ap + rD).day...day-1dap).

The same computation read backwards may be used to prove that if T vanishes
on commutators of the second type, then the co-chain f has cyclic symmetry.

Remark 2.24 The replacement of the algebra &7 with the algebra 7 allows one
to produce the d-closed graded trace 7. This could be done in another way if we
assume that the algebra <7 is unital and we consider only those cyclic co-chains
f which vanish when at least one of the arguments ag, a1, ...a, belongs to the
commutative ring K. This relates to Karoubi’s description of de Rham homology—
reduced cyclic homology—see Sect.2.4.12.

Remark 2.25 In the next section we will see that the continuous Hochschild and
cyclic homologies of the algebra of smooth functions are, essentially, the space
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of de Rham forms and de Rham cohomology of the space. On the other hand, de
Rham differential forms and de Rham cohomology could be obtained even from
the localised Alexander—Spanier complex. The reader could be tempted to conclude
that cyclic cohomology takes care both of the vanishing on graded commutators
property and of the localisation involved in the definition of the Alexander—Spanier
complex, see Sect. 1.3. This is not the case—cyclic cohomology does not replace
localisation. It is known that the continuous cyclic homology of any Banach algebra
is trivial, see [99]; on the other hand, we will see later that the localised cyclic
homology of the Banach algebra of Hilbert—Schmidt operators is isomorphic to the
ordinary cohomology.

2.6.5 Chern Character with Values in H"(My (<), <)

We start with an idempotent p € My (&7). It is an element of the algebra of
matrices of size N its entries belong to the algebra .o7. We associate with p the

Levi-Civita connection form w = ||w;j||. Its entries, w;;, belong to the space
Homg( @k«/*, of )—the space of 1-forms of the algebra <7 with values in o7,
see Sect.2.3.4. The curvature matrix §2 = |[|£2;;|| has entries in the space of 2-

forms, Homg (®k.«7>, /). The power g of the curvature §2 belongs to the space of
2g-forms, Homg (9% My (), My ().
We consider the form

1
W, (p) = o (R(p)IN) € CH{ My (), ); (2.380)

here the cyclic symmetrisation operates on the argument while the trace acts onto
the value of the homomorphism. The result is an element of the cyclic complex
CEMy (7). ).

We propose the following definition of Chern character of idempotents:

Theorem 2.17 Let p € My(<7) be an idempotent.
Then

1
Yy (p) = 4! tr ($2(p)IN) (2.381)

is a closed form in the cyclic complex C; (My ().
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2.6.6 Chern Character of Idempotents with Value
in Non-commutative de Rham Cohomology

In this section we define a Chern character of idempotents with values in the non-
commutative de Rham cohomology of the algebra of matrices with entries in <,
HarMy (), My ().

We use [91]; we take V. = My (), see Definition 2.1.

With this choice of V, the ordinary trace of matrices may be used as a trace
function and hence there is no need to factorise through graded commutators or
to produce a trace function, see [91, §1.3]. From this point on, the Chern—Weil
construction proceeds without difficulties.

Indeed, start with an idempotent p € My (/).

Consider the Levi-Civita connection, given by a matrix with entries in My (/)

w = p.dp.peC'My(&), My()). (2.382)
We produce a matrix w with entries in </ which describes the connection form w,
as done in Proposition 2.9. The boundary d' (the transpose of b') and the product
introduced by Definition 2.1, satisfy the Leibnitz identity.
We define the curvature

R=do-o0.o. (2.383)

The curvature verifies the generalised Bianchi identities

dR! = —[RY, w]. (2.384)
Define
W, = tr R? € CH(My(), My()). (2.385)
Theorem 2.18
(i)
dw, =o0. (2.386)

(ii) The homology class of ¥, € H* My (), My ())), (with respect to the
co-boundary d) depends only on the homotopy class of the idempotent p.

Proof The proof uses the following structure:

1. the computations are performed inside a graded differential co-homological
complex {2, d} with 2y = &
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2. the curvatureis R = d o — o . w, where w is the connection form of the
idempotent p
3. any two connections are wy, w; are affinelly related w; = wo(1 — 1) + w.t.

2.7 Connes Chern Character in K-Homology

Connes Chern character in K-homology is defined on spectral triples [82, 99]. For
this topic see Sect. 2.3.5.

We recall that spectral triples are refinements of K-homology classes, see
Sect. 1.12.3

2.8 Connes Karoubi Chern Character in K-Theory

The cycles of K 0(a7) are idempotents p € My (&). The Chern character of
idempotents was discussed in Sect. 2.3.4.

The next proposition produces the Connes Karoubi Chern character of an
idempotent p by passing directly to cyclic homology, without passing through the
connection—curvature step.

Proposition 2.58 Let p € My (/) be an idempotent.
Then

2p!

. (_1\r-1
Yy(p) = (=D 2p)!

tr pdp.dp)? € Hy,(My (7)) = H3,(),  (2.387)

where the last equivalence is the Morita isomorphism, discussed later; see Sect. 3.11.

Here ¢tr is the non-commutative trace of matrices
tr(aqp®a1 ®@---Qa,) = Z a(l)l’io ® allz’i1 ® --Qa? (2.388)

Ty
00,0151y

anddp=1®p—-—pQ® 1.
The cycles of K°(«7) are invertible matrices u € GL(). The Connes Chern
character for invertible matrices is given by the following result:
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Proposition 2.59 Leru € GLL(%).
Then

Wy () 1=
r@!' - Deu - Dew ! —Hew-He--uw ! —Heow - 1)e

€ Hy, \(My(o/) = Hy, (), 2p factors,
(2.389)

represents the Connes Chern character of the invertible u up to a multiplicative
constant.

2.9 Pairing K-Theory with Alexander-Spanier Cohomology;
Towards Local Index Theorem

For the topics discussed in this section we refer to Connes and Moscovici [96].

In this section we present only the introductory algebraic framework onto which
the Connes—Moscovici local index theorem is based.

In Part IV we are going to show how these constructions apply to the case of the
index theory on quasi-conformal manifolds. Next, in Part V, we will show how these
arguments change in the case of the 7T'-theory.

Here M is a smooth manifold, which for simplicity we assume to be compact.
Let </ be the algebra of complex valued continuous functions on M. Let p :
2/ —> B(H) be the obvious representation, where B(H) is the algebra of bounded
operators defined onto the Ly space of half densities, H = Ly (M, |A|Y2M). (Here
we assume that M is oriented. The bundle of half densities is a line bundle whose
transition functions are square root of the determinant of the Jacobi matrices of
coordinates changes).

% denotes the norm closure algebra of the space of pseudo-differential operators
of order zero into the space B(H). Let . denote the algebra of compact operators
on H. Let C(S*M) denote the unit co-sphere bundle of M. One gets the exact
sequence of algebras

E= 0— > - C(S*M) — 0, (2.390)

where o is the symbol of operators.

Theorem 2.19 There exists a canonical construction which produces a pairing

K'(C(S*M)® H{Y" (M) —> C. (2.391)
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The construction of the pairing passes through the following steps:

1. Let A € .Z be an elliptic pseudo-differential operator on the smooth manifold
M. One considers the symbol a € C(S*M) of the operator A : Hy — Hj.
Denote by b = a ! its inverse.

2. Let B € % be a lift of the symbol b. The operators A and B could be chosen,
modulo compact operators, so that as to have arbitrarily small supports about the
diagonal of M x M.

3. One considers the defects of the parametrix B: So .= 1 — BA,S; = 1 — AB.
A priori, these operators are pseudo-differential operators of order — 1. They may
be modified so as to become smoothing operators. Let £°° denote the algebra
of smoothing operators.

4. One constructs the invertible operator

L. (S —(+S)B
—\A S

) e My(Ho & Hy). (2.392)

The inverse of the operator L is

Ll = ( _SZ a +51SO)B>‘ (2.393)

The operator L is a lift of the operator

(g _OB ) € My (Hy & H)). (2.394)

5. With the operator L one constructs the idempotent
P=LeiL'es™ + D° (2.395)
and the smoothing operator
R:=P — ep e ¥, (2.396)

where

(10 (00 0
e = (0 0) , €= (0 1) e D" C M(Hy & H)), (2.397)

(DO is the algebra of differential operators of order zero).
Let 0 be the connected K-theory homomorphism associated to the exact
sequence &. Then

d(a) = [P] — [e2] (2.398)
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6. Definition 2.52 Let Ao, Ay, ..., A, be bounded operators on the Hilbert space
H with the property that Ag, Ay ... A is a trace class operator. Suppose also
that fo, f1,..., fp € &/. Define

Inde.XfO@fl@m@fp (AO ® A1 R Q® Ap) =Tr (AO fO Al fl . ~'Ap fp)
(2.399)

Proposition 2.60 Let Ag, Ay, ..., A, be bounded operators on the Hilbert

space H with the property that Ag.A1 ... A is a trace class operator. Suppose
also that fo, f1,..., fp—1 € &. Then

Index ; b (A)®A | ®---®A,) =Indexy ; (A)®A1®---®A)).  (2.400)

where b is the Hochschild boundary and d is the Alexander—Spanier co-
boundary.

Proof The reader can check easily the proposition.

Proposition 2.61 Let P; € £ + DO be a piecewise C'-path of idempotents,
t € [0, 1], where f € < is a skew-symmetric function. Let g be an even number.
Then

Indexy(P1 ® Pt ® - Q P1) —Index; (P ® Py Q@ --- ® Py) =

1 (2.401)
(q + 1)/ Indexq; (T; ® P ® - -+ ® Py)dt,
0

where T, = (1 — 2P) 4 P,

Proof 1t is easy to check that ft P; = [T, P¢]. Then

4 Index; (P, ®@---®@P) = YdIndex; (P®---® P --@P) =
Zg Indexy (Pt ® -+ QI[T;, P1®---® P) = (¢ + Dindexy (T;, 1@ P ® ... P) =

(because f is skew-symmetric and henceforth it is stable under graded cyclic
permutations)

= (@+Dindex;y b (T,QP QP Q... P) = (g+Dindexsr (i QP QP ®---QF)

(in view of Proposition 2.59).

7. Definition 2.53 Let f = f(x0,X1,...,%) = ) .2, [ @ [I'®---® [} be
a smooth function, where f" € o7, 0 <r < p. Define

Indexs (Ag® -+ ® Ag) 1= ) Indexprg.op (Ag® - @ Ag).  (2402)
n
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8. Proposition 2.62 Let f be a skew-symmetric smooth function and q an even
number:
Then Propositions 2.60, 2.61 hold in the case of

r}’-(R) :=Indexf  RQRQ---® R).

9. The operators A, B have supports on an arbitrarily small neighbourhoods of the
diagonal. Consequently, the operators Sp, S1, P and R have arbitrarily small
supports about the diagonal. For this reason, if f is a smooth Alexander—Spanier
co-cycle of degree ¢ = even, whose support is small about the diagonal and
contained in the support of the operator RY*!, then Propositions 2.60 and 2.61
show that tZ(R) is an Alexander-Spanier co-cycle whose cohomology class
depends only on the cohomology class of f. This information refers to just one
lift L. We need to prove that t;{ (R) is independent of the local lift.

Let A;, resp. B;, i = 0, 1, be two local lifts of the symbol a, resp. symbol
b. By "local" we mean that both operators have support in a chosen, arbitrarily
small neighbourhood % of the diagonal. Let R; = P; — e, be the operators R
and P defined in Part 5 above.

Ari= (1 — t)Ag + t Ag,resp. By := (1 — t)Byp + tB1,t €[0, 1]isa
local homotopy between Ap and A1, resp. By and Bj.

For any t € [0, 1] consider So; := 1 — B;A;and S1;:= 1 — A;B;.
With Sp; and S;,; one manufactures the path of idempotents P; and the path
of smoothing operators Ry, = P; — e3. This argument, combined with
Propositions 2.60, 2.61, and 2.62, show that the pairing (2.391) is independent of
the local lifts of @ and a~!.

This completes the proof of Theorem 2.19.



Chapter 3 )
Hochschild, Cyclic and Periodic Cyclic Shethie
Homology

Abstract Hochschild homology (along with cyclic and periodic cyclic homologies)
plays in the non-commutative geometry the role which de Rham cohomology plays
in the classical geometry. It is defined for any associative algebra. The Hochschild
chains over the algebra .o are not localised and the operations with the chains over
the algebra o7 are not commutative. If the algebra were the algebra of differentiable
functions over a topological manifold M, the corresponding Hochschild chains
would be differentiable functions over M " . Cyclic/periodic cyclic homology of the
o/ were introduced to extend the Chern—Weil characteristic classes to idempotents
over &7 . Cyclic/periodic cyclic homology represents the minimal algebraic structure
for which the Chern—Weil construction works. The cyclic/periodic cyclic homology
of the algebra of differentiable functions constitutes the link between the classical
differential geometry and non-commutative geometry.

3.1 Hochschild Homology of the Algebra of Smooth
Functions, H H,(C*° (M, R))

In this section we prove that the continuous Hochschild homology in degree k of
the algebra of smooth functions on a differentiable manifold M is the space of
k-differential forms on M. This result was proved by Connes [82] for compact
manifolds M and was extended to paracompact manifolds by Teleman [107, 114].
Connes proof uses a projective resolution of the algebra of smooth functions.
Teleman’s proof follows up a Hochschild p-cycle of the algebra, which a priori
is supported on M x M x --- x M (k + 1 factors) and shows that its homology
class lives on the main diagonal. The proof shows that the cycle can be replaced
by co-homologous chains having smaller and smaller supports. The procedure is
decomposed into steps. The various steps show that the Hochschild homology class
may be reduced gradually to arbitrary small neighbourhoods of the diagonal, then
to germs of the chain all along the diagonal and finally to infinite jets along the
diagonal. The infinite jets along the diagonal form a complex called diagonal
complex. The last step computes the homology of the diagonal complex. It is
shown that the homology of the diagonal complex depends only on the first order
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derivatives of the chain (in the direction of all factors, with the exception of the first)
along the diagonal.

It is important to conclude that the Hochschild complex, in the case of the algebra
of smooth functions, takes care of all ingredients involved in the construction of
differential forms: derivations (tangent fields), localisation (multi-linearity over the
algebra of smooth functions) and skew symmetry of differential forms.

This result is the link between classical differential geometry (which turns up
to live on the main diagonal of the various powers of the manifold) and non-
commutative geometry (which lives on the various powers of the space).

The result of a classical differential geometry problem could be expressed as a
classical differential form provided its restriction to the diagonal makes sense, i.e.
whether the product of distributions involved in the problem may be performed with
the classical differential geometry analysis. This conclusion becomes clearer when
it is applied onto the various stages if the index formula, from Riemann curves,
passing through smooth manifolds and extended to topological manifolds.

This result should not be confused with the Hochschild—Kostant—Rosenberg
theorem [33] regarding the Hochschild homology of smooth algebras. The algebra
of smooth functions on a differentiable manifold is not a smooth algebra.

Another procedure which allows to compute the Hochschild homology of
function algebras is presented in the article by Brasselet et al. [113].

3.1.1 Preliminaries on the Algebra of Smooth Functions

In this section we compute the Hochschild homology of the algebra &/ =
C°° (M, R), where M is a paracompact smooth manifold

CL(C®(M,R)) = { f|f: M — R, f = smooth.). (3.1
The Hochschild boundary b = o, ;(=1)" bk, is the alternating sum of

the face operators by . The face operator by, acting onto the function f is the
restriction of f to the diagonal i, : MK < M*+1and bik,f =1 f o tkr

(X0, X15 ooy X1y Xpy Xpy 5ovyXp—1) HO<r<k—1
(U, ) (X0 X1, ooy Xp—1) = .
(X0, X1, + -+ Xk—1, X0) ifr =k.
Let Ay be the main diagonal in My, Ay = {(x, x,..., x) | x € M}. Letg

be a Riemannian on M and r a Riemannian metric on M. We chose a Riemannian
metric d on M. We suppose the corresponding geodesic distance has the injectivity
radius is at least 1.

Let A : [0, 0c0) —> [0, 1] be a decreasing function on M. We assume the support
of A is contained in the interval [0, 1] and we assume that A; is identically 1 on the
interval [0, 1/2].
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We denote by X; be a rescale of the function A

M(x) = A.():), for 0<t.
We denote by pi the distance to the diagonal
Pk i Mgy1 — [0, 1]

Pk( X0y X1y ooy Xp) = d*(x0,x1) + d*(x1,x2) + «ooo4d>(xp1, xx ) + d>(xx, X0 ).

We denote by U; any t-neighbourhoods of the diagonal

U = {(x0, x1,..., Xk )| pe(x0, X1, ...,%k) < t}.

We denote by pr; the function A; o pr. The function p, ; is a chain homo-
morphism of the cyclic Hochschild complex, see Connes [82]. The function pf, ;
has support in the t-neighbourhood of the diagonal. It is identically 1 on the U, ;-
neighbourhood of the diagonal.

Theorem 3.1 (Localisation on the First Factor) Let & be any smooth function on
M. Then the multiplication of the elements in Cy by the function &, 0 < k, is a
chain homomorphism of the Hochschild complex.

The proof is evident and left to the reader.

3.1.2 Localisation of Germs Along the Diagonal

We are going to show here that the class of any Hochschild cycle depends only on
its germ about the main diagonal A.
To do so, we decompose any Hochschild cycle f € Ci into a sum of two cycles

f=pki-f+ A—prs). f

The support of the first cycle is in U;, while the support of the second term is
identically zero on U 0

Definition 3.1 Let C! be the sub-complex of C,. This sub-complex consists of
those chains f which vanish on the #-neighbourhood of the diagonal.

Let us denote by C? the inductive limit of C, as  decreases to 0.
We will show that the complex C? is acyclic. To do so, we construct a homotopy
between the identity and the zero homomorphism in the complex C?.
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Definition 3.2 We define the extension operators
& 1 Cx —> Ciy1
) (X0 xki1) = M(dP(x0,x1)) - f(X1-, X1 ).

Proposition 3.1 The extension operators satisfy the identities

s

&:Cl— Cl,, VYO<s. (3.2)

Proof Suppose (xp ..., Xk+1) is a point such that
2 2 2 2 $
d“(xo,x1) + d°(x1,x2) + ... + d°(xp, xe41) + d™(xpkg1,%0) < 4

For such a point one has

2 2 2 S
d°(x1,x2) + d°(x2,x3) + ... +d°(xp, xp11) < 4

S S S
d*(x0,x1) + d*(xg1,%0) < 4 d*(xp,x1) < 4 d*( X1, %0) < 4

From these inequalities we get

3s

(e, x) < @, xo) + d(xo,x1)? <)
dz(xl,xz) + dz(xz,)C3) + ...+ dz(xk,xkﬂ) + dz(xk+1,xl) < s.

For such a point, if f vanishes on Uy, then &; f vanishes on the U 5

Definition 3.3 Let .47 be the function defined by the relation
85& + &6 =1 — A
Then
(M Hxo,x15-- - x) = (=8 A (d (o, x1) ) [ FOe1, X2, 0 X0, %0 ) — (X1, X2, 00 X5, X1) .

Proposition 3.2 One has the relation

2
[m]k|ck(k+k)t — 0
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Proof Notice, the function .4 is a linear combination of functions involving f,
their restrictions to certain diagonals and permutations of the arguments

k—1
[ AT f(xooxt, ) = [[M@ @i xip) - (F f) (xo, %150 i),

i=0

The first factor of this expression is not going to vanish at an arbitrary point
( x0, X1, ...., X ) unless

d*(xi,xi;1) < t, for 0<i<k-—1.
For such a point the triangle inequality gives

d(xo,xr) < k.t%.

We have further
k

Zdz( XiyXiv1) < kt + k1.
i=0
If the function f vanishes on U ;42 , one has necessarily

A f (x0, %1, xx) = O.

Proposition 3.2 is proven.

Lemma 3.1 ] satisfy the relations
8 M = NS
Proof One has
M =680—1[86+ &8 =6-865 = (1-[66 +&68])8 = 6.

Definition 3.4 Let us introduce the operator
r=k—1
Hi= & Y LMY (3.3)
r=0
Proposition 3.3 The functions J; satisfy the identity

PR (k 4+ k2) . 4=K+D ¢
J 2 Cy — Ciyy
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and the homotopy identity
8 + s = 1.

Proof The first part of the statement follows from relation (3.2) along with the
observation that .; is a linear combination of operators of the form

&E(8&E&) and & (&8)", with 0<r <k.

The second part (3.3) follows from Proposition 3.2. Indeed, it tells that .4} k=0

on the space C,Ek+k2)'t. In addition,
r=k—1 r=k—1
L= 1= = (1=AM). Y LK = (8& + &8). Y M =
r=0 r=0
r=k—1 r=k—1
S&. Y LM+ & Y LM S,
r=0 r=0

Remark 3.1 It is easy to check that C; is acyclic. To prove this it is sufficient to
have a pair of operators #;_1;, %%, which satisfy

(6 Hh—10 + Hhy )(fi) = fi-

Notice that it is not necessary to keep the same operators %% ; for all k.
Theorem 3.2 The complex of germs C? is acyclic.
Proof Use induction limit.

Definition 3.5 (Fine Algebra) We suppose ./ be an algebra of functions on a
metric space M. The algebra is called fine iff for any open covering % of M there
exists a partition of unity with functions belonging to the algebra </ whose supports
belong in the sets of the covering % .

We have proved the following result.

Theorem 3.3 Let M be metric space and <f a fine algebra of functions on M.
The Hochschild homology of <7 depends only on the germs of functions on the
main diagonals of the powers of M.
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3.1.3 Micro-Localisation of Hochschild Homology

The micro-localisation of the Hochschild homology of the algebras of smooth
functions is obtained by cutting progressively, towards the diagonal, the support
of the cycle f € C*°(M). We show at the same time that the Hochschild homology
class of the cycle f depends only on the oo-jet of the germ of f along the diagonal.
We show also that the homology class of f depends only on the skew-symmetrised
1-jet of f with respect to all variables with the exception of the first one.

In the previous sub-section we saw that any Hochschild cycle may be localised
with respect to the first variable (Theorem 3.1). We have showed that its homology
class depends only on its restriction to an arbitrary small neighbourhood of the
diagonal (Theorem 3.19). Therefore we may suppose that M = R”.

Definition 3.6 Denote by J>° the vector space of co-jets of f € C®(My41,R),
with respect to all variables, with the exception of the first variable x¢, along the
main diagonal.

Any element of the vector space J;° is a formal power series in the variables x; -

xé, with 1 <i <mand 1 < j < k, with coefficients that are smooth functions in
xp. We have produced the short exact sequence of complexes

0— J)— C. — J® —0. (3.4)
Remark 3.2 The complex J2° is isomorphic to the Hochschild complex
Cemy«(JZ(M), CZ(M)).

C>®(M) is seen as a J>°(M)-module. The module action is given by the
multiplication of jets by jets depending on the variables xg, x1, . .., Xk.

Theorem 3.4 Jy ., endowed by the Hochschild boundary, is complex.
J is acyclic.

Proof The function j[ Ac k) .+ (where C(k) are constants) vanishes on a neighbour-

hood of the diagonal. We define a new function g‘zlz { (Acy.ropk) - f}. We introduce
it into the formula (3.3). We obtain the relation

d d
dt{()»C(k).tOPk)-f} = [ & + 5k+1%/z](dt()»C(k).tOPk)-f)-
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Let us suppose that the support of f is contained in Uy,2¢x); we integrate the
above equality on the interval [e, 1]. We obtain

1 q
f=CGcweor) [ = Qewyorr) - f—Ocw.eorr) - f = / d ety .topk) - fdt =
€

! d 1 d
/ Hi bk, (Acy.r © pr) . fdt + / Skr1 K, (Ac@y.t © pr) - f dt.
€ dt € dt

8 commutes with the multiplier g(zlz (Ack).r © pk). As a consequence we have

f = (hcwy.e 0o pk) f = (b1 H(e) + H(e) 8k ) f. (3.5)

In this formula

b d
H(e) f = / T dr (Acwyr © px) fdt. (3.6)

Theorem 3.4 follows from the next lemma.

Lemma 3.2 There is
Limiso(Ac@y .+ © px)-f =0, Vf e JQ (3.7)
Define
H f =Limeso K (€) fe T,
From this it follows
f =1 X + ) f
Proof While t — 0 the integrands and their partial derivatives are of finite order

O(1/¢"*1) at the main diagonal; this divergence is absorbed by the infinite order
vanishing of f along the main diagonal

f(Cxo,x1,...x) = 0(m)(x1 — X0, X2 — X0,..., Xk — X0 ),

for any non-negative number m.
The homotopy formula (3.5) implies the last part of the lemma.

Notice that the induced boundary operator in J° acts pointwisely.
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Theorem 3.5 Let of be the algebra C*° (M, R).
Then the homomorphism

J® i Cp > JX (3.8)

induces isomorphism in homology.
Therefore

HH(C*(M)) = Hi(J*(M)). (3.9)

3.1.4 Hochschild Homology of J°

Theorems 3.1 and 3.5 say that the Hochschild homology of the algebra o7 is local
and that is concentrated along the each diagonal of R". Therefore, it is sufficient to
compute this homology in the case of M = R”".

Denote by ( x9, x1,..., xx ) € (R” )]‘Jrl and by (xil, R x{') the coordinates
in the ith-factor R” of this space.

Definition 3.7 Denote by J° the vector space of infinite jets of smooth functions
on (R™)¥*1 along the main diagonal, in the direction of the factors 0 < i.

J

Any element of J° is represented a formal power series in x; — x(]), whose

coefficients are smooth functions in xg, see Sect. 3.1.3.
Theorem 3.6

1. J®(M) is a J*°(M)-module given by the multiplication of functions with the
Oth-order component of the jet.
2. One has

Hi(J°) = HHceomy, k(J7(M), C(M)).

3. The homology is

i1 1 ik ik
H(J2) = Y ajjp i Go)(x = xg )y A A = x),
L<ji,-esjk<n

wherea j, j, .. j.(x0) are smooth functions and A indicates skew-symmetrisation
of the variables x;i — xo, for0 <i.

Proof To prove the theorem we need the next five lemmas.
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Definition 3.8

1. For any monomial

at(xo)(xf — xgH™ . (xf = ™, (3.10)
k is called of homological degree, while Y, |«;| is called algebraic degree.
2. A degenerated monomial is a monomial which does not depend on one or more
of the vector variables x1, . . ., xx; such a monomial is called lacunary. We denote
by J.° L J2° the sub-complex of lacunary chains.

3. Denote by J° T the sub-complex generated by all remaining monomials.

Lemma 3.3 The complex J2° decomposes in a direct sum of complexes

JX = jolgyeT,

Lemma 3.4 The sub-complex of lacunary chains is acyclic.

Proof Proposition 2.32(iii) says that the lacunary complex is acyclic. We give here
a direct proof in this specific case.

Definition 3.9

1. A lacuna is a maximal string of consecutive missing vector variables in a
lacunary monomial.

2. The length of a lacuna is the number of missing variables in the lacuna.

3. The index of alacuna is the index of the first missing vector variable in the lacuna.

4. The order of a monomial with lacunae is the first missing variable xi, ..., xx,
counted from the left.

For any lacuna, we agree to replace any missing vector variable by the factor 1;
in this way any lacuna of length % will have & consecutive factors 1.
Let k + 1 indicate the number of variables. Suppose the monomial contains the

factor (xl.]k" - x(])") to a positive power. Then the last Hochschild face operators are
zZero.

Lemma 3.5 The complex J*T is a direct sum of complexes
JoT ~ C®(R") @R B.(JE°(RY).
In this formula B.(J;°(R")) is the bar complex of the algebra J5°(R") of jets

vanishing at the origin.

Proof We notice the first and the last Hochschild face operators acting on monomi-
als of J°> T are zero.

The last face operator is zero; therefore, the Hochschild boundary reduces to the bar
boundary operator b . The algebra B, (J;°(#")) algebra does not have a unit. For
this reason, its bar complex is not necessarily acyclic, comp. Proposition 2.19.
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Lemma 3.6 B, decomposes in a direct sum
B.(JPM®R™)) = Y Jg.
B

In this formula J§ is the sub-complex of B.(J5°(R™)) ) generated by all monomials
of total degree r.

Proof The boundary b preserves the algebraic degree of monomials. Let Jj be the
sub-complex of B, (J(‘)>O (R™))) generated by all monomials of total degree r.
The complex B*(J(‘)>O (R™))) splits up in the direct sum of complexes

B.(J(R") = Y .

Lemma 3.7 One has the decomposition by complexes
H.(Jy) = N(T*(RY). (3.11)

Proof The proof of the lemma uses a spectral sequence associated to a filtration of
Jiy and an induction on r.

For r = 1, the result is clear. We suppose the lemma has been proved for r — 1.
We introduce the following increasing filtration on the complex Jj: F ; be the sub-
complex of J; generated by the monomials

al ()™ ... (x))®,  such that ey divides r-p. (3.12)

We denote by F,, , the subset of F), of chains having homological degree p +¢.

Let b° the boundary operator defined on the term E° of the spectral sequence; it
is the bar boundary operator minus the first face operator. By the induction argument
we know that the only non-zero terms of E! is

E[l,’l = Rl x", ... x" 1@ APT*(R"), for 1<p<r-—1,

where we have denoted by Ri[ x!, ..., x” ] the space of homogeneous polynomials
of degree k.

We think of the elements of E! 1 as differential forms of degree p on R" whose
coefficients are homogeneous polynomlals of degree r — p. The boundary operator
bl acting on £ 1 is the interior product ix of forms with the tangent field

n

0
X = k=
;x dxk
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Recall that d is the differential of forms. We compute E>. We define the operators
hp ;:d;E}J’l—>E}7+L1, for2<p<r—1.
Recall any k-differential form

w = X:LIOl()c)dx“1 Adx®? AL A dx™
o

satisfies the identity

(ixod + doix)w) = kw + Z(Xaa(x))dxo“/\dx“z/\.../\dxo"‘.
o

1

We put together this identity with the Euler identity and we find that w € E o

satisfies the homotopy formula
(ixod + doix)@) = (p+ (r—p)o =ro.
This homotopy formula shows that if
d(E, ) CEpyy s

then E; , = 0.
We begin by considering r < n. The term d(Erl_1 1) is not contained in Erl0
because the differential forms in EP-! should have as coefficients polynomials of

degree at least one.
If 2 <r — p, the operator i := d is a well defined operator on Ell7 1~ In this case

the homotopy formula (3.1.4) shows that E?) 1 = 0.As Erl1 = 0, we get
El |, = Ker{E!_| | — E}_, |} (3.13)
The homotopy formula (3.1.4) applied onto the term w € E rl—l | gives
(blod + dob' Y w) = rw.

These formulas show w is in Ker{Erl_1 |~ Erl_2 }if and only if w € (ix o
d)(R; @g A”"IT*(R" ). But, on the other hand, we have

dR; @r ATTIT*RY) = AT*R). (3.14)
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We obtain
w€ix(NT*(R")).
This corresponds via the previous identification
to jets <— differential forms with polynomial coefficients

to r-skew-symmetric multilinear jets.
For r > n the homotopy formula (3.1.4) implies Ef,’ q = Oforany p,gq.

Therefore, E, 2 ba = Epg
This completes the proof of Theorem 3.6.

Theorem 3.7 (Teleman [107, 114], Connes [82])

1. Let M be a smooth manifold M.
One has the isomorphism

J: HH(C®M)) = C®( M, N"T*M). (3.15)
2. The isomorphism J is induced by the mapping J : Cy( C®(M) ) —> .Qk( M)

O f(xo, X1, ..., X8 )

J f(x0,x1,...,x) = ( i i )diag dxl ~AdX,ik-
8x1 ...8xk

(3.16)

3.2 Computation of H H,(C*(M)) Using One Derivative

Remark 3.3 In the previous section we computed the Hochschild homology of the
algebra of smooth functions showing how the fopology, the Fréchet structure and
the local algebra interact. In this section we compute the Hochschild homology of
the algebra of smooth functions <7 using just one partial derivative.

The method we present here shows that Schwarz’ lemma on mixed second order
partial derivatives enters into the computation of the Hochschild homology. This is
particularly significant in the case of functions with reduced regularity. This is the
glue which connects the Ly (consisting of discontinuous functions) analysis with
local topological data. This connection enters, implicitly, into the picture by means
of distribution theory.

Definition 3.10 Let f € <7. Define

K f(x0, X1,.00, 1)

i iy
axil axik )xo=x1=r=x dxl Q- ® dxk :
1 ---0x,

) =
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The Schwarz lemma tells that the order in which the partial derivatives appear in
this formula does not matter. The RHS of this formula is independent of local
coordinates.

Proposition 3.4 The homomorphisms j*1 satisfy the identities

.1 .
Ji—1 (bf) = 0. (3.17)
Proof
ak=1(p JXLy e Xk i ;
jkl,l(bf)IZ (f)‘x<) SRR 1) % dx'l' ®‘“®dx;(k:; _
axit . axk!
1 k—1 IXo =x1 = .. = x4
N k=1
D7 feoxes ) +
dxy ... 0x;
e k-1 k=1
Z (=D( il o iy o gl o k-1 +, i 0 i1 o ir P ) SO0, X s )
I<r<k—1 ox) ... 0x 0x, 5 ... 0x; Ox) ... 0x, 7 0x, .. 0y
k-1
k il il -1 _
=D~ i iy SO0 X1, X0) gy =x = me =y X dX) @ ®dxT =
axy' ... 0x
k=1
(=0 iy (F o, x0, X1, X2, 0o xk—1) = f (0, X1, 00, X2, X 1) Dy =1 = o= T
8x2] 8x32 L 0x
k-1
-1! iy (SO0 X X k1) = f (X0, X1, X2, 2, X)) g =y =
0x)'dxy” ... dxy
s k=1
D7 iy (FG0s Xt 02, %2, 1) = (00, X1, %2, 43,23, s Xk—1) g = = o= T
ax)' 8xy 0xg ... 9x
o+
. k=1
(=D"" iy (F G0, Xt 02, o e, xk—1) = f (X0, X1, %2, Xk—1,X0) Jxo =x1 = o= ) X

PO P - P T
Oxy 0xy"dx3 ... 90X,

xdx! @ ®dx}") =0 +0+0+...40 =0

(3.18)

Proposition 3.4 tells that jj induces the zero boundary homomorphism on J*l.
Clearly, 0 o jk1 =7 klfl o 0. This means that jj is a chain homomorphism.

Hence, Ker j*1 is a sub-complex of the complex {C, (%)}

Notice that dé{l R - dé,ik constitute a basis of 7 (M) ® - -- ® Ty (M). One
gets the following result.

Proposition 3.5 The space Ker jk1 is generated by chains f € Ci(2/) with the
property that

ok f
(. D T—} (3.19)
8xlll ...8x,’€k o= Xk

Definition 3.11 Let M be a smooth manifold. Let &7 := C®°( M ).
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Let
CAU o )= Ker j}. (3.20)

Let b denote the boundary in the complex ka) ().

One has the short exact sequence of complexes

0> 5, Ll o (3.21)
Proposition 3.6 The inclusion i, induces the zero homomorphism in homology
0 = irs: H (CY) — Hi(Cy). (3.22)

Proof

1 C 2 contains all degenerate chains Cf “¢. Indeed, any degenerate chain of degree
k is a sum of chains y; which do not depend on at least one of the variables
X1, ...xk. For such a chain ji(y,) = O.

(2) The complex { Cg } splits up in a direct sum of complexes

(€% by = (C¥ bY@ {C b). (3.23)

Indeed, 1 — ITj (restricted to C,?) is a projection onto CZEg; it commutes with
b.
(3) From part (2) we get

ik = ik (H{ C2%, b ) + ixo(H{ €O, b )). (3.24)

(4) Degenerate chains do not contribute to the Hochschild homology; therefore,
ik« (Hi{ 2%, b)) = 0.
(5) We are going to prove that iy (Hy{ C‘g, b} = 0.

Let f € C‘,?; we intend to analyse f about the diagonal. This is a local
problem. We introduce a new system of coordinates & = (§1,&2,..., &) for
xg = (xé,...,xg), & = xi—xp, 1 <i <k.

The Taylor expansion of f € C 2 at a point of the diagonal gives

f(xo,x1, 005Xk ) =
o ; - 3.25
3 Ciip r £'...&" + higher order terms. (325)
A T SU T
1.0k 1 k
Here we have specified the lowest order (non-vanishing terms) C;, .., .

Proposition 3.5 says that (i)"]‘/(S)ci1 .. .(Sx,’;")\(;xo —x=..=x = 0.
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The next lemma completes the proof of Proposition 3.6.

Lemma 3.8 Forany f € C,? the Taylor expansion of f begins with terms of order
k+1.

Definition 3.12 Consider the operators #; (3.3), % (¢) and J# restricted to @2 .
Recall that these operators satisfy the identities (3.5) and (3.6):

f = Geweopr) . [= 01 () + H(e) k) f (3.26)

1 d
H©f = f A Guctrs o o) f di (3.27)

Then we define 7 f as

1
d
Hf = limo He [ = limo f A o) fdi - (3:28)
€

f= Gey1 X+ A 80 f. (3.29)

Let f € C,? . The last identity (3.29) is valid provided the following two relations
hold:

lim;—o K (¢) f € Cy (3.30)
lim—o (Ac@yeopr) - f = 0. (3.3D)

Both relations follow from Lemma 3.8. This completes the proof of Proposition 3.6.

3.2.1 The Homology of C.

Proposition 3.7 One has the exact sequence of complexes

Jkx

0— H(CH 25 mh 2 H(c®) — o, (3.32)

where 8 is the connecting homomorphism.
Proof The proposition follows from the exact sequence (3.21) and Lemma 3.8.

Forany 1 <r <k — 1 consider

951 95r-1 95 9Sr+l1 o5r+2 05k
3 Ir—1 lr Ir+1 Ir42 Uk
0x, ox, | 9x, ox, ax, 0x,
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Lemma 3.9 One has the identity
(Db f )\x():xl =.=x = (3.33)
d ad ad ad ad d ad ad
=nr¢ 7o L T P e = e
axll " axit axi x| it ot Caxiz gyl 0TI

Proof We split D b f in three parts
Dbf =1+ 11 + 111,
where

Ii= (1D > f(X0r0 X Xor oo Xp L Xy Xk Dty = ) = o= -

0<s<r-—1

II:= (=1 D f(xo,..

s Xr—1, Xrs Xpy X415« o - Xk—1 )\xo =X| =..=X}*
HI:= (=1)'D Y f(X0r i Xre o X Xgr o X ) xp =1 = o =
r+l1<s<k—1
One has
I =
ar—l 82 ak—r—l
r—1
(_1) ( . ; . ; ; . )( f )|x0:x1:---:xk
xll x’r—l axlr axlr+1 axlr+3 axlk
1 r—1 r+17"r+1 r+2 Uk
11 =
a1 32 32 32 32 ak—r—l
=D« i i1 ir o dr+l + ir o rsl + irsl g dr + i [P P ) iy S Do =1 = o
dxy' .. ox, T dx, 0x) dx,’ 8xr+l dx, erH 8xr+18xr+l 8xr+2 L0y
111 =
gr—1 52 gk—r—1
(_1)r+1(

; ; : i ; : )(f)|x0=x1= Xp
i1 ir—1 ir o ir+l Ir43 ik
oxy ...0x, 7] dx, 0xy 8xr+2 o 0xy
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Summing up 7, I1 and /11 proves Lemma 3.9.

Lemma 3.9 says that the image of jk1 .. consists of skew-symmetric chains.
Theorem 3.8

(i) The image of the homomorphism ji .. consists of skew-symmetric chains

jk’*(Hk(é*)) =1 Z ajy., o ji ( X0 ) dx{l AN AL dx,,{k};

I1<j1,es jk<n

here aj, j,, ... i (X0) are smooth functions.
(ii) HH(C®(M)) = QKM) = k — differential forms.

Proof Let
y = Y ai..q(x0)dx]' A Adxt e Ce(Jh) (3.34)
i1y.eik

be any skew-symmetric chain.
Associate with y the locally defined skew-symmetric function

F= > Giixo) 0 —xg) A AL —x() € Cr. (3.35)

Then f is a cycle in the complex C,; clearly, ji(f) = y. Therefore, any skew-
symmetric chain y € Jkl is in the image of ji.
Vice versa, suppose f is a cycle in Ci. Lemma 3.9 gives

0= (Dbf)\)m:xl:...:xkz (336)
L O U S GRS TR
i i i i i i i i 0 =X = .. =Xt
Sxi' .. 8k x skt Sxyx ! 8x Lo

This means that the components of jk1 are skew-symmetric in the set of indices
i1, ..., k. This completes the proof of (i).
(i1) The second part of the theorem follows from part (i) along with the fact that

jk1 . 1s a monomorphism.

3.3 Division and Hochschild Homology

For this section we use [113]. The arguments discussed here are extracted from
correspondence with Lescure [124], unpublished.
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Let 7 be an associative algebra o7 Let
A=) ai®p ed @A (3.37)
i
Leth; : Cx —> Ci41,0 < j < k be given by the formula
hj(ap®- - ®ay) = ag®@ - ®ajrl® - Qay, 0<j=<k, (3.38)

andA; = by hj: Cr() — Cr(A), ie.

a®- - Qajraj 1@ ---Qar ifj<k

rji(a®- - -@ay) = o
bir1 (@ ® - Qag . A) if j =k,

where by 1 is the last Hochschild boundary face, see Sect. 2.4. and

ajAajr) = Z(ajai)®(,3iaj+l)e Ci.

1

Definition 3.13 Suppose A = ) .

;i®pied @A and ), o;.fi =1¢€ . Let
h:C() — Cr()

hi= > (=1)h, (3.39)
0<j<k
Proposition 3.8
(i) One has
bh + hb = }:(1—Ajy=°ﬁ. (3.40)
0<j<k

(ii) The operator Ly is a homomorphism of the Hochschild complex {C. (<), b}.

Remark 3.4 If . = 1 ® 1, then the operator 4 is the degeneracy map s;, see
Loday [97, §1.6]. In thiscase A; = land . = 0.

Definition 3.14 Define
CAet) = h (Cr(H) ). (3.41)
Proposition 3.9 Suppose the sub-complex C? is h-stable. Suppose also the opera-

tor £ is invertible on CY.
Then the sub-complex Cg is acyclic.
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Proof Let £~ be the inverse of .Z on C,?(.;z%). Let # := h %' Then

Hb+bAH = (hL " HYb+bh )=

(3.42)
hb LV +bhy ' = 227 = 1.

Proposition 3.9 can be used to produce a second proof of Theorem 3.7. With a
slight modification of the considerations above, we can produce another proof of
Proposition 3.6. In fact, let M be a smooth manifold and &/ = C°(M). Letd be
the geodesic distance associated to a Riemannian metric on M. Define A(x, y) :=
1 + d%(x,y).

Define the operator /& by the same formula (3.39). The corresponding operator

Zis
(L (X0 xk) = f(X0sones %) - (d2(x0, x1) + -+ d* (1, x0) + d*(xk, x0) ).

Define C) = LCi ().
One has the exact sequence

0—> CY) — Cp —> Cx/CY —> 0. (3.43)

One has the analogue of Proposition 3.5.
Proposition 3.10 The sub-complex C fk) has trivial homology in the complex C ,(3 .

Proof One has the identity on C?
(hb +bh)f = f.Z. (3.44)

Any element of Cg is the .Z-multiple of an element of C,. Let £~ ! : C,? —> Ci
be mapping given by the division by .#. Then h.Z~! : C,? —> Cy41 satisfies the
identity

WL Hb+bh L™ =1 € . (3.45)

More applications of the techniques presented in this section can be found in [113].

3.4 Combinatorics Behind Homology Theories

Here we present the combinatorics which stays at the foundations of some of
the most familiar homology theories (non-localised Alexander—Spanier homology
and cohomology [45], Hochschild [68, 82, 99] and modified Hochschild homology
[119, 123]) (later on called topological Hochschild homology) in the cases in
which the product is pointwisely defined, as in the case of smooth functions.
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This discussion does not regard the case of the algebra of integral or pseudo-
differential operators. The Hochschild and modified Hochschild homology are
built on associative algebras, possibly endowed with a topological structure. The
construction we present here extends the definition of Hochschild and modified
Hochschild homology to a mixed context in which the role of the topological tensor
products is replaced by a functor which associates with any power of a base space a
set of functions with certain regularity properties, as it occurs in the case of smooth
functions. This situation is related to the case discussed in Sect. 3.1. For more details
the reader may consult [120]. More related information may be found in [119, 123].

3.4.1 Notation

Let X be an arbitrary set. Let X¥*1 denote the direct product X x X x .... x X,
(k + 1) factors, where k is an arbitrary non-negative integer.

Let t,, : Xt — Xk+1, 0 <i < k+1,be the diagonal homomorphisms defined
by (3.2) and let A be the main diagonal.

Denote by Dy, C XK1 the range of (x , and let Dy = Ufig Dy, the union
of diagonals of X**1,

Recall the definition of face homomorphisms 8 , : X**1' — X* for0 <r <k,

Skr (X0, X1, ooy X)) = (X0, X1, ooy Xiy oo vy Xk),

used in the definition of simplicial homology.

Let K be a commutative ring with unit 1. Let C¢(X, K) the free K-module
with generators (xo, x1, ..., xx), with x; € X. Denote by [xo, x1, ..., Xx] such
generators.

Definition 3.15 Dy (X,K) C Ci(X,K) is the sub-module generated by the
elements of Dy.

Let t ,, resp. k., be the K-linear extension of ¢ ,, resp. &k .
The next definition introduces boundary maps which are duals of the Alexander—
Spanier and Hochschild boundary maps.

Definition 3.16 We define the (non-localised) pointwise Alexander—Spanier homo-
morphism

r=k
Sk : Cr(X, K) = Cr—1(X, K), Sk = Z(—l)rSk,,. (3.46)
r=0

and the pointwise Hochschild homomorphisms

r=k+1
u: (X, K) = G (X, K), = Y (=1 k. (3.47)
r=0
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It is not difficult to verify that 641 o 6y = Oand 410 xx = 0.

We consider the cohomology complexes { C«(M, K), xx«}, resp. { C«(M, K), 84},
called pointwise Hochschild cohomology complex, resp. (non-localised) pointwise
Alexander—Spanier homology complex, of X.

3.4.2 Total Difference Operators

Definition 3.17 We consider the direct sum Cy (X, K) := 69112280 Cr(X,K). On
this space we introduce K-homomorphism product defined on generators by

[xo, x1, .., Xkl - [yos yis oo il = [xo, X1, oo s Xk Yo, Yo - syl (3.48)
Proposition 3.11 Forany U € Cy(X,K) and V € C;(X, K) one has
S(U.V) = (BU).V + (=DMu . sv). (3.49)
Definition 3.18 The pointwise total difference operator
i : Cr (X, K) — Cr(X, K) (3.50)
is defined by the formula
7 (X0, *1, ..., xk1) = [xol . ([xr]— [x0D) - (2] — gD .. (] — [xg—1 D). (3.51)
Theorem 3.9 Consider [xg, x1, ..., xx] € Cx(X, K), one has

i ([x0, X1, ... Xk ) = [x0, X1, ..., xk] + Zoz Uy, where Uy € Di(X, K) (3.52)

foranyy € Di(X,K), mr(y) =0, (3.53)
i = (3.54)
the range of the idempotent 1 — 7 is Di.(M, K). (3.55)

Proof We look for those terms of the RHS of (3.51) which might not belong to
Dy (X, K). We will do this by making partial consecutive products beginning with
the first factor of the RHS of (3.51). For example, there is only such a term as a
result of multiplication of the first two factors: [xo].[x1]. Continuing in this fashion
we find that there is only one such term which might not belong to Dy (X, K); this
is [xo].[x1] . . . [xk] = [x0, X1, . . ., xx]. This proves the first part of the theorem.

It is clear that for any y € Dy (X, K) one has mx(y) = 0.

The third and the fourth relations are consequences of the first two.
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Definition 3.19 Define by

Er(X,K) := the range of the idempotent my.

Corollary 3.1
(i) Ex(X,K) is generated by elements my[xo, X1, ..., Xx] with the property that
X0 # X1 F - F X
(ii) The K-module Cy (X, K) decomposes in a direct sum of sub-modules
Cu(X,K) = Ex(X,K) ® D(X, K), (3.56)
Proposition 3.12
(i) One has
Xk o 7k [x0, x1, ..., xk] = (3.57)

(=D ol . (1] = [xoD) ... (Lxe] — [xe—1]) - ([xol — [xel)-

(ii)
Tt1 © Xk [x0, X1, ..., xk] =
= (=DM xol . ([x1]1 — [xoD) ... (k] — D=1 - ([xol — [xxD).
(3.58)
(iii) Therefore, xy o Tx = Tk+1 © Xk-
Proof
(i) We have

Xk © Tk [X0, X1, .-+, Xl =
r=k
Z(*l)’[m] (] = oD - (2] = Dl = Lot 1 s — ] (] = D) =
r=0

(=Dl (o] = [xoD) - .. (] — 1D - ([xo] — [xxD)-

(3.59)

To prove (ii), notice that mwg41xk.; ([x0, X1,...,x¢]) = O0for0 < i < k.
Therefore,

T41 © Xk (X0, X1, .., Xk] = (—1)k+17tk+1[x0, X1soves Xk—1sXks X0] = (3.60)

= (DM ol . (] = [eoD-- - (D] = k1D - (ol — [xkD)-

Property (iii) follows from (i) and (ii). This completes the proof of Proposi-
tion 3.12.
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Proposition 3.13
(i) One has

(ki) [x0, X1, .., Xk] = (3.61)
([x1] = [xoD) 5 (b2l = [eaD. ..o (] = [xiaD- oo (] = [a-1D.

(ii)
(7t 0 8k) [x0, X1, ..., Xk] =

([x1] = [xoD) . ([x2] = [x1])..... ([xi] = [xi—1D .« oo (k] = [xx—=1D-

(iii) Therefore, 8y o M = mk—1 o by.

Proof One has

(Skmr) [x0. X1, - - -, x] = & ([xol. ([x1] — [xoD) -.... (Ixk] = =) = (3.63)

(Lx1] = DxoD) - (0] = Dy Do (D] = DD +
i=k
=Dl (] = [xoD) oo (X = Dy D) (] — gD =

i=1

([x1] = [xoD) - (Ix2] = [ D A1 = Do (bxed = D=1 D

Now we compute 7 o &;. One has

r=k
(M1 0 Y (=18, ) [x0, %1, 0] (3.64)

r=0

r=k
= Tk—1 Z(—l)r[xol (bl = IxoD o (M1l = [xr—2D - (o] — LD (] = [—11)

r=0

= ([x1] = [xoD) - (b2l = [x1D) - (D] = [ D - (D] = D=1 D-
This completes the proof of Proposition 3.13.
Corollary 3.2

(i)

[xo] [x1] — [xoD) - (Ix2] — [x1D ... (xe] = [xk—1D (Ixol — [xk]) € Ex1(M,K)
(3.65)

([x1]1 = [xoD - ([x2] = [x1D ... (k] — [xk—1D) € Ex—1(M, K). (3.66)
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(ii) One has the direct sum decomposition by sub-complexes

{Ck(MvK)s X*} = {Ek(MvK)s X*}@{Dk(M,K), X*}

{Ck(M,K), b:} = {Ex(M,K), 5:} @ {Dr(M, K), 8}

Proof Part (i) and (ii) follow from Propositions 3.12 and 3.13.

For more details see [114].

3.5 The Karoubi-Type Operator
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(3.67)

(3.68)

Definition 3.20 In analogy with the Definition 2.32 define pointwise Karoubi

operator o (comp. [89, 104, 115]) by the formula
Sk+1 © Xk + Xk—1 © % = 1 — ox.
The analogue of the bar operator b is the operator x defined below.
Definition 3.21 The operator x is given by the formula
i=k
Xi X0, x1, ..., xk] = Z (=1 [x0, x1, ..oy xi, xi X
i=0
Proposition 3.14 The operator x satisfies the relation

Skt10 X'k + x'k—108 = 0.

Proof The first term of (3.71) is

i=k
, )
Sk+1 0 X [x0, X1, - .-, xk] = Sky10 E (=D'[x0, x1, ..., Xiy X Xk] =
i—0

i=k i=k
. R i R
DY D o, X X x> D g, X X

0<j<i i=0 i<j<k i=0
The second term of (3.71) is

j=k

Xi—1 © 8k [x0, X1, ..., xx] = X;i_lz(—l)j[m,m---fj,~-,Xk] =

j=0

(3.69)

(3.70)

(3.71)
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j=k
= Z Z(—l)/[xo,xl...xi,xi...fj,..,xk] +
0<i<j j=0

=k
+ Z 2:(—1)""/'H [x0, X1 ... Xj .o xi, X oo Xk ]

j<i<k j=0

Summing up these results proves (3.71).

Proposition 3.15 The operator o satisfies the relations
ok Lo, x1,..x] = (DM e, L = xol
of [x0, X1, - xk] = [xed - [x1 — xollea — %l [k — xie—1].

Proof We have

Bk+1 0 Xk + Xk—108k) [x0, Xx1,.... %] =
(D" 81 0 Xert [x0, X1y - k] + (=D g1 0 8 [xo, 1, - 0] =
i=k
DO ED o, i ol (DM o, x L xad) +
i=0
i=k

D sk (v xs o] + Y (=D o xn, .0 fi ) =

i=1

=k (_q1yitht1 .
Z§-=()(—1)’ o, x1, . Xi oo xk, x0] + [x0, X1, -+ -, x] +

i=k
(=D en, xa, x4 ) (=D o, &k xl =
i=1
i=k
CED e x0] + Y (=D o, xR x0]) A+ [xo, X

i=1
i=k
(DF v xxexal 4+ Y (DT o xR x0)) =

i=l

[x0, X1« k] — (=DM (L, 20, oo 2, 111 = [31, X2, -+ Xk, %01

This proves (3.72). The relation (3.73) is obtained from (3.72) by iteration.

Theorem 3.10 The operator o satisfies the identity

o= o (1 = 8pg10 ).

(3.72)
(3.73)

LX)+

(3.74)
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Proof We compute the RHS of (3.74).

o (1 = Sppr o) [xouxn, ..., xe] =

i=k
o [xo, x1 . xk] — ok o Spy (Z(*l)i[m,m coxixi ) 4+ DM g, x L x x0]) =
i=0

[xklxr — xollx2 — xil...[xe — xe—1]

i=k i=k
=0 O D= xR xn ] Y D (=D g, xy g x A ]

0<j<i i=0 i<j<ki=0
— (=D ok §4y [xo, %1+ Xk, 0] =
Dol fxn —xollea — x11.o [ — 1]l = (=DM 8y k) [xo, x1 - xi, x0] =
Dol bxr — xolx2 — xil... [k — xi—1]
—(=DMN DR Sy il lar — xoldxz — xil.la — xer] =
Dlbxr — xollxy — xil... [ — xil+ (Ixol — [xd)dxr — xoldxy — xil... [ — xq] =

[xol.lx1 — xol . [x2 — x1] ... [k — ;1] = me([x0, X1 ... x¢]).
The following expression gives another formula for the operator y:

7wk [x0, X1, %2, ..., Xk] =
= Sk+1,k+1 © Bk+2.k — Ok42,k+1) © -+ -0 (82k,3 — 2k,4) 0 (B2k+1,1 — S2k+1,2)0

OX2k,0 0 - -0 Xk+2,k—2 © Xk+1,k—1 © Xk,k [x0, X1, X2, -+, Xk]

3.6 Homological Consequences

Definition 3.22 A (6, x)-structure on a system of K-modules consists of a system
{Ck}k=0.1,2... of K-homomorphisms

6 : Cr — Cr_q, Sk—106, =0 (3.75)
Xk : Ck —> Ciy1, Xk+10 Xk =0 (3.76)

such that, with the abstract o operators defined by the formulas
Sk+10 Xk + Xk—108 = 1— oy, (3.77)
the operators

me = o (1 = Sgy10xx) (3.78)
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are idempotents, 1y o Ty = k.

Remark 3.5 Abstract structures satisfying relations (3.75), (3.76) were defined by
Burghelea [87]; later they were called mixed complexes by Kassel [90]. For more
information on these topics the reader may consult Karoubi [89], Cuntz [115], Cuntz
and Quillen [104], Loday [97].

Formula (3.78) is related to the formula (2.6.8.1-2) from Loday’ book [97, page
85]. Loday’s formula is stated on the normalized algebraic Hochschild complex
associated to an associative algebra; a normalized complex is a quotient complex.
Notice that our treatment does not require any ground associative algebra nor
algebraic tensor products or topological tensor products, compare, e.g. Connes
[82, 99] or Connes and Moscovici [96]. For more applications in this direction see
[119, 123].

Definition 3.23 Given a (§, x)-structure on the system {Cg}r=0,1,2.. of K-
modules, define

Ey := Image ( i ) (3.79)
Dy :=Image (1 — my ) (3.80)

Section 3.6. provides an example of ( § , x )-structure.

Theorem 3.11 Let (5 , x) be defined on the system of K-modules {Ci}k=0.12...-
Then

(i) the boundary operators 8, and xy commute with the idempotents w, , 1 — 1,
(ii) one has the direct sum decomposition by sub-complexes

{Cs. x} = {Ex, x} ® {Dx, x} (3.82)
(iii) the sub-complexes { Dy, 8}, {Dx, x} are acyclic.
Proof
(i) One has
Sk = 8o (1= Spaox) = o 1 8 (1 = Sproxx) = o &
and
_ k—1 k—1 _
Th—10 = 03 (1 — ko xp—1) ko, Sk (1 — Xxk—1 08p) =
of 8k (on + Srrioa) = of ) (okmdk + Sk Skrroxx ) =
kil ok_1 0k = Gkk_l Sk-

Ok
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These two equalities give 8y mx = mk—1 Sk.
To prove the second commutativity relation, we compute, on one side y; mx

Xk Tk = Xkakk(l = Oyl Xk ) = GkIfHXk(l = Okt+1 Xk ) =

k+1
Uk]fH (1 — Xk Sk41) Xk = Uklirl (Ok41 + Sk+2 Xk+1) Xk = Uk+JE Xk-
On the other hand

k+1 k+1
Tkl Xk = Opyy (1 — Skq2 Xk41) Xk = 0451 Xk-

These last two relations imply xx mx = Tr4+1 Xk-

(ii) Property (i) implies (ii).

(iii)) Suppose w € Dy and§ w = 0.Then 0 = m(w) = akk (1 —
8k+1 Xk ) (w). Therefore, 0,f (@) = 8k11 xk (w). This shows that o}% (w)
is homologous to zero in the homology of the complex {Cy, §}. However, o
and all its powers are homologous to the identity. Hence, there exists 6 € Ci41
such that @ = 841 (0). This property along with (i) give

o= (1 -—m)w = (1 = m)s10) = (1 — e )().

Therefore, @ is homologous to zero in the complex { Dy, 8}, i.e. the complex
{Dx, &} is acyclic.

To prove the acyclicity of the complex {D., x}, we assume that w € Dy and
xk @ = 0.Then0 = m(w) = of (1 — &41 ) (@ = of ().
Therefore, crkk (w) = 0. As akk (w) = xk—1(0), we get that akk (w) is
x-homologous to zero in the complex {Cy, x}. This gives, as before, that @
is x-homologous to zero in the complex {Cy, x}. This means that there exists
6 € Ck—1 such that @ = xx—1 (0). This relation and -i) imply

o= (l-m)w = (1 - m)-10) = 101 — 7 )0);

this shows that the complex { D, x} is acyclic.

3.7 Pointwise Alexander—Spanier and Hochschild Homology

Theorem 3.12 The complex {E, 8} is acyclic.

Proof We show that the total pointwise Alexander—Spanier complex {C.(M, K), §}
is acyclic. Once this result is established, the decomposition formula (3.81) along
with Theorem 3.11(iii) imply that the sub-complex {E.(M, K), 8} is acyclic too.
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To prove the first statement, let P be a fixed point in M. Define the operator
hz Ep — Erq

Ry ([xol . [xi]...[xk1)) := [P]. [xo] . [x1]... [x]. (3.83)

The operators hi produce a homotopy between the identity and the zero homomor-
phism

(8ks1 0hf +hi_ 08 ([xolLxi]...[xl) =
[x0] - [x1] ... [xe] = [P) . 8k [xol - [x1]...[xk] 4 [P1. 8k([x0] . [x1]...[xx]) = [xol. [xil... [xel.

This result is well known in the Alexander—Spanier homology theory; it appeared in
different forms in Chaps. 1 and 2.

Theorem 3.13 The homology of the complex {Ex, x} is
Hi(Ex, x) =0, 1=k
Proof On {E+(M,K), x} we define the operator
R [xol - (el = [xol) - - - (Ixk—1] = Dxg—2D) - (Dw] = Drg—1D) ) =
[xo]. (Lx1] = [xoD) ... ([xk—1] — [xk—2D).

We show that the operator h,)s is well defined.

Lemma 3.10 Suppose

Z Aiy,iy,...ix [-xi()] . ([-xil] - [xi()]) .. ([-xik] - [xikfl]) = (384)
k

[N AT

D bigiyilxigl - (xi ] = [xigD) - (i ] = [, D,

00,0155 lk

where
Qig,iy,....ixs Digiy,...ix €K, and xo # x1 # -+ # xi.

Then Aigiy,....ix — bio,il,...,ik-

Therefore, any element of E(M, K) has a unique representation (3.84).
Proof We prove the lemma by induction on k. Lemma is clearly true for k = 0.
Suppose the lemma is true for k — 1. Chose a point xo € X. Identity (3.84) gives

D gy il (a1 = gD ] = e D) = iy, i g1 [0 1= Dig D) - (T 1 — [y, D)
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or

D iguiy.eie Wi ] = [xig D) - ([ = Dy D) = Y gy (i1 = g D) - (Txig ] — [xig, 1)

[T i [T ik

which implies

> i ilxi ] O = i D= bigiy, il ] (] = D, D
[T iy [T

The induction hypothesis completes the proof of the lemma.

We come back to the proof of Theorem 3.13. We use Proposition 3.12 to get

(Xk—10hF + By o x ) (xol-(txn] = [xol) ... (k=11 — D2 D)-(bx] — [—1D)) =
Xk—1(xol - ([x1] — [xoD ... (Ixk—1] — [xk—2D) +

(DML (ol - (D] = xoD) - (1] — [e—2 Do) — Dxe—i D-(Ixgl — D)) =

(—=D¥ [xo] . (1] — [xol) - - (1] — [xk—2D).([xol — [xx—1]) +
(=D [xol . (1] = [xoD) ... (Dre—1] — [xk—2D-(lxe] — [xe—1D).
This proves that the identity of {E.(M,K), x} is homotopic to the chain
homomorphism U.
U([xo] . ([x1] = [x0D) ... (Ixk—1] — [xx—2D.([xk] — [xk—1D))
= [xol.([x1]; [x0D) ... ([xk—1] — [xk—2D.([xo] — [xk—1]). (3.85)

Proposition 3.12, applied onto [xg, X1, ..., xx—1], allows us to write

U([xo] . ([x1] = [xoD) ... (Ixk—1] — [xk—2D.(xe] — [xk—11))
= (=DFye—1 (Ixol-(ba1]l — [xol) ... (Doe—1] — [xx—2D) ). (3.86)

This last result shows that any chain in {E.(M,K), x} is homotopic to a -
boundary. This proves Theorem 3.13

Remark that the operator U is an idempotent. In fact, its range is the sub-module
generated by the elements [xo].([x1] — [xo]) ... ([xxk—1] — [xx—2]).([x0] — [xk—1])
and U ([xo].([x1] — [xoD) ... (Ixk—11 — [xk—2D-([xo] — [xk—1D) = [xol-([x1] —
[xoD) ... ([xk—11 — [xk—2D.(Ix0] — [xk—1D).

Definition 3.24 We introduce the pointwise modified Hochschild boundary

Xn : Cn(M,K) —> Cpy1(M, K) (3.87)
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by the formula
i:n . . .
Xn =D (=D Ch Gn 80 st (3.88)

i=1

Theorem 3.14 The pointwise modified Hochschild operator commutes with the
pointwise Alexander—Spanier operator

X'n-18, + Snt1 x'n = 0. (3.89)

Proof The result follows from a straightforward computation. The formula (3.88)
is a dual form of the relation (5.85) from [123].

Modified Hochschild homology will be reconsidered in Sect. 10.2.

3.8 Derivations

In this section we suppose &7 to be an associative algebra over the ring K and .# to
be an .7-bi-module.

Definition 3.25 A K-mapping D : &/ —> & is called derivation provided it
satisfies the identity

D(a.b) = D(a).b + a.D(®) Va,b e o. (3.90)
Definition 3.26 Let u € .of. The mapping ad(u) : .# —> A is defined by
ad(u)(a) :==u.a — a.u = lu, al. (3.91)

It is called inner derivation.

Definition 3.27 Recall Cp(/, #) .= .# ®I’2 </ . The inner derivation ad(u), u €
o, extends to a mapping Cp(</, #) — Cp(, M)

adw)(a®@a1®- - ®ay) = Y a® - Qa1 al® - ®ap. (3.92)

0<r=<p

Definition 3.28 Let u € «7. Define h(u) : Cp(f, M) —> Cp(, M)

hW)(@®@a® - ®ap1) == »  (=1) a® @, 1Qu® - ®a,. (3.93)

0<r=<p



3.9 Anti-Symmetrisation Map 201

Proposition 3.16 The mapping h(u)

(i) commutes with the Hochschild boundary b,
(ii) satisfies the homotopy identity

bh(u) + h(u) b = —ad(u), (3.94)

(iii) and hence induces the zero homomorphism onto the Hochschild homology.

Proof We leave the proof to the reader.

3.9 Anti-Symmetrisation Map

Let S, denote the group of permutations of the set {1,2,..., p}, or symmetric
group.

Definition 3.29 The anti-symmetrisation map €,
€p:Cp(d, M) — Cp(A, M) (3.95)
is acting onto generators by the formula

epm®@a1 ®---®ap) = (3.96)
ZJGSP sign(o) m @ a,-1(1) @ dg-1(2) =+ @ dy-1(py = (Ym € M, ay € )
m@ayN---Nap.
Let A, (2, .#) denote the range of the anti-symmetrisation mapping.

Any element of A, (7, .#) will be called anti-symmetric.
Any element of .# ® AP.¢f is already anti-symmetric.

It is natural to consider the anti-symmetrisation because it is one of the operations
involved in the definition of the classical differential forms.

Definition 3.30 In the universal complex % of the algebra o/ the anti-
symmetrisation mapping is defined by the formula

ep (fodfi...dfy) =Y sign(0) fo.dfy-1(1).- ... dfy1(p). (3.97)

o€S)

Proposition 3.17 Anti-symmetrisation commutes with the projection onto the nor-
malised sub-complex

ep Iy, = Il €p. (3.98)
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Proof 1Tt follows from the formula

o, (f/® iv---®f) = fodfi..... dfy.

3.10 Chevalley-Eilenberg Map

Definition 3.31 The Chevalley-FEilenbergmap § : Ap(, M) — Ap_ (A, M)
is given by the formula
S(m®ayNay AN+ Nap) = (399)

Z =D"[m, a1@ar A...ar---Nap + Z )" m@lar, as] Aay A ...y Nag AL .ap.

1=r=<p I<r<s<p

Notice that the Chevalley—FEilenberg mapping uses exclusively Lie module structure
of . over the underlying Lie algebra 7.

Theorem 3.15 Let o7 be an associative algebra and A an < -bi-module.
One has the commutative diagram

A, M) —Ls  Cp( A, M)

s I

Ap (A, M)~ Cp (A M), (3.100)

In other words, the anti-symmetrisation transforms, essentially, the Hochschild
boundary into the Chevalley—Eilenberg mapping.

Proof The proof, comp. [97], is done by induction on p. We suppose the theorem
is true for p

€p18 = bep. (3.101)

We denote (a1 ® a2®, ..., ®ap, api1) = (a, apy1). The next relation reflects
the action of the symmetric group

eps1 @, apr)) = (D) hap1)(ep(@). (3.102)

The following relations are consequences of (3.102), ( 3.94), (3.101), (3.102),
respectively

bepi1 @ apr1) = (—1)Pb h(aps1) €p@) =

(=DP(—ad(ap1) —h(aps1) b )ep (@) =
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(=P ad(api1) €,@) + (=D 'h(apt1) €p-1 8(a) =

(=17 ad(aps1) €p(@) + €p(8@). aps1) = €p 8 (@. apy).

3.11 Morita Equivalence

Definition 3.32 Let .o/ be a unital algebra over the ring K.
Let L;l’p : C;,’ M, (7)) — C,(M,(«)) be the inclusion of

Cli M, () = (3.103)

{ Z Eiy iy (a0) ®k Eiy iy (@1) ®k -+ ®k Ei, i, (@p-1) ®k Ei,iy(ap) }, Ya; € o

I<ig,i1,....in=n

into the space of Hochschild chains over the matrix algebra over <.
Recall, E;j(a) is the n x n-matrix whose (i, j)-entry is a.
Denote by H,”” (M, (7)) the homology of the complex { C,/" (M,,(&)), b }.

Definition 3.33 The non-commutative trace is the mapping tr : C p’ ™M, () —
Cp()

tr( Y Eigi(@o) ®k Eiyiy(ao) ®K -+~ Ok Ei,_, i, @p-1) Ok Eiy ig(ap) )=

1<ig,i1,...in<n

3 ay®xa @k ®kap_ Ok ap € Cp () (3.104)

1<ig,i1,...,in<n
Definition 3.34 There is a natural algebra monomorphism ¢ : &/ — M, (&)
t(a) == E11(a). (3.105)

Theorem 3.16 (Morita Equivalence) The inclusions

(i) e Cu() — ClT (M, (),
(ii) t, : C/F My (7)) —> C(M,, (7)),
(iii) the non-commutative trace tr : C,/" (M (&) —> Cy (&)
induce isomorphisms in homology,
(iv) t« and the non-commutative trace tr are inverse one to each other.

Definition 3.35 The isomorphism L; oty : HH (&) — HH,(M,(&)) is the
Morita isomorphism.

Proof To prove the theorem we use twice the same kind of spectral sequence. We
begin with (ii).
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We introduce a filtration on the complex { Cx,(My (%)), b}
Fr Crpg(My (&) = (3.106)

{ > Eigi(@0) ® -+ ® Ei,_, i, (a,-1) ® Ei j,,, (a)®

10y eelps s Er s Jr 15 Irq s Jr4g

®Eir+1,jr+1 (ar—i-l) ® Eir+2sjr+2 (ai’+2) ... El’r+qﬁjr+q (Clr+q) }

In particular, F,C, My (%)) is

[ ) Eigi(a)® - ® Ei, i) }. (3.107)

This leads to a first quadrant spectral sequence. More specifically,

CoM, (o forr =0, 0 <
g0, = | CoMnler)) —Horr =4 (3.108)
’ C/"(M, (7)) forg=0,0<r
For the computation of the terms E ,1 4 hotice that
b®l, for0<gq, 0<
o, = ®lg forl<gq. O=r (3.109)
’ b forq =0, 0 <r;

here, b is the Hochschild boundary of the complex CI(M, (7)), b is the

b'-bar boundary in the complex C/"(M,(4/)) and 1, is the identity map of
Cqg—1(M ().

Lemma 3.11 The complex { C/" (M, (7)), b/} is acyclic.

Proof The operator s

S( Eioil (Cl()) ® Ei]iz(al) Q... Eipi()(ap) ) =
Ei()i()(l) ® Ei()i] (Cl()) ® Eiliz (Cll) Q... Eipi() (ap)'

satisfies the homotopy identity bs+sb = 1.

Therefore

| _:o for0 <g, 0<r G.110)

" | Hr (M () forg =0, r <0.
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The E? 4 terms are

> _:o for0<g, 0<r T

P4 BT, (7)) forg =0, 0<r.

The spectral sequence converges to H H,(M,,(%/)); it collapses at E 2. Part (ii) of
Theorem 3.16 is proven.

To prove (i) we consider the following filtration of the complex { C,/" (M, (%)),
b}

Fr G, (My(0)) := (3.112)

{ > Eirryi1,i0(a0) ® -+ ® Eiy ig(ar-1) ® Eig i, (a7)®

i0:~~~:ir,|,ir+1 s---ir+q+l

QFEi 1,i2(@r41) @ Eiy i3 (ar42) ® ... Eir+q,ir+q+1 (ar4q)

The spectral sequence terms E are

CI"M, (&) f =0,0<
0 = g Ma())forr =4 (3.113)
' C.(E11(&)) forg=0,0<r.
f
rlq _ 0 or0<gq, 0<r G.114)
' HH, (/) forq =0, r <0.
f
12”1 _ 0 or0<gq, 0<r (.115)
’ HH,(o/) forg=0,0<r.

The spectral sequence collapses at E 2 and converges to H,'" (M, («7)). Part (i) of
Theorem 3.16 is proven.
(iii) Clearly

1 = trotp: Cp(el) —> Cp(ed). (3.116)

Part (i) says that ¢}, . induces an isomorphism in homology. Therefore, the graded
trace 7 is an isomorphism. Moreover, 7 and t,, acting in homology, are inverse one
to each other.

Theorem 3.16 is proven.
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3.12 Connes—Chern Character of Idempotents

Theorem 3.17

(i) Let e € of be an idempotent of the algebra <f and q an even number. Then

q

Chy(e) = Z! e = Sle®@ke®ke...cOkee Hy() (3.117)

is a cyclic cycle.

(ii) If e € M,, () then

Chyle) = gm ®Le) = ;’!tr (e ®K ¢ ®k -~ ®k ¢) € H (<)
(3.118)

is a cyclic cycle.

(iii) Both cycles represent the Connes—Karoubi—Chern character of e up to a
multiplicative factor.

(iv) C~hq (e) and Chy(e) are equivalent under the Morita isomorphism.

Proof We use the second definition of cyclic homology (2.189). It is clear that
both chains have cyclic symmetry; it is easy to see that both chains are b'-close.
Theorem 3.16 along with Theorem 2.12 show that both homology classes represent
well defined cyclic cohomology classes of the algebra <7

313 S(Chye) = Chyze

Theorem 3.18 For any idempotent e € of and any even number q one has
S (Chge) = Chy— e. (3.119)

Proof We use the first definition of cyclic homology. Recall the formula (2.205) for
the operator S : H),(#/) —> H[f_z(.;z%)

S(x) = Nob oJtob (x).
Asgiseven, b (®7T! ¢) = ®7 e. Then
JEh (@1 e) =
r=q—1

S

qg—1—r_, r:q_lq—l—r ,
'@ e) = ) =)@ e) =
r=0 q r=0 q
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r=q—1 r=q—1

1
Cra- et = 3 it T g =
r=0 q r=0 q
r=q—1
- -1 q 1
D U+n@e) = (=D @®@%e) = (@) .
r=0 q 2 2
We get further

- 1 1
b Jtb @it e) = b, ®1 )=, (@17 " e)

or
+1 1 1, - 1, q 1 9 (oq+l
S@*e = N = Z: (®1~ , @ e = @ e,

which proves the theorem.

Remark 3.6 Theorems 3.17, 3.18 are significant. Recall that in the classical dif-

ferential geometry the definition of the Chern character of vector bundles ( tr e s )
exhibits, at the same time, all components of the Chern character. On the other hand,
in non-commutative geometry, for each ¢, the cyclic homology class [Ch, e] €
H(;‘ () captures part of the components of the Chern character (make reference
to the computation of the cyclic homology of the algebra of smooth functions).
Theorem 3.18 shows that the operators S re-organise the totality of components of
the Chern character. Periodic cyclic homology restores this feature of the classical
differential geometry. Periodic cyclic homology is the right container for the Chern
character. This is going to be discussed in the last chapter of this book, in the
noncommutative topology.

3.14 Changing the Ground Ring K

Definition 3.36 Let S be an algebra over the ring K. Suppose < is an S-algebra.
Define

CS(et) = @t ) ~ (3.120)
where

ap s - Qsap.s ~ s.a0 Qs - Qs dp
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for any s € S. The Hochschild boundary b passes to this quotient
b: Co() —> Cy_ (). (3.121)
Let
7w Cpel) —> Co () (3.122)

be the obvious epimorphism.
The homology of the complex { C3 (), b} is denoted by H HS (7).

3.15 Separable Algebras

Definition 3.37 Let S be an algebra over the ring K. §° is the additive group S in
which the order of factors inside products is reversed. It is an algebra.
The unital algebra S over the ring K is called separable provided

1. there exists anelemente = ), _,, u; ®k vi € S ®k S such that

Z (ui .vi)s = 1€8 (3.123)

1<in

(the index S indicates the algebra in which the product is performed)
2. forany s € S one has

se = es €Sk SP. (3.124)
It turns out that e is an idempotent. Indeed

e.e=(Q<izp i Ok VI).(Qj<jzy Uj OK V) =
Di<i jen Wi ®K Vivjuj)sor =37 ui @k (Uj.vj.vi)s =

2 ui @Kk (; ujvpvi =) ui @K vi = e.

Theorem 3.19 Let S a separable algebra over the ring K. Assume <f is an S-
algebra. Let w be the canonical epimorphism (3.122) w : Cp(2) — Cl‘j(ﬁ/).
Then

Tpw : HHp (/) — HH3 () (3.125)

are isomorphisms for any p.
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Proof We use the idempotent e to produce a splitting ¢ : Cg (o) for the
epimorphism 7 (3.122)
Y (a0 ®s a1 Qs -+ - Qs ap) = (3.126)

D1 <iguitsmip<n Vio@0Ui; ®K Viy@iltiy ®K - .. Vi, dp—1Ui, ®K Vi, dpliy-

Y is well defined. To show this we begin with the first tensor product. For any s € §
and using (3.124) we get

¥ ((ao.s) @s a1 Qs -+ - Qs ap) 1=
Zlgio,ilp_,,ipf,, Vi (ao.s)u;; K vi; a1, K Vi Ap—1Ui, QK Vi,dpliy =
Zlgio,ilp_,,ipf,, vipdoli; QK (v;,.8)a1u;, QK Vi Ap—1Ui, QK Vi,dpliy =

¥ (a0 s (s.a1) Qs -+ - s ap).

The other tensor products are treated similarly.
To prove (3.125) we use the same kind of spectral sequence we used to prove
Theorem 3.16(i) and (ii). For, we introduce a filtration of the complex { C, (<), b}

Fr Cryg(d) ==

{Zfinite D i<io....ip<n GOUi; K Viyaiii, QK - ® OKVi,_,drli, ®K dr+1 OK ... OK dp)
for a; € <. In particular
F, C. () =

{Zfim'te Zlf[o,...,irfn Vipdoi, K Vi aiui, QK - Q KV, arltj, }.

The E? terms are

0 for0 <g, 0 <
2 —{ oY =g¢, V=7 (3.127)

P4 \HHS(«) forg=0,0<r

The spectral sequence collapses at E2; it converges to H H, (7). This completes the
proof of the theorem.

For more information about separable algebras see [68, Ch. VII, §5].
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3.16 Excision

Definition 3.38 (Wodzicki [94]) The algebra .7 is called H-unital provided the
complex { ®Ip(f ®112 V, b }o<p is acyclic for any K-module V.

If the algebra .# had a unit, it would have acyclic homology; this explains the term
H -unital.

Theorem 3.20 (Wodzicki [94, Theorem 3.1]) Ler &/ be a unital associative
algebra and ¥ C <f a bi-lateral ideal. Suppose . is H-unital. Consider the exact
sequence of associative algebras

E: 00— I —> o — /95— 0. (3.128)

Then the long exact sequence in Hochschild and cyclic homology
..— HH(Y) — HH (/) — HH (A | I) — ... (3.129)
oo —> HN(I) — HNA) — HNA|I) — ... (3.130)

are exact.

Proof For the proof see [97, §1.4] or [98].

3.16.1 Shuffle Product

The shuffle product mimics the triangulation of the direct product of two simplices.

Definition 3.39 Let ./ and 2 be two unital associative algebras.
Leto = ay®@a1® - Qap, e Cp(F)and Tt =by®b1 Q-+ Q@ by € Cy(A).
The shuffle product, see [68, pg. 243], [97, §4.2.1],

sh(o, 1) =0 X 1€ Cphyy(F @B
is given by
o X T:= (3.131)

ZneS‘,,Jrqe(ﬂ)ﬂ((aO@bO) RN - ®(@eH(1®h) - (11b,)),

where S p+¢ consists of all permutations of p + ¢ objects with the property that
Il<m<m<--<ap<ptgandl <mpy| <7pj2 < -+ < Appg <

P+q;

€(mr) is the sign of 7.



3.17 Tensor Product of Complexes 211

To imagine this formula, think of ¢ as the simplex [ag, a1, a2, ..., ap] and of T as
the simplex [bog, b1, b, .. ., by]. Their direct product is decomposed as an union of
simplices given by formula (3.131).

Proposition 3.18 The shuffle product satisfies
b(op x 15) = b(op) x 7y + (=DPo, x b(1y). (3.132)

Proof We leave the proof to the reader.

3162 HH,(7® %) = Y HH, (/) ® HH, ()

pt+q=n

Theorem 3.21 (Eilenberg-Zilber Theorem for Hochschild Homology) Ler o
and % be unital algebras over the field K.
Then the sum of the shuffle mappings

she: Y HHy(o/) ®k HHy(#) — HH,(/ @k ) (3.133)
p+q=n

produce isomorphisms for any n.

Proof (Schetch). Proposition 3.18 and Theorem 3.22 imply that the sum of the
shuffle mappings induce morphisms s#., in homology. Call this homomorphism f.
The inverse of f is constructed using acyclic model argument, see [68, Chapter
VIII]; see also [97, Theorem 4.2.5. pg. 123].

3.17 Tensor Product of Complexes

Definition 3.40 Let o/ = {A,, 9}, resp. # = (B, 3,}, be a complex of K
right, resp. left, modules over the ring K. Their tensor product is of Qg %, where

(o @k B)n = Y Ap®x By (3.134)
ptq=n
with boundary
3y, @0, = 0(y)®k o + (—1)Py ®k 3 (0). (3.135)

Theorem 3.22 Let o/ ®k B be a product of complexes. Suppose that B, and
Hy () are flat, or that K is a field. Then the homology of &/ @ A is

Hy(/ @ By = Y Hy() @ Hy(5B). (3.136)
r+q
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Proof The proof is based on a spectral sequence associated to a filtration of the
tensor product of complexes, see, e.g., [68, §9].

3.18 The Cyclic Bi-complex {b, b'} and Cyclic Homology

Definition 3.41 The cyclic bi-complex {b, b} is the bi-complex introduced by
Definition 2.24 and Sect. 2.4.3.

The cyclic bi-complex was introduced by Loday and Quillen [85]. Recall that this
bi-complex was used to derive Connes’ exact sequence.

In this section we show that cyclic homology of this complex is the homology of
the total complex Tot{b, b’} associated with the bi-complex {b, b'}.

As an application, we will use this bi-complex to compute the cyclic homology
of the algebra of smooth functions. We will show that the cyclic homology of the
algebra C°°(M) is, essentially, the de Rham cohomology of the space M. This
result is important because it represents the link between (co)homology in classical
differential geometry and non-commutative geometry. The same result exhibits a
defect of cyclic homology. Periodic cyclic homology corrects this defect. These
features will be discussed later.

Definition 3.42 We associate with the bi-complex {b,b/} (2.178) the complex
Tot{b, b’}

Tot{b, b’} := { Tot{b, b'}., 9}, (3.137)

Tot{h, b}y =Y 1 4en Cpg = Zo<qn @', 0 :=b—b.

Theorem 3.23 Ler o7 be an associative algebra, not necessarily unital.
Then the homology of the complex Tot{b, b’} is the cyclic homology

H,((Tot{b, b'}) = H(). (3.138)

Proof We give the proof of the theorem for unital algebras. For the general case see
[97, §2.1.3].

The proof is based on a spectral sequence argument. For, we consider the spectral
sequence associated to the filtration of Tot{b, b’} with respect to the second index ¢

"

Fp 4= @o<r<qCrp(A). (3.139)
We get a first quadrant spectral sequence, Eg’ g = Cp.q-

Q1)1 =T) @1t (&) if p=0
0 if p>0;

1 _
Epy = (3.140)
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d' = b(mod. 1-T), or

g Lo s
/1 -Tye*a Lo ool
J# ol s
@37/ -T)@ ey L0 ollo L,
J# bl s
2t |1-T)2e Lol oo,
Js ol s
)1 -Tye Lo oo,
g IEECN
0 0 0 0 (3.141)
Therefore, using the first definition of cyclic homology, we get
O S ST

The spectral sequence collapses at EZ; it converges to the homology of the total
complex Tot{b, b'}. The theorem is proven.

We consider the filtration of the bi-complex {b, B} with respect to the first index p

Fo= Y Cg= Y &fa. (3.143)

0<r=<p 0<r=<p

Then Eg’q = (), 4 with the boundary map d?,q « = b, or b;.
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The term E! is

v
0 «—HHy (/)L 0 L HHy (o) 0 &
I N N
0«—HHy (/)& 0 L HEy () 0 &
I N
0«—HH ()L 0 KHH (o)L 0 &
I N N
0 +—HHy () &=L 0 X HHy()=L 0 & (3.144)
with boundary map d},’ ¢ = Oforany p and g. Indeed, if p is odd/even, the

domain/co-domain of d}, ¢ 1s zero. For the same reason all boundary maps dlzf ;’ !
vanish. Therefore,

EY, = H.E* ") = E¥"' foranyl<r

Proposition 3.19 The boundary map d%’q : E[%’q — E? p = even, is the

p—2,9+1
operator B (2.208)

B: HH,(«/) — HH,y ().

Proof In the spectral sequence under consideration dgpﬁ g = b, and dg ptlg
’ : 1 1 _ 1 _
b,.. For which concerns d" one has dzp,q = N, and d2p+1’q = (1-=T),.
Let [x] € E%p ¢ = H.(E") be the homology class of a dl-cycle x € E', (ie.

d'(x) = 0,or Ni(x) = 0). The element x is the homology class of a do-cycle
X € Copy, (e byu(X¥) = 0€ EY).

The d 1-cycle condition d'(x) = N,(x) = 0 means that d'(x) is the O-
homology class belonging to the sub-complex Fp, or N.(x) = b/(y), for some
y € C2p_1,4+1. Given that the b/-complex is acyclic, we may use the homotopy s
totakey = s (N %) = 1 @ Ni,ie. Nu(X¥) = b (1 ® NX) € Cop-1,4-

From these relations we get

b(1-T)(y) = —(1=T)b (y) = 0

or

bA-T)(1® NX) = —-(1-T)b 1®N i) = 0.
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This says thatz := (1 —7) (1 ® N x) is a b-cyclein C2p_2 441; it determines a
class[z] = [1=T) (1 ® N x)] € Egp_z’qﬂ. Therefore

d*([x]) = [z] = [(1-T) (1®NX)] = Blx],

see (2.208).

3.19 Computation of H}(C>®(M))

Now we are in the position to compute the continuous cyclic homology HX(C*(M).
We know from Sect. 3.1 that the continuous Hochschild homology H H,(C*(M))
is the space of g-differential forms. On the other hand, for any associative algebra
o/, we considered in Sect. 3.14 a spectral sequence which converged to the cyclic
homology of the algebra 7. This spectral sequence may be used even in the case
of continuous cyclic homology if finite sums are replaced by series. We showed also
that the d2-boundary map is the Connes’ operator B.

Lemma 3.12 For any associative algebra </ the operators b and B anti-commute
Bb+ bB =0. (3.145)
Proof The relation (3.145) follows from (2.156) and (2.157). In fact, we get
Bby = 1-T)(1I®(Nby)) = 1-T)(1Qb N y)

bBy = b(1-T)(1®Ny) = 1-T)h(1®(Ny)) =
1-T)(Ny —1®bNy) = —-(1-T)(1®bN y).

Lemma 3.13 One has
Image E%p g = Image By = d Q9(M) = all exact (q+ 1) —differential forms.

Proof We already know that HHY(C*°(M)) = R29(M) = q —
differentialforms. We know also that, if f € C,(C*(M)) is a Hochschild cycle,
its Hochschild homology class is the differential form

04

i i
oxy ...0xg4 \diag

[f] = J,(f) = dxil A A dx. (3.146)
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Lemma 3.12 tells that B induces a well defined homomorphism B
HHY(C®(M)) — HHIt1(C%®(M)). The (anti)commutativity between B and b
gives

Blf] = =Jp1 (A=TYA®N Jg(f)) = Joq1(1®N Jyf) = dJy N f (3.147)
because J;+17(1 ® w) = O for any differential from w. Moreover, the set
d J; N f,for arbitrary cycle f, is the set of all exact (q+1)-differential forms.
Lemma 3.14

(i) Fapy3,q/F2p.q is independent of p.
(ii) The spectral sequence collapses at E>: Ez?q = E;’,ﬁq.

Proof
(i) The quotient space is

Faprag/Fapg = D, Cr(Co(M)).
2p+1<r<2p+3

The boundary maps involved in the definition of E), , are N = Zoy <q T"

and (1 — T'). The operator Jlrl N is an idempotent and its complement contains
the factor 1 — T, see Sect.2.4.2. Therefore, the kernel and the image of any
composition of these maps may not produce new d’-cycles and boundaries
beyond those produced by d2.

(ii) Part (i) says that F3 = F°,

A general property of spectral sequences (see [45, page 471] or [97, Theorem D.4
page 418]) states that E°° provides a filtration of the homology of Tor by means of
sub-groups G, C H*(C®(M)) and F®4 = G,/ G4—1. Therefore

Lemma 3.15
H} (C®(M)) = @2p4g=n E3, ;-
Theorem 3.24 For any paracompact smooth manifold M
HMC®(M)) = 2,(M)/d20—1(M) @1 <2020 Hjg > (M), (3.148)

Proof Based on general properties of spectral sequences, we get H(C®(M)) =
3

®2p+q=n E3, ,- Thetop term (g =n —2p)is
E3, 0, = Kerds,, »,/Imageds, , », | = $2,/dS2, 1. (3.149)
The other terms are Ker d22p’n_2r /Image dzzp’n_y_1 =H ;I;Zr (M). This completes

the proof of the theorem.
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Remark 3.7 The top term (g = n — 2p) and the other terms E> have different
structures. While all other terms represent de Rham cohomologies, the numerator
of the top term is the £2,, instead of Ker d. This is due to the configuration of the
spectral sequence, which derives the fact that the bi-complex {b, b/} is limited to
the left (being a first quadrant bi-complex). This is the defect of cyclic homology we
referred to above. It was exhibited on the case of the algebra of smooth functions.
Periodic cyclic homology repairs this defect.

320 HM)

Theorem 3.23 says that the total homology of the bi-complex {b, b'} is the cyclic
homology.

Theorem 3.25 There exists a homomorphism
Hy (/) —> ( HHy(/)/B (HHy_1(#)) ) @2<2r<n (Ker By_o/Im By_2,_1).
(3.150)
This homomorphism is an isomorphism for of = C*°(M).

Proof Consider the spectral sequence associated to the filtration F " of the bi-
complex {b, b'} (3.143).
The term E? is the operator B, Proposition 3.19

E3p1,=0, E3,,=HHy () (3.151)
B3, — E3pagin (3.152)

and
E’=E%. (3.153)

The spectral sequence collapses at the term E> Lemma 3.14(ii).
The boundary map d? is d22p ¢= B:HH; — HHgy.

3.21 Periodic Cyclic Homology

Periodic cyclic homology may be introduced in different ways. The original
definition is [99, p. 301] (see Remarks 3.6 and 3.7 )

Definition 3.43

HMP" (o) = Lim_.S : HX (o) — H' ,(). (3.154)
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Therefore, the operator S passes to periodic cyclic homology. It fits in the Connes’
long exact sequence

(Ces — b)Per = (3.155)
Sn+1 B, I S B, > I
_ Ont Hr?,l n H, n Hr?,per n H;L;[;er n H, G

Periodic cyclic homology may be introduced using the {B, b} bi-complex, to be
defined next.
Recall Bb + b B = 0,Lemma 3.12.

Definition 3.44 By definition the {B, b} bi-complex is given by the first quarter
diagram

I N
0 +—C3(A) Lo ()2 () L Co () e—. .
I N |

0—C() () ECo()e— 0 ...

O

0+ Cl()ECo(A)e— 0 +— 0 ...

oD

0+—Co()¢— 0 +— 0 +— 0 <+—... (3.156)

The general termis C), 4 = Cy—p (&) for 0 < p < g; otherwise, it is zero.

Theorem 3.26 The homology of the total complex of the {B, b} bi-complex is the
cyclic homology

Hy(Tot{ B, b}(e/)) = H}(<). (3.157)

Proof We consider the spectral sequence associated to the filtration with respect to
the first index

Fpg = ®ozr<p Crriq-
The first spectral sequence terms are

ES, = Cpy (3.158)
E,, = HHy ,(<) (3.159)



3.21 Periodic Cyclic Homology 219
Ej, = Ker By/Im By, By :HHy(«/) - HHy11(<). (3.160)

Excepting index shifts, the terms E2 coincide with the terms E2 (3.151).

Proposition 3.20 The complex {B, b} is obtained from the bi-complex {b, b/} by
eliminating the acyclic columns b, see [97, §2.1.7, 2.5.10].

Proof See [97, §2.5.10].

We said at the beginning of this section that periodic cyclic homology repairs a
defect of cyclic homology, see Remark 3.7. The repair is done by extending the
{B, b} bi-complex to the left, above the bisectrice of the first and third quadrants.

Definition 3.45 The periodic cyclic bi-complex { B, b}P¢" is the diagram
I
O () Cr () 2y () B Co () ..
b b b
O () O (o () e— 0 ..
b b
Oy e— 0 — 0 ...

b

o —Co()e— 0 +— 0 +— 0 <+—...

(3.161)

In the sequel we will use .

Definition 3.46 The rotal product complex associated to the bi-complex
(B, b}P¢" () is called periodic cyclic complex; it consists of two terms C:l;f ()

le;l’er(g{) = 1_[0517 Czp(JZ{) (3.162)

Cjz’zfler(%) = [lo<p Copt1(&)
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and boundary maps

B — b:Chler (o) —> Coibi (). (3.163)
The boundary map B — b preserves the parity of chains and not their degree. The
homology of the total product complex associated to the bi-complex {B, b}P¢" (<)
is the periodic cyclic homology of the algebra o7 . Periodic cyclic homology is Z;-

graded; it is denoted Helv’;’(f;d(.;z%).

Definition 3.47
(i) Let (ap,q) € {B, b} be achain. Let {B, b}**™*' C {B, b} be the sub bi-complex
consisting of those chains for whicha, ;, = a,—, € Cy—p ().

(ii) Tot{B, b}°°™! is a sub-complex of Tot{B, b}.

322 HOPT(C®M) = HO

ev/odd M)

Definition 3.48 For any f € Ci(C°°(M) define the partially skew-symmetrised
function

1
FA@0 31 ) = Y 0 Ko, - o) (3.164)
’ UESk

Lemma 3.16 The homomorphism J, defined for any element f € Cy(C*° (M), see
Theorem 3.7(ii) and (3.146), satisfies

(i)
JAR Hr®---@ft) =dJ (fo®---® fi) (3.165)

(ii)
JTA® fo® - Qup) =0 (3.166)

(iii)
Jb(fo®---® fi) = 0. (3.167)

(iv)

JB(fo® - Q®fk) = *k+1D)dJ (fo® @ fo). (3.168)
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(v) J induces a bi-complex chain homomorphism to the bi-complex of differential
forms

J: (B, b} —> {d,0).

Proof The operator J is defined locally. A simple computation in local coordinates
proves (i) and (ii).

(i) b(fo ® --- ® fr) is a Hochschild cycle whose homology class is zero. We
know from Theorem 3.7(ii) that its homology class is given by the differential form
Jb f(xo®---® fir) (J establishes an isomorphism between Hochschild homology
and differential forms).

(iv) One has

JB(fo® --®fi) =J(U-T)(IRN f® - fi) = (3.169)

JAN (fo®--®fr)) =dJIN(fo®--®fr) = k+1DdJ (fo®:-® fi).

(v) Follows from (iii) and (iv).

Theorem 3.27 For any paracompact smooth manifold M, the chain homomor-
phism J induces an isomorphism from the Z,-graded periodic cyclic homology of
the algebra of smooth functions on M to the Z>-graded de Rham cohomology of M

HLP (o) = HS%(M)
Hoah (/) = HZgl (M),

Proof The proof is based on the comparison of the spectral sequences (correspond-
ing to the first filtration) associated to the bi-complex {B, b} and the de Rham
bi-complex {d, 0}. To this end, we define for the first bi-complex the filtration

Fhig = [loocpetoo Cop+g(C¥(M)), g <0
Fodd,q == l_[oo§p§+oo C(2p+1)+q(COO(M))a g =<0
Fevjodd,q =0 for g <0;

and for the de Rham bi-complex, the filtration

FAR = Tlaozpeioo RPTUC®(M)), g <0

Foddg = Tloocpetoo @HTVH(C®(M)), ¢ <0

Fevjodd,q = 0 for g <O.
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The corresponding E? and E! terms are
0,per _ 0.dR _ ©pg
Epq = Cpq, E = 277,

1, per _ 1,dR _ g=ev/odd
Eq:ev/udd - l—[ HH‘I(M)’ Eq:ev/odd - HdR (M).
g=ev/odd

Lemma 3.16 states that J is a bi-complex homomorphism, while Theorem 3.7
states that J, is an isomorphism at the level of E !_terms. Therefore, J induces an
isomorphism between the homologies of the associated total complexes.

On the other hand, periodic cyclic homology is, by definition, the homology of
the total product complex associated to the bi-complex {B, b}. The boundary map
in the periodic cyclic complex is B — b.

3.23 Proof of Theorem 3.27 Explicit

It is instructive to illustrate how periodic cyclic homology of the algebra of smooth
functions relates to the de Rham cohomology.

Theorem 3.28 The bi-complex homomorphism J : {B,b}™ (C®(M)) —>
{d, 0}($2,.M) induces isomorphisms in homology.

To prove the theorem we show separately that J induces an epimorphism/monomor-
phism in homology.

Proposition 3.21 J, is surjective.

Proof We have to prove that for any closed de Rham form w,, (dw, = 0), of degree
k there exists a sequence of functions O, ...., 0, fi, fk+2, fi+ds ooy fht2rs - - -
with the following properties (f, € C,(C*™ M)):

() fk—2r = Oforanyr,0 <r

@) J fi = o

3) J fiy2r = Oforanyr,0 <r

4) B fit2r = b fit2r42 for any integer r.

As J induces isomorphism on the Hochschild homology (Theorem 3.7), given the
differential form wy there exists a Hochschild cycle f; so that J fy = wx, and, of
course, b fr = 0.

Bfy is a b-cyclebecause b B fy = —B b fr = —B(0) = 0.Being a b-
cycle, its Hochschild homology class is determined by the form JBfy = kdJfi =
kdwy, = 0. Therefore, Bfy is a b-boundary. Therefore, there exists fk+2 so that
Bfi = b fito.

We would like the relation J fk+2 = 0 to be satisfied. As this might not be true,
we will be forced to modify fk+2 For, consider oy = J fk+2 For the differential
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form oy47 there exists a b-cycle hx42 so that Jhyyo = ox4+2. Replace fk+2 by

fi4r = fixr — higosthen B fi = b fixo = b(fi4z — hig2) = b firo
and J fri2 = 0.

Lemma 3.17 (Induction Lemma for Surjectivity)
Let f, € C() and fr42 € Cri2(F) be given so that

(i) J fry2 = Oand
(ii) b fry2 = B fr.
Then there exists fr+a4 € Cry4() such that

(i) J fiy4 = Oand
(ii) b fiya = B fri2.

Proof of the Induction Lemma for Surjectivity.

Consider B fy42. It is a b-cycle because b B fiv2o = —B b fit2 =
—B B fi = 0. Its Hochschild homology class is measured by J B fiy2 =
k+2)dJ fieo = (k+2)d 0 = 0. Therefore, there exists a function

fiea sothat B fiyo = b fiis. Again, we would like that J fiesa = 0, which
might not be satisfied. We consider J fk+4 := 0k44. There exists a b-cycle hjyy4
so that J hgta = okta. We replace Frta by fi+a = fiida — hpsa. Then
B fi42 = bfiva = b (fkta — hiya) = bfyra and J frpa = 0. This
completes the proof of the lemma.

The induction lemma completes the argument and therefore Jeyenjoda are
epimorphisms.

Proposition 3.22 J, is injective.

Proof Assume that {fc, fet2, fe+4,.....}, (€ =0,0r 1)is a (B — b)-cycle and that
its image in the de Rham cohomology is zero

J ferrr = d weqor—1

for each positive integer r.
Treat first the case of J,,. We need to find a sequence of functions

{g1, g3, g5, .....} so that
B goyr—1 — b gu+1 = for.

The functions g; will be constructed by induction beginning from the left. The initial
data is

b fo =0, Jfo=0

b f» = B fo.
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The first equation to solve is

—bgr = fo. (3.170)
We know that fj is a b-cycle because any chain of degree zero is a b-cycle; we

have to prove that it is a b-boundary. J gives its Hochschild homology class. By
hypothesis, we know that

J fo = 0e Hix(M).
But J fo = fo for any chain of degree zero. Therefore fy = 0. Therefore, an
arbitrary b-cycle g solves the equation for g;. We will see later that g; has to be
further determined. For this reason this function will be temporarily denoted by gi.

We pass now to the determination of g3.
The initial data is

Bfo—-bfr =0
J fr =dw
—-bg = 0.
The function g3 has to satisfy the equation
Bg — bg = fo (3.171)

For it to exist, it is necessary that f — Bgj be a b-boundary. For, we check first
whether it is a b-cycle

b(f» — Bg) =bfp —bBg =bfr+ Bbg =0bfa - Bfo=0.
Next, we check its Hochschild homology class
J(for —=Bg) =dor —dJg =d — Jg).
At this point we impose on the b-cycle g the supplementary condition that
Jg = m
and then g3 exists so as to satisfy Eq. (3.170).
This is the basis of induction for the determination of the functions gz, 41.

Now we consider J,44. To prove that J,44 is @ monomorphism, we assume that
the sequence of functions { f1, f3, fs, .. ...} is given so that

B for—1 = b fary1, for any 1 =<r
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and that
J far1 = d w2
We have to prove that there exist functions { go, g2, g4, . . ...} so that
B goyr—2 — bgar = far-1-

As in the case of J,44 we proceed by increasing induction on r.
We state first the basis of induction. The first equation solve is
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B gy — bgr = fi. (3.172)
To determine gop we apply J to both sides of Eq. (3.172). We get
J (Bgo — bg2) = J fi,
which becomes
dJg =J h
or,as J g0 = go
dgo = dwo.
Therefore, g9 = wp + C, where C is a constant.
We replace go in the above equation, which becomes
B(w + C) —bg = fi
or,as B C =0,
Bwy — bg = fi. (3.173)
Notice that fi — B wp has degree one and hence it is a b-cycle. We compute its

Hochschild homology class

J(fi — Bwy) = dwy — dwy = 0.

Therefore there exists g, determined modulo a b-cycle. There exist gg and g» so

that Eq. (3.172) be satisfied.

With the basis of induction assured by the fulfilment of Egs. (3.170), (3.171)

and (3.172), the induction argument is provided by the next lemma.
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Lemma 3.18 (Induction Lemma for Injectivity) We assume the following data
is given

(i) fr—1 € Cr—1() and fr41 € Cr41(H) satisfy the (B—b)-boundary condition
B fr—1 = b frr1 (3.174)
(ii) so that Jy (fr41) = 0€ H ' (M), ie.
J fre1 = d oy, (3.175)

with w, € 2" (M)
(iii) gr—2 € Cr—2() and g, € C, () such that

Bg-—2—bg = fr-1. (3.176)
Let hy € Cr () be a b-cycle h, € C, (/) such that
Jh = iwr — Jgr. (3.177)
Then there exists gr4+2 € Cr42() so that
B (& + hr) — bgri2 = fri1. (3.178)
Proof In order to satisfy Eq. (3.178) it is necessary that
C:=fry1 — B(g + h) (3.179)

be a b-boundary. For, we prove first that it is a b-cycle. Indeed

bC =b(fr+1 — B(g + hy)) =
b fry1 + Bb(g + hy) =
bfry1i + B(Bg—2 — fr—1) + Bbh, =
(b fry1 — B fr—1) + Bbh, = 0.

(3.180)

The last equality uses the co-cycle condition (3.174) and the hypothesis that &,
is a b-cycle.
We determine the Hochschild homology class of the cycle C. We have
JC=1J(frs1—B (& +h))=

=do —rd(Jg + Jh,)= (3.181)

- 1 .
:d(wr_rJgr_r(rwr_Jgr)):()-
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Therefore, there exists g,42 so that Eq.(3.178) be satisfied. To complete the
induction argument, we define g, := g + h, and replace in Eq. (3.174) g, by
gr. This equation is not affected by this replacement because 4, is a b-cycle. This
ends the proof of the injectivity.

Corollary 3.3 Let C = {fe, fe42, fetd,.....}, (€ =0, 0r 1) be a (B — b)-cycle.
Then

(i)
J(C) = {Jféa er+2a Jfé+47-'-“}

is a sequence of closed differential forms in the Zy-graded de Rham complex

(ii) J«(C) e H 52/ Udd(M ) is given by the sequence of de Rham cohomology classes

(€)= {[Ufel, [Ufes2l, [ feyal, ...}

It is easy to prove part (i) although it is a direct consequence of Lemma 3.16

1

J B fe+2r = Jb fe+2r+2 = 0.

dJ ferar = €+ 2r

€+ 2r

Corollary 3.4 In order for the de Rham cohomology class [wy] € H 5 r(M) to be
realised in the periodic cyclic complex it is necessary to use a (B—b) cycle involving
an infinite sequence of chains (functions) 0, ..., 0, fi, fi+2, fe+ds oy fit2rs o -

Proof This is a direct consequence of the proof of Lemma 3.17.

3.24 Periodic Cyclic Connes—Chern Character
of Idempotents

Theorem 3.29 Let e be an idempotent over the algebra <f. Then
1
Uy = — 24‘1q!(1 —T)1Q®% e) + 49g1(®%* ¢) (3.182)

is an even periodic cyclic homology cycle of the algebra <7 .
It represents the Connes—Chern character of the idempotent e, up to a multiplica-
tive factor.

Proof We consider the following chain in the { B, b}7¢" bi-complex

Uy = azg(1—=T)1®% &) + Py @7 e. (3.183)
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Then

BUy—2 =0 + prg2 B(®1 ' e) = (3.184)
Br—2 (1 =T)(1® N@7'e) = 29. frg—2 (1 =T)(1® (@47 e)).

On the other hand,

bUy = b (o (1-T)1R% e) + poy (T e)) = (3.185)
ag b (1 =T)1®% e) + pog b (@ e) =
g 1=T)b(18% ) + pog (@ €) =
g (1=T) (®e) — 1® b (®% e)) + Pag (®% €) =
g (@ e) — T(®@e)—(1-T) (1@ (@' e)] + foy (@ e) =
@ (@ e) + (@ e)—(1-T) (1® (@ e)] + oy (% ¢) =
Qazg + B2g )@ €) — a2y 1-T)(1® (@' e))].

We intend to determine a4 and Ba4 so that the chain {Uay} € {B, b}P*" be a cycle
for the boundary map B — b. This condition imposes on the coefficients the relations

2qﬂ2q—2 + a2 = 0 and 20{2q + ‘qu = 0.

We find i, = —é B4 and therefore Bry = 4q Bay—1). If we take o = 1, we
get Bog =44q!.
Therefore
1
Uy = — 5 4991 (1=T) (1®% ¢) + 49g1(®%1F! ¢) (3.186)

is a cycle for the boundary map B — b.

3.25 Direct Connections and Chern Character
of Idempotents

In this section we discuss direct connections, introduced in Sect. 1.7, from the non-
commutative geometry view point and we prove Theorem 1.28.

Theorem 3.30 Let M be a smooth manifold and let ¢ € My (C®(M)) be an
idempotent.

(i) Then A(y,x) = e(y) e(x) : Image e(x) —> Image e(y) is a direct
connection in the bundle Image e.
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(ii) We associate with the direct connection A the function (1.120)

D (x0, X15 - -5 Xg) = tr A(xg, x1) 0 A(x1, X2)0, ..., 0A(xk_1, X) 0 A(xg, X0)-
(3.187)

Then function @y coincides with the function

V(@) (X0, X1 ) == Y € (x0) @ eF(x1) @ ® e (xi).

[N

(iii) The function Wy is a periodic cyclic homology cycle which represents (up to a
multiplicative factor) the Chern/Pontrjagin character of the bundle Image e.

(iv) For any direct connection A in the bundle Image e, the corresponding
function (1.120) represents (up to a multiplicative factor) the Pontrjagin/Chern
character of the idempotent e.

Proof

(i) We use the fact that e is an idempotent.
(i1) We evaluate the function @y,

D (X0, X150y X ) 1=
tr A(xo, x1) o A(x1, x2)0, . .., 0A(xk_1, xx) 0 A(xg, X0) =

tr (e(xp)e(x1)) o (e(x1)e(x2)) o - -- o (e(xp)e(xo)) =

and because e is an idempotent, we have further

(iii) The functions @i, ¥ are periodic cyclic homology cycles of the algebra of
smooth functions. Theorem 1.28 says that the periodic cyclic homology class
of the function ¥ is, via Morita equivalence, the Chern character of the bundle
Image e

(iv) Whatever the direct connection in the bundle Image e would be, its periodic
cyclic homology class depends only on its infinitesimal part, represented by
the operator J (3.146), along the diagonal. We know from Theorem 1.26 that
the infinitesimal part of any direct connection is a classical linear connection.
On the other hand, we know that the classical Chern character is independent
of the linear connection.

This completes both the proof of the theorem and the proof of Theo-
rem 1.28.
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i A
3.26 Connes—Chern Character Ch : K (o/) — Hip M (o)

In this section we construct the Connes—Chern character on K, i = 0, 1, with
values in the periodic cyclic homology. For this presentation we use Gracia-Bondia
etal. [112, §10.2, Pg. 446-447].
In this section we assume that <7 is a unital ring.
We recall the definition of the (b, B) (/) bi-complex. Its general term is
Cp,q = ®[J—q£{’ q=p
Crg =0, p<gq
b:Cpyg—>Cpg-1

B:Cpyq— Cptig-

Proposition 3.23 Let e € M, (<) be an idempotent. Then e satisfies the relations

b(e (de)*P) = e(de)*P™! b (de)*? = (2e — 1)(de)*P™!
B(e (de)*") = 2p+ 1)(de)*P™! B (de)*? = 0
b(e (de)*’th = 0 b (de)*’T! =0
B(e (de)*P*hy = 0 B (de)?’*! = 0.
3.26.1 Chern Character Ch : K(«&7) — g,"’)‘(sz%)
Proposition 3.24 (Definition)
Let e € M, (7)) be an idempotent. Let
Che) = Tre + Z( 1)1’( p)' (e — Y(deyr (3.188)
5 ) )

p=1

Then Chy, (e) is an even cycle in the (b, B)(&/) cyclic complex. Its homology class
is the periodic cyclic Connes—Chern character of e.

Proof Use Proposition 3.23.

3.26.2 Chern Character Ch : KM (/) — H””’ (<)

Proposition 3.25 (Definition) Let u € M, (7) be an invertible matrix. Let
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Choga (u) = Z(—1)21’+1(2p + D! Tr ™ 'du).(du"du). ... (du='du).
P
(3.189)

Then Chogq (u) is an odd cycle in the (b, B) (/) cyclic complex. Its homology class
is the periodic cyclic Connes—Chern character of u.

Proof Use Proposition 3.23.



Part 111
Index Theorems



Chapter 4 )
Analytic Structures on Topological Shethie
Manifolds

Abstract The aim of this part is to show the reader the classification of analytic
structures on topological manifolds. This discussion should show that passing from
an analytic structure %’ to a more regular one ¢ implies two things: (1) the passage
is not ever possible, i.e. there are obstructions, (2) even if the passage is possible,
the resulting structures ¢ might be not %/-equivalent. The reader is invited to
appreciate Sullivan result (Sullivan and Sullivan, Geometric topology. Localisation.
Periodicity and Galois Symmetry. The 1970 MIT Notes. Ed. A. Ranicki) which
states that in dimension # 4 the passage from the category of topological manifolds
to quasi-conformal/Lipschitz manifolds is always possible, in a unique way.

4.1 Topological Manifolds

Definition 4.1 A topological manifold M" of dimension n is a Hausdorf topologi-
cal space which is locally homeomorphic to R”.

From the definition it follows that on a topological manifold M" there exists an atlas
of local charts, i.e. homeomorphisms fy : Uy —> Vg, where U, is an open set in
R" and V,, is an open set in M". On V,, there are local coordinates (x1, x2, . .., Xn),
the image of the point (x1, x2, ...x,) € Uy

The transition functions fg o : Vo N Vg —> Vi N Vg, where fgo = fgo fu,
are homeomorphisms.

We are going to mention some fundamental results concerning topological
manifolds which are related to topics treated in this book.

Theorem 4.1 Any closed oriented topological manifold satisfies the Poincaré
duality.

Theorem 4.2 There are Poincaré duality spaces which are not homotopy equiva-
lent to any topological manifold.
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Definition 4.2 A topological manifold is a stable manifold if and only if there exists
an atlas of local coordinates fgo = hjohzo---ohy, where h; are homeomorphisms
with the property that for each factor there exists a non-vanishing open set in the
domain of 4; on which h; = identity, with1 <i <n.

Theorem 4.3 Stable homeomorphism theorem (Brown and Gluck [36], Kirby [55])
Any orientation preserving homeomorphism of R" is stable.

Theorem 4.4 Any topological manifold is decomposable in handles, see [56].

Theorem 4.5 ((Annulus Theorem) (Rado [1], Quinn [81], Kirby [55])) For any
homeomorphism / : R” — R" which maps the unit ball B into its interior, the set
B — h(interior(B)) is homeomorphic to the annulus s % [0, 1].

Theorem 4.6 (Hauptvermutung (Kirby and Siebenmann [56])) Let f
My —> M} be a homeomorphism between two combinatorial manifolds.

Then, in general, there does not exist a combinatorial homeomorphism between
them.

The negative answer is due to Milnor [66].

Given a homeomorphism £ between two combinatorial manifolds of dimension
> 5, h is isotopic (resp. if the manifolds are simply connected then the homeo-
morphism h is homotopic) fo a combinatorial homeomeorphism if and only if the
obstruction k(h) € H3(M, Z]27) is equal to zero.

If M™ is a compact topological manifold, m > 5, then M™ has a combinatorial
structure if and only if the Kirby—Siebenmann obstruction k(M) € H*(M, 7./27)
is equal to zero.

The P L-structures on M™ are in one to one correspondence with elements of
H3(M, 7.)27,).

Theorem 4.7 (Kirby and Siebenmann [56]) Any topological manifold has ratio-

nal Pontrjagin classes.

In the next section we give a classification of analytical structures on topological
manifolds.

4.2 Quasi-Conformal and Lipschitz Manifold Structures

Definition 4.3

(i) Leth : Uy —> U, be a homeomorphism between two open sets U; U, in R”.
h is called quasi-conformal homeomorphism provided the following condi-
tion is satisfied:

_ h(x) —hO)], |x —y| =
0<k<Lim,\0max| W =hW =yl=r o o @

minlh(x) —h()I, [x —yl=r
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(ii) & is called a Lipschitz homeomorphism provided there exist two positive
constants k, K such that

kilx =yl < |h(x) —h(y)| = K |x —yl, foranyx,yeU. (4.2)

Definition 4.4 Let M" be a topological manifold. Let &/ = {fg«} be a complete
atlas of local coordinates on M". If each transition function fg, is a quasi-
conformal, resp. Lipschitz, homeomorphism, then the manifold M" is called a
quasi-conformal, resp. Lipschitz, manifold.

Theorem 4.8 (Sullivan [75])

(i) Any closed topological manifold M" of dimension n # 4 has a quasi-
conformal, resp. Lipschitz, structure.

(ii) For any two quasi-conformal, resp. Lipschitz, atlases <#, </1 on M", there
exists an isotopy, i.e. a continuous family of quasi-conformal, resp. Lipschitz,
homeomorphisms h; : (M", efy) —> (M", 2/1) with Lim,oh, = Identity.

In dimension 4 there is a totally different picture.
Theorem 4.9

(i) There exist topological manifolds of dimension 4 which do not possess any
Lipschitz or quasi-conformal structure.
(ii) Even if such structures exist, they are not necessarily isotopic.

4.3 Combinatorial and P L Manifold Structures

All simplices of a triangulation are supposed to be closed.

Definition 4.5 Let M" be a simplicial complex which is also a topological man-
ifold. M" is called a combinatorial manifold if the triangulation satisfies the
following condition: for any simplex o”, dimo = p, of the triangulation, the link of
the simplex o P, denoted Lk(c?), is equivalent to the sphere of dimensionn — p — 1.

The star of the simplex o?, denoted Sr(c?), consists of all simplices of the
triangulation which contain o ” as a face.

The link of o” is the union of all simplices of the Sr(o”) which are disjoint of
ol.

A simplicial complex which consists of maximal simplices of dimension n such
that any simplex of dimension n—1 is a face of exactly two n-dimensional simplices,
is called pseudo-manifold of dimension n.

Remark 4.1 There exist pseudo-manifolds which are not combinatorial manifolds.
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Theorem 4.10 Let M™ be a topological manifold. For 5 < n, M" admits a
combinatorial manifold structure if and only if the Kirby—Siebenmann obstruction
vanishes. The Kirby—Siebenmann obstruction k (M™) € H*(M", Z»).

For 5 < n, if the Kirby-Siebenmann obstruction vanishes, the corresponding

combinatorial manifold structures are parameterised by the elements of the group
H3(M; 7).

Definition 4.6 A P L-manifold is a combinatorial manifold given by a complete
atlas of piecewise linear transition functions.

4.4 Differentiable Manifolds

There are obstructions to existence of differentiable structures on combinatorial
manifolds.

Suppose M" is a combinatorial manifold {.(M™)} endowed with a combinato-
rial Riemannian metric g. Therefore, each closed simplex o € .(M") is endowed
with a smooth Riemannian metric g, ; at any common face t of two such simplices,
the Riemannian metrics g, of the neighbouring simplices « agree.

At any point xg € « the solid angle W («, xo) of the simplex «, at the point xo, is
well defined. The Riemannian metric g defines already a smooth manifold structure
on the complement of the n — 2-skeleton.

Theorem 4.11 (Teleman [76]) We intend to define a differentiable structure 9 on
M" such that the Riemannian metric g would become a smooth Riemannian metric
on the smooth manifold (M", 9).

This is possible if and only if g satisfies the following condition: for each simplex
T which contains the point xo and for all neighbouring simplices «, the following
condition has to be satisfied:

Z W (a,x0) = solid angle about a point in the Euclidean space E".
o
4.3)

Proof The condition is necessary.

We pass to the second part. The proof shows that if the condition (4.3) is satisfied,
then, at the point xp, the solid angles # («, x¢) fit together as the pieces of a
patchwork; they will create the tangent space of the smooth manifold M" at the
point xg.

The construction of the tangent space at the point x is done by induction on 7.
Supposing the tangent spaces have already been constructed in dimension n — 1, one
passes to dimension n. To perform the construction in dimension #n, one starts with
an isometric affine embedding of any n-dimensional simplex ¢ in the Euclidean
space E". One continues the construction by attaching isometrically any n-simplex
of M" which has in common with the simplex « a simplex of dimensionn—1, and so
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on. If the condition (4.3) is satisfied, the construction produces a unique realisation
of the star of the point x¢ in E".

The realisation of the star of the point xg in the Euclidean space is completely
determined once the first embedding «p has been chosen. This construction is
unique, modulo an element of the orthogonal group O (n). Let %y, be the space
of all combinatorial matrices which satisfy the condition (4.3), factorised by the
action of the group O (n).

Let 2(( M™) ) be the filtration with base M" and fibres %,,. Therefore, the
differentiable structure exists if and only if the vibration Z2(.¥( M") ) has a global
section. There is an obstruction to the existence of a global section.

Choose a combinatorial metric g. Let I'y, € mg, be the local obstructions. These

obstructions belong to H k(M", I'i_1), where k is the dimension of the simplex o
containing the point xo as an interior point.

These obstructions depend on the particular combinatorial structure chosen on
the P L-manifold M". To obtain an answer independent of the chosen combinatorial
structure, we have to sub-divide the simplices of the manifold {*( M") }. We
obtain the result.

Theorem 4.12 (Teleman [72]) If M" is a PL-manifold of dimension n there are
obstructions to the existence of a differentiable structure on M". The obstructions
belong to

HY(M", m-1(PLi/0p), 1<k <n.
The problem of determining conditions under which there exist differentiable

structures on combinatorial manifolds was clarified by the work of Munkres [29, 30]
and Hirsch and Mazur [65].

4.5 Analytic Manifolds

Let V" be a complex algebraic manifold. This means that V is covered with
a complete system of smooth coordinate charts U, such that the changes of
coordinates are given by holomorphic functions

fpa»  fpa = holomorphic functions.

On the manifold V" one has two systems of local coodinate charts (1 < p <n)

z=xp + iy

[

= Xp — 1l )Yp,
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and differentials

dz = dxp, + idy,
dz = dxp — idyp.

In an analogous fashion on treats the space of sections of holomorphic complex
vector bundles over VP .

Definition 4.7 Let WY be an analytic vector bundle with fibre C? over the analytic
manifold V7.

Let hj,; be the holomorphic transition functions of W4. Let h j.i be the conjugate
of hj; and let W be the obtained bundle.

Let

™M (VP W) = { smooth functions of the bundle V? @ W4 (4.4)

which depend on z with respect to the bundle V?and of 7z with respectto W¢ }.
(4.5)

Theorem 4.13 (Dolbeault [10]) Let V" be a complex analytic manifold.
Let % P (V™) be the sheaf of smooth functions of V".
Then the cohomology of the Dolbeault complex

0— 2" — 7'V — ... — "V — TNV — . — P (VP) —0

(4.6)
is finite dimensional.
Definition 4.8
(i) Let v and ! be the anti-isomorphisms : W — W*and ¢~ : W* —
w.
(ii) Since the bundles W and W* are analytic and (¥ = anti-symmetrisation)
define
#=vQ(x): ™" (V,W) — P77V, W¥) 4.7)
=yl @ ZNV, W) — YPTEN(Y W), (4.8)
(iii) Define the complex Laplacian 9 = — #0 #.
amn = 9§ + s ™ (4.9)
(iv) The complex Laplacian is an elliptic operator. Then the solutions of (""" = 0

are finite dimensional spaces; any solution of this equation is called harmonic
form.
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Theorem 4.14 (Kodaira [8]) Letr W9 be a complex analytic vector bundle over
the complex analytic manifold V.

Then the space of harmonic forms is finite dimensional. It is isomorphic to the
space H™",

Theorem 4.15 (Serre [12]) Let W1 be a complex analytic vector bundle over the
complex analytic manifold VP .
The spaces H™"(V, W), HP7™47"(V, W*) are isomorphic.

Definition 4.9 Let V be a complex analytic manifold.
An hermitian metric on V is

ds® =23 gup(2%,2P) d2 Ad . gap = gpa. (4.10)
To each hermitian metric there is associated an exterior differential form
o =iy gG P dw A dip @.11)
The manifold V is called a Kdhler manifold provided
dow = 0. (4.12)

Definition 4.10 A Hodge manifold is a Kéhler manifold with a canonical differen-
tial 2-form that is integral.

Theorem 4.16 (Kodaira [8]) A compact complex manifold is algebraic if and only
if it is a Hodge manifold.



Chapter 5 )
Index Theorems in Differential Geometry <z

Abstract The Riemann—Roch theorem counts the zeroes and poles of a meromor-
phic function over a Riemann surface. The theorem was extended over complex
analytic manifolds by Hirzebruch. Atiyah—Singer formula, valid on differentiable
manifolds, explains that the formula holds because it is related to elliptic operators.
The index formulas were extended to topological manifolds by N. Teleman. The
Teleman formula produces the topological index as a cohomology class. 1t is not
represented by a cohomology form because the Chern—Weil construction involves
products of the curvature which could not be performed within classical differential
geometry. This problem is re-considered within non-commutative geometry in the
next chapter.

5.1 Riemann-Roch Index Theorem

In this section we present the statement of the Riemann—Roch theorem. This section
does not give the proof of it. It gives only the main idea of the proof.

The Riemann—Roch theorem is a statement regarding the number of zeroes and
poles of meromorphic functions on Riemann surfaces, i.e. complex algebraic closed
manifolds of complex dimension 1. Topologically, such spaces are oriented closed
surfaces.

Any meromorphic function f on a Riemann surface has a finite number of zeroes
z; and poles p;. The zeroes and poles produce a divisor D(f)

D(f) = Y aizi — Y bjp; (5.1)
i j

where a;, resp. b, are the orders of the zeroes z;, resp. poles p ;. A divisor associated
with a meromorphic function is called a principal divisor. Two divisors are called
linearly equivalent provided their difference is a principal divisor.

Analogously, on any Riemann surface one may define meromorphic 1-forms
o = f(z)dz. To each non-vanishing meromorphic 1-form, one associates its divisor
in the same manner. The divisors associated with two non-vanishing meromorphic
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1-forms are linearly equivalent. Therefore, any such divisor K is called a canonical
divisor.

For any divisor D, .Z (D) is by definition the C-dimension of the vector space of
meromorphic functions f such that all coefficients of D(f) + D are non-negative.

The genus of the Riemann surface S is g(S) := ! dimQHl(S, Q).

For any divisor D = ), n;x; the number deg (D) = ), n; is called the
degree.

Theorem 5.1 (Riemann—Roch Theorem) Let S be a Riemann surface and D a
divisor on S. Then

Z(D) — LK — D) = deg(D) + (1 — g(5)), 5.2)

The Riemann—Roch index theorem was extended by F. Hirzebruch [32]. For an
algebraic proof see [71, §1V.1]; see also [100, pg. 127]. The Riemann—Roch theorem

corresponds, in the case of the Atiyah—Singer index theorem, to the elliptic operator
3"Z defined on Riemann spaces. For more information see [54] and [42, §XIX.4].

5.2 Thom Index Formula

Theorem 5.2 There exists a construction which produces the L.-character of
combinatorial manifolds.

In the remaining part of this section we refer to [66, §18 and §20] to exhibit this
construction.

Definition 5.1 Let ¥ denote the class of all finite Abelian groups. A homomor-
phism f : A —> B between Abelian groups is called € isomorphism iff both the
kernel and the co-kernel of f belong to the class 4.

Theorem 5.3 Let X be a finite complex which is (k — 1)-connected, 2 < k. If
r < 2k + 1, the Hurewicz homomorphism

(X)) — H-(X,Z) (5.3)

is a € -isomorphism.
In the particular case X = S this result becomes

Theorem 5.4 The Hurewicz homomorphism
7 (85) — H, (S, 2) (5.4)

is a € -isomorphism forr < 2k + 1.

Transversality holds in the combinatorial category.
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Let M" be a combinatorial manifold of dimension n and f : M" —> §"% a
combinatorial map. Let xo be a point in S¥. The mapping f may be assumed to be
transversal to the point xo. This means

1. N¥ := f~!(x) is a closed oriented combinatorial manifold of dimension 4i,

2. N* has a combinatorial normal bundle in M", with total space & and fibres &,,
X € N4i,

3. such that f carries each fibre (&, x) homeomorphically onto (D, xp).

Let gp be a generator of the group H n—4i(gn—4 7) having support in D. Let g N4
be a generator of H 4(N*, 7). Then g N4 U f*(gp) is a fundamental class of M".
One has

(gn4 U f*(gp) )IM™ = (gyni DI N"F1 = Signature (N*); (5.5)

the last equality is a consequence of the Thom isomorphism in the bundle & and the
signature Theorem 1.46.

Definition 5.2 If n < 2k — 1 the set of all homotopy classes of maps f : M" —
Sk is an Abelian group % (M™) called k-th cohomotopy group of M".

A result by Serre says that f > f*(u) is a ¥ isomorphism
T (M") — HY(M", 7). (5.6)

The images f*(u) generate a subgroup of finite index in H¥(M",Z). We take
k = n — 4i so that the inequality n < 2k — 1 holds. The Poincaré duality
implies that .Z; (T (M")) is determined by all pairings < .%; U f*, u, >, where
Un € H"(M",Z) is a generator.

5.3 Thom-Hirzebruch Signature and Index Theorem

The reader is advised to read Hirzebruch’s article “The Signature Theorem:
Reminiscenses and Recreation” published in “Prospects of Mathematics”, Annals
of Mathematics Study Nr. 70, 1971, [14]. It describes the process which led him to
formulate and then prove the generalisation of the Riemann—Roch theorem in the
analytic category. This was a work involving J. P. Serre, K. Kodaira, D. C. Spencer,
R. Thom, J. Milnor. Thom’s results on cobordism [7, 24] played a decisive role.
Hirzebruch’ s formula contains already all ingredients of the Atiyah—Singer index
formula, except the elliptic operators.

Before formulating Hirzebruch’s signature formula we make a short review on
bordism groups in the category of oriented smooth manifolds.

Two closed, oriented smooth manifolds My, M| of dimension n are called
bordant provided there exists a compact, oriented smooth manifold W of dimension
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n + 1 whose boundary is diffeomorphic to M| — My, (— My is the manifold My with
reversed orientation).

Let £2, denote the set of all equivalence classes of bordant manifolds of
dimension n. The disjoint union of oriented manifolds makes §2,, a commutative
group. £2, is called bordism group of order n.

Let £2, be the union, with respect to n, of all bordism groups £2,,.

The direct product of elements of £2, makes §2, a graded commutative ring (the
orientation is responsible for the property [M™] x [N"] = (—1)"" [N"] x [M™]).

Theorem 5.5 (Thom [7, 24]) The groups §2, are finite for n # 4k.
The group 24 is isomorphic to a direct sum

Qu = Finite group ® 270, 5.7

where 1y is the number of distinct partitions of k.
The sum of products of complex projective spaces of even complex dimension

Y. Pi(©) x Pyy(C) x -+ x Py (C) (5.8)
ki +..+k =k

constitute a set of free group generators of 2x ®z Q.
This result produces a group homomorphism
G: 2 ®Q—Q (5.9)
which, on such generators, is given by the formula
G (P, (C) X Py (C) x -+ x Py (C)) := (5.10)
Pk (P2, (©) U piy (Pai, (C)) U piy (Poy, (C)) [M].

For more details on Thom’s theorem, the reader could refer to [19].

Theorem 5.6 (Thom-Hirzebruch Signature Theorem) Let M be a closed,
oriented smooth manifold of dimension 4k.
Then

Sig M = Li(p1, p2,...,pr) [M], (5.11)

where p1, p2, ..., px are the Pontrjagin classes of M and Lyi is an universal
polynomial associated to the power series

Jz

TdM) = tanh /7

(5.12)



5.4 Hirzebruch Index Theorem 247

through Hirzebruch’s splitting procedure (see Definition 1.7).
Definition 5.3 The class Td(M) is called Todd class.

Proof The Poincaré symmetric bilinear form is given by the evaluation of the cup
product of 2k-singular cohomology classes on the fundamental class of M. It is non-
degenerate. The difference between the number of positive squares of this form and
the number of negative squares is signature of the manifold, denoted Sig M.

The signature satisfies the properties

. Sig (My + Ma) = Sig (M) + Sig (M)

. Sig (=My) = — Sig (My)

. Sig (M x Mp) = Sig (My) x Sig (M2)

. if the manifold M* is an oriented boundary, M* = aw*+l then all
Pontrjagin numbers vanish; recall that for any closed oriented manifold M its
Pontrjagin numbers are

AW N =

Pkl(M) U sz(M) U..-u pku(M) [M]a kl + k2 + ... + kl = k.
Properties 1-4 show that the signature defines a homomorphism
Sig: Q24 ®7Q — Q.

The signature homomorphism may be compared with the homomorphism G. To this
aim we use the fact that the toral Pontrjagin class of the complex projective space
is given by

Px(P(C) = (1—c)",

where ¢; € HZ?(Pi(C),Z) is the first Chern class of Px(C), see Milnor [66,
§14.10 and Example 15.6]. These show that the signature homomorphism and the
homomorphism G agree on generators (5.8).

This completes the proof.

5.4 Hirzebruch Index Theorem

Theorem 5.7 (Hirzebruch [32, pg. 155] (The Riemann-Roch Theorem for
Complex Analytic Vector Bundles Over Analytic Manifolds)) Ler V be an
algebraic manifold of dimension n and let W be a complex analytic vector bundle
over V.
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Then the Euler—Poincaré characteristic of the cohomology of V with coefficients
in the sheaf of holomorphic sections in W is given by the formula

I=n

> (=Didim H¥(V, W) =
i=0

n ] ) i=n ] ]

(=Didim H* (v, W) — Z (=Didim H**'(V, W) = Analytic Index 8 =
i=0

(ChW.TdV)[V].

Il
=

(5.13)

Proof The proof is based on the theorems due to A. Borel, K. Kodaira, J.-P. Serre,
D. C. Spencer, R. Thom, presented in Sect. 4.5.

5.5 Grothendieck Index Theorem

In this section we present the statement of the Grothendieck theorem. This section
does not give the proof of it. It gives only the main idea of the proof.

In which follows we present the Grothendieck—Riemann—Roch theorem [16].

The Grothendieck theorem extends the Hirzebruch result.

In this book we use the A. Borel, J.-P. Serre article [21]. For the notions which are
not specified hereby the reader is invited to look at [21, Sects. 1-16]. More detailed
proofs could be found in Ryan [132].

We begin by recalling the notation for f Y fisee [21, §5], c and d.

Definition 5.4 Let f : X — Y be a morphism.

If E is a fibre bundle with base X we define f* : K(X) —> K (Y) as the induced
fibre bundle with base Y, and f, : K(Y) — K(X) as the induced morphism in
K -theory.

By definition K 0 the space of bundles modulo the relation [E] = [E /] + [E],
where

&= 0—>E/—>E—>E"—>0,

where & is an exact sequence.

In this section we modify the definition of K°.

One has a homomorphism K U Ko; therefore, Ko is K O_module.

On the Grothendieck group of coherent sheaves one defines the multiplication
[E1]. [E2]. = [E1] ® [E2].

Definition 5.5 If f : X — Y is a morphism, define

a € Ko(Y), and B € Ko(X) then fif*(e).B = a (fiB).
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Proposition 5.1 If X is non-singular, then the map KX — Kx an isomorphism.
For the proof of this proposition see Hartshorne [71].

Theorem 5.8 (Grothendieck—Riemann-Roch Theorem [16,21]) Let X and Y be
two quasi-projectives, irreducible non-singular algebraic manifolds. Let f : Y —>
X a proper morphism. Let Td( X ), resp. Td( X ), be the Todd class of X, resp. Y,
andlety € K(Y).

Then

f(Chy.TdY) = Ch( fi(y).Td X). (5.14)

The remaining part of this section is devoted to its proof.

Definition 5.6 (K°(X) = Ko(X))
This relation allows to extend the definition of Chern classes to coherent sheaf.
cx represents the Chern class of the coherent sheaf. This is an homogeneous class
of dimension 2k.

Lemma 5.1 Let

z-5 vy L (5.15)

be proper morphisms. Let 7 € K(Z) and y = g'(2).
Then

a. if Riemann—Roch is true pour (g, z) and for (f, y), then itis true for (fg, z)
(5.16)

b. if Riemann—Roch is true pour (£g, z) and for (£, y), and if f, is injective,
then it is true for ( g, 2). (5.17)

This lemma shows that to prove the Riemann—Roch theorem it is enough to verify
it on projections and monomorphisms.

Lemma 5.2 Let

f:Yy—X
and

iy —x
be proper morphisms; let y € K(Y) and y, e K.

Then, if the Riemann—Roch theorem is true for ( f, y) and for ( f,, y/), then it
is true for ( f X f/, ye® y, ).
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Lemma 5.1 shows that it is sufficient to prove the Riemann—Roch theorem in the
following situations:

a.Y = X x P , where P is projective space and f : X x P —> X is the
projection on the first factor.

b. f: Y — X is a monomorphism of ¥ on a closed sub-manifold of X.

According to Lemma 5.2, it follows that

a’. The homomorphism K( X ) ® K( P ) — K( X x P ) is onto.
a”. Ts true for I’application of P onto the point.

This proves that the Hirzebruch—Riemann—Roch is true for P.

Proposition 5.2 Let X be an arbitrary algebraic manifold. Let Y be an affine space
of finite dimension.
Then

K(X)=K(XxY). (5.18)

Proposition 5.3 Let X be an algebraic manifold and P a projective space.
Then the homomorphism

K(X)® K(P) = K(XxP) (5.19)

is surjective.

Proposition 5.4 Let .7 be a coherent sheaf on the projective space P.
Then the Hirzebruch—Riemann—Roch theorem

x (Ch(#).Td(P)) = x(P, %) (5.20)

is true.
4
These take care of a . and a”.

Proposition 5.5 The Riemann—Roch theorem is true for X = Y x P where
i:Y—YxP 5.21)
P is a projective space and i is the application

i(y) = (v,po), yeY, poeP. (5.22)
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We have the commutative diagram

Yy — . X

¢ |7 (5.23)

y — 5 x.

Lemma 5.3 Let G be a vector bundle of rank k on the algebraic variety X.
Then one has

Ch(h_1 G) = Ci(G*).Td(G*)™\. (5.24)

Lemma 5.4 We use the notation of Lemma 5.3.
Then

1. fx(1) = 1; therefore fy f* = 1.

2. gx(cp—1(F)) = 1.

3 f 0 = (g . A1 F*), ye KD

4 21 F* = 0 modulo(1—L*), if p=dimY + 2.

The proof of this lemma will complete the check of the Grothendieck—Riemann—
Roch theorem.

5.6 Atiyah-Singer Index Formula

In this section we combine the first proof of the Atiyah—Singer index formula
[42], (Seminaire Palais, Annals of Mathematics Studies, Princeton, 1965) with
Teleman [83, 84]. The Palais seminaire [42] contains the basic analysis and topology
which enter into the index formula and its indices. One of the basic parts of the
original proof [42] is the cobordism invariance of the analytical index, presented in
Sect. 5.9.1. It requires a delicate analysis of boundary value of elliptic opertators. In
this section we replace the Palais cobordism treatment with another technique, see
Teleman [83, 84], based on the interpretation of elliptic operators as representing X -
homology classes. This technique extends to Lipschitz and topological manifolds,
to be discussed in Sects.5.10 and 5.11.
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5.7 The Theorem

Let D : & — £&; be an elliptic pseudo-differential operator of order k € Z
from the bundle &y to the bundle &y over the manifold M. The following indices
are introduced:

Analytic index of D :=the index of the operator D :=i,(D). (5.25)
Topological index of D := Ch(Symby(D)) UTd(M)[M] :=i;(D). (5.26)

Theorem 5.9 (Atiyah and Singer [S3]) Let M be a closed smooth manifold and
D : &y —> & an elliptic pseudo-differential operator of order k from the bundle &
to the bundle &1 on M.

Then

io(D) = i(D). (5.27)

5.8 Idea of the Proof

Proof The operator D and its indices live on the total space of the co-tangent bundle
T*M. The first step of the proof consists of showing that both indices may be defined
on M. More specifically, one shows that both indices are determined by the K-
theory class of the symbol of the operator; then, by means of the Chern character
one passes to the de Rham cohomology of the total space, and finally, using Thom
isomorphism, one passes to the rational de Rham cohomology of the base space. At
that point we will see that (second step of the proof) if the index formula holds on
twisted signature operators, then it holds on any elliptic operator. We explain next
the first step.

The operator D is determined by its symbol up to compact operators. On the
other hand, two elliptic operators which differ by a compact operator have the same
index. Therefore, the analytical index is determined by the K-theory of the symbol
of the operator.

The topological index is defined in terms of characteristic classes. It depends
only on the stable homotopic class of the symbol. The characteristic classes are
compatible with the equivalence relations which define K-theory. Therefore, the
topological index depends on the K -theory class of the symbol.

Given that both indices take value in the torsion free group Q, there is no loss of
information if we ignore torsion. We know that the rational K -theory is isomorphic
to the rational de Rham cohomology

Ch:KiMxM,MxM — Vy)®Q — (5.28)
Him2(M x M,M x M — Vy,Q) = H{%(M, Q); (5.29)
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the last isomorphism is the Thom isomorphism.
Definition 5.7 The twisted signature operator, or signature operator Dg with
values in vector bundles & over M, is by definition

De = p (D;{/I - D;(,I) p, nterms D;(,I, (5.30)
where the idempotent p € M, (C*°(M)) represents the bundle & and D;(,I is the
signature operator.
Rellich lemma implies that D; produces an operator whose indice depend solely on
the K-theory class of the idempotent p. At the level of K-theory, one has

Ch(D{) = Ch(Dy;) ®c Ch(&). (5.31)

Definition 5.8 Define fa(D;r), f,(D;r), i(¢§) : Ko(M) — Q: for any & €
Ko(M)

1a(§) = ia(D) (5.32)
(&) = i/(Df) (5.33)
i(§) = ia (€) —ir (€). (5.34)

Proof We do not know (yet) a more explicit expression of the analytical index. We
know, however, that i(§) depends solely on the K O_cohomology class of the bundle
&. The bundles & may be used to produce twisted signature operators D; s
sufficient to prove the next lemma.

Lemma 5.5 Suppose dim M = even. At the level of sets

{Ch (D) | forall & € K°(M)®Q} = {Ch (£) | for all £ € K'(M) ® Q).
(5.35)

To prove the lemma it is sufficient to know the Chern character of D; . One has, see
[42, Pg. 224]

Ch D;(,[ =2" — x, xe H ' ONT* Q), m = dimM/2 = 1.

comp

1 =)+ x4+ -+ x™ =1-x"" =1,

it follows that ChD;I is a unit in de Rham cohomology Hjj, wmp(T*(M), Q).

Given that Ch (D;) = Ch (D};) ®q Ch ([£)), its image in HS% compM, Q),
through the Thom isomorphism is also a unit. Therefore, the set of the Chern
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characters of all elements [£§] € K ?om » (M) ® Q exhausts the even rational co-

homology. As the Chern character establishes an isomorphism with the even rational
co-homology of M, we have proved the next proposition.

Proposition 5.6 Suppose we ignore torsion. The knowledge of the homomorphism
i on twisted signature operators determines i on any elliptic operator.

The section below provides the second step of the proof of Atiyah—Singer index
formula.

5.9 The Atiyah-Singer Index Formula Holds on Twisted
Signature Operators

Theorem 5.10 The Atiyah—Singer index formula Theorem 5.9 holds for twisted
signature operators.
Therefore, Theorem 5.9 holds for all elliptic operators.

5.9.1 Cobordism Invariance of the Analytical Index

The next material was extracted, with permission, from [83].

Theorem 5.11 Suppose M? is the boundary of a smooth oriented compact man-
ifold W3+, Suppose the complex vector bundle &, over the base M2, is the
restriction of a complex vector bundle & over W1,

Then the analytic index of the twisted elliptic operator D; vanishes:

ia(Dg) = 0. (5.36)

Remark 5.1 The reader will notice that this proof is homological in nature; it uses
exclusively the underlying Lipschitz structure. For this reason, this material will be
used in the next section (Sect. 5.10) regarding Lipschitz manifolds.

We choose a smooth Riemannian metric on M. We work with the de Rham
cohomology.

In the quasi-conformal/Lipschitz case the L;-cohomology replaces de Rham
cohomology: see Teleman [83], Donaldson and Sullivan [92] and Connes et
al. [101].
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5.9.2 Hodge Theory and the Analytic Index of Twisted
Signature Operators

We assume M is oriented and closed. Under these conditions we have Hodge theory
(Sect. 1.9.2, Theorem 1.35), and signature operators, see Sect. 1.10.5, Theorem 1.46.

The next theorem is the main result of this section: it extends Theorem 1.46 to
twisted signature operators.

Definition 5.9 The Thom genus is the characteristic class obtained through the
Hirzebruch genus procedure (Sect. 1.11) applied onto the power series

20 = V2 (5.37)

Theorem 5.12 Let M be a closed, oriented, smooth manifold of dimension 21 and
& a smooth vector bundle over M.
Then

ia(Df) = Z(M)[M] (5.38)

where £ (M) is the Thom genus.

5.9.3 Excision for Twisted Signature Operators

The data defining twisted signature operators is local. Elliptic operators define K-
theory homology classes (Sect. 1.11); their elements are defined locally. Based on
these two facts we will think of twisted signature operators as leaving, locally, the
same kind of information as simplicial homology classes do leave on the space. The
treatment below realises this idea.

Definition 5.10 Let M be a Riemannian, oriented, closed smooth manifold. Let
M, M, be closed, oriented Riemannian, smooth manifolds of dimension 2/. Let
&, &, resp. &, be complex vector bundles over M, M, resp. M, endowed with
Hermitian connections I", I, resp. 1.

Suppose iy : (M, ') —> (M, I'y), ¢ =1, 2, are smooth, isometric embeddings,
compatible with the Hermitian connections.

Under these conditions we will say that the triples (Mg, Iy, M), o = 1, 2, are
excisive.

The next lemma contains the basic analytic information related to exclusivity .

Lemma 5.6 Let (My, Iy, M), o = 1,2, be two excisive triples, where Iy is a
Hermitian bundle over My, a = 1, 2.
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Then, one has the continuous family, depending on the parameter t € [0, 7 /2],
of Fredholm operators

Dg_ 0 + * + %
2
with
fu = @2 cost + Y2
8o = (pé sint,
and
Qo = SiN Ay (5.40)
Yo = COS Ay (5.41)

where Ay is a smooth function with the properties

Aot My —> [0, /2] (5.42)

A is identically Oon M, — U. (5.43)

Proof We construct two smooth functions A, satisfying the conditions of the
lemma.
For the proof of the formula (5.39) see [83, §12].

Theorem 5.13 (Teleman [83, Theorem 12.1, Pg. 66]) Let My, « = 1,2,
be closed, oriented smooth Riemannian manifolds with metrics Iy. Let &y, 0y be
smooth vector bundles over M, with Hermitian connections Vg, V(;.

Suppose U is an open sub-manifold in M| and M» and that V. C U is an open
subset with V.C U.

These pairs are required to satisfy the following hypotheses:

1. {(V1, 1), (V2, I3), U} is an excisive triple with identifying isomorphism

A
£ 11U 2 & | U;

2. {(V;, 1), (Vé, I3), U} is an excisive triple with identifying isomorphism

/

Ay
0 |U—= 6,]|U,;

3. {(Vq, Iy), (V(/x, Iy), My— ‘_/} is an excisive triple with identifying isomorphism

b | My — V) =5 0y | (Mg — V)
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4. the identifying isomorphisms are compatible, i.e. the diagram

g1U-V) 2 5 U-T)

l 5 lzz (5.44)

/

_ A _
011 (U—-V) —25 6, | (U-V)

is commutative.

Then
ia(Dg) — ia(Dg) = ia(Dy) — ia(Dy). (5.45)

(Compare with the Excision Axiom of Atiyah and Singer [53]).

Proof We use Lemma 5.6 three times, two times with respect to the excisive triples
(1) ed (2), {(V1, I), (Va, I%), U}, tesp. {(Vy, I1), (V,, I»), U}, and once more
with respect to the excisive triple (3) {(V1, I'), (Vé, ), U—V).

As a result of this procedure we obtain an invertible scalar Fredholm operator;
its analytical index, clearly, vanishes. This property derives from the formula (5.39);
the scalar part derives from the scalar part of the formula (5.39).

See [83] for more details.

5.9.4 Cobordism Invariance

Definition 5.11

1. Let M f, M"), be two smooth, closed, oriented manifolds of dimension n. The
two manifolds are called orientation cobordant provided there exists a smooth,
oriented, closed manifold W"t! of dimension n + 1, such that the oriented
boundary of W”*! consists of M{ and M.

Denote by Q,,D i/1 the Abelian group of all diffeomorphic classes of smooth,
oriented closed cobordant manifolds of dimension n and 2P/ = > .
The sum in 2P/ is given by disjoint union; the opposite is given by changing
the orientation.

P17 is a ring. The product in 2P/ is given by the direct product.

2. Suppose W"*! establishes an oriented cobordism between the manifolds My,
M. Let £ be a complex vector bundle over Wt and let &, resp. &, be its
restriction over M1, resp. M. Let &1, resp. &, be the restriction of & to M7, resp.
M3 . Then the bundles &1, & are called orientation cobordant.
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Denote by .Q,,D iff ( BGL ) the group of all orientation cobordant complex
smooth bundles over M € .Q,,D i1 and

QPII(BGL) = Y 27" (BGL). (5.46)
neNU0

Theorem 5.14 (Thom [24]) 2P/ @ Q is a free Abelian ring generated by
complex projective spaces of even complex dimension.

We state the next result even if it is not necessary for the proof of the Atiyah—Singer
index formula.

Theorem 5.15 (Wall [27]) Two smooth manifolds are oriented cobordant if and
only if they have the same Pontrjagin and Stieffel-Whitney classes.

For the proof of the Atiyah—Singer index formula for twisted signature operators
we need to know when two bundles are cobordant. Given that any vector bundle is
classified by the homotopy class of a mapping into BGL, the next result gives the
answer.

Theorem 5.16 The Abelian group 2P/ (BGL ) ® Q is generated by

1. products of even dimensional complex projective spaces

2n,~1

Pc

2n,~2

2ni), .
x Pg X P(Cn’ , parbitrary, (5.47)

2. products of generators of K°(S°") over even dimensional spheres.

5.9.5 The Analytic and Topological Indexes of Twisted
Signature Operators

Theorem 5.17 The analytical index iy and the topological index iy have the
properties

1. they are additive with respect to direct sums of operators.
2. they are multiplicative with respect to direct products of operators.
3. they are cobordism invariant.

Proof For (1) and (2) see [42, Theorem 4, Ch. XV].
Theorem 5.18 below states (3).

Definition 5.12 Let M" be a C AT-manifold (CAT = smooth or Lipschitz). Let
i: 8P x B"™P — M be a CAT-embedding.
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Then i defines an elementary surgery through the following construction:
Consider the manifold M" x [0, 1] to which the handle BPT! x B"~P is added
at the level M" x {1}

Wt = M" x [0,1]1U; BPT! x B"P. (5.48)

The manifold (M" — i (SP x B"P)) U (BP*! x §"~P) is said to be obtained from
the manifold M" through the surgery i.

Theorem 5.18 Let W2+ be a smooth, oriented closed manifold with boundary
M1 U M (disjoint union). Let & be a complex bundle over W?' ! whose restrictions
to My, resp. Ma, are &1, resp. &. Let I' be a Hermitian metric in & whose restrictions
to &1, resp. &, are I, resp. 1.

Then

fa(D;) = f,(D;Z). (5.49)

Proof The cobordism W21 may be decomposed in elementary surgeries, see [64].

We are going to prove that elementary surgery does not modify analytical indices.
Consider then an elementary cobordism 5.12 and a Hermitian bundle & over W”*!
of rank N. Let

M, = M" x {0} (5.50)
Ms := (M" —i(SP x B""P)) U (BP*! x §"P). (5.51)

On M; we consider the bundles

& = restriction of & at MY (5.52)
& = product bundle of Rank N over M. (5.53)

On M, we consider the bundles

01 = restriction of & at My (5.54)
6, = product bundle of Rank N over Mj. (5.55)

The restriction of the bundle & at the sub-space i (S” x B"~?) is trivial because this
sub-space is part of the contractible sub-space i (S” x B"~?)UBP*! x B"~7. We may
choose a trivialisation of it. This shows that the triples (M7, &1, I'1), (M, &1, I'1)
are excisive. This observation realises the condition (1) of Theorem 5.13.

We proceed in the same manner with the triples (Mf, &, I); this realises the
condition (2) of Theorem 5.13.

The condition (3) of the Theorem 5.13 is provided by the set V =i (S x B"77)
which is present both in M{ and M7 . Therefore, Eq. (5.45) holds.
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But
ia(Dg;) = Signature(M7) . Rank 6 (5.56)
ia(D;;) = Signature(M}) . Rank 0,. (5.57)

The two manifolds M|, M7 are cobordant. Therefore they have the same signature,
see Sect. 1.8.2. Equation (5.45) implies then i, (Dgl) = ia(D;;).

It is not difficult to see that the topological index behaves correctly with respect
to direct sums, direct products and cobordisms; see Chap. 1 and [42].

5.9.6 Excisive Triples

Definition 5.13 Let M,, « = 1, 2, be two smooth manifolds. Let U, V be two
open sub-manifolds in My; U C M, and Vcu.

Let ¢ and 6 be complex vector bundles on My, = 0, 1.

We suppose also that

(¢ | U ) be an excisive triple with identifying isomorphism (5.58)
A

@lU) = (@|U) (5.59)

(6 | U ) be an excisive triple with identifying isomorphism (5.60)

©1U)23 (61U). (5.61)

Suppose the next diagram is commutative

o | (M — V) 25 0 | (Mo — V). (5.62)

Suppose also the next diagram is commutative

o | (U=V) 2% | (U=V)
lzl lzz . (5.63)

o1(U—V) 2 0 (U-T)
Then the two structures are called excisive triples.
Compare it with Excision Axiom of Atiyah and Singer [53].
Theorem 5.19 Suppose all preceding hypotheses of the excessive triples are in

place. Then

+ _ +
Index le = Index Dm. (5.64)
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Proof The theorem follows from the following relation:

Index D;rl — Index D;“z = Index Dg: — Index Dg; =

(5.65)
Rank 01 . Sig My — Rank 6, . Sig M, = 0.
Proof Let J, be connections in the two bundles. We are going to show that
Index [ (Dy,, Jp;) — (Dgy, Jp) 1 — (5.66)

[ (Do, Jo,) 1 — [(Dg,, Jo,) 1 = 0.
Finally in order to prove these relations we shall perform homotopies of the
operators in the two brackets and ultimately a homotopy of their difference.
Let
o, v: My —[0,1], =1, ;2 (5.67)
be two smooth functions with the property
Supp ¢1(x) = Supp ¥2(x) foranyx e U. (5.68)
We assume alsox € U
Pa(x) = Ya(x). (5.69)

Such functions satisfy

anyx € My, ¢*(x) + ¢?() = 1, Supp g C (Mo —V), a = 1,2.

(5.70)
Such functions may be constructed as follows: Let
- b4
A:U—>[O,2] (5.71)
be a smooth function with the property
- b4
AloU = 0, and A|V=2. (5.72)

Let A be a smooth function obtained by extending by zero on M, — U . We geta
smooth function Ay, ¢ = 1, 2.

Qo = Sin A (5.73)
Yo = cos A, a=1, 2. (5.74)
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These functions have the required properties.

First Step—Here we deal with the first bracket of (5.66). We split out D, and
Dy, by means of the functions ¢ and ¥, in a sum of two operators, one with support
in U and the other with support in M, — V. We will focus on the operators Dy, .
Consider the case with

My = My, @1 = Y. (5.75)

Dy, 0 _
0 —-D,/)

It follows that

(5.76)
(cm Dy, g1 0 ) n (wl Dy Y1 0 )
0 —¢2 Dy, ¢ 0 —v2 Dy, VY2
We have the homotopy
@1 Dy, cost —Aqp (p% sint Y1 Dy, Y1 0
A (@1,2) = < . +
tLOL @ Asg (p% sint ¢ Dy, ¢ cos t 0 Y2 Dy, Y2
5.77)
t [0, ], (5.78)
2
where
A (‘Plaéz) : H§1 @ Hfz — Hsl @ HSZ (579)

It is not difficult to see that A; (@1, @2, Jo @ — Jy, ) satisfies the conditions

J OD[ = _Dt o J (580)
D* = —D. (5.81)

This leads us to a 4 x 4-matrix. We have

(5.82)

L1 L
A ) = ( 1 12)

Ly Ly
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where we have the relations

L1y = (@1 Dy, @1 cost + Y1 Dy, Y1) — ¢f @3 sin’ t

Lip = — (@1 Dy, @1 cost + i Dy, Y1) Agp go% sint +
A1z 93 sint (92 Dy, 2 cos t + Y2 Dy, ¥2) 589
Loy = Ay ¢f sint( @1 Dy, @1 cost + Yy Dy, Y1) —
(2 Dy, @2 cos t + V2 D g, ¥2) Aoy ¢ sin t
Ly = (92 Dy, 92 cos t + Y2 Dy, ¥2) = 7 93 sin” 1.
We have got the matrix
(<,012 cost + wlz) Df)l - <p12 (p% sin® t 0
0 ((p% cost + 1//22)2 Dy, — go% go% sin?t]’
(5.84)
Let
fu = @Xcost + 2 (5.85)
o = @2 sint, a=1,2. (5.86)
It is not difficult to see that for any x € U we have
p1(x) = ¢2(x) (5.87)

1) Y1(x) = @1(x) Y1(x) = @2(x0) Y1(x) = @a(x) Y2(x). (5.88)

We also note that the matrix (5.84) is

<( Dy, f1)*( Dy, f1) + &7 &1 0 ) (5.89)
0 ( Dy, f2)* (Dy, f2) + & &2

This leads us to the relation
Index D;“l — Index D;rz = Index (szr (o1, 2) Jo @ — Jp, ), (5.90)
where

Iﬂl D(p] ]/fl _A12 §0§> (591)

Ax(@1, o) = (
AR A2197  YaDg .
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Second Step—We deal here with the second bracket in the same way. We get
Index DT — Index D;‘ = Index Ag 61,02), Jo, ® —Jp,). (5.92)

Here we have

242
az@no = (MR e ) (599)
Ay 07 —$2Dg, V2

Third Step—We pass now to the proof of Theorem 5.18. For this we consider the
homotopy operator

A1, A1z, A3, Ay
Aoy, A, Az, Aoy (5:94)
A31, Az, A33, Azq
Aq1, Agz, Agz, Auq

where we have

A1l = Y1 Dy, Yy cos t
Ap = —Ap @3
Az = —A;l 1//12 sin t
Ay =0
Ayl = Ay </)%

Az = Y2 Dy, Y cos t
Ay =0
Ay = —A;' Y3 sint

(5.95)
Azl = Ay 1/;12 sin t
Az =0
A3z = —r1 Dy, Y1 cos t
Ay = A 03
Agq1 =0
Ay = Ay Y3 sint
Ay = =4y 9]
Agq = Yrp Do, Y2 cos t
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This maps Hy, & H,, ® Hp, ® Hp, into itself for ¢ € [0, 7 ]. Notice that this homotopy
acts effectively Hy,, @ Hp, and on H,, ® Hy, .

We verify now that A;( ¢1, ¢2, 01, 62 ) is a Fredholm operator—see Appendix
of [83]. We have

A( @1, ¢2,61,62) =

Fredholm oper. 0 0 0
0 Fredholm oper. 0 0
0 0 Fredholm oper. 0
0 0 0 Fredholm oper.
(5.96)
We have
A(p1,92,01,02) o (Jg @ —Je, ® —J;; © J,) = (5.97)
~(Uey ® —Je, ® —Je, ® Jgy) © A6, £2,01,62). '
We have
Index( Az (@1, ¢2,01,02), Jo ® —Jg, ® Jp & —Jp,) = 0. (5.98)
Then proves the relation.
This proposition implies
A7 (81,62,01,02) = (5.99)
0 —(Agd)" ~(Zuyd* 0
2 _y—ly2
Aunep 0 0 =2 V3 (5.100)
2 0 0 Al2 @5
0 (T —(Ape)* 0
The operator A anti-commutes with the operator
J =Joy © —Jy, @ —Jg © Jp,. (5.101)
To prove this it to show
(Jgp)* = Ty (Jg)* = Jg,, a=1,2, (5.102)

see together with the commutation relation, leads us to

An @7 Jgy = Jgy A2l 9} (5.103)
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A3 Jo, = Jo, Ay 93 (5.104)
Syt Je = Jo, S1 Y7 (5.105)
23 dey = Ty 2503 (5.106)

We take into account the commutation relations, after considering the next equa-
tions, we get

(D) g (A2197)* = (AneD)*Jy, (5.107)
Joy (A1) = (A0 Jg, (5.108)
(1) T (219D = (Z197)* T, (5.109)
Jo (A7) = (A7 ¥ DD) . (5.110)

Considering the equation tells us

Index (Ag (@1, =2, —01,602)) = Index (A, Jyp, ® —Jp, ® —Jg, © Jp,).
(5.111)

The operator A is skew-adjoint and hence
Index(A,J) = dim KertA — dim Ker™ A. (5.112)
We show now that Ker A = 0 ; then, a fortiori, it follows that (A, J) = 0. This

formula implies the next relations.
We take care now of ( x1, x2, y1,y2) € Ker A.

Angixi — T3 v = 0 (5.113)
Sl x + Apgsya = 0 (5.114)
—(AneD)* x2 — (DY y1 = 0 (5.115)
(23 — (Aed)y =0, (5.116)

Now we solve the systems (I) and (II).
To solve the system (I), we multiply the first equation by Ajz (p% and the

second equation by X ! wlz. These will eliminate y,. This works because the
commutativity of A and X is equivalent to the relation

(A ed) (=79 = (=71 v (A}, ¢d). (5.117)

x1 has to satisfy the equation

[(A12 93) (A21 ¢D) + (27 v (Ziydlx =0. (5.118)
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This implies x; = 0 (recall (5.70))

To solve the system (II) we use the same procedure, being aware of the extra
complication due to the presence of the adjoints.

To proceed, we multiply the first equation (II) by (X ! wlz) and the second by
( A%lgo% )*. The equality

(Z79D)" (Al )™ = (Ayel)™ (5;'93)* (5.119)
allows us to eliminate x;. Then y; has to belong to the kernel of the operator
T YD E YD + Ay 9D (A 93 (5.120)

which turn us to invertible; therefore y; = 0.

This formula follows from the commutativity of the diagram by passing to
adjoints. The operator is invertible because its adjoints are invertible.

To eliminate y; we multiply the first equation (II) by (A 12(/)% )* and the second
by ( 2> wzz )*; invoking the same kind of arguments, we get x, = 0.

The techniques presented in this chapter are valid also in the next section devoted
to the Lipschitz manifolds.

5.10 Teleman Index Formula: The Index Formula Is a
Topological Statement

In the proceeding section we presented a proof of the Atiyah—Singer index formula.
The proof we have presented used Palais [42] and Teleman [83]. That proof uses
very little analytical structure. It is valid on Lipschitz manifolds as well as on
any manifold structure which is a specialisation of the Lipschitz structure. For this
reason we present here solely those topics which need a specific Lipschitz treatment.
These are: (1) La-cohomology, (2) Hodge theory, (3) K-homology; see Teleman
[83, 84].

5.11 Teleman Index Formula on Lipschitz Manifolds

5.11.1 Riemannian Structures: Ly-Cohomology

Definition 5.14 (Riemannian Metrics) Let M" be a Lipschitz manifold. Cover
M" with a set of relatively compact local charts ¢y : Uy —> Vy, Uy C R”,
Vo C M, a el
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On each set U, we choose a measurable Riemannian metric g,. We choose two
constants 0 < k < K such that

kgo<gys<Kgy, anyacl,

where go is the standard Euclidean metric. We transfer the Riemannian metrics
8o onto M" through the coordinate charts ¢y. The metric g, induces onto the set
of smooth manifolds with differential forms £2¥(U,) that have relatively compact
supports, the norm

2
Nl =f O Aa K0,
o

where the star operator *,, is associated to the Riemannian metric g .
The norms || — || are transferred into M”" by declaring each of the ¢, to be an
isometry. For any w = {¢; lwy} we declare

2 2
ol = Y llwll

ael
The metric g = {t¢.«(8a)}aer Will be called Lipschitz Riemannian metric on
M".
Definition 5.15 The completion of the space of flat i -differential forms with respect
to the norms || — ||y~ will be called the space of L,-differential forms, denoted
LE(M™).
2

Theorem 5.20 (Whitney) Let f be Lipschitz function defined on U C R".
Then the partial derivatives df/0x" exist almost everywhere and belong to the
space Loo(U).

Definition 5.16 Let M be a Lipschitz manifold. Then Td (M) is called Todd genus
of M.

Proposition 5.7 The spaces L>(M") are Hilbert spaces, the Hilbert space norms
corresponding to two choices of the local measurable Riemannian metrics g4 are
equivalent.

Although on a Lipschitz manifold there are no smooth differential forms, we may
however consider such forms on any local coordinate chart V,.

Definition 5.17 Let o € 27 be a p-differential form with measurable components
with respect to the local coordinates in V. The differential form with measurable
components d o € $2PT! is called the distributional exterior derivative of o
provided the do satisfies the relation

/a/\d(pz (—1)p+1/ do AN @
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for any smooth differential form ¢ € 2"77 “1(vy).

Definition 5.18 Let o € £27(Vy) be a differential form with bounded coefficients
with the property that the distributional exterior differential do has bounded
components.

Then, the differential form o is called a flat form, see [20],

Definition 5.19 A flat form on M" is by definition a form which satisfies the
condition of the Definition 5.19 locally, for any « € 1.

Flat forms may, in fact, be defined on any simplicial complex.

Theorem 5.21 (Whitney [20]) The homology of the co-homology complex of flat
forms is isomorphic to the real simplicial co-homology of the simplicial space.

The proof is based on the generalised de Rham theorem.

Proposition 5.8 Flat p-forms are dense in Lg(M”).
The Hilbert space Lg(M”) is the completion of the space of p-flat forms.

Proof See [83].

Theorem 5.22 The inclusion of the co-homology complex of flat differential forms
into the co-homology complex {L3, d } induces an isomorphism in co-homology.

The proof is based on the comparison of the spectral sequences associated with both
complexes.

5.11.2 Strong and Weak Convergence: The Space Wlp

Definition 5.20 Let a, be a sequence in Lg (M"); suppose lim,_, ooy =
a € LY(M™). Suppose there exists an element da € Lg“(M”) such that
limy—ood ay = da € LY (M),

We will say that da € Lg—H (M") is the strong limit of the sequence {a, },en and
we will write

limyooan = a € LY(M"), lim}_ da, = da¢€ Lg’“(M"). (5.121)

On the other hand, suppose {a,} is a sequence in Lg (M"™) with limy,_, sa, = a.
Suppose there exists da € Lg i (M™) such that

limnﬁoo/ andp = (—1PH! lim/ da A @
n n—>oo Jy.

for any ¢ € L;_p_l(M").
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Then we will say that da € Lg“ (M") is the week limit of the sequence {a,},eN-
We will write lim,_.o0an, = a,lim}_, . da, = da.andlim® =lim" = lim.
Proposition 5.9 The sequence {da,}neN € Lg Jrl(M ™) converges strongly to da €
Lg—H (M™) if and only if {da, }nen converges weekly to da.

Definition 5.21 By definition W/ := {a € LY(M") with da € Lg“(M") and dx
ae L P (mmy).

Definition 5.22 We introduce on Wlp the norm
llall = llall* + [|dal|* + ||d * al|*.

Proposition 5.10 { Wf), [l = 1l1 } is a Hilbert space.

The spaces Wlp are the Lipschitz analogue of the Sobolev spaces H.

5.11.3 Rellich Lemma on Lipschitz Manifolds

Theorem 5.23 The continuous inclusion { WP, || —||1 } — { LY, || = || } is
compact.

The statement is local; it may be verified on coordinate charts. The proof is based
on two facts.

1. For any Lipschitz Riemannian metric g, the ranges of the operators d and dx
remain transversal, as in the case of the corresponding ranges associated to the
standard Euclidean metric. This allows to reduce the problem to the Euclidean
metric case.

2. In the case of the Euclidean case, the Fourier transform .# applied onto exact
differentials do controls the radial component of %o on the other hand, .#
applied onto d * o controls the transversal component of Fo.

5.11.4 Lipschitz Hodge Theory: The Signature Operator

For this section see Teleman [77, 78, 83].

Definition 5.23 Any differential form & € Wf7 having the properties (i) dh = 0,
(i1) d * h = 01is called a harmonic form.
Let 5#P denote the space of harmonic forms of degree p.
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Theorem 5.24 (Lipschitz Hodge Theorem [78, 83])

1. The space of harmonic forms F€P is finite dimensional. It is isomorphic to the
real simplicial cohomology of the Lipschitz manifold.
2. The ranges of the operators d and d= acting on Wlp are closed.

3. The sub-spaces 7P, dWlpfl, d* Wlnferl are mutually orthogonal. One has the
orthogonal decomposition

Wl = P @dw! " @dxw TP (5.122)

5.11.5 The Index of Twisted Signature Operators Is a Lipschitz
Invariant

The signature operators DT and twisted signature operators D7 are defined as
in the smooth case, see Sect. 1.13. Here we mention solely the specific Lipschitz
phenomena.

5.11.6 The Analytic Index of D;’ Is a Lipschitz Invariant

The twisted signature operator Dgr depends on the choice of the idempotent p which
represents the bundle £. The Lipschitz Rellich Lemma (Theorem 5.23) shows that
modifying the idempotent p does modify the operator Dgr by adding a compact
operator. This change does not modify the analytical index.

The Lipschitz Rellich lemma (Theorem 5.23) shows also that modifying the
Hermitian metric I in the bundle & does modify the Fredholm operator by adding
a compact term; this modification preserves the analytical index.

In the smooth case a change of the smooth Riemannian metric does not
change the Sobolev spaces Hj. In the Lipschitz case, the change of the Lipschitz
Riemannian metric does modify the spaces W} .

Theorem 5.25 The analytical index of the twisted signature operator D; is
independent of the Lipschitz Riemannian metric.

Proof We show that the analytical index does not change if the Lipschitz Rieman-
nian metric is modified on a small subset V of the manifold. We may assume that
V is contractible and hence that the bundle & is trivial over V. Theorem 5.13 of
Sect.5.9 holds in the Lipschitz category. We apply this theorem by making the
following choices:

1. Mi=My=M
2. & =& =&, bothbundles trivial over V, with the same Hermitian metric
3. 61 = 0, = product bundles.
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One has
ia(Dg) = ia(Dg)) = (Signature M).(Rank 6y), o« =1,2. (5.123)

Theorem 5.13 implies i, (D;1 ) does not change if the Lipschitz Riemannian metric
is modified.

5.11.7 The Index Formula Is a Topological Statement

At this point we know that the analytical index of twisted signature operators is
a Lipschitz invariant. Moreover, the next result shows that the analytical index of
twisted elliptic operators is a topological invariant.

Theorem 5.26 (Sullivan [75]) For any closed even dimensional topological man-
ifold M" of dimension n # 4 there exists a unique Lipschitz, resp. quasi-conformal,
structure, isotopic to the identity.

The topological index of signature operators remains invariant under Lipschitz/quasi-
conformal homeomorphisms. The isometry to the identity keeps the equivalence
class of any bundle unchanged. Therefore, the topological index of twisted signature
operators is a topological invariant.

It remains only to show that the analytical index and the topological index
of twisted signature operators agree. This will follow from the following four
theorems:

Theorem 5.27 (Kirby and Siebenmann [56, Essay III, Theorem 2.1]) For any
compact topological manifold W of dimension m 4+ 1 < 6 and for any clean
m + 1-sub-manifold Wy C W there exists a handlebody decomposition, i.e. a finite
filtration

WoCWiC...W, =W (5.124)

by closed clean m—+1-sub-manifolds such that if Hy1 denotes the closure of Wiy1—
Wk, then,

(Hpy1, Hir 0 We) (5.125)
is homeomorphic to (B?,0B?) x BY, p + q = n + 1. Here B? is the closed p-
dimensional unit disc.

Theorem 5.18 and its proof hold in the Lipschitz category. We have then the
following result:

Theorem 5.28 The analytical index of twisted signature operators is invariant
under cobordisms.
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Theorem 5.29 (Kirby and Siebenmann [56, Annex C, Proposition 10.3]) The
rational oriented smooth cobordism group of the classifying space of complex vector
bundles and the rational oriented topological cobordism group of the classifying
space of complex vector bundles are isomorphic

2P BGL) @ Q = 257°PBGL) ® Q, see [42] Ch. XVIII.  (5.126)

Given that both indices are invariant under topological cobordisms, Theorem 5.29
allows us to compare the two indices in the smooth category. The Atiyah—Singer
index theorem in the smooth category states that the two indices agree. We have
proved the following result:

Theorem 5.30 The analytic index and the topological index of twisted signature
operators on even dimensional Lipschitz manifolds are equal.

This completes the proof of the index formula for twisted signature operators on
Lipschitz manifolds of even dimension.

We intend to extend the index formula to a larger class of Fredholm operators on
Lipschitz manifolds. This will be discussed in the section below.

5.11.8 Teleman Index Formula on Topological Manifolds

The elements of the Ko-homology, in the smooth category, contain as cycles all
elliptic pseudo-differential elliptic operators of order zero. We intend to extend the
index formula from twisted elliptic operators on Lipschitz manifolds to cycles in
Ko, see Sect.2.8. This may be done, but there is a difficulty. The Kasparov K-
homology is defined over finitely generated Banach algebras. Unfortunately, the
algebra of Lipschitz functions on a Lipschitz manifold is not finitely generated. The
solution [84] consists of replacing the algebra of Lipschitz functions on the manifold
M with the finitely generated Banach algebra CH(U(M)) of functions of class C!
defined on a tubular neighbourhood U (M), of the embedding of M into some RV,
see [59, Corollary 4.6]; see also [102]. This leads us to the next result.

Theorem 5.31 ([84]) For any compact Lipschitz manifold of even dimension one
has

1. K.(CY(U(M)) is isomorphic to K.(CO(M)).

2. K. (CY(UM)) contains twisted signature operators as cycles.

3. The index formula holds for K.(C'(UM)); itis a topological statement.

4. If M were a smooth manifold, K.(C'(U(M)) would contain as cycles all elliptic
pseudo-differential operators.



Chapter 6 )
Index Theorems in Non-commutative Check for
Geometry

Abstract The index formula on topological manifolds may not be expressed by de
Rham-type forms, because this leads to making products of distributions which in
classical geometry may not be performed. The solution to this problem consists
of replacing the de Rham forms by quasi-local objects, i.e. objects living on a
neighbourhood of the diagonal in the different powers of the space. This may be
done in non-commutative geometry; one obtains the local index theorem of Connes,
Moscovici. In the specific case of topological manifolds, this leads to the Connes,
Hilsum, Sullivan, Teleman index formulae.

6.1 Connes Moscovici Local Index Theorem

The local Index Theorem presented in this section is [96, Theorem (3.9) Pg. 368].
A generalisation of this result is presented in [103].

The reader should realise that the adjective local is used with two different
meanings in this book. On the one hand, the Connes—Moscovici local index
theorem [96] is based on the following construction: (1) inside classical algebraic
K;-theory, (2) of an almost idempotent R(A) associated with an elliptic pseudo-
differential operator A, (3) the index theorem is extracted by pairing R(A) with
skew symmetric Alexander—Spanier cohomology classes. The result uses cyclic
homology of idempotents. Skew symmetry allows to apply the Connes-Karoubi-
Chern character onto the almost idempotent R(A). The Connes, Moscovici theorem
produces the components of the Thom—Hirzebruch character, one at a time, one for
each Alexander—Spanier class.

On the other hand, see Sect.7.2.4, we produce a localised homology theory
involving (1) a local algebraic Til”"-theory; (2) the definition of a Chern character of
almost idempotents, involving the replacement of the basic algebra with separable
algebras; and (3) The obtained information is treated inside the periodic cyclic
homology (Sect. 3.45).

The index theorem we obtain produces the whole Thom—Hirzebruch character.

These ideas lead in Parts IV and V to further extensions of classical results.

© Springer Nature Switzerland AG 2019 275
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The Connes—Moscovici local index theorem will be discussed in Sect. 6.1. The
next discussion touches Chern character of almost idempotents, the Chern character
of almost idempotents. The local periodic cyclic homology will be treated in
Sect. 7.2. The local algebraic T!°°-theory will make the object of Sect. 7.3.2.

Let A : Ly(E) — L»(F) be an elliptic pseudo-differential operator of order
zero from the vector bundle E to the vector bundle F on the compact smooth
manifold M. Let o), (A) = abeits principal symbol. This symbol is a continuous
isomorphism from the bundle 7*FE to the bundle #*F over the unit co-sphere
bundle S(T*M), where 7 is the co-tangent bundle projection. Let B be a pseudo-
differential parametrix for the operator A; its principal symbol is 6, (B) = al.
The operators A and B may be supposed to have small supports about the diagonal
in M x M. The corresponding operators So = 1 — BAand S = 1 — AB may
be supposed to be smoothing operators. Their distributional support is concentrated
on an arbitrarily small neighbourhood of the diagonal.

Onto the operators A, B, Sp, S1, one applies the construction of the connecting
operator d, Definition 7.6.

The smoothing residue operator

6.1)

2
R pop o (S0 08)

S1A =82

is a difference of idempotents (of the space Lo(E) @ Ly(F)) with small support
about the diagonal. The operator R is a trace class operator. Additionally, it belongs
to the space )y of compact operators on Ly(M). This leads to the ring exact
sequence

00— Hy - Ly — CS*M) — 0, (6.2)

where .Z) is the norm closure in the algebra of bounded operators of the algebra of
pseudo-differential operators of order zero and C (S* M) is the algebra of continuous
functions on the unit co-sphere bundle to M.

After embedding the bundles E and F into the trivial bundle of rank N, the
operators L, P, Py, resp. R, may be seen as elements of the matrix rings My (L),
resp. My (“Zu);

d1([a]) = [P] — [P2] € K*(Hn). (6.3)

Definition 6.1 R(xo, x1) be the distributional kernel of the residue operator R. This
is a smooth function on M x M with small support about the diagonal.

Definition 6.2 Let Ag, Ay, ..., A, be linear operators on M and let A;(x, y) be
their distributional kernels; suppose at least one operator A; is trace class. Let ¢ €
C1(M) be a (local) Alexander—Spanier chain. Define the distribution on M g+l

T(Ag, A1, ..., Ay)(P) = (—1)4 ,/Mq+1 trace Ag(xog, xg)..... Ag(xg, x0) ¢ (x0, X1 ...Xg).
(6.4)
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Proposition 6.1 Let Ao, A1, ..., Ay be linear operators satisfying Definition 6.2.
Suppose also that ¢ € C9*(M) be a (local) cyclic Alexander-Spanier co-chain
(P (xg, %0, X1...Xg—1) = (=1)9¢(x0, x1,x2...x4)). Then

(i) T (Ao, A1, ..., Ay)(®) is a cyclic chain (with respect to Ao, A1, ..., Ag)
(ii)
T(b(Ao, Aty ..., Ag+1))(@) = (Ao, AL, ..., Ag) (dd), (6.5)

where b is the Hochschild boundary and d is the Alexander—Spanier co-
boundary.

Proof By direct verification.

Proposition 6.2 Let P, be a C'-path of idempotents in M, (L, (M)), for t € [0, 1].
Let T, := (1 — 2P) % P, Then

1
(P)(P1, P1, ..., P1) — t()(Py, Py, ..., Pp)dt = (g+1) -/(; w(do)( Ty, Py, ..., Prdt.
(6.6)

Let C7%(M) denote the space of Alexander—Spanier co-chains of degree ¢ on M
consisting of all smooth, skew symmetric (Definition 1.4) real valued functions ¢
defined on M4*!, which have support on a sufficiently small tubular neighbourhood
of the diagonal.

For any [a] € K 1(C(§*M)) and for any even number g, define the linear
functional

1l C4(M) — C (6.7)

given by the formula

(6.8)

Define the index class homomorphism
Ind : K'(C(S*M)) ®c H{%™ (M) — C (6.9)
Ind(a®c ¢) == 14 ($), (6.10)

where H{'(M) denotes Alexander—Spanier cohomology given by skew symmetric
(Definition 1.4) co-chains ¢.

Propositions 6.1 and 6.2 show that the index class homomorphism is well defined.
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Theorem 6.1 (, Connes and Moscovici [96, Theorem 3.9. Pg. 368]) Let A be an

elliptic pseudo-differential operator on M and let [¢p] € chfy;l‘;,k(M ). Then

q! dimM *
IndipnA = -1 Cho(A)t(M)[¢], [T*M 6.11
ndjg) Qi) (2q)!( ) < Cho(A)t(M)[¢], [ 1> (611
where t(M) = Todd(TM) ® C and H*(T*M) is seen as a module over
Hipmip (M)

Proof See [96].

6.2 Donaldson, Sullivan Index Theorem

Sections 6.2—6.3 present the most general analytic structures on topological mani-
folds for which the index formula holds.

The Donaldson—Sullivan article [92] begins with the analysis of 4-dimensional
quasi-conformal manifolds. It produces Hodge theory on such manifolds and
computes the index of signature operators. The signature operator is defined on
Ly 4 ¢ differential forms of degree 2.

The main results of [92] are

Theorem 6.2 There are topological manifolds of dimension 4 which do not admit
any quasi-conformal structure.

Theorem 6.3 There are quasi-conformal manifolds of dimension 4 which are
homeomorphic but not quasi-conformally equivalent.

6.3 Connes, Sullivan, Teleman Index Formula

For this section the reader is advised to consult [101]. On Lipschitz manifolds all
differential forms with coefficients in L, for any 1 < p < 00, are well defined. On
quasi-conformal manifolds the list of differentiable forms restricts drastically. On
a quasi-conformal manifolds of dimension n, for any 0 < p < n, there exist only
p-differential forms which have components, locally, in L,,/p + ¢, 0 < €.

In particular, on closed quasi-conformal manifolds of dimension n = 2I there
exist [-differential forms with components in L. On this space there exists the
operator S

S(w) =w, wisinthedomaind (6.12)

S(w) = —w, wisinthe domains. (6.13)
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Theorem 6.4 The homological information carried by the operator S is the
signature.

If the operator S is localised around the diagonal, then the information carried by
this operator becomes much richer.

Theorem 6.5 The homological information carried by the localised operator S is
the Thom—Hirzebruch character.

The localised S operator is made of open pieces of the operator S, defined on the
sphere $?/; obviously, the local quasi-conformal structure on S coincides with the
local quasi-conformal structure on M? on each piece. The operator S defined on
the sphere S, associated to the quasi-conformal structure i, is

Sy = A+ W (So 4+ w S So+ w A+ w, (6.14)

where ||| < 1 and Sy is the flat conformal structure on the standard sphere.
The paper [101] makes some improvements with respect to the [96] paper. They
are:

1. it proves the index theorem on the most general analytical structures on topolog-
ical manifolds

2. it exhibits the basic feature of the signature operator: it shows that the basic
index phenomena related to the signature operator reside on differential forms of
middle degree

3. it localises the construction. The localisation is based on the system of neigh-
bourhoods of the diagonal;

4. it produces directly the homology index character without the need to pair it
with the Alexander—Spanier co-cycle. However, the idempotent e of the residue
operator R(A) = P — e iskilled by skew-symmetrising the index character
A R(A) == R(A) ® R(A) ® --- ® R(A). The construction produces the
components of the index class A R(A), one for each even power ¢.

The same problem is discussed in Sect.7.2.6. In that section we will define a
Chern character of differences of idempotents R(A) = P — e, which would
avoid the skew-symmetrisation of the index class.

6.3.1 Hilsum Index Formula

Hilsum [109] constructs, for any n-dimensional topological manifold endowed
with an atlas of homeomorphisms possessing first order partial derivatives in L,
"("ZJ“ D < p, an unbounded Fredholm module which defines a class in the K-
homology, whose Chern character is the Thom-Hirzebruch polynomial in the

Pontrjagin classes of the manifold.
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6.4 Index Theorem on Combinatorial Manifolds

This section continues the topics treated in Sect.6.3.1. It illustrates the specific
characteristics of the combinatorial structure. Specifically, one constructs a family
of signature operators S; depending on a parameter ¢ and one shows that their index
class converges, while ¢ \ 0, to the components of the Thom—Hirzebruch class.

Remark 6.1 The construction uses exclusively the combinatorial structure.

Let M? be a closed oriented combinatorial manifold. We assume g to be a
Riemannian metric on M which is affine on each simplex of M2/, We assume these
metrics agree on common faces of M2

Choose an interior point p of a simplex o of the triangulation and let T, (o) be its
tangent space. Extend the metric on T, (o) by translation; denote this flat conformal
structure uo. Let S, be the corresponding signature operator defined on T),(0),
see (6.14).

We construct a partition of unity . having the following properties, where ¢ is a
parameter:

1. A7 is defined in terms of the metric i, ; the support of A7 is contained in a ¢-
neighbourhood on the simplex o € M?

2. Support (Limy\oAy) = ©

3. For points sufficiently far away from the lower dimensional boundary compo-
nents of the simplex o, the function A7 is invariant under translations of 7, (o)
along o.

We consider the operator

So= > 27 So A7 (6.15)
oeM

The operator S;, defined on M 2l is a localisation of the signature operator S; $2 =
1+ finite rank operator.

The operator K;, whose construction is presented below, contains the desired
M? -homological information. To define K, one considers the operator ;, = Stz— 1.
6 belongs to the Lorentz space .22/, [101]. Let ¢ (x) be the unique polynomial
of degree n such that

A+x)""?=gx)+0E", tsmall.
Let p(x) be a polynomial such that

p(x) =1 +x)gx)?>—1=0x".
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The operator

Y 60196)S:.

1
Hy=yp©)+I[1— )

(y = i') is the regularised operator ;.

Theorem 6.6 The operator
K/ =HyH +y

is trace class; therefore, its kernel kty (x, y) is integrable.

With the operator K ,y one associates the measure, as defined in [101, Theorem 2]
ttd(y) = trace(Adet(y)).

This measure is skew-symmetric with respect to the orientation.
We construct a new measure which is independent of the orientation and which
contains the same homology information as t[d v)

o1
= @)~ -y,
Theorem 6.7
Lim~o trace(/\dﬂttd) = Ly,

where Ly is simplicial chain of degree d on M. The convergence is in the sense of
distributions, that is continuous functionals on the (d + 1)-fold projective tensor
product of the algebra A of piecewise differentiable functions on M.

The homology class of the cycle Lg is Ag(L*~4 0 [M1), where L*~4 is the

Hirzebruch-Thom L-class and where g = 22" 27i)="™ (2";5)!, where 2m = d.

Lemma 6.1 The measures ttd (O) have the following properties:

1. its support is contained in a small tubular neighbourhood of the diagonal of
Md—H

2. for a small neighbourhood of the point p € o, r,d(ﬁ) depends only on the
geometric data around p

3.t (—0) = —t¢(0)

4. one has
o = ey ! ' v 6.16
‘Ct ( )(x()sxls "'1x(1) - t(d+1)2lrt ( )(t'x01 t'xls ] t'-xd)s ( . )

here we have assumed p = 0.
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The proof of the lemma is based on the notion of Hodge equivalence.

Definition 6.3 Let

h:(My, p1, 81, 01) — (M2, n2, 82, 02)

be a combinatorial homeomorphism from the manifold M; to the manifold M>, each
equipped with structures as before. If /& preserves these structures, we will say that
h is a Hodge equivalence.

With the exception of the cut-off function, the construction of the measure ttd (0)
uses exclusively the conformal structure. For this reason the lemma could be proven
following general arguments.

The next step of the proof consists of understanding, for each degree d, the role
of the degree of the simplex o with respect to d. For this part we use the next result.

6.4.1 Review of Orthogonal Invariants

Definition 6.4 Let V¢ be an Euclidean vector space of dimension ¢g. Let O (V) be
the group of its orthogonal transformations in V4. The diagonal action of the group
O(q) on the direct sum @V, of d copies of V, is given the action of the same
orthogonal transformation on each summand of the direct sum.

A real polynomial function ¢ defined on @ is called odd invariant over the
orthogonal group iff forany 7 € O(V)

(p(Txla T-x27 R T-xd) = |T|(p(xl’ X250 nt --a-xd)a

where |T| = %1, depending on whether T preserves or changes the orientation.
Theorem 6.8

1. If d < q, then the only odd invariant polynomial is the zero polynomial.
2. Ifd > q, then any odd, invariant polynomial belongs to the ideal generated by
the polynomials

determinant [x;, X, . ..., xi, 1,

where 1 <iy <ip <iz <....<liy <d, see Weyl [46].

The measure trace A4t 77 (0) is invariant at the diagonal action of the group of

rotations in o. This action is odd invariant, Definition 6.4. Let dim(c) = ¢q. Let F
be a test function on (M 2l)”l“. A consequence of Lemma 6.1 is
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L. ifd < g then [,, trace A%T! 17 (0) = 0(t)
2. if d = q then

Lim,\O/ trace N4T1 7 (O)F(x)|dx| = L(o)/ dxidxy...dxqF(xg, x1,...,Xq)
M2 M2

3.ifd > gthen Limyo [y trace AT drf (O)F (x)ldx| = 0.

Once it has been proved that the limit exists, its value is determined as in the article
[101].



Part IV
Prospects in Index Theory



Chapter 7 )
Algebraic Structures s

Abstract In this chapter we introduce a new K-theory, called Ti-theory, and we
reformulate the index theory.

7.1 Algebraic K,-Theory

For a more expanded version of the topics presented here see [125]. These results
lead in Chaps. 8 and 9 to further extensions of classical results.

The results of Sect. 1.8.1 may be extended (with limitations) to arbitrary rings.
The corresponding K-theory is algebraic K -theory. For a complete treatment, the
reader may consult the treaties by Milnor [66], Karoubi [89], Rosenberg [100] and
Weibel [126].

Let o/ be a unital ring. The ring M, (<7) of n x n matrices with entries in .27,
idempotents, invertible elements and stabilisation are defined as in Sect. 1.8.1.

Two matrices m, my € M, (&) are called conjugated and we write m| ~. my,
provided there exists an invertible matrix u € M, (<) such thatm; = u my ul,

Definition 7.1 Ko(<) is the Grothendieck completion of the set of equivalence
classes of stabilised, conjugated idempotents over the algebra (7).

K1 (&) is the set of stabilised invertible elements of the ring < /[.<7, 7], where
[«7, <] is the multiplicative commutator sub-group. K1 () is an Abelian group.

Definition 7.2 Let </ be a unital ring and _# C ./ a bi-lateral ideal.
There corresponds the short exact sequence

0— 75 o5 ) g —0, (7.1)

where ¢ is the inclusion and 7 the canonical mapping.

Theorem 7.1 Let o/ be a unital ring and let ¢ C </ a bi-lateral ideal.
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Then there corresponds an exact sequence

KUt - Kl4) > KYB)
al (7.2)
K%B) <« K°%A) « K°%(Jh),

where ¢ is the unitised ring and where 9 is defined below. Let u € </ | ¢ be an
invertible element.

We define here the connecting homomorphism 8. Let u € (M), (<7) be an invertible
element. Let u ! be its inverse.

Let A, B € M, («7) be such that 7(A) = wand 7(B) = u~ L.

We define So = 1 — BAand S| = 1 — AB. They belong to M, (_#). With
the matrices A, B, Sy, S; one associates the invertible matrix [96]

L (so —(1+ So)B

A S| ) € GLlon(Ag). (7.3)

The inverse of the matrix L is

L (So (1+S0)B

A S ) € Gy (). (7.4)

Let eq, ey be the idempotents

e1 = ((1) 8) € Mo(ef), e2 = (8 (1)) € Mou (7). (7.5)

The invertible matrix L is used to produce the idempotent

S5 So(1+ So)B

Pi=Le L' = 5
SiIA  1- 83

) € My, (). (7.6)

Definition 7.3 Connecting homomorphism for K -theory see [96].
For any [u] € K {"C (&) define the connecting homomorphism 9 : K\(&/) —>
Ko(</) by

o[u] :== [P] — [(e2] € K(Z)OC(,Q/). .7

7.2 Local Algebraic Structures

The index formula is a local statement made on global and local data. This is
the reason why we introduce local Alexander—Spanier cohomology, local periodic
cyclic homology, local Chern character and local T,-theory. Index theory should be
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done: Case 1: for arbitrary rings, Case 2: for rings of functions over topological
manifolds. Case 1 produces general index theorems, as for example, over pseudo-
manifolds. Case 2 gives a general treatment of classical and non-commutative index
theorems. All existing index theorems belong to the second category. The fools
of the theory we propose would contain: local Ty-theory, local periodic cyclic
homology, local Chern character. With regard to the tools used to express the index
formula, there are three stages: Stage I done in Tl.l”“’-theory, Stage II is done in
the local periodic cyclic homology and Stage III involves products of distributions,
i.e. restriction to the diagonal. For each stage there corresponds a topological index
and an analytical index. The non-commutative topology is mentioned in Part VI,
Sect. 9.4

7.2.1 K.-Theory

The results of Sect.1.8.1 may be extended (with limitations) to arbitrary rings.
The corresponding K. -theory is algebraic K -theory. For a complete treatment, the
reader may consult the treaties by Milnor [66], Karoubi [89], Rosenberg [100] and
Weibel [126].

Let o/ be a unital ring. The ring M, (<7) of n x n matrices with entries in <7,
idempotents, invertible elements and stabilisation are defined as in Sect. 1.8.1.

Two matrices m1, my € M, (&) are called conjugated and we write m| ~. my,

provided there exists an invertible matrix u € M, (&) such that m; = u my ul,

Definition 7.4 Ky(</) is the Grothendieck completion of the set of equivalence
classes of stabilised, conjugated idempotents over the algebra (7).

K1 (47) is the set of stabilised invertible elements of the ring < /[.«7, 7], where
[«7, 7] is the multiplicative commutator sub-group. K1 () is an Abelian group.

Definition 7.5 Let </ be a unital ring and ¢ C &/ a bi-lateral ideal. There
corresponds the short exact sequence

0— 7 o) 7 —0, (7.8)

where ¢ is the inclusion and  the canonical mapping.

Theorem 7.2 Let o/ be a unital ring and let ¢ C o/ a bi-lateral ideal.
Then there corresponds an exact sequence

K'Ut - K'(A) - KYB)
E (7.9)
K%B) <« K%A) <« K9J™).

where ¢ is the unitised ring and where 9 is defined below. Let u € </ | _# be an
invertible element.
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We define here the connecting homomorphism 8. Let u € (M), (<7) be an invertible
element. Let u ! be its inverse.

Let A, B € M, («7) be such that 7(A) = wand 7(B) = u~ L.

We define So = 1 — BAand S| = 1 — AB. They belong to M, (_#). With
the matrices A, B, Sy, S; one associates the invertible matrix [96]

L <So —(1+50)B

? s ) € GLon(Agy). (7.10)

The inverse of the matrix L is

Ll = (_SZ a +Sf°)3> € Gy, (). (7.11)

Let e1, e be the idempotents

el = <(1) 8) € My, (&), ey = <g (1)> € My, (). (7.12)

The invertible matrix L is used to produce the idempotent

S5 So(1 + So)B

P:= LeilL™' = )
SiA 1 — 8

) € My, (). (7.13)

Definition 7.6 Connecting homomorphism for K -theory see [96].
For any [u] € K {UC(JZ{ ) define the connecting homomorphism 9 : Ki(&/) —>
Ko(</) by

a[u] :== [P] — [(e2] € K(l)"c(,c/). (7.14)

7.2.2 Localised Rings

Definition 7.7 (Localised Rings) Let <7 be a unital associative ring. The ring o7
is called localised ring provided it is endowed with an additional structure satisfying
the axioms (1)—(3) below.

Axiom 1  The underlying space .« has a decreasing filtration by sub-spaces
{Mu}neN Cc 4.

Axiom2 C.1 C ,, forany peN

Axiom3 Forany u, u' € N*, &, . &y C Dpinupy—1, (o . G C ).

Remark 7.1 A ring o/ could have different localisations.
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7.2.3 Local Alexander-Spanier Cohomology

Definition 7.8 Let &/ = .7, be a localised unital ring and G an Abelian group.
Define

Chs( . G) = {Y g ay®d|® --®d,. g €G. aedylp=ol..co
i

(7.15)

The boundary map d is defined as in the classical definition of Alexander—Spanier
cohomology

d:Chy(, G) — Chil (), G) (7.16)

d(ga0®ai®---®ap) =

gll®a®d ® - ®ap-a®1®d ® - ®ap + ... + (D’ gyed @ a1l

(7.17)
The local Alexander—Spanier cohomology is
Hé”;’p(d) = ProjLim, Hy,(Cis(,, G), d). (7.18)

7.2.4 Local Periodic Cyclic Homology: Long Exact Sequence

We assume that 7, is a localised unital ring.

The operators T, N, B, I, S presented in Sect.2.4 pass to localised rings.
Therefore local cyclic homology, local periodic cyclic homology may be extended
to localised rings.

Theorem 7.3 The local Hochschild and cyclic homology are well defined for a
localised ring.

One has the exact sequence (analogue of Connes’ exact sequence, compare
Sect. 2.4.5.)

oD 1y s ) S 1 () D 1 ()
(7.19)

Theorem 7.4 For of = C*°(M), one has
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The local bi-complex (b, B)(«<7,) is well defined for localised rings too. The
general term of the (b, B)(%7,) bi-complex is

Cpg = e, g=<p (7.21)
b:Cpy—> Cpgi (7.22)
B:Cpy—> Cpilg (7.23)

Definition 7.9 The homology of the bi-complex (b, B)(7,) has two components:
the even, resp. odd, component corresponding to the p —q = even number, resp.
p —q = odd number.

The local periodic cyclic homology of the localised ring <7 is

Hjjjf;fj[,’*(d) := LimProj, Hey oda He(),). (7.24)

7.2.5 Local Chern Character Tiloc N Hiloc,per,l

In this section we localise the periodic even/odd Chern character. All operations
involved in the construction (Sect.3.26) may be localised; however, we should
use the (b, B)(«/,) only onto non degenerate elements, i.e. onto the range of the
idempotent 7, see Sect. 3.26.

Definition 7.10 (Local Periodic Cyclic Chern Character)
Let <7, be a localised ring.

1. For any idempotent e € M, (27,) define

2p)!
!

Chey,cz, () = Tre + Z (=1)? (e — ;)(de)h’. (7.25)

p=1

Che,,,t% (e) is an even cycle in the (b, B)(#7,) cyclic complex. Its homology
class is the periodic cyclic Connes Chern character of e.
Lete € Té”c(xz%); define

Chey () = ProjLimy Chey o, (€) € HIorert (o). (7.26)
2. For any invertible u € M, (27,), define
Choga () = Z(—1)21’+1(2p+1)! Tr u'du) . (du='du) . ...(du""du).

P
(7.27)
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Letu € Tll”" (); define

Choda ) = ProjLimy Choga,c, () € Heoq""* (7). (7.28)

7.2.6 Local Index Theorem

In this section we consider an elliptic pseudo-differential operator, see Sect. 1.10.1.
We are going to define the Chern character of differences of idempotents, without
skew-symmetrisation. This solves the problem formulated in Sect.6.3. For more
details about this topic see Teleman [125, 128].

Lemma 7.1 Let R(A) := P — e, where P and e are idempotents. Then R(A)
satisfies the identity

R(A)? = R(A) — (e.R(A) + R(A).e). (7.29)

Definition 7.11 Let R(A) := P — e, where P and e are idempotents. Let A =
C + e.C. Then,

C, (R(A) := Tr &% R(A) (7.30)

is the Chern character of R(A).
Lemma 7.2 Lemma 7.1 Cy (R(A)) is a cycle in the complex {®@* My (27)}4, such
that

Aag®@paa1 Qp - Qaar = ay@a a1 @ - Qaag . A (7.31)

forany A € A.
Proof One has

b Cy (R(A)) = Tr[(R(A) — (¢.R(A) + R(A).e))®a---®a R(A) ...
—R(A)®4 R(A)®4 ---®4 (R(A) — (¢.R(A) + R(A).e) ] =
Tr;[—(e.R(A) + R(A).e))®a---®4 R(A)...

—R(A)®4A R(A)®4 - ®a (—(e. R(A) + R(A).e)]=
—Trle.RLA)®4 - ®4 R(A) — R(A)®4 - @4 R(A).e] = 0.

(7.32)

C, (R(A)) is a cyclic cycle. It represents a cyclic homology class in
HH @1 ().
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The ring A is separable, see definition (Sect. 3.15). Indeed the mapping
W ARA? — A, (@) =1, uIe)=puEeRl)=c, ueRe)=e
has the A-bi-module splitting
s:A—AQRA?, s(1) = e®e + (1 —e)®@( — e), s(e) = eQe.

Theorems 3.7, 3.19 states that the homology of the Hochschild complex is iso-
morphic to the homology of the complex C5(.27). Using the long exact sequence
in homology associated to the complex Hj(®24+1(9/ﬂ) and the Connes exact
sequence, we find that the cyclic homology of Hi‘ (®2‘1+1(J2{M) is isomorphic to
the cyclic homology of the algebra .o#'. Here we have used the localisation of the
algebra My (<) defined by the supports of the operators.

It remains to solve the problem of producing the whole index class. This could be
obtained by the formula

Chey = R(A) — Chey ey, (7.33)

where R(A) is the signature operator discussed in Sect. 1.13.

7.3 Local Algebraic T;: Theory

This section deals with the program presented in [129]. For any associative ring
o/ we define the commutative groups T;(</), i = 0, 1. We introduce the notion
of localised rings, see Definition 7.7, &/ = {</,}, given by a linear filtration
of the algebra ./ and we associate the commutative groups Tl.l”“’ (7). Although we
define solely Tl.l”“’(.;zf ) fori = 0, 1, we expect our construction could be extended
in higher degrees. We stress that our construction of T;(</) and Tl.l”“’(.;z% ),i=0,1,
uses exclusively matrices. The projective modules are totally avoided. The role of
equivalence of projective modules, used in the classical construction of the algebraic
K -theory, is played by conjugation. The commutative group To(<7) is by definition
the Grothendieck completion of the space of idempotent matrices factorised through
the equivalence relations: (1) stabilisation ~g, (2) conjugation ~., and (3) for
localised groups, Té”c(,@/ ), projective limit with respect to the filtration, denoted
~p. The non-localised group To(<7) coincides with the classical algebraic Ko-
theory group. The groups T () are the quotient of GIL(.%7) through the equivalence
relation generated by (1) stabilisation ~, (2) conjugation ~. and (3) ~Qw),
where O(«) is the sub-group generated by elements of the form u @ u™", for any
u € GL(&). For any u1,ur € GL(&) / (~ U ~;), one defines u1 ~o(x) U2
provided there exist §1,& € O(&/) such that uy + & = ur» + &. The
third relation is a particular case of a new completion procedure which we call 7-
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completion, see Sect. 7.3.8. The operation
GL() [ (~5 U ~c) —> GIL(&) / (~5 U ~c U ~0())

transforms the commutative semi-group GIL(<7) / (~5 U ~) in the commutative
group GL(#7) |/ (~s U ~¢ U ~0()). The groups Til""(xz{) follow the same
construction as that of T;(<), provided the supports of the elements belong to
&), Our definition of Ti(<7) and Tll”"(xzf) does not use the commutator sub-group
[GL(¥), GL(&)] or elementary matrices in its construction. We define short exact
sequences of localised rings and we get the corresponding open six terms exact
sequence (Theorem 7.12). We stress that one has to take the tensor product of
the expected six terms exact sequence by Z[;] in order to get the open six terms
exact sequence. We expect the factor Z[;] to have important implications, among
them, existence of a generator of the K-homology fundamental class and Kirby—
Siebenmann obstruction class. This work shows that the basic relations which define
T1 and Tll”" reside in the additive sub-group generated by elements of the form
udutu e GL(%), rather than in the multiplicative commutator sub-group
[GL(#), GL(#)]. Even for trivialy filtered algebras, &/ = {#/,}, forall u € N,
the groups Tll""(,saf ) provides more information than the classical group 77 (%7). For
the computation of the groups Til"c (C) see Sect. 8.5 and [131].

7.3.1 Introductory Considerations

For the next considerations we have in mind the index formula applied onto the
algebra of integral operators and pseudo-differential operators. Recall, the index
formula is a global statement whose ingredients may be computed by local data.
Our leading idea is to localise K-theory and periodic cyclic homology along the
lines of the Alexander—Spanier cohomology, see [129].

We define localised rings </ and we define and their local T-theory, Tl.l""(ﬂ ),
i = 0, 1. Both the topological and analytic indices of an elliptic operator are stable
under cutting the operators about the diagonal. This fact leads us naturally to the
notion of localised rings. Based on this notion we pass to the problem of finding a
natural K-theory able to control these local entities. These are the local algebraic
T -theory groups, Tl.l""(ﬂ ),i =0, 1 and local cyclic homology.

For the construction of the groups K; the reader may refer to the books [66, 89,
100, 126], in the Banach algebras or C*-algebras category, [108, 110].

Our construction of Té”" uses exclusively idempotent matrices. We avoid
projective modules for the following reasons:

1. projective modules, in comparison with idempotent matrices, contain more
ambiguity and

2. matrices are more suitable for controlling the ring filtration data; matrices are
more prone to make calculations.
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No reference to projective modules is used in our constructions.

Ki(«) := GL(#)/[GL(%), GL(2)], (7.34)

where [ GIL(«), GLL(«) ] is the commutator normal sub-group of the group of
invertible matrices GLL(27). Our definition of local T-theory groups needs to keep
track of the number of multiplications performed inside the algebra <. In our case
it is necessary to involve a bounded number of multiplications. It is important to
state that, in general, the number of multiplications needed to generate the whole
commutator sub-group is un-bounded.

It is known that the commutator sub-group is also generated by the elementary
matrices. Té”" (/) is by definition the Grothendieck completion of the semi-
group of idempotent matrices in M), (7,) modulo three equivalence relations: (i)
stabilisation ~g, (ii) local conjugation ~ by invertible elements u € GL, (%) and
(iii) projective limits with respect to u € N.

To understand the relationship between our definition of the group Tll"" and
K, recall that the commutator sub-group [GL (<7, GL(27] is given by arbitrary
products of multiplicative commutators

[A,Bl:= ABA™' B!, forany A, B € GL,(&).
Supposing that A and B are conjugated,ie. A = U B U™', we have
A=UBU'=UBU'.B'B =1[UB].B.

This shows that if A and B are conjugated, they differ, multiplicatively, by a
commutator. To complete this remark, we say that A and B are locally conjugated
provided A, B and U belong to some GL,(,); here, <7, denote the terms of the
filtration of 7.

We note that in the particular case .« = C the quotient of GL(M(C)) through the
commutator sub-group GL(M(C)), GL(M(C))] gives much less information than
Tlo¢(M(C)).

7.3.1.1 Factorisationof u ® u~!

Proposition 7.1 In the algebra of matrices over <f one has the identity

(.2)-6DEDEDE) o

This formula will play an important role in the construction of T,-theory.
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7.3.2 Algebraic T; and Tl.l""-Theory
7.3.2.1 Introductory Considerations

Let <7 be a ring, with or without unit. If the unit will be needed, the unit will be
adjoined.

Definition 7.12 Given the ring .« we denote by M, (.¢) the space of n x n matrices
with entries in .2/. M, () is a bi-lateral .7 -module.

Let Idemp, C M, (<) be the subset of idempotents p (p> = p) of size n with
entries in .o/

Suppose &7 has a unit. We denote by GL,, (<) the sub-space of matrices M of
size n, with entries in ¥ which are invertible, i.e. there exists the matrix M~! €
M, (<) suchthat M M~ = M M = 1.GL,(&) is a non-commutative
group under multiplication.

Definition 7.13 The inclusions

() Idempy(o/) —> ldempny1 ()

/ _ p 0
p—>p = (O O) (7.36)
(i) GL, (&) — GLyy1()
ws u = <g ?) (7.37)

are called stabilisations.

(1) Stabilisation of idempotents and invertible matrices define two direct systems
with respect to n € N.
@ii) If p or p/ are idempotents and one of them is an iterated stabilisation of the
other we write p ~; p/.
If u or u’ are invertible matrices and one of them is an iterated stabilisation
of the other we write u ~; u.

7.3.3 Localised Rings

We recall the definition of localised rings.

Definition 7.14 Let </ be a unital associative ring. The ring <7 is called localised
ring provided it is endowed with an additional structure satisfying the axioms (1)—
(4) below.
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Axiom 1  The underlying space &/ has a decreasing filtration by sub-spaces
{du}neN c .

Axiom2 C.1 C &, forany peN.

Axiom 3  For any u, ,bL/ € NJr, %H . V(Zflu/ C r5%1;4,‘,104’”/),1, (A . Sy C ).

Definition 7.15 Homomorphisms of localised rings. Induced homomorphism

(i) A homomorphism from the localised ring &/ = {4,},eN to the localised
ring Z = {%.}uen is any ring homomorphism ¢ : &/ — % such that
¢ o, — By, forany u € N.

(i) Let f : &/ —> 2 be a localised ring homomorphism.

Let fi : M, (/) — M, (4,,) be the induced homomorphism which replaces
any component a;; of the matrix M with the component f(a;;) of the matrix fi(M).

Remark 7.2 The notion of localised ring is different from the notion of m-algebras
defined by Cuntz [115]. The sub-spaces 27, are not required to be algebras. In these
cases the corresponding local T-theory could be not trivial.

Remark 7.3 In this section any localisation of the algebra of bounded operators on
the Hilbert space H := L»(M x M) derives from a decreasing filtration {%,}

towards the diagonal. In such a case, for ,u, >, one has the close inclusions
Lo(%,) C La(%). (7.38)

For any internal auto-morphism of the algebra B(%u') induces an internal auto-
morphism of the algebra B(%,) (any automorphism of the algebra L»(%,,) will be
extended by the identity on the complement of the Hilbert space LZ(%// ).

Remark 7.4 The immediate application of these considerations regards pseudo-
differential operators on compact manifolds. The pseudo-differential operators on a
compact smooth manifold form a localised Banach algebra. The filtration is defined
in terms of the support of the operators; the bigger the filtration order is, the smaller
the supports of the operators towards the diagonal are.

7.3.4 Local Mayer-Vietoris Diagrams

In this section we adapt Milnor’s [66] description of the first two algebraic K -theory
groups to the case of localised rings.
Let A, Ay, Ay and A’ be rings with unit 1 and let

A A

[

Ay —2— A (7.39)
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be a commutative diagram of homomorphisms of ring homomorphisms. All ring
homomorphisms f are assumed to satisfy f(1) = 1. Any module in this book is a
left module.

We assume the diagram satisfies the three conditions below.

Hypothesis 1 All rings and ring homomorphisms are localised, see Definition 7.7.

Hypothesis 2 A is a local product of A1 and A», i.e. for any pair of elements A €
Ay, and Ay € Ay, such that ji(Ay,,) = ja(hou) = A € A;L, there exists only
one element A, € A, such thatij(A,) = Ay, andiz(Ay,) = Az 4.

The ring structure in A is defined by

(A1,22) + ), 25) = (a + A7, da 4 A, (A, k) - (A, 49 i= (. Ap, Az A)),
(7.40)

i.e. the ring operations in A are performed component-wise.

Hypothesis 3 At least one of the homomorphisms j; and j; is surjective.

Remark 7.5

(i) Let M € M, (A) be a matrix. It consists of a pair of matrices (M, M) €

M, (A1) x M, (A3) subject to the condition ji M1 = j2 «M>.
Any matrix M € M, (A) is called double matrix.

(i1) if (M1, M), (N1, Np) are double matrices, belonging to (resp. M(Aj) X
M(Az)) and (A1, A2) € A, (resp. (A1, A2) € A1 x Ay ) then relations (21.6)
induce onto the space of double matrices, (resp. the space M(A1) x M(A2))
the following operations:

(A1, A2) My, M3) = (A My, Ay M)
(M, M3) + (N1, N2) = (M; + N1, My + N»)
(M, M3) . (N1, N2) = (My . Ny, My . Np).

Definition 7.16 Any commutative diagram satisfying Hypotheses 1-3 will be
called local Mayer—Vietoris diagram.

Standing Hypothesis In the remaining part of this chapter we assume that the ring

o/ is localised. We assume also that Ay = A, = </ andthatJ C & is a
bi-lateral ideal. Define A := {(A1, A2) € &/ ® &, such that .; — Ay € J}. Denote
io(A1,A2) = Ag, @ = 1,0r 2. Denote also A = o /J and ju (A1, X2) =

Ao mod. J. One has the ring short exact sequence
0— A% 0024 o0

We suppose that the above scheme is a localised Mayer—Vietoris diagram.



300 7 Algebraic Structures
7.3.5 Preparing the Definition of T, (f"” (/) and Tll"c(% )

Definition 7.17 We assume the ring <7 is localised.

We consider the space of matrices with entries in <7, and we denote it by
M, (2,).

We denote by Idemp,(<7,) the space of idempotent matrices of size n with
entries in .7,.

We denote by GL, (27,) the space of invertible matrices M of size n with the
property that the entries of both M and M ~! belong to ).

We denote by Idemp(27,) the space of injlim, Idemp, (27,).

We denote by GLL(#7,) the space of injlim, GL, (%7,).

Definition 7.18

(i) Two matrices s, t € M, (&) are called conjugated, s ~. t, there exists
u, u=! € GL, (&) suchthats = uru'.

(ii) Two matrices are called s, t € M, (7,) will be called locally conjugated and
we write s ~. t, provided they are related through a local inner auto-morphism
defined by u, u~! € GL, (&) suchthats = utu~!.

In particular

(ii.1) two idempotents p, q € ldemp,(<7,) are locally conjugated and we
write p ~. ¢ provided there exists u, u~! € GL, (#7,) such thatg =
u pu~!and

(ii.2) two invertible matrices s, t € GL,(%,) are locally conjugated and
we write s ~. t provided there exists u, u=! e GL, (#7,) such that

s = utu b

If it is clear from the context, ~;. will be simply denoted by ~..
Proposition 7.2

(i) the spaces ldempy(<7,) and GLy(%7,) are semi-groups with respect to the
direct sum

A0

A B := 7.41

+5=(50) (.41

(ii) The stabilisation, conjugation and local conjugation of idempotents, resp.
invertible matrices, commute.

The spaces ldemp, (<), GL, (<7,) are stable under stabilisations.

It is clear that the direct sum addition of idempotents, resp. invertibles, is
compatible with the local conjugation equivalence relation. In fact, if 51, sp are
conjugated through an inner auto-morphism defined by the element uj (s1 ~; $2)
and 11, tp are conjugated through an inner auto-morphism defined by the element
uy (t1 ~; t), then (s + t1) ~; (s2 + 1) are conjugated through the inner
auto-morphism u; @ u;.
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Based on this observation, the associativity of the addition is now immediate.
From this it follows that Idemp(27,) / ~ic, resp. GIL(%,) / ~i, are associative
semi-groups.

Proposition 7.3 It follows that the semi-groups ldemp(<Z) [ ~¢, GL(#,.) / ~ic
are commutative.

Proof One has the identity A, B € M, (7,)

-1
4= CDENCD - CENE) " o
0B 10 0A/J\-10 10 0A/J\1 O
which tells that (A + B) ~. (B + A),resp. (A + B) ~ic (B + A).

For more information on the classical algebraic K -theory and the local T -theory,
see Sect. 7.3.1.

7.3.6 Definition of Ty(<7,,) and T, (/)

We suppose the stabilisation is involved without being specified.
Definition 7.19 We assume .7 is a localised unital associative ring. We define

(i) To(e,) tobe G (Idempy, () [ ~¢).
(ii) and To(&7) tobe ProjLimen To(4,), where G means Grothendieck comple-
tion.

Proposition 7.4 Any local inner auto-morphism induces the identity on Té”"(@/ ).
For any unital associative algebra </, trivially localised <7, = <f), one has
To() = Ko().

Proof See Rosenberg [100, Lemma 1.2.1 and Theorem 1.2.3].

7.3.7 Ti(,) and T}*° (/)

As said in the previous sub-section, we assume the stabilisation is involved without
being specified.

The equivalence class of the invertible element # € GL(2/) modulo conjugation,
[u]~., will be called the abstract Jordan canonical form of u. The group T (%,)
we are going to define preserves much of the information provided by the abstract
Jordan form. The classical definition of K extracts a minimal part of the abstract
Jordan form. As the addition in the semi-group GIL (%) is given by the direct sum
and the Jordan canonical form J(u) (in the classical case of the algebra GL, (R))
J behaves additively (J(u @ v) = J(u) @& J(V) modulo permutations of the
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Jordan blocks), given an arbitrary element u € GL(%), it is not reasonable to
expect existence of an element & such that [u+u]~. = [12,]~.. Given that we want
Ty (#,) to be a group, we introduce the group structure (opposite elements) forcibly.
In the case of the classical Ki-theory, the class of the element u~! represents the
opposite class, —[u] € K1(27). In our case, the opposite elements will be introduced
by means of the T-completion technique, to be explained next.

7.3.8 T-Completion

Proposition 7.5 Let .¥ be an additive commutative semi-group with zero element

0. Let I : .¥ —> . be an additive involution, (12 = 1d), such that I(0) = 0.
Define the equivalence relation ~¢ in .%: u ~¢ v iff these exist two elements

ug, uy € ., such that the elements u, v, &g = ug + I(ug) and &y = uy + I(uy),

satisfy

u+ & = v+ &. (7.43)

(i) The equivalence relation ~ ¢ is compatible with the addition in ..
(ii) %/ ~¢ is a group.
(iii) Let [u] denote the ~ g-equivalence class of u. Then

—[l =101Iw] (7.44)

Definition 7.20 Define
Ow):= u + Iu) foranyue.s (7.45)
0(F) = {OW) |uec.). (7.46)

Proof

(i) Obvious.

(ii) ~ isclearly reflexive and symmetric. If u; + & = w2 + & andur + & =
uz + &4, ur,uz,uz, ug € O(S), thenuy + (61 + &) = w2 + & +
&) = usz + (& + &4), which shows that ~ is transitive. Therefore ~ is an
equivalence relation.

(iii) One the other side, for any element u € %, one has [u] = [u + 0] =
[u] + [0] = [0] + [u], which shows that the class of [0] is a the zero
element of .7/ ~¢.

We have also [u] + [[(mw)] = [OCwm)] =[0 + Ow)] = [0] because
0~ (0 + O(u)); therefore, —[u] = [I(u)] exists. From this we get further
[Ow)] = [u + TW)] = [u] + )] = 0.
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7.3.9 Definition of Ty(<7,,) and T}’ (/)

The construction of the groups Tj(%/,) and Tll""(.;zf ) involves the T-completion
(Sect.7.3.8). We take

o . = GL(H) ~¢
* the involution [ : GL(<7,) ~q—> GL(%,) ~ is givenby I (1) = u-!
* the identity element / € GLL(%/,)/ ~. becomes the zero element of ..

Here ~; indicates that the invertible elements and their conjugation occurs
locally. Note that if u1 ~; u2, then ufl ~el Uy I
The next proposition summarises the properties of &'(7,).

Proposition 7.6

(i) The space O(s7),) is a commutative group; the zero element is the class if the
identity.
(ii) The mapping
0 : GL(#,) — O(),) (7.47)

is additive and commutes with local conjugation

O + uz) = O(u1) + O(u2) (7.48)
Ovur™" = 20w 21", 1 eGL(4,), (7.49)
i.e. if uy ~g uy then O(uy) ~5 O(u2)

(iii)
Ow™"Y ~. O). (7.50)

(iv)
O(uiuz) # Ou1)0(us). (7.51)

Definition 7.21

T(<,) = T — completion of GL(<,) | ~¢ (7.52)

and
T'¢(o7) := projlim T1(<7,). (7.53)

neN
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Proposition 7.7

(i) Ti(2,) and Tll""(.;zf ) are commutative groups.
(ii) The inverse element of [u] is — [u] = 1.

Proof (i) and (ii) follow from the properties of the T-completion, see Sects. 9.8 and
7.3.8.

7.3.10 Induced Homomorphisms

Definition 7.22 Let f : &/ —> 2 be a localised ring homomorphism.
Then the ring homomorphism f induces homomorphisms

fi: To(y) —> To(B),  fu: TE(A) —> T°(B) (7.54)
and

fo: To() —> To(By),  fu: TI°() —> T]*°(B). (7.55)

7.3.11 Constructing Idempotents and Invertible Matrices
Over A,

We returned to the situation presented in Sect.7.3.4. Here we produce local
idempotents and invertibles of the ring A. These results will be used in the proof
of the six terms exact sequence Theorem 7.12.

Theorem 7.5 (Definition) Let py € Idemp, (A1) be an idempotent matrix, resp.
p2 € Ildemp, (A2 ), with the property

J1e(p1) = u jou(p) u™t, (7.56)

where u € GL, (A;L) is an invertible matrix.

(i) Under these conditions there exists an idempotent double matrix p €
Idemp(A,,) such that

ix(p) = p1®0, and ixn(p) = p. (7.57)
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The idempotent py € M, (Az,,.) is conjugated to p» ®0,, through an invertible
matrix U(u) € GLy, (A2,), that is

pr=U(u) p2®0,)Uw)™! (7.58)
Jox(P2) = (u jie(p) u ) ®0, = j1(p1®0,). (7.59)

(ii) The double matrix idempotent is denoted p = ( p1, p2, Uu)).

Definition 7.23 Let U (u) be the lifting of u ® =" in A, (7.35).
Letp = ( p1, p2, U(u) ) the idempotent over A, produced by Theorem 7.5.
The idempotent p doubles in size.

Condition says that [ ji« p1 ] = [ Jj« P2 ] € To(A;L) (7.57). The first part (i)
says that the pair ([ p1 @ 1, 1. [ p2]) € To(A1) ® To(Az) belongs to the image of
Citxs B4 ).
Proof We will operate onto objects related to Az .

The next lemma is needed.

Lemma 7.3 Let p1 = (a;j) € ldemp,(A1,) and pr = (b;j) € Idemp, (A2 )
be idempotents.

We suppose the idempotents j1(p1), ja«(p2) are conjugated through an inner
auto-morphism defined by u € GL, (A;L), ie.

J1=(p1) = u jox(p2) u~t. (7.60)

Assume, that the invertible element u lifts to an invertible element it € GL,(A2,;,)
(i.e. josll = u).

Then p = (p1,py.u) € ldemp,(Ay) is an idempotent given by the double
matrix

p = ((aij,cij)), (7.61)
where

(aij) = p1 €Xdempy(Ay,) and p/2 = (cij) == u p2 i le Idemp, (A2 ).
(7.62)

Remark that in this lemma the size of the double matrix p does not change.

Proof of Lemma 7.2 We use Remark 7.5(ii). It is clear that the matrix p given by
(8.30) is an idempotent. In fact, to evaluate p> amounts to compute separately the
square of the first and second component matrices of the matrix p, i.e. the squares
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of (a;j) and (c;;). These are

(@ij)* = (aij) and (cij)* = (ippi™ ') =dpyi ' =iapi' = (cij).
(7.63)
It remains to verify that p € M, (A,), i.e. jix(aij) = j2«(cij). This follows
from (8.29) combined with (8.31)
Jis(p) = u jou(p) u™' = i pri") = jou(P). (7.64)
This ends the proof of Lemma 7.3.
Lemma 7.4 Suppose p1 = (a;j) € ldemp,(Ay,) and p» = (b;j) €

Idemp,(A2,,) are idempotents.
Suppose additionally that the idempotents j1+(p1), jox(p2) are conjugated
through an inner auto-morphism defined by u € GL,(A ), i.e.

Jis(p1) = u jou(pa) u™l. (7.65)

Then it follows that

(i) j1+(p1©0,) and jox(p2 ®0,) are conjugatedby U := u®u~' € GLG(A;L),
i.e.

J1e(PD) @0 = jL(P1®0p) = U jou(p2 ®0) U™ = (u jou(p2) u™ ') @0y
(7.66)

(ii) Suppose that j; is surjective; the invertible matrix U lifts to an invertible matrix
U e My, (Az,,). Let

pr=U(p2®0,) U . (7.67)
Then
J1aP1®0,) = U jox(p) u B0, = jou(p2); (7.68)

i.e. the matrices p1 ® 0,, p> form a double matrix idempotent in
Idemps,(A,), denoted p := (p1, p2,u) € ldempr,(A,) and

(i1x,124)p = (p1, P2). (7.69)
(iii) The idempotents py € ldemp, (A1), p2 € ldemp,(Az ) is stably equiva-

lent to the pair of idempotents p; ® 0, p2 ® 0, and p2 & 0,, ~; pa. In other
words

([p1l.[p2]1) = (p1), [p2]) € To(A1L) @ To(Az, ). (7.70)
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Note that in this lemma, in comparison with the preceding Lemma 7.3 the size of
the desired idempotent doubles; otherwise, the important modifications still occur
onto matrices associated with Az .

Proof of Lemma 7.4 Part (i) is clear.
The proof of (ii) uses 0>, (u), where u € GL,(,). Recall that 05, (1) may be
written as a product of elementary matrices and a scalar matrix (7.35)

o= (.2)- () () 07 et

(7.71)

Having in mind the localisation of the ring <7, it is important to note that the entries
of the formula (7.71) depend on u and u~" only.

The proof will be complete after we will have shown that the invertible matrix U
has an invertible lifting U e Az ;. This follows from the properties of elementary
matrices (valid for matrices and block matrices) to be discussed next.

Definition 7.24 (Elementary Matrices) The matrix E;;(a) € GL,(<7,) having
all entries equal to zero, except for the diagonal entries equal to 1 and just one
@i, j)-entrya € #7,,0 <i # j <niscalled elementary matrix with entry in 7).

Definition 7.25 The space of elementary matrices with entries in 2, is by
definition

E,(<7),) ={Eij(a) |1 <i#j<n, aec}. (7.72)
Let E, (<) the sub-group generated by all elementary matrices and

E(«) := injlimE,(&). (7.73)
neN

Lemma 7.5 The elementary matrices satisfy
E;j(a).E;j(b) = E;jla+b) (7.74)
(Eij@)™! = Eij(-a), (7.75)
therefore E; j(a) € GIL(4,). Any elementary matrix is a commutator
Eij(A) = [Ei(A), Exj()], foranyi, j, kdistinct indices. (7.76)
We return to the proof of Lemma 7.4(ii). We assumed j» is surjective; therefore,

each of the entries of factors of the RHS of (7.71) has a lifting in M, (A3, ); each of
the elementary matrix factor lifts as an invertible elementary matrix. The last factor
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lifts as it is. Therefore, U has an invertible lifting U e GlL2,(A2,,). Lemma 7.3
completes the proof of Lemma 7.4(ii).

(iii) follows from the definition of Té”"(A). This completes the proof of
Lemma 7.4.

Theorem 7.5 follows from Lemma 7.3 combined with Lemma 7.4.

Theorem 7.5 refers to the construction and description of idempotents over A,,.
We need to extend Theorem 7.5 to formal differences of local idempotents.

Lemma 7.6 (Compare [66, Lemma 1.11) Let p1, p2 q1,q> € Idemp,(,) be
idempotents. Let [ ] denote their To(7,) class. Assume also

[p1] = [p2] = lg1] — [q2] € To(A)0). (1.77)

Then p1 + q2 and p> + g1 are locally, stably isomorphic, p1 + g2 ~is p2 + q1.

Proof The stabilisation and Grothendieck completion imply that there exists an
idempotent s € Idemp,,(27,) such that the idempotents

prt+q+s, p2tq+s
are locally, stably isomorphic. We assume that the idempotent s is already suffi-

ciently stabilised. This means there exists an invertible matrix ¥ € GLo,4m (#,)
such that

P+ g s, =ulp+q +s)u .

We add to both sides of this equality the idempotent 1,, — s and we extend u to be
the identity on the last summand. We get further

@ t+s+ A=), =up+q +s+ A=s)u'
From this we get further
P+ @+ b, =u(p+q + la)u™',
that is, the idempotents p; + g2, po + g1 are locally, stably isomorphic
P1 + q ~sp2 + g1
Lemma 7.7 Let p, q € ldemp,(<7),) be idempotents. Suppose

[p] — [1a] = Ig] — [1a] € To(). (7.78)
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Then

(i) p and q are locally, stably isomorphic, p ~s q,
(ii) there exists an N € N and an u € GL,n(%,) such that

1

p+iy=uqu ' + 1ly=u(g + Iy)ul. (7.79)

Proof

(1) Lemma 7.7(i) says that the idempotents p + 1,, g + 1, are locally,
stably isomorphic. This means that the idempotents p and g are locally, stably
isomorphic. Part (ii) tells precisely this.

Theorem 7.6 Let

[p1] = [p11] — [p12] € To(Ar,L) (7.80)
[p2] = [p21] — [p22] € To(Az ), (7.81)

where T;j are idempotents.
Suppose also that

Jislp1l = Jjaslp2l € To(A)).
Then there exists the idempotents po1 , po2
[p] = [poil — [po2l € To(Ay) (7.82)
such that

it[p] = [p1] and ir[p] = [p2]. (7.83)

Proof The two T -theory classes may be described differently

[pil = [pil = [pi2l = [pu + A = p)] — [piz + I = pi)] = [pla] — [l € To(Ar)
(7.84)
[p2] = [p21] = [p22l = [p21 + A = p)] — [pn2 + (I — pw)] = [prl — [1u] € To(Az ).
(7.85)

From this will follow
jilp1l = ji((pla] — [1a) = Gi«lpa) — [14] (7.86)

P2l = jo((pn] — 1D = Gaslppl) — [lal. (7.87)
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The hypotheses say that

(J1slp1a]) = [al = (j2e)papD) — [l (7.88)
Lemma 7.7 implies that the idempotents ji«[p],] j2«[py,] are locally, stably

isomorphic. We are in the position to use Theorem 7.5. Let u € GIL(A2(4,)) and
consider the conjugation

JPhy) = u jos(pp) u™". (7.89)
Theorem 7.5 provides the idempotent
p = (1p12)s Gax(ph), ). (7.90)

The desired idempotents are

pio = p = (1( Py, Gas( Py ), u) € ldemp(Ay) (7.91)
p2o = 1y € ldemp(Ay). (7.92)

7.3.11.1 Constructing Invertibles Over A

Theorem 7.7 (Definition) Suppose s; € GL,(Ay,,) and so € GL,(A2 ) are
invertible matrices with entries in Ay y, resp. Aa ,, such that

Jrxm1) = u jo «(u2) u_l, where u € GIL,Z(A;L). (7.93)
(i) Then there exists an invertible matrix s € GlLp,(A,) such that
i1(s) = s1® 1, and ir(s) = s7, (7.94)

where the invertible matrix 5, € GlLo, (A3 ;) is conjugated to s> through an
inner auto-morphism U € GIL(A2, ). This means

55 = U(s201,)07! (7.95)

Joxs2 = (o (s)u™) &1, =jie(s1 @ 1n). (7.96)

(ii) The matrix s is denoted s = (s1, $2, (7).

Proof The proof of Theorem 7.7 follows the same lines as the proof of Theorem 7.5.
Theorem 7.5 is based on the following facts: (a) operations with double matrices
respect Remark (b) lifting of the invertible element U = 0y, (4) == u ® ule
GlLon(Az,,) (u € GL, (A/z, M)) by means of the factorisation of U by elementary
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matrices, see (7.35), and (c) the fact that any inner auto-morphism keeps invariant
any zero vector sub-space.

To prove Theorem 7.7 we use the same elements (a)—(c) with the following
changes: idempotents are of course replaced by invertible elements and for (c) we
use the fact that the inner auto-morphism transforms the mapping 1, into itself. This
ends the proof of the theorem.

The next theorem is the analogue of Theorem 7.6 in the T7(27,) case.

Theorem 7.8 Let ji and j» be epimorphisms.
Suppose [s1] € Tll”"(Al,M) and [s2] € Tll""(Az,M) have the property that

Jislst] = jouls2] € T (A)). (7.97)
Then there exists [s] € Tll”C(A,L) such that

il 51 = [s11€T{*(A1,) (7.98)
and

ils]1 = [s2]€T{*(Az,). (7.99)

Proof The definition of Tll”C(A;L) involves an ambiguity belonging to the sub-
module O(A;L). We can make the assumption that the elements s; and s; are
sufficiently stabilised. Equality (7.97) tells there exist two elements &1,& €
Ozn(A;L) with the property that the invertible matrices ji.«(s1) + &1, jox(s2) + &

are locally conjugated by means of a matrix u € GLG(A/)

JieGs) + & = u (ou(s2) + E)u . (7.100)

We split the problem of finding the element s in two parts

(1) find 51 € O(Ay,,), resp. 52 € O(Ay,,), as lifts of the elements &1, resp. &,

(2) apply Theorem 7.8 with s1, resp. s2, replaced by 51 + 51, resp. s + 52 and
the invertible element .

(1) The first lift is obtained in two steps: (i) we find invertible lifts 51 € Aq y, resp.
& € Az ., of the elements &1, resp. & , and we verify that (ii) such lifts belong
to Oz, (Aj ), i =1,2.

The lifts of the elements & belong to O2,(A; ). The lifted elements will not
change the corresponding T-completion classes. The proof continues through the
next section.
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7.3.11.2 Lifting of (D)(A;L)

We show the procedure on the element &;; for & we use the same procedure.
The element &; has the form

o] 0 —1
& = <O 011) = a1 BQa; € Og,,(A;L). (7.101)

We use the factorisation (7.35) to decompose &1

a; O 1 o 1 0 1 ag 0-—1
= = . 7.102
o= (1) = VD6 E) o
The homomorphism j; being an epimorphism, there exists &, resp. f; € Ay
such that jj(&1) = o1, resp. jl(Bl) = al_l.The lifted element is

;- (1o I 0)(lag)[0~-1
= (0 1)(—31 1) (o 1><1 0)’ (7.103)

1) = ("(‘; a?l) _—

We use formula (7.35) and property (7.75) of elementary matrices to find the
inverse of &;

(0 1\ [1=a)[10)(1-a
i= GG 6T 108

-1
NGRE ("” 0) ~a &

-1
0 o

We have

because jj is a unital ring homomorphism.
The lifted element is

£l = & @& € Myy(A1).
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7.3.11.3 Back to the Proof of Theorem 7.8

(2) The elements s; + & € GL4n (A1), 2 + & € GL4n(Az,;,) and the
invertible element u satisfy the relation

Jislst + &) = u(s2 + E)u (7.105)

Theorem 7.8 follows from Theorem 7.7.

7.3.12 Ki()vs. T1()

The following identities are well known. They are used as building blocks of K-
theory, see [31, 66, 89, 100, 108, 110, 126].
We compare properties the classical algebraic K-theory with properties of 7.

Theorem 7.9
(i) The group K\(<7) is

K (&) := injlimGL, (%) /[GL, (), GL,()]; (7.106)

neN

it is called the Whitehead group.
The group structure in K1(2/) is given by matrix multiplication and direct
sum addition

[A] + [B]:=[A.B]. (7.107)
Therefore, T\ () is the set of Jordan canonical forms of matrices over of
modulo O (/). The sum in the group T\ (<) is the direct sum.

(ii) Any commutator is stably isomorphic to a product of elements of the form
O2,(&7). More specifically, for any A, B € GLL(47,,) we have the formula

ABAT'B7'0\ _ (A 0 \(B 0 \[BA 0
( 0 1)_ (o Al) <o Bl)( 0 BA)‘ (7.108)

(iii) If A € GL,(47,), then (see (7.35))

(A0 (14 10\ /1A)/0-1
O(A) = <0 Al) - <0 1) (—Al 1) <0 1) (1 0 > (7.109)
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(iv) Any elementary matrix is a commutator

Eij(A) = [ Eix(A), Exj(1) ], foranyi, j, k distinct indices.
(7.110)

(iv) Let A, B € GL,(#,). Then A+ B is stably equivalent to AB and B A modulo
multiplicatively elements of the form 0, (<)

A0 ABO\ /(B0 B~1 0\ (BAO
<OB>:<01><O B):<O B)(Ol)‘ (7.111)

(v) For any two elements A, B € GL,(47,) one has the identity

ABAT 0\ (A 0 \(BO\[A 0\ (A o\ (BO\[Aa 0\
o 1) \oaJ\o1/\ o a) \oa'Jlo1)\oa"l] ~
(7.112)

Theorem 7.10 (See [31, 37, 43, 66, 89, 100])

(i) [GL(&), GL, ()] = En().
(ii) [ABA™'B~1] = 0 € K| ().
(ii.1) [A] + [B] = [AB] = [BA] = [B] + [A] € Ki(&).
(iii.2) [A] + [B] = [B] + [A] € Tll”"(.;zf). Therefore Tll”"(.;zf) is an Abelian
group.
(iv)

[O2n ()] = [1a] = 0in Ki(),
Ti (<) and T°° (7).

(v) —[A] = [A™'Tin Ki(&/) , T1(/) and Ty (o).
(vi) [ABA™'] = [B] € K|(&).

Proof

(i) The relation (7.108) says that any commutator is a product of matrices of type
0, (/). Formula (7.35) says that any matrix &), (<) is a product of elementary
matrices and a scalar matrix (7.35). This proves the property (i).

(i) This property follows from the definition of K ().
(iii) (iii.1) and (iii.2) follow from the definitions.
(iv) Itis clear that [1] = [1].[1]. From this one obtains that the zero element of the
group K is represented by the class of the element 1.
In the definition of 71(%) and T, (<), the elements &' (/) represent the
zero element of these groups.
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v)
(vi)

This property follows from (iv).
This property follows from formula (ii) in K (%)

ABA' = (ABA'B')YB =0+ B = B. (7.113)

The next remark shows the specific parts of the construction of Tll"" make our
construction different from the classical one.

Remark 7.6

@

(i)

(iii)

In our next construction the factorisation of the elements of GIL(</) through
the commutator sub-group (or the sub-group generated by elementary matri-
ces) is avoided because the number of products needed to generate these
sub-groups might be un-bounded. Here we have in mind the algebra of integral
operators, or pseudo-differential operators. Any product increases the size of
the support; an un-bounded number of products does not allow a support
control.

In the whole chapter we do not use more than three products of elements in
the algebra. Products matrices of replaced by sums and direct sums. The size
of matrices replaces the need to perform multiple products. In our definition of
Tll"c («/)—where products could not be avoided—the corresponding increase
in the size of the supports is absorbed by the projective limit.

To observe, our construction of 77 uses the elements (%) additively and
not multiplicatively. In the classical construction of K;(<27), the elements of
0 (<) are used multiplicatively. To generate the commutator sub-group it is
necessary to perform an un-bounded number of products. In our construction
an un-bounded number of products is not allowed.

Our construction of Tll”“’(;z{ ) uses the factorisation of GIL(<) through the
smaller sub-group of inner auto-morphisms. Observe, the class of an invertible
element ¥ modulo inner auto-morphisms is nothing but the abstract Jordan
form J (u). Our construction of 77 contains more information than the class of
the invertible element modulo the commutator sub-group.

Suppose o7 were the algebra of complex matrices and u € M(C). Then
J () could be identified with the Jordan canonical form of the matrix u. The
Jordan canonical form of the matrix u @ u~! is precisely J(u) U Jw™h. If
u is not the identity, it is clear that u @ u~! could never be conjugated to the
identity element.

Suppose C is the algebra of complex numbers endowed with the trivial
filtration. In this case, for the computation of the groups Tl.l"c((C), see [131]
and Sect. 22.

For the definition of Tll”“’(;z{ ), it natural to consider the quotient space of
GL (&) modulo the equivalence relation ~y;. We use the factorisation (7.35)
of the additive sub-group O(gf). This factorisation shows that the Jordan
canonical forms of the elements u and u~! are opposite one to each other
in Tll"c. The additive group generated by elements ¢&'(27) is contained in the
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commutator sub-group. This property insures the fact that there exists a natural
epimorphism from Tll”“’ () to Ki().

(iv) Itdoes not appear that the factorisation through the sub-group &'(%7) would kill
much information. To see this, suppose u, v € GL, (7). Then, (u ® u™') ~;
(w@v ") ifandonlyif (u @ 1,) ~ (v @ 1,,).

(v) The projective limit (Alexander—Spanier type construction, made possible by
the filtration .7, of the algebra), makes the algebraic Tl.l"c-theory richer than
the classical K;-theory,i =0, 1.

Theorem 7.11 Let IT : Tll""(.;z% ) —> K (&) be the canonical epimorphism.
Then

Ker I1 = [ GL(&), GL(«/) 1/ Inner (7). (7.114)

7.3.13 Connecting Homomorphism
3 : TH(A) — T/ (4) ® Z[}]

In this section we assume that the diagram (Sect.7.3.4) satisfies Hypotheses 1-3.
We define here the connecting homomorphism 9 : Tll”" — Té"" ® Z[é].

The reader will notice that the construction of d involves from the very beginning
idempotents.

Definition 7.26 Let [ u | € T (A;L). Recall that the elements of T (A;L) are
equivalence classes of invertible matrices modulo ~¢ > We may assume that

ue GIL,Z(A;L).
Define the connecting homomophism o : Ty (A;L) — To(#,) ® Z[é]

lul = [pa, 1y, Tw) 1 — [ A 1, (7.115)

where U (u) is obtained through the decomposition of u & u~! as in (7.35), and
lifted in Ay, as in (7.103).

Proposition 7.8 Suppose the homomorphisms ji, ja are epimorphisms.
Then the connecting homomorphism is well defined.

Proof The connecting homomorphism is additive. We have to show that  ( u @
uly =o0.
To do this we decompose u @ u ™!

u@u_l = 1((ueau_l) (4> (u@u_l)) =
2 (7.116)

My ® A1 @Ay ® Aoy
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We lift the two components in Aj ,, resp. Ay ,. For this purpose we use the
formula (7.35). The lifted elements are

La) (1 0) (1) (0
B <0 1) (—ﬂ 1) (0 1) (1 o>€M2n(v‘Zf) (7.117)

where ji(@) = w and j;j(8) = u~'. The elements o and S exist because the
mappings ji, jo, are epimorphisms.

These elements produce invertible matrices as they are products of invertible
matrices. In addition, they produce a double matrix of the Mayer—Vietoris diagram.
We have

e

E(™ET = o (7.118)
From this we get

d(uu') = QI — M = 0. (7.119)

7.3.14 Six Terms Exact Sequence

Theorem 7.12 The following sequences are exact

(i)
Tloc () W8 Tloc (A @ TIoe (Ay) " Tloe (A (7.120)
(ii)
T{ee () 3 Tloc Ay @ T (A T8 Tl (A (7.121)
(i)
TI{JC(Al) @ TI{JC(A ) jl* ]2* Tll{)C(A/) _8>
loc (’1* i2+) loc loc 1
T, (A)®Z[2] (Ty (A1)®Z[ ])@(To (A2)®Z[2])-

(7.122)
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Therefore, the following six terms sequence is exact

Tee(a) "B Tl Ay @ i) T Tl Ay s

L (e = ok

. . 1 1 , 1
Té’“(A)@Z[Z] =3 T(f”L(Al)@Z[z]@Té"C(Az)®Z[2]]'—> Té“(A)@Z[Z]
(7.123)

Proof

@) Q1) Im(irx, i24) C Ker(jix — j2e).
Easy to verify.

(1.2) Ker(jix — j1x) C Im(i1x, i24)
We are going to verify it. If p is an idempotent we convene to write
p:=1,—p.
Suppose ([p1] — [p2]. [q1] — [g2]) € T3 (A1) ® T3 (Aap0)
be such that

0 = jr«(p1] = [p2D) — Jj2.x(q1] = [q2]), (7.124)

where p1, p2, q1, g2 are idempotents. The pair of T-theory classes may
be re-written

0 = ji«p1 + p2l — [p2+p2D) — joslgr + q2] — [g2 + q2])
(7.125)

or
0 = jix(pr + p2l = [1:D — j2sllgr + g21 — [1:D.  (7.126)

By adding to all sides a trivial idempotent of sufficiently large size, we
may assume that » = s. This new relation may be re-written

0 = jix(Ip1 + P21 — jox(g1 + D). (7.127)

This implies that there exists an idempotenté € Idempy (A;L) such that
the idempotents

Urspr + p21 + &) — (Gasllgr + q2]1 + §) (7.128)

are isomorphic. We add the idempotent & := 1y — &; we to get
isomorphic idempotents

Grspr + P2l + & + &), Goxlgr + @21 + § + &) € ldempy(A))
(7.129)
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(i) (ii.1)

(ii.2)

We have
Urspr + p2l + 1n), (2x(gr + q2] + 1n). (7.130)

This implies there exists u € GLy (A") which conjugates these two
idempotents.

From Theorem 7.6 we know that there exits the idempotent p €
Idemp,5(Ay) such that

iwp = (p1 + p2 + IN) @ 1y (7.131)
and
inp =U (g1 + @ + ly@ly U™ (7.132)
where
U € GL,5(A)). (7.133)

From here we deduce the image of the T-theory classof p — 15 € Ay,
through the pair of homomorphisms (i1 x, i2,x) 1S

(15 20lp — 15] =
(pr+ P+ 1Sl — 1. Ulg + 3 + Ielp U — 1) =
((pr++1nely —lg. Ulg + ¢ + lynely — 1y U =

= (p1 = p2lilg1 — q2l,
(7.134)

which completes the proof of the part (i).
We have to prove Im (i1, i2)x C Ker(j1,« — Jj1,x)-

Suppose u = (u1,u2) € GL(A,) belongs to Im(iy,i2)s. Then
according to the definition of A, u may be chosen so that jj(u;) =
j2(u2) and hence [u] € Ker(jix — jos)-

Suppose now Ker(ji1,x — Jj2,x) C Im(i1, i2).

Letu = (ui,u2) € Ker(ji1,+« — j1,«). Therefore, there exist
two elements &1, & € (O)(A;L) sothat j1(u1) + & = ja(ua) + &.
Ji(u), jo(up) lifttou; € Ay, resp. up € Az 4. On the other hand, see
Sect. 7.3.11.2, the elements &, resp. &2, lift to elements £ € O(AL W),
resp. 52 € O(A2,,). From here it follows that

u; + §1 € A,y and uy + 52 €Ay
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(iii) (iii.1)

(iii.2)
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are so that

A + &) = jpur + &). (7.135)
Hence,

[ + &), (w2 + E)] = [(u1, u2)] € Ti(A1,) @ Ti(Az);
(7.136)

the statement is proven.
It is required to prove that Im(ji« — Jjox) C Kerd.

We have to prove d o jix = 0.Letu € A; ;. We need to compute
d o j1(u). We know the result is independent of the lift of

(@) ® (i)™
We have to use the lift u @ u~!; we get
1

dojiw) = @@u N1, @1lueu ™)™ = 1,81,

Need to prove first that Kerd C Im(ji« — j2«). Suppose u € A;L has
the property

du = [(1p, L, Uw)] — [A(F)] = 0.
We have to prove that there exist vy € Ay, v2 € Az, such that
[u]l = [jixv1 — joxv2l.
The hypothesis says that
[(Ln, 1, U))] = [A}].

We add an idempotent ¢ and its complementary to both sides of this
equation to get

(1m+n, 1m+na Uu®1ly)) ~c AZ1+n.
We conjugate the second term of this equation to get
o(u) = AZ‘*".

This proves the statement.
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(iii.3)

(iii.4)

Im o C Ker (i1, i2)«.

Letthenu € T (A;L) and p = du € To(A,). We need to prove that

(i1, i2)«(p) = 0.
We have

li1 0 du]l = [i1 (1, ® 0y, u(l, ® 0 )u"") — A" ()] =
[1, & 0,] — [A"()] = 0.
On the other hand

= [iz (1, ® O, u(1, ® 0)u")] = [A" (] =

(7.137)
[u(l, ®0)u""] — [A™(7,)] = 0.

Let Ker(i,i2)s C Im(0 ® Z[%]) and p € To(Ay) and (i1, i2)«(p) =
0. We need to prove that there exists u € Tl(A;L) such that p = du €
To(Apy).

We look for an invertible matrix u € M, (A;L) such that

0 = (i1,i)«([p]) = (i1, i2):[(1n & Op, u(l, ®0)u"H] — [AL] =

[y ® 0,). [u(ly ® 0 )u™']) — [AL].
(7.138)

We stabilise the idempotents

1y @0, AL (7.139)

The conjugation transforms trivial idempotents in trivial idempotents.
The stabilised idempotents 1,4, @ 0y, Al"fm still satisfy the condi-
tion

PLx(Lygm @ Opgm) = 0 (7.140)
p24(A)"" = 0. (7.141)

We choose an isomorphism & between the two trivial idempotents

1n+m @ OVlers AZ+m~ (7142)
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We reduce these idempotents modulo the ideal J. We obtain idempo-
tents in A (<7,); let u be the restriction of it modulo J. u is the element

we are looking for.

If we started with the element p ® 1/2" € To(Ay,) ® Z[;] instead,

the corresponding element would be u ® 1/2™.

7.3.15 Relative T-Groups: T; (), J)

Definition 7.27 Let &/ be a localised ring; let _# be a localised bi-lateral ideal in

(7.143)

(7.144)

o .
In this section we make reference to the Mayer—Vietoris diagram (Sect. 7.3.4).
We take
Ap = /w
Ay = Ay = JZ{,u(Au) =
{A, ) [ M€ Ay, o€ Ay, M — Ao € _Zu}
and

Al =yl Jo.

The above structure will be called (7, _#) localised ideal.
Define, fori = 1,2

Ji :Aﬂ—>J27//, Ji A1,A2) == A mOd./M.
Definition 7.28
TloC(of, 7)== Ker (TI°(A,) 25 TC(at, ) #,))
Tl(of, f) = Ker (TI°(A) 25 Tl°() 7).

Theorem 7.13

(i) One has the exact sequence
0— ju—xﬂui)Mu//u—ﬂ),

where ( is the inclusion and 7 is the canonical projection.

(7.145)

(7.146)

(7.147)

(7.148)

(7.149)
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(ii) The exact sequence (7.122) becomes
Tlo(ot, g7) 25 Tioc(ary 2o T (et ) gy 25

X 1 I . 1 T . 1
T, J)® Zl,1 = Ti¢ (o) ® ZI,1 = (| 7))@ Z1 ).
(7.150)

Proof The reader is invited to make the proof.

7.3.16 Connecting Homomorphism: Second Form

In this section we define Mayer—Vietoris diagrams associated with elliptic operators
between two different Hilbert spaces. We exhibit the corresponding connecting
homomorphism.
Let D : H) — Hj be an integral or pseudo-differential elliptic operator.
Consider the following the ring

A1 = Ay = Homyee:(Ho ® Hy, Ho ® Hy) (7.151)
and the ideal
J := Compact operators on Hy ® H. (7.152)
Definition 7.29 Let next be the following structure.
Let Ay = Axbearing.Let J C A;,i = 1,2, be a bi-lateral ideal.

Introduce the rings

A= {(A, ) | A1 € AL, Mo € Ay, A1 — Xl € J} (7.153)

A= AT = Ay (7.154)
The ring structure in A is

(A1, A2) + ), A5 = (M + A, A + A)) (7.155)
1y A2) . O, W) = (4], A, (7.156)

Definei;, i =1, 2,

it A— AL ® Ax, i (M1, A2) = A (7.157)
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and
Jii M ® Ay — A, i My ) =i/

Proposition 7.9 {A, A, Aj, A,, i1,12, j1, j2} is a Mayer-Vietoris diagram, see
Sect. 7.3.4.

If A;, J are localised rings, then this is a localised Mayer—Vietoris diagram; to
this localised Mayer—Vietoris diagram there corresponds a six term exact sequence,
see Theorem 7.12.

We are going to exhibit the corresponding connecting homomorphism 0
Tlo¢(A"y — T[(A).

Definition 7.30 Let [u] € Tll”C(A/), where u € GIL, (A;L) for some n and .

As jy is surjective, let A, resp. B, € M, (Ay,,) be liftings of u, resp. u1in

M, (Aq,,). With A and B one associates
So =1 — BAeM,(A1,u-1), S1t =1 — ABeM,; (A ,-1). (7.158)
The matrices Sp, S satisfy
J1(So) = j2(81) = 0. (7.159)

There corresponds the invertible matrix [96]

LZ(&—0+&W

A S, ) € GLo, (A4, p—2). (7.160)

The inverse of the matrix L is

L <So (1+ So)B

Lon (A 4—2). 7.161
A S )GGZ(I,;LZ) (7.161)

We denote by eq, e, be the idempotents

e] = ((1) 8) €Al 2, = (0 0) €Al p—2. (7.162)

The matrix L is used to produce the idempotent

S5 So(1+ So)B

P:=Le L' =
“ (SlA 1— 82

) € Idemp,, (A1, y—2). (7.163)
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(00
Ji(P) = (O 1).

P, ((Sg, 0) (So(1+ So)B, 0)
(514,00  (1—S% 1)

Then

Let Py be the idempotent

) € Idemp2n(AlqlL—2) @ ]IdemPZn(AZ,p,—Z)-
(7.164)

Then

00

T (Py) = (01

) € Idemp(Az ).

The idempotent Py satisfies the equation (ji,« — Jj2,+)(Py) = 0. Therefore, Py
belongs to My, (A, —2).

Definition 7.31 Connecting homomorphism—second form (for K-theory see
[961).
Let[U] € Tll 2¢(A"). We define the second form of the connecting homomorphism

a1 TI°(A)) — T°(A) (7.165)
3r1[UT == [Pyl — [(e2, e2)] € T3 (A). (7.166)

It is easy to check that d is compatible with the equivalence relation ~¢. In fact, any
elementé = u du! e A;L has an invertible lifting in Ay, see Sect. 7.3.11.2. For
this reason, both A and B may be chosen to be inverse one to each other. Therefore,
So = Oand S; = 0 and hence

00
P = (0 1), U] =0. (7.167)

7.3.16.1 Connecting Homomorphism and Stabilisation

In this sub-section we see how d depends on stabilisations. In other words, we
need to know how Theorem 7.12(iii), and how the connecting homomorphism,
Definition 7.31, behaves with respect to stabilisations. We consider a more general
situation than that considered in the previous section (Sect. 7.31).

For this purpose, let U € GL,,4,(A’) and

00
€o,n) = (O 1n> € My (A) (7.168)
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be such that the diagram

A’m+n u A’m+n

J{e((ln) le(oen)

"m4+ U "m+
AT ——— AT (7.169)

is commutative. This condition will be needed to show that Py € Idemp,;4,(A).

The case discussed here corresponds in Sect. 7.31tom = 0.

We proceed as in Sect. 7.31. Let A, B € GL;,1,(A1,,) be liftings of U, resp.
UL, in M40, (A1). We assume jj is surjective.

As usually, with A and B one associates the matrices S§9 = 1 — BA €
GLy4n (A1) and St = 1 —AB € GLLy4,(A2,,). The matrices Sp, Sy satisfy the
condition

jl,*(SO) = jl,*(Sl) = 0.
We associate the invertible matrix

L — (So —(1+ So)B

I’ s ) € GLognin) (A1—2). (7.170)

The inverse of the matrix L is

-1 — (So (1+ So)B

A s ) € GLn4n) (A1 p—2). (7.171)

We consider the idempotent matrices

0 0 0

e] = (9(010 ) € GLognin)(A1,p) €2 = (0 o )) € GLogn+n) (A1)
n

(7.172)

The invertible matrix we produce is used to produce the idempotent

So e, So So eo.ny (1 + So)B

Pyi=Le L' =
Aeon So Aeon (1+So)B

) € Idemp 1) (A1 p—2)-

(7.173)

Definition 7.32 Let [1] be an invertible element and R(U) be the corresponding
operator. Then

RU):= Py — e. (7.174)
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The idempotent Py is used to construct the double-matrix idempotent

Py = <(So e S0, 0) (S0 eony (1+ S0)B, 0) )
(A ewon) So, 0) (Aewpn (1 —S80)B, eq,n)

€ Idempymyn) (A1, u—2 ® A2 p—2).

(7.175)

The matrix Py is an idempotent in M4,y (Ay,—2). Indeed, we may verify
directly that (j1,« — j2.«)Py = 0. For this end, ji« is a ring homomorphism
and j1+(So) = Jj1+(S1) = 0. Finally we get

JiA eom (1=S0)B) = Ueon U™ = eonm = j2leon) (7.176)

Therefore, it follows that Py € M, (A, —2). The fact that the matrix Py is an
idempotent in My, 4,,) (A —2) follows from the fact that I’ and e, are idempotents
along with the discussion above.

Definition 7.33 Connecting homomorphism—third form
We suppose the assumptions of Sect.7.31 above are in place. For any [U] €
Tf”C(A,) one defines the connecting homomorphism

d: T°(A) — TL°(A) (7.177)

U] := [Py] — [(e2,e2)] =

((0, 0) 0, 0)
(0, 0) (Ae,n)B, ew,n)

l (7.178)
) — [(e2, €2)] € Ty*“(A).

We have to follow how Py depends on the choice of the lifts A, B, U and U -1
Let Py be the new operator.

Let A and B be two such different lifts. We assume first that the operator A is
changed; with the operator B we use the same procedure.

LetA = A + T with ji(T) = 0.Let Sp, S be the corresponding operators;
let L € GLo(n+n)(A) and let I}, be the corresponding new operators.

The new operator is Py := L e L.

The Py is conjugated with the old operator Py := L e; L™!, P, = Le L7V
The operator Lis given by

[ = ('~ BT -BTB), 1 (7.179)
T 1+4+TB
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We obtain
' = (BT —BTB) (7.180)
T 1+4+TB
We have
i = (! BT -BTB), (7.181)
T 14TB

We know already that L and L are invertible matrices. Therefore the right hand side
of (7.181) is an invertible matrix.
The operator P is given by the matrix

T 1+4TB T 1+TB

_ (1-BT —BTB\ , (1— BT —BTB\ '
B T 1+TB T 1+TB)

—1
P o—fei! = (1 — BT —BTB)L.e - (1 — BT —BTB) _

(7.182)

Therefore,

~ 1-BT —BTB 1—- BT —BTBHB -1
Py = HP . 7.1
U (( T 1—|—TB>’ ) U(< T 1+TB)’ ) (7.183)

In conclusion, [ Py ] = [Py 1€ T[*°(A).
This completes the discussion about the choice of the liftings of A and B.



Chapter 8 )
Topological Index and Analytical Index: Shethie
Reformulation of Index Theory

Abstract In this part we present the main algebraic structures on fopological
manifolds and we reformulate the index theory.

8.1 Level I: Index Theory at the T/°°-Theory Level

Definition 8.1 Let ¢ C &/ be a localised bi-lateral ideal of the unital ring <7.
There corresponds the short ring exact sequence

0— Ju— oy —> o) Fu —> 0. (8.1)

Definition 8.2 The ring <7,/ _#,. is the analogue of the Calkin ring. If U € 7,
then w(U) € &7/ _# is called the symbol of U.

Consider the 6-term exact sequence in T!°“-theory (8.2)

: x oc T oc 0
T\ (o, J) —> T{*(o) => T{*( | J) —>

(8.2)
. 1. i . 1. . 1
T, F) @ L) = Ty (o) ® ZL) 1 = T" (| F) ® U]
1. Topological index of u is
: 1
Top™ Index (u) := 8[u] € Té”‘ (&) ® Z[z], (8.3)
where [u] € T[°°(o// 7).
2. Analytical Index of u is
1
An" Index (u) == R (8[ul) = 81/[ul € To(/) ® Z[z] (8.4)
where ;7 is the second definition of boundary map 7.31.
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Case 1
Problem 8.1 Define significant classes of extensions (8.1) for which the difference

A, F) = Top” Index (u) — An" Index(u) (8.5)

can be computed.

Case 2
Conjecture 8.1

(1) Let M 2 pe a closed compact quasi-conformal manifold. Let £2*(M) be the
algebra of differential forms on M? . Let H be the Hilbert space of L,-forms of
degree [. Let (8.1) be the exact sequence associated to the short exact sequence

0— 20 L wpiff 5 wDiff) L — 0.
For any u € GLy (¥ Diff/£"°°) one has
(Top™ Index) (u) ® Q = (AnT Index) (u) ® Q. (8.6)

(2) Let A be an elliptic pseudo-differential operator on M. Let u = m(A) €
GLn(«7/_#) be the image of A in the quotient space. Then

q!

_1\dimM *
Qi (Zq)!( D Ch(u) N [T*M].

AnT Index uw)yQ = TopTIndex u) Q=

8.7)

Ch(u) in the formula (8.7) is the periodic cyclic homology of u, discussed next
in Sect. 8.2

(3) Let A be a pseudo-differential elliptic operator on the quasi-conformal manifold
M. Let u be its classical symbol. Produce the residue operator R(u) (6.1), (K
is replaced by Tll”C). Let f € CZ (M) be an Alexander-Spanier co-cycle; let
[ f1 be its cohomology class. Let 7 (T*(M)) be the Todd class of M.

Then

AnT Index w)®glf1=Top” Index (u) ®glf1= L4 (=DM Chu) U o(T*(M)) N [T*M]
° S 2rive 2g)! '
(8.8)

8.2 Level II: Index Theory in Local Periodic Cyclic
Homology

We consider the exact sequence
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Definition 8.3 Let .« be a localised ring. Consider the exact sequence (8.1). Let
u e TI°(Ap) 2.

1. Topological index of u is
Top " Index () :== Chd[u] € C'¢P"* (o), (8.9)

2. Analytical Index of u is

AnC"Index (u) := Chey (8 [u]) = Chey (817 [ul) € HOP (o). (8.10)

see Definition 7.31.

The topological index could be defined in a different way. One could consider the
connecting homomorphism 4§, in the local cyclic periodic homology instead of the
connecting homomorphism in the Ti"" exact sequence. This leads to the topological
index

TopSh Index (u) = Ché,[u] € HL2“P (o7, (8.11)

Case 1
Problem 8.2 Define significant classes of extensions (8.1) for which the difference

AN (et 7Y+ An“"Index (u) — Top©"Index (u) (8.12)

can be computed.

Case 2
Conjecture 8.2 Let M be a quasi-conformal closed manifold. Let u €
GLn(u/ _#,), where (<7,) is the algebra of pseudo-differential operators on

Mand 7) = &£ G °%) Jocalised by the support of operators about the diagonal.
Then

Top“"Index(u) = An“"Index(u). (8.13)

8.3 Level III: Index Theory Restricted at the Diagonal

This situation applies only when the local periodic cyclic homology has a limit to the
diagonal. It depends on the regularity of the structure. The classical index theorems
belong to this class.
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8.4 Topological Expectations

This book goes in two directions. On one side it proposes new ways of research in
index theory and on the other hand it generalises the notion of fopological spaces.
Sections 9.1-9.3 treated the index theory in various situations. The purpose of
this section is to propose the developing of topology. This section should be read
together with the last section of this book where the Chern classes of bundles over
generalised topological spaces are defined.

8.5 T/*°(C),i=0,1

In this section we compute the local algebraic T-theory, i = 0, 1, of the algebra of
complex numbers C endowed with the trivial filtration (C,, = C, p € N); local
algebras and local algebraic Tl.l”“’-theory were introduced in the previous section.
Theorem 8.1 is the main result of this section. This case corresponds in the simplest
case, the Alexander—Spanier local T -theory of the point. The results of this section
constitute a part of a comprehensive program aimed at re-stating the index theorem,
see [125, 127, 129, 130].

8.5.1 Introduction

For the definition of the local algebraic Til”“’-groups see Chap. 7.

8.5.2 Notation: Preliminaries

Definition 8.4 Let J, ) € GL,(C), 2 < n, denote the Jordan cell matrix of size n
having the entry A on the diagonal

A 100 ... 00
0 A 1 0..... 00

Tog=\ oo ; (8.14)
0000..... Al
0000.... 0

it is understood that J1 , = A.1;.
For of any matrix A, let J(A) denote the Jordan canonical form of A.
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Definition 8.5 LetC := C\ {—1,0, 1}.

Introduce on C the following equivalence relation ~,: A ~, A if and only if
A=2oral = A\

The values A = —1, 41 are the fixed points of the Z;-group action .# : C\
{0} — C\ {0} #(1) := AL

Define

C:= C/~,. (8.15)

8.5.3 The Main Result

Theorem 8.1 Let C be endowed with the trivial filtration (C, = C, u € N).
Then

(i)
Ti°(C) = 7 (8.16)

(ii)
Tl°¢(C) = (8.17)

O1<neN ZolJn-1]1 Q2<neN Z2[In 1l ® ey, e 2L, 51
The group structure in Tll""((C) is provided by the relations

mi[Jnal + malJd, ;11 = (my —m)[Jns], for any mi,my € N. (8.18)
—m[Jp,] = mlJ, ;~1], foranym € Z. (8.19)

The proof of this theorem gives a taste of the algebraic structure behind the
construction of Té”“’ and Tf”“’.
Proof

(i) It is easy to compute Té"”((C). Any two idempotent matrices in M, (C) are
conjugated if and only if they have the same rank; this could be seen, for
example, by using their Jordan canonical forms. Therefore

Ti°°(C) = To(C) = Z. (8.20)

(i) We pass now to compute Tll""((C). We will need a few lemmas.
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In the computation of Tl"c the Jordan canonical form of the matrix J, ; plays
a central role. For this reason we present two proofs of the result (10.21). The first
proof is based on explicit formulas; the second proof is more conceptual.

We begin by determining the formula for Jnf){

Definition 8.6 Consider the matrix

01 00...00
0010..00
My:=Ju—M=|.....................| (8.21)
0000..0°1
0000..00
Then, forany | <k <n—1
0 ... 0 10...0
0 0 01...0
M=o o o..0 1], (8.22)

i.e. in this matrix the entries of the (k + 1)th diagonal, above the main diagonal, are
equal to 1 while all other entries are equal to O.

In consecutive powers of M, the diagonal of 1’s moves towards the upper right
end of the matrix. From this it follows that any distinct powers k, 1 <k <n —1, of
M,, are linearly independent over C. For larger powers of this matrix one has

M} =0, n<k. (8.23)

These well-known formulas allow us to find J (Jn_’i). Indeed,

1 —1 1
I= 1= (= M) = (I=C M) Y (=, M)¥= (8.24)

0<k<n—1

1
=) Y (= M)

0<k<n—1
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which shows

1
Wl = Y0 (= M, (8.25)
0<k<n—1
or
L =D 4
o= e M (8.26)
0<k<n—1

Therefore, forany 1 </ <n—1

1 Loy (Gl LAV Gl D
(Jr:A — AI) = ( Z M) = M, + higher powers of My.

k+1 21
1<k<n—1 AeE A
(8.27)
These show that (2 < n)
1
1 < Rank (J, — AI)’ 2<i<n—1 (8.28)
and
-1 1 n
Rank (J,; — AI) =0. (8.29)
All eigen-values of J, , are equal to A. The minimum power k for which
1 < Rank(J, 5 — 1.1,)F (8.30)
(Jnp — 1) =0 (8.31)

is n — 1. For this reason, by definition, the number n will be called the Jordan rank
of the matrix J, ;, denoted ¢ Z(Jy, 3).
Formulas (8.28), (8.29) show, on the other hand, that

IRI, D) =n = FR(n2) (8.32)

Given that there is just one Jordan cell with given Jordan rank and spectrum, this
relation says that

T = Ty (8.33)

The next lemma states the same formula (10.21), but provides a different proof of
it.
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Lemma 8.1 Let J, , € GL(C), 1 < n. Then

T =J, (8.34)
Proof This is a second proof of (8.33); it does not use the explicit formula for Jn_i
discussed above. As J,, 5 € GL(M(C)), A # 0.

The matrix J,  is invertible. We get, forany 1 <k <n — 1

1 < Rank(Jy s — Mp)" = Rank[ J},.(1, — h.J, )k 1= (8.35)
1
Rank(1, — ».J, Dk = Rank()\ln — Ik
0= Rank(Ju; —Mn)" = Rank[ J}, (1, = A.J, )" 1= (8.36)
—1\n 1 —1\n
Rank(1, — )L.Jn’)h) = Rank(kln — Jn,x)

The spectrum of Jn_i consists of the sole value 1/A. Formulas (8.35) and (8.36)
say that

IRID) =n = FRUni). (8.37)

Given that there is just one Jordan cell with given Jordan rank and spectrum, this
relation proves formula (10.22)

T = e
Lemma8.2 LetU = (A® A1) € 02,(C), any 1 < n.

(i) The Jordan canonical form of U is

U ~ec J(U) = @Znizn( Jn,-,k,- @ Jn,‘, )\Fl ) = Z ( Jn,-,k,- + Jn,', )‘;1 )
> nj=n
(8.38)
with
(Jugss + Ty 1) € 02,(C). (8.39)
(ii)
[J

ni,

Ai’l] = —[Jnl € Tllac((c)‘ (8.40)
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Proof A consequence of Lemma 8.1 is that the equivalence relation ~g could
produce relations between the Jordan canonical forms with eigen-values A and A~
Inner auto-morphisms (and therefore the equivalence relation ~;) do not mix up
Jordan canonical forms with different values of the class A. Therefore, the only
relations between generators of Tll”“’((C) could occur within the Jordan canonical

forms with eigen-values within the same class A, or separately, within the Jordan
canonical forms with eigen-values —1 and 41. These cases will be discussed
separately.

®

(i1)

Recall that the filtration of C is trivial. This means any inner auto-morphism in
GLM(Q)) is allowed and there is no limitation on the number of products.

The matrix U is the direct sum of the matrices A and A~!. Although we
would be allowed to use any inner auto-morphism of C*@C" to bring the matrix
U to its Jordan canonical form, a direct sum of such inner auto-morphisms
acting separately onto the two terms will produce the result.

We use an inner auto-morphisms to bring the matrix A to its Jordan canonical
form

A~ ®5 e Iy (8.41)

We use this decomposition to replace both A and A~! of the expression of U’
then we use Lemma 8.2 to get

U = A @ Ail Nl @Zni:n ( Jni,k,- @ J,;’l)”. ) NC @Zni:n ( Jn,-,)”- @ Jniv)‘;l )
(8.42)

in which, any term Jy; ; ® Jnhrl ~c Jnja + anl/\i € 02,(C).

The uniqueness part of the J ordan canonical form theorem assures that the
decomposition (10.30) is precisely (except for permutation of the pairs in the
direct sum) the Jordan canonical form of U

JWU) = @Zni=n ( Jni,)»i @ Jni’)\lfl ). (8.43)

Therefore, any element A @ A~! € ©0,,(C) splits-up in a direct sum
of elements in 0@y, (C"); each of these terms represents the zero element in
/¢ (C).

As (Jy; 0 @ Jnj’l)”_ ) € 02,(C), one has

0=[Jnp ® J 5, 1= a1+ 1, ;1] € T{(O). (8.44)
Therefore

[J

ni,

ot =[] € T[o°(C). (8.45)
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Lemma 8.3

(i) The Jordan cells are generators of Tll""((C) subject to the following relations

[(Ji1] =0 (8.46)
2[Jy,-1] = 0 forany 1<neN (8.47)
2[Jn1]l = 0 forany 2<neN (8.48)

o 2] + [, 311 = 0 forany 1<neN and ) # —1, 1. (8.49)

(ii) In Tll”c (C) there no other relations between the classes of Jordan cells besides
(8.46)—(8.49).

Proof

(1) The first relation (8.46) is a consequence of the stabilisation equivalence
relation

A~ A+ 1y implies [A] = [A+11] = [A] + [11] € T{*°(C).
(8.50)

Formulas (8.47) and (8.48) are consequences of formula (8.45) for the only
two values of A which satisfy the condition A = A~ 1"
Formula (8.49) is formula (8.45) in the remaining cases.
(ii) In what follows we show that between the classes of the Jordan canonical forms,
in Tll""((C), there are no other relations besides the relations (8.46)—(8.49).

Any generator A of Tll 2¢(C), i.e. invertible matrix, decomposes in a direct sum of
invertible Jordan cells; this decomposition is unique modulo a permutation of them.

Any element of u € Tll"c is an equivalence class belonging to GL,,(C)/ ~.. We
start with two generic generators in Tll"c((C) which represent the same element in
this group and we look for all relations which will deem necessary at the level of
Tf”“’((C). Suppose then

(ur + &1) ~c (u2 +§&) with &, & € 02,(0). (8.51)
(in this formula we have assumed that both sides of the equation were sufficiently
stabilised). We get the necessary relations between the involved Jordan canonical
forms

[u1] = [ua] € T{*(C) and [&1] = [£]=0. (8.52)

We will show that relations (8.46)—(8.49) of this lemma imply formula (8.52).
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Indeed, Eq. (8.51) says that at the level of Jordan canonical forms of both sides
Jr + &) = Ju2 + &). (8.53)

The discussion made in the proof of Lemma 8.3(i) shows that each of the four
elements of Eq. (8.51) may be individually brought to their canonical Jordan form.
The uniqueness part of the Jordan canonical form theorem tells that

Ju)UJ@E) = J(uz) U J(E2). (8.54)

Both sides of this formula have to be seen as consisting of the union of the Jordan
cells, each cell counted with its multiplicity; i.e. the two sides of Egs. (8.53), (8.54)
consist precisely of the same Jordan cells counted with their multiplicities.

We recall, Definition 8.5, that C:= C \ {—1,0,1}/ ~, where ~, is the
equivalence relation A ~, A if and only if A = A ora~l = A’ Let A be the
equivalence class of A in C.

We decompose the set of Jordan cells appearing in the formula (8.54) in disjoint
groups Jy,; , , according to the size n; and eigen-value A € C

Jn; (1) := {Jordan cells of u; of size n; and eigen-value A}. (8.55)
Jn; 2.(61) := {Jordan cells of & of size n; and eigen-value 1}. (8.56)
Jn; 2 (u2) := {Jordan cells of u of size n; and eigen-value A}. (8.57)
Jn; 2.(&2) := {Jordan cells of & of size n; and eigen-value 1}. (8.58)

We begin by considering two classes J 1, A e C, with distinct eigen-values
-1
A FE Ay
Let an; 2 (ua), resp. a, ;-1(uq), represent the number of times the Jordan cell
is70

Jn; 29> TESP. Jnl_’ -1, appears in Jni,?\(”“)’ a=1,2.

)"O
Analogously, let by, 5, (5«), resp. bn_ 5o (&4), be the number of times the Jordan
1 0
cell Jy; 2o, resp. Jn,- el appears in Jni i(éa), a=1,2.

The formula (8.54), for the chosen size and eigen-values, gives
(ani Ao (Ml) + bni,)\o (gl)) Jni,)»() = (ani A0 (MZ) + bni A0 (%'2)).]"1. Ao (859)

(ani,?»al (u1) + bni’)\al (Sl))‘]ni,)xal = (ani’)\al (u2) + bni’)\al (éQ))Jni’)\al. (8.60)
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We extract the coefficients from the formulas (8.59) and (8.60); we obtain the
relations

(ani,)»o(ul) + bni,)»()(gl)) = (ani,lo(MZ) + bm,)»g(%é))- (861)
(@, 5o ) + b, ED) = (@, 1) + b, 1), (8.62)

On the other hand, formulas (8.38), (8.39), (8.40) give us the second group of
relations between the coefficients

buiag(§1) = by, ;1) (8.63)

by 25182 =Db, ;,-1(82).
Equations (8.59)—(8.61), (8.60)—(8.62) and (8.63), describe the Jordan composition
of the conjugate elements i1 := (u; + &), s := (U2 + &).
We pass to the Tll"c classes of these invertible elements appearing in the formulas
(8.59)—(8.60). We get
(ani,)»()(ul) + bni,)»() (51))[‘1}1,',)»] = (ani,)»()(MZ) + bni,)»() (EZ))[JVL,',)»] (864)

and

(“ni,xgl(”1)+? bni,xgl("?l))[]ni,xg'] = (“ni,,\g'(”2) + bni,kal(&))“ni,z\g']‘
(8.65)

We sum up formulas (8.64), (8.65); we use formulas (8.62), (8.63) to get

ani,)»()(ul)[‘ln,’),o] + a"iy)\(;l(ul)[‘lni}'al] + bng,lo(&l))([Jnilo] + [Jni)‘al]) =
(8.66)

:ani,)»()(MZ)[Jni).o] + a"iakal(uz)[.]"i)tal] + bni,)»()(EZ))([Jni)»o] + [J"i)tal])‘

We take into account formula (8.49) again to get rid of the terms coming from &
and &;; formula (8.66) becomes

ani,ko(ul)[‘]ni,ko] + ani,kal(ul)[‘]ni,)»al] = (867)
= am,)»o(”?.)[]n,',)n] + ani’)hal(MZ)[Jnh)Lal]-

This relation is precisely formula (8.52).
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The formulas (8.55) to (8.67) have referred to the case of Jordan canonical forms
with A~! £ A. Next we consider the remaining cases.

We assume again the situation described by Egs. (8.51), (8.53). We need to show
that (8.52) holds in the special case in which the class % € C contains just one
element instead of two.

We use again formulas (8.55)—(8.58) and the corresponding coefficients
ani,)»(ua)’ bni,)»(ua)’ a=1,2

Keeping in mind that A~! = 2, one has J(Jy, 1) = J(Jp; 2)) and hence

by = Jnjn®Jy 51 = 2Jun (8.68)
and
(€] = [Jnys ® Jnyn] = 2[Jn,] = 0 € T{°(C) (8.69)

With regard to the previous equations (8.59)—(8.62), we see that in this special case
we do not obtain pairs of such equations, but just one

(an; 2 1) + 2bp; 0(E1)) In; p = (@n 0 (u2) + 2by; 3.(52)) Iy .- (8.70)

We extract the coefficients from the formula (8.71) below; the composition of the
Jordan form of the invertible matrices appearing in the formulas (8.51), (8.53) leads
to the relations

n; po(U1) + 2bp;00(81) = an;ngW2) + 2by; 50(52). (8.71)
Formula (8.71) gives
an; g U1) = ap; 0 (m2) mod.2. (8.72)

We come back to the formula (8.71) (which expresses the Jordan composition of
the four invertible elements of formula (8.51)) to look for necessary relations inside
Tl oc ((C)

1

an A UD ;0] = an; o (u2)[In; 3] (8.73)

Relation (8.72) says that the formula (8.73) is indeed verified if the coefficients
an; 2 (U1), an; 5 (u2) are taken modulo 2. This is precisely what formulas (8.47),
(8.48) of the lemma say.

This completes the proof of Lemma 8.3.



342 8 Topological Index and Analytical Index: Reformulation of Index Theory

We come back to the proof of Theorem 8.1. Lemma 8.3 provides most of the
information stated by Theorem 8.1. We only need to explain how the last term of
the formula (8.6) appears. We already established formula (8.68)

o DU g) + @ 5 1 DU, 1] = an g @) 3] + @, 1 @), ).
(8.74)

We use relation (8.45) to eliminate [J,,, ;1] from the formula (8.74); we get

(ani,lo(ul) - ani’)‘al(ul))[‘lni,lo] = (ani,).o(MZ) - ani’)\al(u2))[~]m,l0] € Z.
(8.75)

which explains how integer coefficients appear in the formula (8.6).
This ends the proof of Theorem 8.1.



Chapter 9 )
Local Hochschild Homology s

of the Algebra of Hilbert—-Schmidt
Operators on Simplicial Spaces

Abstract In this section we compute the local Hochschild homology of the algebra
of Hilbert—Schmidt operators on homogeneous simplicial complexes.

9.1 The Main Result

Theorem 9.1 The local continuous Hochschild homology of the algebra of real,
resp. complex, Hilbert—Schmidt operators on the countable, locally finite, homoge-
neous n-dimensional simplicial space X is isomorphic to the real, resp. complex,
Alexander—Spanier homology of X.

Proof The remaining part of this chapter is devoted to the proof of the theorem.

9.2 Preliminaries and Notation

9.2.1 The Space: Hilbert—Schmidt Kernels and Operators

Let X be a connected, locally finite, countable simplicial set of dimensionn. Let A,
a € A, denote all n-dimensional simplices of X. We assume that any simplex of X
is contained in an n-dimensional simplex of X; such a simplicial complex will be
called homogeneous. In particular, X might be an n-dimensional pseudo-manifold
or manifold. We assume that each simplex A, is endowed with a Lebesgue measure
A, -

Let {el'},en be an ortho-normal basis of L, real/complex valued functions on
Ag.

Then the complex conjugates {e, },c 5 form too an ortho-normal basis of L (Ay).
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A Hilbert—Schmidt kernel on X is an Ly-function on X x X. It is given by an
L»-convergent series

ZKaﬁ (e xe 9.

af,ij
with real/complex coefficients K ?jﬂ . Given the Hilbert-Schmidt kernel K, the
decomposition (9.1) is unique. '
A Hilbert-Schmidt kernel of type (¢{, x &3) will be called elementary.

Any Hilbert—Schmidt kernel K defines a bounded Hilbert—Schmidt operator
Op(K) : L2(X) — La(X)

(Op(K)9)(x) := /X K(x,y) ¢(y) du(y). 9.2)
The composition of two elementary Hilbert—Schmidt operators is given by
OpKi0OpK, = OpK, 9.3)

where
K(x,z) = fXKl(x»}’)-KZ()’»Z)dM()’)- 9.4)

This kernel K is by definition the composition of the kernels K1, K3, written K =
K1 o K. In other words,

Op(Kj o K3) = Op(K1) o Op(K3). 9.5
In particular,
(el x 2}y o (b x &) = s7%sg, (el x &), (9.6)
where 8/% and 8, are the Kronecker symbols.
The Hilbert—Schmidt operators form an associative algebra denoted HS(X).

The algebra of Hilbert—Schmidt operators is the Schatten class L? of compact
operators on the separable Hilbert space H = Ly(X).
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9.3 Hochschild and Local Hochschild Homology
of Hilbert-Schmidt Operators

We recall the basic definitions regarding the Hochschild homology of associative
algebras A. In this paper we compute the local Hochschild homology of the algebra
A = HS(X). Local Hochschild homology was defined by Teleman [125]. It is
the analogue of the Alexander—Spanier construction implanted into the Hochschild
complex. This is done by considering only Hochschild chains which have small
support about the main diagonal of the powers of the space X.

In Sects. 9.4 and 9.5 of this chapter we introduce certain algebraic constructions
within the Hochschild complex of this algebra, ignoring the supports of the chains.
It is important to stress here that all algebraic manipulations we introduce are local,
and therefore, they are well defined in the local Hochschild complex. These will
enable us, at the end of this chapter in Sect. 9.8, to complete the computation of
the local Hochschild homology of the algebra of Hilbert—Schmidt operators and to
connect it naturally with the Alexander—Spanier homology.

The vector space of Hochschild p-chains of the algebra HS(X) with values in
itself is by definition

Cp(HS(X)) = LT HS(X). 9.7)

The Hochschild boundary bp) : Cp(HS(X)) —> Cp_1(HS(X)) is

k=p—1
b(P) = Z b(p)k + b(p)pa (98)
k=0
where
bk = (=D, and by, = (—DP3! (9.9)
with

Bg,)k(K()@cKl@c. . ®cKp) = Ko®c...QcKi-1®c(KroKi1+1)&c...QcKp
(9.10)

and
31, (Ko®c Ki®c -+ ®cKp) = (KpoKo)®c Ki®c---®cKp-1.  (9.11)

The operator bg)k is called Hochschild face operator of order k. When no
confusion occurs, the index (p), indicating the degree of chains, could be omitted.

Definition 9.1 Let K = Ko ®c K1 ®c --- ®c K, where each of the factors K;
is elementary. Then K is called elementary chain.
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When the ground algebra A is a locally convex topological algebra, it is
customary to replace the algebraic tensor products by projective tensor products,
see Connes [99]. The homology of the corresponding completed complex is called
continuous Hochschild homology of the algebra A. In this paper we consider the
completion C »(HS) defined below.

Definition 9.2 Let C »(HS) denote the space of Ly-functions on (X x X yP+L

All considerations made in the sequel refer to the computation of the homology
of the completed complex {C+(HS), b}

The elementary chains form an ortho-normal basis of the Hilbert space C p(HS).
To simplify the notation we agree to denote C »(HS) by Cp,(HS).

9.4 Algebraic Constructions

Definition 9.3 Let K be an elementary p-chain and let k any index 0 < k < p. We
say that K has a k-gap provided 9/ K = 0.

Remark 9.1 The elementary chain K has a k-gap (for k = p we intend p + 1 to be
0) provided the consecutive elementary factors

(elk x &) ®c (eagy x é{;:l) 9.12)

either have different supports Bx # ak+1 or they involve different elements of the
Hilbert space basis, e/* # e'*+! or both.

Definition 9.4

(i) Let Cg (HS(X)) c C »(HS(X)) be the vector sub-space generated by those
elementary chains K which contain at least one gap.
By definition,

CY(HS(X)) = > Kf(j‘}f“ el x éj;(’). 9.13)
(i0,0)#(jo,Bo)

(i) {CY(HS(X)), b}o<p is a sub-complex of the Hochschild complex.

(iii) Let C,? (HS(X)) c C »(HSo(X)) be the vector sub-space generated by those
elementary chains K which possess no gap.
Any chain belonging to C,? (HS(X)) is the sum of an Lj-convergent series
of elementary chains

Qg ..., i 1 - 1 - i -
K = Y K"7 (el xed ) ®c (el x2)®c - @c (ed, x2y),  (9.14)

,,,,,

ag,ik
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with
3 |K§)”f‘_j;’”” ? < oo. (9.15)
A, ik
By definition,
CSHS(X)) = Z K00 el x el (9.16)
(io,0)

@iv) Cﬁ (HS(X)), b}o<p is a complex. This complex is called diagonal complex.

Concerning (ii), we observe that if a Hochschild boundary face 85) ¢ acts on a gap,
the result is the zero chain; if the Hochschild boundary does not involve the gap, the
gap survives, which shows that Cg (HS(X)), b}o<p is indeed a homology complex.

Concerning (iv), formula (9.6) shows that all Hochschild boundary faces keep
the structure of the chains (9.14) unaltered, which shows that C If (HS(X)), blo<p
is a homology complex too.

Proposition 9.1 The Hochschild complex {C(HS(X)), b}y decomposes into a
direct sum of Hochschild sub-complexes

{CL(HS(X)), b}s = {CJHS(X)), bl ® (CS (HS(X)), b 9.17)

Proof Obvious.

9.4.1 Homotopy Operator s: The Splitting

Proposition 9.2

(i) The complex {CQ(HS(X)), b}« is acyclic.
(ii) The inclusion of the diagonal sub-complex {C*A (HS(X)), b}« in the complex
{C«(HS(X)), b} induces isomorphism in homology.
(iii) Therefore, the homology of the diagonal sub-complex {C*A (HS(X)), b}y is the
continuous Hochschild homology of the algebra of Hilbert—Schmidt operators.

In view of Proposition 9.8, only part (i) needs to be proven.
The proof of (i) is based on a homotopy operator s := {s(p)},

spy : Cp(HS(X)) —> C)) | (HS(X)) (9.18)

defined below.
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The construction of the homotopy operator s(,) keeps track of the first gap
present in each elementary monomial. For, suppose K is an elementary p-chain
which possesses an r-gap, with r minimal, 0 <r < p
K = (e(’;?0 XEQ1)®C(831 xééfz)(g)c. . .®C(e(i;r XE/]g:)(X)C(e(l{'ﬂl xéljg:ll)@)c, . .®c(e¢lyl;, ?957311;9)).

The operator s(p)(K) is defined by inserting the factor (e/{{r X é,{{r)

S(p) (K):=
= (=) (e xéé%)@c. ..®c(ely x E;ér, )®C(e,jsr, X éljsr, )®c (eat) % éé’:rll )®cC- - .®c(e£fp ?951{,2‘:85

If K is an elementary chain of degree 0, then the homotopy sy is defined by
sl x &) = (e x &) ®c (el x &) 9.21)

We postpone to Sect. 9.5.3. the checking that the operators s(,) are well defined
on the spaces Cg (HS(X)).

Lemma 9.1 The operators s satisfy

(bspy + sp-1nb)K) = K (9.22)
on CO(HS).
Proof One has
k=r—1 k=p+1
b sip(K) = Z bip+k(s(mK) + bip+iyr (s K) + bip+iyr+1(5(n K) + Z bip+nk(s(mK) =
k=0 k=r+2
k=r—1 k:p+1
= Z bipsks(mK) + K + 0 + Z bp+1)k(s(p) K).
k=0 k=r+2
Therefore
k=r—1 k=p+1

b sp)(K) = Z biprnks(mK) + K + Z bip+nk(s(p K). (9.23)
k=0 k=r+2
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On the other hand, we split the boundary K in three parts and we apply the operator
S(p-1)

k=r—1 k=p
S(p—1) b(K) = Z S(p-0b(pK + s(p-1bpyr K + Z S(p-nbpuK =
k=0 k=r+1
k=r—1 k=p
= Z S(p-nb(pkK + Z S(p—bp)K. (9.24)
k=0 k=r+1

A direct check shows that both the first and the last terms from Egs. (9.23) and (9.24)
cancel out, respectively. Here, in particular, we intend to check the formula (9.22)
when the first gap of K, is a p-gap

= (elt x &) ®c (il x22) ®c..... B¢ (e, x &) ®c (ed, x&ff))  (9.25)

with (8, jp) # (@0, ip). Then

bs(p)(K) =

k=p—1
= (=DPLY ] bpr(el x el ) @c (el X &2)®c....®c (el xa,"p)®c(e;’;xég”)}®c<e,{,” xé,{,”)+

+HEDP (1P ppl(els, x ) ®c (€ll, X 82) @c ... Bc (e, x &) c (ed, x &)l ) ®c (eff, X &) )} +

_ip

D D D1 prr (el X )®c (el xE2)®c. .. B (ed !, xed,)Bc (ed, <& )®c (el <&l )} =

= (—Wk:lil bpiiilels, xE1)®c(ell xe2)®c. ... ®cled, ' xed ) Bcled, xef ®cle)f & )+K.
- (9.26)
On the other hand,
k=p—1 k=p—1 ) ,
S(p-b(K) = syl D bpk(K) + bpypK)} = (=DP71 37 bp(K)@c (e x2g)).
= = (9.27)

Summing up formulas (9.26) and (9.27) shows that the identity (9.22) holds also for
p-elementary chains whose first gap is a p-gap.

Finally, we verify the homotopy formula (9.22) for chains of degree zero. For
such chains, one has

(bs(0)+Sb)(e’0 xe )_bS(o)(e" xe ) b( (e'0 xe )®c (e,g0 xeﬂo)) =
(9.28)

= (el xeﬂo) - (eﬁ0 Xeﬂo)) (el Xeﬂo)—
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(e"’ X ejo) JO’OSﬂoao(eJO X e]") = (e"’ X e )

because 8700844, = 0, which proves the desired formula.
These computations complete the proof of Lemma 9.1. This completes the proof
of Proposition 9.8(i).

Part (ii) of Proposition 9.8 follows from part (i) along with Proposition 9.7. This
completes the proof of Proposition 9.8.

9.4.2 Homotopy Operator S

For each n-simplex A, we choose and fix an element e« of the corresponding
ortho-normal Hilbert basis. To simplify the notation we denote e’ by 1.

Definition 9.5 Let S, : CA(HS(X)) — CPH(HS(X)) be defined on elemen-
tary chains by the formula

Sil(el x &) ®c (el x &2) ®c ... ®c¢ (ed, x &9)] :=
= (el x &l,) ®c (el x &) ®c (el x e2) ®c ... ®¢ (eap x ey, (9.29)

i.e. S is defined by inserting the factor &, , ®c eao into the expression of K.

9.4.2.1 The Homology of the Sub-Complex {le (HS(X)), b’}
Proposition 9.3 The operator S satisfies
VS+Sb =1Id. (9.30)

Proof We compute first b'S(,)(K). One has

b'S( (K) = b'S(pl(els, x &i1) ®c (ell, x 82) ®c ... ®c (ed, x &8)] 1=

= b’[(ef;?0 X ééo) Qc (eéo X éé}l) ®c (e”l X e’2 ) ®c -+ ®c (efxp X e’O 1=

P

(el() X el] ) ®C (ell X 612)®C ®C (eap X e
- (ef;?o x 2l) ®c b'l(ely x &ll) ®c (ell, x #2) ®c ... B¢ (e;,, x Zgy)] =

— (el x &Ly ®c bl(el, x &l) ®c (el x &2) ®c ... ®c (ed, x &2)].
(9 31)
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On the other hand

Sp-1b'(K) =

i . i l _
= Sp-1 [(eé?o X 92,22) ®c (e(’}z X ef,?z) Qc -+ Q¢ (ea”p X eé?o

io =i i Si3 ip ~io
— (g X €y,) Oc (ey, X €5) ®C - ®c (ea, X ) +....
k . _ . i . —lk 3 l i
+ (=D (e x &) ®c (e, x e2) ®c -+ ®c (e, X eun) Oc -+ ®c (ed, X &) + ...

_1P Lo« gl i1 i ip-1 0 V] —
+ (=DP7 (g, x &y,) ®c (e, X €g,) ®C ... B¢ (ea, ;| X eq)] =
_ (i Pl I, i i Si ip o i
= (eoﬁ’o X eaO) ®c (g4, X eazz) ®c (eof2 X ea33) Rc ... Q¢ (eap X eoﬁ’o)

o D L ; B
— (eg) X €y,) ®c (eg, X &5,) ®c (e, X €5,) ®¢c -+ ®c (eq), X &) + ...

P L o S L
F(=1)" (e, X 2y ) B (€4, X 80}, )BC (€5, X2 )R+ Bc (e, X 8y 5) O+ B¢ (ea, X L) + ...

1 . _] I _: . _: i,,l _:
+ (=DP7 e x &) ®c (eq, X &) ®c (e, X &5,) ®cC ... ®c (ea,; X eg)] =

= (et x &) @c bl(el, x &) ®c (e} x é2) ®c ... ®c (el x &)l (9.32)

o 2

Summing up formulas (9.31) and (9.32) proves the proposition.
Corollary 9.1 The complex {Cﬁ (HS(X)), b'} is acyclic.

9.4.2.2 The Homology of the Sub-Complex {Cﬁ (HS(X)), b}

Proposition 9.4 The operator S establishes on the complex K{C [f (HS(X)), b} a
homotopy between the identity and the operator 0

b S([’) + S(p—l) b =1d. -0, (9.33)
where

Ole X €3,) ®c (e, X &2) ®c -+ ®c (eq, X &fy)] =

ip o 5l I 5 ip o 5l I 5 TR ip-1 i
= (=Dl (e, x2l)®c (el xl) — (ed, x&L Y@c (el xll) 1®cl(ell x&2)®c - -®c (edy, xed,)].

(9.34)
Proof For the proof of this proposition we use Proposition 9.11. One has

(bSpy + Sp—1b )(K) =
= [0 + (=D 3prnpa1 1Sy + Ser=n[ b + (=DP 3, )(K) =
=K + (=D 94114150 (K) + (=S¢, (K) =

= K 4+ (D" l(e x &) ®c (el x &) ®c (il x 82) ®c -+ ®c (ed, x &9)] +
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+ (=DPSpoplled, x &) ®c (el x &2) ®¢ - B¢ (ed,, x &))] =
=K + (D" (e, x &L) ®c (el x &) @c (ell, x 82) ®¢ -+ ®¢ (ed) ) x &) ®c (ed, x &0) +
ip _ = i i ip-
+(=DPl(ed, x &) ) ®c (e}, x &) ®c (el x &)1 ®¢ -+ ¢ (ed, | x &) =

ip 5l I 5 ip sl I 5 in i ip-1 =i
=K — (=D)P[ (ed, X4y )®C (€4, X 2g},) — (ea, X84, )®C (€4, X&q,) 1®c(eg, x&5,)®c B¢ (ed, | X&q,)],

(9.35)
which completes the proof of Proposition 9.13.

We intend to describe the Hochschild boundary acting on C [f (HS(X)) in a more
topological fashion; this will help us to understand better the hidden geometry and
suggest the next constructions. For doing this we introduce the following:

Notation 9.2 7o the elementary chain K € C[? (HS(X))

K = (el x &l ) ®c (el x 2) ®¢ -+ ®¢ (ed, x &2 (9.36)

we bi-univocally associate the symbol

(K] = [n cedpot ip i0:| 9.37)

ap ... 0p_] Up Qg

Proposition 9.5 Using the Notation 9.2, the Hochschild boundary faces are

[bpwK] = (=D [” e e dpml dp ’0},for05k5p—1 9.38)

o oo O ... O] Oy QO
and
i ik i iy ic
[b<p>pf’<]=(—1)”[1 koeeetp-l tp f’} (9.39)
ap .. O .. Op] O .

Definition 9.6 Let [X]4 be the simplicial set whose vertices are the column-pairs
[ixax] and whose boundary faces 9p) are the simplicial boundary faces.

Proposition 9.5 implies the next result.
Theorem 9.3 The linear bijective mapping [ ] : K — [K] interchanges

(i) the Hochschild boundary faces with the simplicial boundary faces and hence
(ii) [ ] establishes an isomorphism from the complex C [f (HS(X)) to the simplicial

chain complex of the simplicial space [X]*

[bK1=08[K],  for any K € CA(HS(X)). (9.40)
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Theorem 9.4

(i) The Hochschild homology of the algebra of Hilbert—Schmidt operators on X is
isomorphic to the simplicial homology of [X1?, (see Definition 9.16).
(ii) The simplicial complex [X1? is an infinite dimensional simplex.

Proof

(i) is a consequence of Theorem 9.3(ii).

(i) In the simplicial complex [X 14 any column-vertex [ix, ox] may be joint with
any column-vertex [ix+1, ®k+1] to create the simplex (9.37). In other words, the
simplicial complex [X]4 is an infinite dimensional simplex and therefore its
homology is trivial.

Theorem 9.5 Let X be a countable, locally finite simplicial complex of dimension
n. Then, the Hochschild homology of the algebra of real or complex Hilbert—Schmidt
operators on X is trivial.

It is known that the Hochschild homology of Banach algebras is not interesting, see
Connes [99], or that in many cases it is trivial, or that “cyclic homology is degenerate
on Banach or C*-algebras”, see [115, p. 42 and Proposition 3.5, Corollary 3.6., p.
39]”. The basic intent of this section is to contribute to the better understanding
of the interplay between the analysis and the topology at the level of Hochschild
homology. More specifically, we state that the relationship between the content of
Theorems 9.5 and 9.1, or the relationship between the Hochschild homology with
no control on the chain-supports and local Hochschild homology [125], is the same
relationship which occurs in the definition of the Alexander—Spanier (co)-homology
before and after the consideration of the control on the supports, see Sect. 9.8.1.

Proof Given that the homology of the simplex is trivial, Theorem 9.5 is an
immediate consequence of Theorem 9.4.

Notation 9.2 allows us to describe the operator 6 in a more geometrical fashion,
allowing simplices to be multiplied by integers

9[51 cecipot ip i0:| _
o ... 0p—1 O0p O

Z(_l)p+1[[1 i1 iy ... ipoi i,,} B [1 i1 iy ... ip_1 i,,}L 9.41)
Op 0] 02 ... 0p—] Op oo ] 0 ... Qp—] Qp

which may be written further

el:h codpoy dp i()i| .
o ... 0] ) A
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= (—1)Pt! ([ I} ~ [1}) [” 12 I l”] (9.42)
op ol Lotz ... ap_gap
Formula (9.42) helps us to iterate the operator 6 easily.

Remark 9.2

1. The operator 6 removes the last vertex [ig, op], replaces it with the difference
[1,ap] — [, ap] and places it in the first position

2. The operator 6 does not affect the other vertices, except for a cyclical shift of
them to the right.

Proposition 9.6 The operator 0 satisfies

(i)
op |:11 e dp—1 Ip zoi| _
Q] ...0p—] Up O

SARAIARAS ARG ANAIA

(9.43)

f“ e[ el
L L L]
CFEM By -] e L
Ll L Ll L) L) - )

9.4.3 Homological Consequences

Definition 9.7

(i) Let C [I, (HS) c C [f (HS) denote the subset consisting of all p-chains whose
elementary components contain exclusively the Hilbert space basis index 1.
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{C [1) (HS), b}o<p is complex. This complex will be called reduced diagonal
complex.
(i) Let [X]' be the sub-simplex of the simplex [ X 14 whose vertices are the column
pairs [/, «].

Lemma 9.2 The spaces C 11, (H S) have the properties
(i) forany0 < p+1<p,

9(’;)(Cﬁ(HS)) CCH(HS) (9.45)

(i) b, S, 6 transform the spaces Ci (HS) into themselves, for any 0 < k,
(iii) { C,’,(HS), b Yo<p is a sub-complex of { C,?(HS), b Yo<p
Proof Relations (9.42), (9.43) along with (9.40) imply (i).

(i) Equations (9.37)-(9.39) imply the property relative to b. Definition 9.10,
Eq. (9.29) implies the property concerning S and Eqgs. (9.41)—(9.43) prove the
property concerning 6.

Definition 9.8 For any 0 < p, we define

Sipy : Co(HS) —> Co\ ((HS) (9.46)

be given by

Sipy o= (14 Opy + 02, + -+ 0258, 9.47)

We agree to represent the homomorphisms S’( p) with the same notation when they
are restricted to the sub-spaces C ; (HS).

Remark 9.3 In the formula (9.47) the extra power 9(” -;1 is inserted. This extra power
will be used in the proof of Proposition 9.7(ii) below, formula (9.51).

Proposition 9.7

(i) The operators 6,y commutes with b
Op—1yb = b Oy (9.48)
(ii) The operators S'(p) satisfy
Sir-1bip) +bp1ySpy = 1- 001 (9.49)

both on the spaces Cﬁ (HS) and CII7 (HS), for any 0 < p.
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Proof

(i) The commutation relation is obtained by multiplying the relation (9.33) to the
left and to the right by b

bSb = b(bS + Sb) = b — b0, bSb = (bS + Sb)b = b —0b.  (9.50)

(i) The identity (9.49) is obtained by multiplying Eq.(9.33) to the left by (1 +

O(p) + O(ZP) +...+ 9(1:51), along with the commutation identity (9.48).

Proposition 9.8

(i) Any p-cycle K € C[?(HS) is co-homologous, inside the complex
{CH(HS), b }o<p to the cycle 00,k € C(HS), forany p+1< p

(ii) If K € C[I)(HS) is a boundary inside the complex { C[?(HS),b Jo<p
(K(py = bL(py1), where Lpi1) € leH(HS)), then K is a boundary inside
the complex { CII,(HS), b Yo<p (K(py = bi(p+1), where Z(p+1) = §(,,)K(p)+
9(’;121) Lip+1) € CL(HS)).

Proof

(i) Forany cycle K € C [? (HS), the relation (9.49) gives

Sip-nbp + bpanSp)(K) = (1 =07 F2)(K). ©9.51)
and then

K =002 K + by 1) (S K). (9.52)

Equation (9.45) insures that 0{;21{ € C(H ) while the commutation relation
(9.48) implies that 6K is a cycle

+2 +2
b (9(1;)) K)= O(I;) (bK) =0. (9.53)
Equation (9.52) complemented with this information proves part (i).

Notice that here we do not make any statement about whether or not S’( nkK
does belong to the sub-complex C ; 11 (H S). Part (ii) of Proposition 9.8 clarifies
this point.

(i) By hypothesis, K € C{, (HS) is a boundary inside the complex { le (HS),
b }o<p; then K is a cycle in the complex { C{, (HS),b }o<p.

We plug K = bL, into the identity (9.49) to get

Sip-nbep + b+ Sp)®BL) = (1 =607 ®BL)
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or
R 2
bpinSipy(bL) = K — 057 (bL),
which gives
< 2
Kp) = b+ Sy BLps1) + 00 (OL(p)- 9.54)
The commutation relation (9.48) gives us further
G +2
Kpy = bipinSip GLp11) + b, (Lp+1) =
S 2
= b1y (S BLpi1) + 0075 (Lpen))
which can be re-written
S 2
Kpy = bty (SpmKpy + 05 Liprny ). (9.55)
By hypotheses K, € C[I, (HS). Then Lemma 9.2(ii) gives that
Sy (K(py) € Ly (HS). (9.56)
On the other hand, Lemma 9.2(i), formula (9.45) insures that
+2 I
G&H)(L(,,H)) €Cp, 1 (HS). (9.57)
Equation (9.55) may be re-written
K =b L+,
where, in virtue of the relations (9.56), (9.57) one has
L = Sk 6P cl (HS 9.58
w+) = SpKp) + 0, Lty € €,y (HS). (9.58)
This completes the proof of (ii).

Theorem 9.6 The inclusion of complexes t : { C{,(HS), b Yo<p — | Cﬁ (HS),

b }Yo<p induces isomorphism in homology.

Therefore, the homology of the reduced diagonal complex is the homology of the
diagonal complex.

Proof Part (i) of Proposition 9.8 tells that any homology class in the complex
{ CJ(HS), b }o<) has a cycle representative in the sub-complex { CL(HS), b }o< .
Therefore, the inclusion ¢ induces epimorphisms in homology.
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The second part (ii) of the same proposition tells us that if the homology class
of the cycle K of the sub-complex { CII,(H S), b }o<p is a boundary in the complex
{ C(HS),b }o<p, then it is a boundary in the sub-complex { C}(HS),b }o<)
too. In other words, the inclusion ¢ induces monomorphisms in homology. This
completes the proof of Theorem 9.6.

Proposition 9.8(ii) and Theorem 9.6 imply the first part of the following:
Theorem 9.7

(i) For any locally finite, countable, homogeneous, simplicial complex X, the
continuous Hochschild homology of the algebra of Hilbert—Schmidt operators
on X is isomorphic to the homology of the reduced diagonal sub-complex
{ CL(HS), b }o<p.

(ii) The mapping [ ] induces an isomorphism from the sub-complex { CII, (HS),
b }Yo<p to the space of simplicial chains of the complex (X1,

(iii) the homology of the sub-complex { C[I) (HS), b Jo<p is trivial.

Proof Looking back at Theorem 9.3, it is clear that the mapping [ ] establishes
also an isomorphism from the complex {Cf< (HS), b} to the chain complex, with
complex coefficients, of the space [X 1" (see Definition 9.7(ii)). As the simplicial
complex [X]/ is a simplex, the result follows.

Remark 9.4

(1) Theorem 9.7 implies the triviality of the continuous Hochschild homology of
the algebra of Hilbert—Schmidt operators. This result is not new, see [99]. In
Sect. 9.8. we shall discuss how this result changes when we will be considering
continuous Hochschild chains with small supports about the main diagonal,
i.e. when we will be going to compute the local Hochschild homology of the
algebra of Hilbert—Schmidt operators.

To complete the proof of Theorem 9.1, we will use the sub-complex
{ C{,’IOC(HS), b Yo<p of { CII, (HS), b }o<p consisting of those chains which
have small supports. To be able to do this, we shall observe that the quasi-
isomorphisms treated in Chaps. 4 and 5

(Cu(HS), b} «— {CA(HS),b} «— {CL(HS),b)

pass to the local sub-complex.
(i) Itis interesting to investigate more closely the homotopy operator S.
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9.5 Analytic Considerations

In this section we regard the chains of the complex C.(H S(X)) and we discuss
both the continuity of the Hochschild boundary b and of the homotopy operators
S(p)» S(py on this complex.

9.5.1 Continuous Hochschild Chains Over the Algebra
of Hilbert—-Schmidt Operators

Let {e!'},,en be an ortho-normal basis of L, complex valued functions on A. Then

{e(’;t X éljg }i, jen is an ortho-normal basis of L, complex valued functions on Ay x Ag.
Any Hilbert—Schmidt kernel on X x X is given by an Lj-convergent series

= Y K7F (e, x ), Y IKP < 00 (9.59)
i

apB,ij

with complex coefficients K ;.;,5 )
Given the Hilbert-Schmidt operator K, the decomposition (9.1) is unique. A

Hilbert-Schmidt operator of type (¢, x 3) was called elementary.
The composition of two elementary Hilbert—Schmidt operators is given by

(e, x ég) o(ek x &) = 87k, (el x &), (9.60)

where 8/% and § gy are the Kronecker symbols.
Given two Hilbert—Schmidt kernels

ZK“’S(e xeh)., L= ZLaﬂ(e x & 9.61)

ap.ij ap.ij

their composition is given by the formula

ik,j
KoLi=Y KLy e* @ xey = K Ly (e, x ey, (9.62)
aB.ij @By

ie.

(KoL) = Z K by (9.63)
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Definition 9.9 The space of continuous p-chains of the algebra of Hilbert—Schmidt
operators on X is

Cp(HS)(X) = (9.64)
o.p
= {Z Kfﬁ lpo;g o ﬂp(elo X 6 )®C (61l X e )®C - ®c (eap X e/,,) |
ij
a.p
such that Z |K lj”m]o J;”|2 < 00}.
i.J
The coefficients K ;.- io. l” /go » 2B represent the components of the L>-decomposition

of the chain K relatlve to the Hilbert basis
{(e"’ X em) ®c (e” X e )®c - ®c (eap X e )}aﬂt/ (9.65)

By definition, the norm of K is given by

1K |2 Zl KO0er o “’|2<oo. (9.66)

lp Jos-

We discuss here the continuity property both of the Hochschild boundary
and of the homotopy operators s, S defined on the spaces of continuous chains
Cp(HS(X)).

9.5.2 Continuity of the Hochschild Boundary

We begin by addressing the continuity property of the Hochschild boundary.
Proposition 9.9
(i) The series

(KoL) = Z Kk Ly (9.67)

is absolutely summable.
(ii) The coefficients (K o L); | satisfy

DUAK oLl = Q7 1Kl ILial?). (9.68)
ij ij )
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Proof

(i) The Cauchy-Schwartz inequality gives
YKk Lul < Kl LN Liell = O 1KuH'2.Q - 1LulH)'
k k k
(9.69)
From (i) we get

YO Kk Lub® = YNl PN Ll = DO 1Kul®.Q 1Ll <
il ok il ok k

" (9.70)
< YOIk O 1L = O IKiG1H-O ILul® = 1K 3511 LIl
il k k i,j k,l

Recall that the Hochschild boundary by : Cp(HS(X)) —> Cp—1(HS(X)) is

k=p—1
b= D bk + by,
k=0
where
by = (=X, and b, = (_1)1731171
with

3 (Ko®cKi®c....®cKp) = Ko®c...®cKi—1®c (KroKi41)®c...®c K,
and

3 (Ko®c K1 ®c....®c Kp) = (KpoKo)®c K1 ®c....0c Kp_1.
Proposition 9.10 The Hochschild boundary face operators are well defined oper-
ators from the vector space C,(HS(X)) of continuous Hochschild chains of the

algebra of Hilbert—Schmidt operators into the space Cp_1(H S(X)) of continuous
Hochschild chains of the algebra of Hilbert—Schmidt operators.
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9.5.3 Continuity of the Homotopy Operators s

Here we show that the homotopy operators s are well defined on the spaces of
continuous Hochschild chains generated by elementary chains which contain at least
one gap.

Suppose K is an elementary chain containing at least one gap. Suppose the first
gapis of order r. Recall the operator s, (K) is defined by inserting the factor (e/]g’r X

éé’r ) inside this gap.

S(p) (K) =
= (— 1) (elt x&B)®c. .. ®c (el x &) ) ®c (ef, X&) ®c (et xh ) ®c ... ®c (e, x&1l).
9.71)
Proposition 9.11 The homotopy operators s satisfy
lsK|l = [IK]]. 9.72)

and hence are well defined on the Hochschild sub-complex of continuous chains
over the algebra of Hilbert—Schmidt operators.

Proof

(i) Let K the above chain and let K;z Of; p’j’jo‘""j'.’pﬂp be its components. Then the
components of sK are

sy A BraQpt ] senny ap,Bos--s BroBratseees 07  PE 70 I BN Ap,Bos--es Bralseees
K) ig roBradpi1sesp B0y BroBroBrits Bp (_l)rKig Po&pt ] een®p B0 Br Bt Bp

,4--7ir7jr,ir+1 ----- ip, j() 44444 jrqu, jr+1 ----- jp ,,,,, ir, Lpg]seees ip, j() ----- JrsJr41s- jp'

We have to check that the components of sK satisfy the condition (9.67).
This is clearly true. Indeed, the formula (9.73) tells us that the passage from
the components of K to the components of sK involves two operations: a shift
(given by the addition of two columns (j,, jr, B, Br) and the multiplication by
(—1)". All other components, which do not contain the additional columns, are
equal to zero. The additional columns are uniquely characterised by the choice
of the first gap. The shift prevents non-trivial linear combinations between the
components of K to produce the components of s K. These arguments prove

lsK|| = [IK]].

which completes the proof of the proposition.
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9.5.4 Continuity of the Homotopy Operators S

Proposition 9.12 The operator S(,) : CA (HS(X)) — Cp+1 (HS(X)), defined on
elementary chains by the formula

Siml(el x &1) ®c (€, x &2) ®c ... ®¢ (e, x &9)] :=
= (ei x eao) Rc (eoz0 x &l ) ®c (e’l x &2 ) ®c ... ®c (eap X é’o (9.74)
satisfies
IISK|I = lIK] (9.75)

and hence, it is a continuous operator.

Proof The proof goes along the same lines as in the proof of Proposition 9.11.
We have

00, 00,0150, 0py 00, 01,02, 0p, 00 7,00,01,.0,0p, A, fp, 0O
(SK) io, I, i1,.., ip, 1 i, ip,.., l'p, io — 00, i1,es ,'p’ ey i;n io* (976)

The formula (9.76) tells that the passage from the components of K to the
components of SK involves a shift (given by the addition of two columns [/, ap]
[1, ap] placed on the second and third positions. All other components, which are
not obtained by this procedure, are equal to zero. The shift prevents non-trivial linear
combinations between the components of K to produce the components of SK.
These arguments complete the proof of the proposition.

9.6 Topological Considerations

9.6.1 Alexander-Spanier Cohomology

We introduced the Alexander—Spanier cohomology in Sect. 1.3 very schemat-
ically. Here we present the local Alexander—Spanier cohomology (9.6.1) and
homolog (9.6.2).

To simplify the presentation of the construction of the Alexander—Spanier
cohomology HAS(X, G), we assume the spaces X are countable, locally finite
simplicial complexes and G is an arbitrary commutative group.

Let C4o(X,G) :== {f | f : XP*! — G}, where f is an arbitrary function.
Let us call any such function f a non-localised Alexander—Spanier p co-chain on
X with coefficients in G.
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The Alexander—Spanier co-boundary of f, df, is the p 4 1 co-chain given by the
formula

k:p—‘,—l

df (X0, X1, ..., Xp, Xpy1); = Z (—DF o, %15 ooy Bhy oo xp). (977
k=0

The complex {C}¢(X, G), d} is not interesting because it is acyclic. Formally,
the acyclicity of this complex is provided by the homotopy operator §

S xo, X1, ..y xp—1) i= f(P, X0, X1, ..., Xp_1), (9.78)

where P is an arbitrarily chosen point in X.

This fact may be immediately understood if we agree to think of the point
(x0, X1, ..., xp) as representing the simplex [xo, x1, ..., xp] having as vertices the
arbitrary points xo, x1, ..., X, of X. The set of all such simplexes form a simplicial
complex X in which every point of X is a vertex and any such vertices are allowed
to be connected to form a simplex of this simplicial complex. Clearly, the simplicial
complex X is an infinite (if X is an infinite set) dimensional simplex whose vertices
are all points of X.

The simplicial complex X is, homotopically, a point. The point P in the
construction of the homotopy operator § becomes the vertex of the cone over the
simplicial complex X.

On the other hand, obviously, any non-localised Alexander—Spanier p co-chain
f is a simplicial co-chain of the simplicial complex X with coefficients in G. The
Alexander—Spanier co-boundary df is nothing but the usual co-boundary of this
simplicial co-chain.

The basic idea of the Alexander—Spanier cohomology is to consider a sub-
complex X'°¢ of the simplicial complex X. A simplex [xo, x1, .. ., xp] will be
allowed to belong to this sub-complex provided the points xg, x1,...,x, are
sufficiently close one to each other, i.e. iff they belong to a tubular neighbourhood
Upy1 of the main diagonal Vfé“ ={(x,x,...,x) | forany x € X} c XP*! for
any p. Such a sub-complex will be denoted by X . Let U be the collection of such
neighbourhoods.

We assume that tubular neighbourhoods U, are compatible, i.e., that by
removing any component point x; of a point in U1 one gets a point in U, This
could be realised, for example, by choosing a distance function on X and allow
the points xo, X1, ..., Xp to belong to Up41 provided their mutual distances do not
exceed a sufficiently small fixed number 0 < €.

The sub-complex Xy has X as a deformation retract. Therefore the sub-
complexes Xy are homotopically equivalent to the original simplicial complex X
and hence they have isomorphic simplicial cohomologies.

Let us denote the simplicial co-chain complex associated to the sub-complex
Xy by {C/g]_’q* (X, G), d}«. Therefore, its homology is isomorphic to the simplicial
homology of the complex X.



9.6 Topological Considerations 365

Definition 9.10 Any co-chain f € Cijsp (X, G) will be called U-local Alexander—
Spanier co-chain.

The tubular neighbourhoods U form an inductive system by declaring U < V iff
Vevu.

Let C} ¢(X, G) denote the projective limit of the complexes {C/g]_’q* (X, G), d}
with respect to this filtration.

Definition 9.11 Any co-chain belonging to the complex CZ (X, G) is called an
Alexander—Spanier co-chain of degree p.

As all cohomology complexes Cf; s(U, G) have isomorphic homologies, com-
patible with the deformation retractions discussed above, one gets

Theorem 9.8 (Alexander-Spanier) For any countable, locally finite simplicial
complex X, the homology of the Alexander—Spanier complex C} ¢(X, G) is canoni-
cally isomorphic to the simplicial cohomology H*(X, G).

If the space X does not have an additional analytical structure (differential structure,
e.g.), any Alexander—Spanier cohomology class is the homology class [f] of a
function f € CX’SP (X, G). Its support may be chosen in an arbitrarily small
neighbourhood U of the diagonal.

However, if X does possess a differentiable structure, then already at the level of
co-chains f, it is possible to associate with f a de Rham differential form DR(f),
see e.g. [96]

a7 f(xo, X1, ...,%p)
i

p

e IV, dx Adx2A, L Adxy (9.79)
8x'11, 8x’22, see, 0x)

DR(f) :=

Theorem 9.9 The mappings DR form a co-chain homomorphism which induces an
isomorphism from the Alexander—Spanier cohomology to the de Rham cohomology
of X.

Remark 9.5 1If the space X possesses a sufficiently regular differentiable structure
(at least C?), then any Alexander—Spanier cohomology class [ ] may be represented
by a closed differential form D R( f) by going to the diagonal, where this differential
form lives, and therefore, entering the classical differential geometry.

If the space X does not possess a sufficiently regular analytical structure (as
e.g. a C2-differentiable structure), then Alexander—Spanier cohomology classes of
degree p may not be represented by classical differential forms. They can, however,
be represented by arbitrary functions (even not continuous), with support in an
arbitrarily small tubular neighbourhood of the diagonal V1. These are examples
of elements in the non-commutative geometry of X.

If the space X possesses intermediate analytical structures, e.g. a Lipschitz struc-
ture, one may consider the Whitney complex consisting of measurable, bounded
differential forms, with measurable, bounded exterior derivatives, see e.g. [83]. If the
manifold X has a quasi-conformal structure, then the manifold possesses differential
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forms whose components satisfy weaker conditions, see e.g. [92], [101]. Both, in
the Lipschitz and quasi-conformal case, the corresponding differential forms live
in the classical differential geometry, i.e. they live on the diagonals V, although
their components are defined almost everywhere and are discontinuous. In these
two situations, the D R-homomorphisms are defined provided the corresponding
Alexander—Spanier co-chains f belong to the projective tensor products of the
algebra of Lipschitz, resp. the Royden algebra, see Connes et al. [101] for more
details.

9.6.2 Alexander—Spanier Homology

The Alexander—Spanier homology is dual to the Alexander—Spanier cohomology.
Formally, an Alexander—Spanier chain y of degree p with coefficients in the
commutative group G would be an infinite formal sum

Yy = Z VIxo,X1,... xp][xo,)q, ...,)Cp], (980)
[x0,x1,..Xp]
where Y[y x1,.... x,] € G.
The Alexander—Spanier boundary of y would be
k=p
y :Z(_l)k Z Vixo.xl,..., xp][xo,...,fk,...,xp]. (9.81)
k=0 [x0,X1,...,xp]

Although infinite chains (9.80) could be considered in a homology theory, if X is
an infinite set, the boundary dy does not make sense because the coefficient of
the simplex [xg, ..., Xk, ..., X p] would be given by an infinite sum with respect of
x; € X.

The meaning of the formula (9.81) could be recovered provided the infinite sum
would be replaced by an integral.

Definition 9.12 A real/complex Alexander—Spanier chain y of degree p on the
space X is a real/complex valued Lebesgue integrable function y on X! with
support in a tubular neighbourhood of the diagonal Vy € X741,

Let C [/;‘S (X) denote the set of all Alexander—Spanier p-chains on X.
The Alexander—Spanier kth boundary face 8(‘3;5 (v ofyis

@) X0, o xp1) = fxy(xo,...,xk,l, toXke . xp)dp(D). (9.82)
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The Alexander—Spanier boundary of the chain y is

8y = Z( D35y (9.83)

The directed system of neighbourhoods of the diagonal U discussed in the
previous sub-section lead to a projective system of complexes {CAS, §45},.

Definition 9.13 A real/complex Alexander—Spanier chain on the space X is by
definition any element of the complex {Cf‘s , 8,?‘5 e

Theorem 9.10 (Alexander—Spanier) The homology of the real/complex Alexander—
Spanier complex of X, {C , st }x, 1S isomorphic to the singular real/complex
homology of X.

Proposition 9.13 Ler X be a countable, locally finite simplicial complex of dimen-
sion n and let {Aq}y denote its n-dimensional simplices. Suppose | is a Lebesgue
measure on X such that each simplex Ay has measure 1

f ldu=1. (9.84)

Let G be an arbitrary Abelian group and let CAS (X, G) be the set of all G-valued
Alexander—Spanier p-chains on X which are constcmt on each poly-top Ay X Ay, X
. X Aap.
Then {C(‘i‘g (X, G), 345}, is a complex and its homology is the singular (simpli-
cial) homology H.(X, G).
Proof The Alexander—Spanier homology is a homology functor. The five-lemma
applied onto the inclusion of the CW-homology complex of X into the Alexander—
Spanier complex completes the argument.

Remark 9.6 The condition (9.84) is not important for the overall homology result
and may be easily removed accordingly.

9.6.3 Isomorphzsm Between { C,’ Lloc , b}
and {c(*) (X, G), 945}, G = R, or C

Definition 9.14 The space of local chains in C (I (s is by definition C (I pl)o(‘}_l 5 con-
sisting of all chains K € C (1 D)HS) whose supports lay in a tubular neighbourhood
of the diagonal Vy € XP*1!.
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Recall that any K € C (I I’UI)UC(H S(X)) has the expression

_ o0, ,...,0 1 -] 1 =] L. 1 =]
K= Y K P(ehy X 4,) ®c (eh, X 2hy) ®C -+ B¢ (ef X 2hy),

(9.85)
where K%0-*1>~% are real or complex numbers.
The corresponding chain [K] is given by formula (9.37), in which all indices
ir=1

[Kl= > K%, ... ap a0l (9.86)

«Q,%],...,0p

and the repeated index I was omitted.
Recall that the formula (9.40) states

[bK] = 0[K]. (9.87)

Now we are going to interpret the simplicial chain [K] as an Alexander—Spanier
p-chain {K} € CI/,"S(X, G) (G = R, C). To do this, we agree to think of this
function as taking the constant value K*0-%1>~% on the poly-top Ag; X Ag, X ... X
Aap X Agq-

Theorem 9.11

(i) Suppose each simplex Ay has measure 1, see formula (9.84). Then
agj;jk{K} = dplK1, forany0<k<p. (9.88)
Therefore,
A4S (KY = 3[K]. (9.89)
(ii) If the supports of the chains of { Ci’loc, b }« lay in a tubular neighbourhood of

the diagonals v, for any p, then the homology of the complex { Ci’loc, b}y is
isomorphic to the Alexander—Spanier homology Hfs (X).

Proof

(i) Itis sufficient to prove formula (9.83). One has
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= Z ZKaO’almaan()(xO)--~X0tk,1(xk—l) Xak+1(xk)-~~xap(xp—l) =
= ax
P

[ 7 o S N 7 N

(9.90)
= dpyk{ K} (xo, X1, ..., xp—1).

where x 4 are characteristic functions.

Part (i) implies (ii).

9.7 Control of the Supports of Hochschild Chains

In this section we are going to show that if the triangulation of the space X is
sufficiently fine, then the quasi-isomorphisms treated in Sects. 9.3 and 9.4

{Cx(HS), b} «— {CA(HS), b} «— {CL(HS), b} (9.91)

pass to the local sub-complexes. The computation of the homology of the sub-
complex { C°°(H S), b } will complete the proof of Theorem 9.1.

We remark that the Hochschild boundary b as well as the homotopy operators
s and § discussed in Sects.9.4.2. and 9.4.2.2. send continuous Hochschild chains
which have small support about the diagonal into chains of the same type. For the
purpose of controlling the support of Hochschild chains we introduce the diameter
of chains (see Definition 9.15 below).

Assume for simplicity that X is connected. We say that the simplicial distance
between the top dimensional simplexes A, and Ag is d provided d is the minimum
number of 1-simplices needed to connect a vertex of the simplex A, with a vertex
of the simplex Ag.

The simplicial distance leads to an increasing filtration of the space of elementary
chains.

Definition 9.15 Given the elementary chain

_ io ~Jjo ip Jp
K = (ey x eﬂo) ®c -+ B¢ (€a, X eﬂp).
we define its diameter

Diam(K) := minimal simplicial distance between the simplices A, ..., Ay > Agy, ..., A B»

(9.92)
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Definition 9.16 For any natural number N, let C,,(HS(X))y C C,(HS(X)) be

i07j05“~7ip5j]7

a0,B0,--,0p, B J

CpHSXDN =K K= Y Kt r ey xelyac.. @cted, <e)).
@0,B0,--» apyﬂp

(9.93)
Dlam(e'o X e ) ®c...®c (eéf; _/p) <N.}

A chain belonging to C, (H S(X))y will be called N-local.

In particular, the simplicial distance leads to an increasing filtration of the space
of Hilbert—Schmidt operators HS(X) y

HSX)y = Y K""S (¢}, x &),  Diam(el, x &) < N. (9.94)
apf,ij

It is clear that
HS(X)m o HS(X),, C HS(X)m+n+1- (9.95)

Definition 9.17 Let N be any natural number such that the supports of the chains
of the complex C.(H S)y lay in a tubular neighbourhood of the diagonals V,, for
any p. Define

CAHS)y :=C2(HS)NCx(HS)n (9.96)

Ci(HS)N = Ci(HS)ﬂC*(HS)N. (9.97)
Proposition 9.14 The Hochschild boundary operator b, as well as the homotopy
operators s and S, do not increase the diameter of chains.

Therefore, the homotopy operators s, S are well defined in the corresponding
complexes Cx(HS)y, CA(HS)n, CL(HS)y.

Theorem 9.12 Let N be any natural number with the property that the supports of
the chains of the complex C..(H S)n lay in a tubular neighbourhood of the diagonals
Vp, for any p. Then

{C(HS)N, b} «— {CAHS)N, b} «— {CLHS)N, b} — { C25(X)n, D}
(9.98)

are quasi-isomorphisms.

Proof The notion of gap passes to the local spaces Cy(HS)y. Therefore, the
splitting stated by Proposition 9.1 continues to hold in these spaces.
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The operator s continues to satisfy the identity (9.22), so that Proposition 9.8
holds inside the complex { C.(HS)y, b } too. These prove that the first arrow of
(9.98) is a quasi-isomorphism.

The S continues to satisfy the identity (9.33) of Proposition 9.13 inside the
complex { Cf (HS)n,b }. The algebraic modifications discussed in the proof
of Proposition 9.8 may be carried out inside the sub-complex { Ci(H Sn,b }.
Therefore, the second arrow of the relation (9.98) is a quasi-isomorphism.

The discussion made in Sect. 9.6.3. passes to sub-complexes { C,{(HS)N, b},
{ Cf‘s (X)n, 0 }. Theorem 9.11 remains valid in these contexts. These prove that the
last arrow of the relation (9.98) is a quasi-isomorphism. This completes the proof of
the theorem.

Theorem 9.12 implies the following result:

Theorem 9.13 Let HS(X) denote the algebra of real/complex Hilbert—Schmidt
operators on the countable, locally finite, homogeneous, simplicial complex X of
dimension N.

Let N be any natural number with the property that the supports of the chains of
the complex C(H S)n lay in a tubular neighbourhood of the diagonals V p, for any

p-
Then the homology of the Hochschild sub-complex

{C«(HS)N, b} (9.99)
is isomorphic to the real/complex Alexander—Spanier homology of X

HS(X). (9.100)

9.8 Local Hochschild Homology of the Algebra
of Hilbert-Schmidt Operators

9.8.1 Preliminaries

We discuss here the local Hochschild homology of the algebra of Hilbert—Schmidt
operators on the simplicial complex X. Recall that local Hochschild and cyclic
homology were introduced in [125] as a tool to set up the index theorem in a more
natural environment. To begin with, for this reason, we are interested in describing
this notion primarily on the algebra of quasi-local, bounded operators on a Hilbert
space of La-sections in vector bundles. This class of operators contains pseudo-
differential operators and integral operators.

To start this argument we assume that the n-dimensional simplicial complex X
is embedded in an Euclidean space. Let r be the induced metric on X.
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As explained in Sect. 9.2, any Hilbert—Schmidt operator on X is defined by its
kernel K : X x X — C. The space of Hilbert—Schmidt operators on X is filtrated
by the support if its elements. We have seen in Sect. 9.5.1. that the description of
the elements of the Hochschild complex over this algebra involves real/complex
valued L,-functions over (X x X)?*!. In Sect. 9.6. we introduced a filtration of the
Hochschild chains based on the simplicial structure of X. This filtration has its own
interest.

In this section we are going to introduce a new filtration based on the size of the
support measured in terms of distance to the diagonal.

Definition 9.18 Let P = (xo, yo)|x1, ¥1l, ..., [xp, yp) € (X X X)PH! . Define the

distance from the point P to the main diagonal V)z((p +) by

P05 ¥0)s (X1, YD -+« (s yp)e VR i= Max{ =8 (e yi), ron xit D)) (pt 1= X0)
(9.101)

Let € be any positive number. Let

UZPTD = (P | P e (X x X)PT! r(P) < €}, (9.102)

Denote by H S(X)¢ the set of all Hilbert—Schmidt operators whose kernel have
support in U3 P+ The main idea of local Hochschild homology is to consider the
homology of the sub-complex of the Hochschild complex consisting of chains which
have small support about the diagonal. For chains of degree zero we intend elements
of HS(X), with € small. Smoothing operators with arbitrarily small support appear
in the Connes, Moscovici local index theorem [96] and they hold the topological
information relating to the index formula.

Looking for chains of degree p which have small support about the diagonal
V)z((p H), we start by considering elements of (X)’ZJrl HS(X)e. For any element
in this set, for any point in its support, one has r(xx, yx) < €, for any 0 <
k < p. For the elements in this set there is, so far, no condition on the
distances r(yx, Xk+1). The support (Supp) of Ko ® K1®, ..., ®K is Supp(Kp) x

Supp(K1)X, ..., xSupp(Kp). To insure that the support of this element is small
about the diagonal VJZ((”H) ={(x,x,...,x) € (X x X)Pt1}, we impose also the

conditions r(yk, Xx+1) < €, forany 0 < k < p. Now we are in the position to define
precisely the e-local Hochschild chains in the completed Hochschild complex.

Definition 9.19 An e-local Hochschild chain of degree p is by definition an
element of

Cp(HS(X))e == {K | K € C,(HS(X)), Supp(K) c U>P*+Dy, (9.103)

Multiplying Hilbert—Schmidt operators increases their support. For any natural
numbers k1, kp

HS(X)ie o HS(X)ipe C HS(X) (k) +kp)e- (9.104)
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Given that the multiplication of Hilbert—Schmidt operators increases the support
(9.104), the vector spaces C,(H S(X))e satisfy

b Cp(HS(X))e C Cp(HS(X))ae. (9.105)

To simplify the notation, we write Cp(HS(X))e = Cp.e.
Definition 9.20 For any 0 < € we define

H;(HS(X)) = (9.106)

Kerb:Cpe— Cpoe

= , 25k,
{Imb:Cpiike = Cpokel N{Ker b:Cpe— Cpacl)

where k is fixed number.

For any €’ < € one has C), o+ C C ¢ and therefore there is an induced mapping in
homology A(e, €') : H;/(HS(X)) — H;(HS(X)).

Kerb: Cp,é’ —> Cp,2e’

Ale, €)
{Imb:Cppike = CpouetN{Ker b:Cp e — Cpocr}

(9.107)
N Kerb:Cpe— Cpoe
{Imb:Cpiike = Cpokel N{Ker b:Cpe — Cpoe)

Definition 9.21 The local Hochschild homology of the algebra of Hilbert—Schmidt
operators is given by the formula

HY“(HS(X)) := ProjLim H5(HS(X)). (9.108)
e\ 0

9.8.2 Distance Control of Supports vs. Simplicial Control: The
Result

LetK € Cp (HS(X)),0< p<n=dimX.

We intend to look on the size of the support of K after all algebraic modifications
used in Sects. 9.3 and 9.4 are performed. To this purpose notice that the Hochschild
boundary b doubles the “diameter” of chains, see (9.105). On the other hand, the
homotopy operators s, (see Sect.9.4.2) and S, (see Sect. 9.4.2.2), do not modify the
size of the support.

We chose an €. We suppose that the diameter of each of the simplices A, is less
than €. If this condition is not satisfied, we consider a higher order barycentric sub-
division. The condition (9.84) of Proposition 9.13 changes by replacing the measure
1 of each simplex by a constant, depending only on the number of barycentric
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sub-divisions. To avoid further complications of the homological picture, we may
assume that for each maximal simplex A, the chosen function [, is a normalised
constant function, see Definition 9.7, Sect. 9.4.3. With these precautions taken, the
elementary chains belong to C,,  (H S(X)).

For any K € C) <(H S(X)) the decomposition (9.17) of Proposition 9.1 holds.

Given that the homotopy formulas (9.22) and (9.33) involve only once the
Hochschild boundary, Lemma 9.1 formula (9.22)and Proposition 9.10 hold inside
Cp.2¢(HS(X)). The operator 6, is available in the space C)p 2 (H S(X)).

Furthermore, Proposition 9.8 involves the operator 6, raised to the maximum
power p + 1.

To summarise, we may state that all considerations made in Sect.9.4 hold in
the vector spaces C pav+2e (HS(X)). The connection between the local Hochschild
homology and the Alexander—Spanier homology discussed in Sect. 9.6 holds pro-
vided the supports of the chains sit inside a tubular neighbourhood of the diagonal.
Now we are in the position to state

Theorem 9.14 Let X be any countable, locally finite, homogeneous simplicial
complex of dimension n. Let r be a distance function.

Let € be a positive number. Suppose each maximal dimension simplex of X has
diameter less than €.

Let p be a natural number. Suppose the simplicial decomposition of X is
sufficiently fine so that the set

Uzzlgf;;l) is a tubular neighbourhood of the diagonal. (9.109)
Then
HY*(HS(X)) is naturally isomorphic to H}® (X). (9.110)

The condition (9.109) tells us that in order to prove Theorem 9.1 we need to
consider a sufficiently fine decomposition of the simplicial complex X before the
constructions made in Sects. 9.4 and 9.5 start. This modification does not change
the Hilbert—Schmidt algebra; it only changes the representation of its elements. This
completes the proof of Theorem 9.1.
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Non-commutative Topology



Chapter 10 )
Non-commutative Topology Sheiie

Abstract We intend to produce a theory which generalises topological spaces;
we call it non-commutative topology. In non-commutative differential geometry
the basic homology theory is the periodic cyclic homology, based on the bi-
complex (b, B). In non-commutative topology this structure will be replaced by
the bi-complex (b, d); the boundary b is called topological Hochschild boundary.
These ideas combine Connes’ work (Noncommutative geometry, Academic Press,
1994) with ideas of the articles by Teleman and Teleman (St Cerc Math Tom
18(5):753-762, Bucarest, 1966; Rev Roumaine Math Pures Applic 12:725-731,
1967; Central European journal of mathematics. C*-algebras and elliptic theory II.
Trends in mathematics, 251-265, Birkhauser, 2008; Local® index theorem. arXiv:
1109.6095v1, math.KT, 28 Sep. 2011; textitLocal Hochschild homology of Hilbert-
Schmidt operators on simplicial spaces. arXiv hal-00707040, Version 1, 11 June
2012; Local algebraic K-theory, 26 Aug 2013 - arXiv.org > math > arXiv:1307.7014,
2013; The local index theorem, HAL-00825083, arXiv 1305.5329, 22 May 2013;
Kl.l”c( mathbbC), i = 0,1 10 set 2013 - arXiv:1309.2421v1 [math.KT] 10 Sep
2013).

Remark 10.1 The Alexander—Spanier cohomology uses solely the topology of the
space; it does not require any kind of analytical regularity. We use the Alexander—
Spanier construction and the definition of local periodic cyclic cohomology as
the departure point for non-commutative topology. Recall the Alexander—Spanier
cohomology to arbitrary localised rings, see Part V. As an application we compute
the local topological periodic cyclic homology of the algebra of smooth functions,
Theorem 10.3, of the Banach algebra of continuous functions, Theorem 10.4, and
of the algebra of arbitrary functions, Theorem 10.7, on a smooth manifold. These
results are significant because it is known that the Hochschild and (periodic) cyclic
homology of Banach algebras are either trivial or not interesting, see Connes
[82,96,99]. Entire cyclic cohomology, due to Connes [99] ([95, 96]) gives a different
solution to the problem of defining the cyclic homology of Banach algebras. The
chains of the entire cyclic cohomology are elements of the infinite product (b, B)
which satisfy a certain bi-degree asymptotic growth condition. Connes constructed
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a Chern character of 6-summable Fredholm modules with values in the entire cyclic
cohomology.

10.1 The Idempotent IT

1. The operator o was introduced in Sect.2.4.9. It is well defined on the whole
complex Cy ()

db +bd =1 — o, (10.1)

where d is the non-localised Alexander—Spanier co-boundary and b is the
Hochschild boundary.

2. o commutes both with d and b.

3. o is a chain homomorphism both in the Alexander—Spanier and in the Hochschild
complex. Hence, the range of the operator o and its powers are sub-complexes
both in the Alexander—Spanier and Hochschild complexes.

4. The range of the homomorphism IT consists of non-degenerate chains.

5. o is homotopic to the identity. Therefore, the inclusions of these sub-complexes
into the Alexander—Spanier, resp. Hochschild, complexes induce isomorphisms
between their homologies.

10.2 Topological Hochschild Homology

On the range of the idempotent /7, i.e. {C«(«)}, one has the identity
ok =1 4 bdo* (10.2)

From this formula we get

Proposition 10.1 On the complex {C. (<)} one has the identity

n+1 n
0 =Y DIk, b + D (=D @bt (10.3)
k=1 k=1

Proof The relation (10.3) is obtained from the formula
1=00-bdo". (10.4)

by making the substitutionoc = 1 — (d b + b d); for more details see [123].

This formula suggests us to introduce on the spaces C, (/) the operators b,d.
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Definition 10.1 The operators b, and d, acting on C, (/) are defined by the
formulae

by:= by (—D)*'Ch(d b)*! (10.5)
k=1
d":=d)y (-D)'Ch b (10.6)
k=1

We do not use the operator d in this book.

Proposition 10.2 The operators b and d anti-commute in C(<); the same relation
holds for the operators b and d"

0 = bys1dy + dy_1 by (10.7)
0 = dy_1 by + buy1 dy. (10.8)

This formula is going to be proved below.

Definition 10.2 The homology of the complex {Cy (<, b))}, is called topological
Hochschild homology.

Compare to [123, 125, 127, 129-131].

The expression of the operator b,, contains the factor b both to the left and to the
right. From this it follows that the topological Hochschild homology contains the
Hochschild homology.

Definition 10.3

(1) bb = 0. Therefore b is a boundary operator.

(2) The complex {C(27), b}.} is called topological Hochschild complex. It makes
sense even for non-localised algebras.

The homology of the topological Hochschild complex is called topological
Hochschild homology.

(3) We assume 7 to be a localised ring; the Alexander—Spanier and the Hochschild
complex are localised. On the space of normalised chains (b, d) introduces a
bi-complex structure. The boundary b defined on the space of normalised chains
is called local topological Hochschild homology.

The homology of the bi-complex (b, d) is called local topological periodic cyclic
homology; it is Z-graded.

The definition of the local topological periodic cyclic homology is analogues to the
definition of periodic cyclic homology, comp. Connes [99], see also Loday [97, Sect.
5.1.7., pag.159].
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More specifically, given the localised ring <7, one has
(b, P! () = {Cpg( D) pgrez=z: (10.9)

where Cp, 4 (&) := ®P7947,for g < p. The boundary maps are

b:Cpg— Cpy-i1 (10.10)
and
d:Cpg— Cpii1g;

Proposition 10.3 For any associative ring </ the homology of the topological
Hochschild complex contains the Hochschild homology.

Proof As said before, the operator b contains the factor b both to the left as well as
to the right. For this reason any Hochschild cycle is a by, cycle; for the same reason
any b boundary is a b boundary.

Proposition 10.4 The boundary b verifies the identity (10.10).

Proof Replacing o in the expression of IT one gets
1 = (1 — bd)o" = (1 — bd) [1 — (bd +db)]" =

(L= bd) 1+ ) (D'CRbd+d D)1= = bd) {1+ ) (=D i) + (@)1} =
k=1 k=1

1+ Y (=D*ChIba)* + @b)*1—bd =Y (—DFChba) T
k=1 k=1

Therefore we get further

0 = bd+ Y (D" 'ChBd* + @b 1+ ) (~DrChba) T =
k=1 k=1

bd+ Y (DR bd)t + ) (—DFCh )t + ) (=D chab)t =
k=1 k=1 k=1

(1 +mbd + Y (=D ICE ) + 3 (—DFECkpa) ! + 3 (~DFIck@nt =
k=2 k=1 k=1

n n—1 n
A +mbd + Y (=D TCkbd)t + Y (—=DFCE B! + (1) C(bd)"™ + Y (—DF Chab)t =
k=2 k=1 k=1

A +mbd + Y (D' kb + Y (D't ba)k + (— )" Clbdy™ + > (—D T Chdbyt =
k=2 k=2 k=1

(1 +mbd + Y (=D (CE + CEHod)* + (=1l ba)™ + Y (~DF k@b =
k=2 k=1
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andas Ck + Ck~1 = C,lfH

=( + n)bd + Z(—l)k_1C§+1(bd)k + (=D o)™ + Z(—n"—lc’;(db)k,

k=2 k=1
or
n+1 n
0=>Y (=D 'Cr ) + ) (=D Chn)t. (10.11)
k=1 k=1

Finally, we get the formula
bpy1 dy + du_1 by = 0. (10.12)

Proposition 10.5 For any ring </ the homology of the topological Hochschild
complex contains the Hochschild homology.

Proof As said before, the operator b contains the factqr b both to the left as well as
to the right. For this reason any Hochschild cycle is a by, cycle; for the same reason
any b boundary is a b boundary.

10.2.1 Local Topological Periodic Cyclic Homology of the
Algebra of Smooth Functions

In this sub-section we consider the Fréchét topological algebra of smooth functions
over a smooth manifold M. We have seen Sects.3.1.2, 3.1.3 that the Hochschild
boundary is well defined on germs at the diagonals and that the Hochschild
homology depends only on the quotient complex, see Teleman [107].

The first two terms of the spectral sequence associated to the first filtration (with
respect to the d-degree of chains) of the (b, d) bi-complex are

E})’q = Hp(Ciyg,d) = HI"(M)
and

E;, = Hy(E, ..b)=Hi"(M).
The term E! is given by the Alexander—Spanier cohomology of the complex
of smooth chains. Any Alexander—Spanier cycle may be represented by a skew-
symmetric chain. The b boundary of any skew-symmetric chain vanishes. Therefore
2 1 7
E;, = Hy(E, D) = 0. '
We have proved the following result.
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Theorem 10.1 The local topological periodic cyclic homology of the algebra of
smooth functions on a smooth manifold is isomorphic to the de Rham cohomology
of the manifold.

Analogously one has the theorem.

Theorem 10.2 The local topological periodic cyclic homology of the algebra of
continuous functions on a topological manifold is isomorphic to the de Rham
cohomology of the manifold.

10.3 Local Topological Periodic Cyclic Homology of the
Algebra of Arbitrary Functions on a Smooth Manifold

We will proceed as in the preceding section (Sect. 10.2.1). We arrive at the point
of computing EIZ, ¢~ We may again represent the Alexander—Spanier cohomology
classes by skew-symmetric co-chains. This proves the next result.

Theorem 10.3 The local topological periodic cyclic homology of the algebra
of continuous functions on a smooth manifold is isomorphic to the de Rham
cohomology of the manifold.

Theorem 10.4 The local topological periodic cyclic homology of the algebra of
arbitrary functions on a smooth manifold is isomorphic to the de Rham cohomology
of the manifold.

10.4 Characteristic Classes of Idempotents in
Non-commutative Topology

Definition 10.4 Let .o/ be a localised ring. Let e € My (27) be an idempotent.
Then the Chern character of e is the even local periodic cyclic homology class
given by

1! _1\2
Ch(e) := €+(11') e(de)2~|-(21') e (de)* + ... e(de)” + ...

(10.13)

+ (—1')

Theorem 10.5 Let </ be a localised ring. Let e € My (/) be an idempotent. Then
the RHS of Eq. (10.13) is a cycle in the bi-complex (b, d).



10.4 Characteristic Classes of Idempotents in Non-commutative Topology 383

Proof We compute b e(de)”". We have

ba(e (de)™™) = by (=DF'CE db) ! =
k=1

n
bCl, +b Y (=DFCE @by ! =

k=2
2n
bu(e(de)™) =2n e (de)” ™" + by (=D'C5,(@b)* *(db)(e(de)™) =
k=2
2n
2ne (de)®™ ' + b Z(_l)k_lclﬁn(db)k_zd(e de)? 1) =
k=2

2n
2nede)? ! + b (~ 11k by 2 (de)) =

k=2
2n
2ne (de)™ ! + bZ(—l)k—lc’gnz"—z(de)Z") =
k=2
2n
2ne (de)”"~ ! + Z(—Uk—lc’gnz"—z(ze— D(de)> 1) =
k=2
2n 2n
@n + Y (D152 e (o) + ) (—DFCE, 2P de)
k=2 k=2
(10.14)
Lemma 10.1
(1)
2n
2 + Y (-DFEl 2t = o, (10.15)
k=2
(2)

2n
D> (=DECE 2 = (10.16)
k=2
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Proof
(D
2n 1 2n
2 4+ Y (-=DFICE 2 = o - 22(—1)kc’2‘n2’< =
k=2 k=2
1 - 1
2n—2[(1—2) —(1 = 22n)] = 2b—2[1 — 1 + 4n] = 0.
(10.17)
)
2n 1 2n 1
S (=nFch 2k = 42(—1)"c’2‘n2’< = 4[(1—2)2”—(1—271.2)] = n
k=2 k=2
(10.18)
From Lemma 10.1 we get
bon (e(de)* ) = n (de)™ . (10.19)
On the other hand
d(e(de)™ %) = (de)™ . (10.20)

These prove the theorem.

Remark 10.2 1t make sense to speak about discontinuous bundles; they are invariant
under conjugations.

Remark 10.3 In a similar manner one obtains the definition of characteristic classes
Choga : TI** (o) — HYH (o).

Definition 10.5 Let A C C, (<) be the K sub-module generated by all chains
e(de)", (de)", b (e(de)"), b(de)", B(e(de)"), B (de)", d(e(de)"), d (de)"
(10.21)

where n € N and e € M, (/) is an arbitrary idempotent.
A is called characteristic sub-complex.

Proposition 10.6 A is a sub-complex both in the (b, B) and (I;, d) complexes.
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Although not all relations below are used in this book, we provide them for the
benefit of the reader.

j=n
Blapday ...day) = Y (=1)"da;...dayday...da; ;. (10.22)
j=0

On the same space the formulas hold
B> =0, bB+ Bb = 0. (10.23)
The following relation is needed next, see (2.334):
My (Bx) =dI, (x). (10.24)

Theorem 10.6 Let e be an indempotent of the factorised algebra <7 .
Then the non-commutative topology Hochschild Chern character Ch(e) is co-
homologous to the non-commutative Chern character.

Remark 10.4 In Theorem 10.6 we start with an idempotent e. We state the equality
of the Chern character of this idempotent both in the cyclic homology of the algebra
&7 in the non-commutative geometry and in the non-commutative topology. In the
next section we start with a direct connection A instead.

Proof The relations
ble(de)®™ ") = 0, (10.25)
d(e(de)”™ 1) = e(de)™ (10.26)

show that the homology classes
1 - 1
e(de)” = (e — 2)(de)2" - + d)z(e(de)z"_l). (10.27)

are {b, d}-homologous. Therefore, the homology classes e(de)™, (e — ;)(de)2"
are co-homologous in the local and non-local complex o (é* ()).

Proposition 10.7 The class (e — é)(de)z" is the Connes—Chern character of
the idempotent e in the entire cyclic homology. For the definition of entire cyclic
homology see Getzler and Szenes [93] and [111, Pg. 447].

Theorem 10.7 The Chern character defines a homomorphism

Ch : To(o) —s HEC(o7). (10.28)
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Proof The Chern character is compatible with all equivalences which define Ty (%/):
stabilisation and conjugation.

10.5 Rational Pontrjagin Classes of Topological Manifolds

In this part we give a construction of the rational Pontrjagin classes of topological
manifolds.

10.5.1 Existence of Direct Connections on Topological
Manifolds

Let M be a topological manifold. We intend to construct a direct connection A on M.
Recall that a direct connection on M consists of a set of homeomorphisms A(x, y)
where

A(x,y) = homeomorphisms from a neighbourhood of y to a neighbourhood of x
(10.29)

A(x, x) = identity from a neighbourhood of x to itself. (10.30)
The connection A will be constructed by induction using a handlebody decom-
position of M, see [56, Essay III, §2, Pg. 104, Pg. 319] and Ranicki [106]. The

second condition of a direct connection assures that the inductive construction may
be performed without meeting homotopic obstructions in 7; (7 O P).

10.5.2 The Rational Pontrjagin Chain

We consider the chain
U (x0...x00) = A (A, Xiy,)-dAXiyy s Xiy, () - - dA(x;,, xiy) ), (10.31)
where A is the skew-symmetrisation with respect to the variables x and
dA(y,x) = 1@ Ay, x) —AQ,x)® 1. (10.32)

We intend to prove that (b +d) (W) = 0.
The effect of the skew-symmetrisation is b ¥, = 0; therefore (10.5)

b(W,) = 0. (10.33)
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On the other hand
d ( "I/2n ) = dA(x,-O, x,-Zn) . dA(xizn, x,'z,H) e .dA(x,-l , xio). (10.34)

Let .%, be the operator defined on the permutation group /15,1 which inverts the
order of the points x;

Sn (X0, X1, oy X2n—1, X20 ) —> (X0, X2n, X2n—1 - - ., X2, X1 ). (10.35)
The effect of %, on d W, is

dA(xo, x1) . dA(x1,x2), ..., dA(xX2n—1, X20) . dA(X24, X0) —>
dA(xo, x2n) . dA(X2n—1,X2n-2) .... dA(x2,x1) . dA(x1, X0).

(10.36)

The two sides of the previous relation (10.36) contain an odd number of factors.
All factors of the two expressions are respectively equal in absolute value, but with
opposite signs. Remember that ¥, involves skew-symmetrisation; these show that
in the expression of ¥», the terms corresponding to the left and right sides of the
(10.36) have opposite signs. The operation %5, does not produce two times the
same sequence of points because the number of factors is odd.

10.5.3 The Rational Pontrjagin Class

Any Alexander—Spanier class may be represented by a skew-symmetrisation chain,
see, for example, [82]. For this reason the skew-symmetrisation involved in the
expression of ¥, does not change the homology class. The relation (10.27) shows
that the class of ¥,,, belonging to the homology of the b + d, coincides with the
Hochschild homology of

A(xg, x1) . dA(x1,x2) .... dA(x2,, x0) (10.37)
in the local periodic cyclic homology of the algebra of continuous functions, see

[121, §12.3]. The class of (10.37) is one of the Pontrjagin classes of M when M is
a smooth manifold.
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