Contents

Foreword
................................................................ IX
Preface
................................................................ XI
K-theory for group C*-algebras
Paul F. Baum, Rubén J. Sdnchez-Garcia ............ ... .ccciiiiiene .. 1
I Introduction .......... ... iiii 1
2 Cr-algebras. ... ... 2
2.1 Definitions ... .. ...ttt 2
2.2 Examples . ... 3
2.3 The reduced C*-algebraofagroup .................cvunn.... 4
24 Twoclassical theorems ...ttt .. 5
2.5 The categorical viewpoint . ................ciiiiiiiiiii. .. 6
3 K-theory of C*-algebras ..............uuuuuuiiiiiiiiinnn 6
3.1 Definition for unital C*-algebras ............... ... ... .. 7
3.2 Bott periodiCity . .......couuuiiiii e 8
3.3 Definition for non-unital C*-algebras .......................... 8
34 Functoriality .. ...t 9
3.5 More on Bott periodicity . . ........ . ... i 9
3.6 Topological K-theory............oouuuiiiiiiiiii ... 10
4 PrOPer G-SPACES . . o v ettt et e e e e 11
5 Classifying space for proper actions . ...............oeuueeinneunn... 12
6  Equivariant K-homology. .. ... 14
6.1 Definitions ... ..... ...ttt e 14
6.2 Functoriality . ... ... ..o 17
6.3 Theindexmap ........couuniiiii i 18
7 The diSCrete CaASe . . ..o vttt ittt e e 19
7.1 Equivariant K-homology .. ...ttt 19

7.2 Some results on discrete groups ... ... 20



VI Contents
7.3 Corollaries of the Baum-Connes Conjecture. ..................... 21
8 The compact Case. .. ... ......uuniitimiiie i 21
9 Equivariant K-homology for G-C*-algebras .......................... 22
10 The conjecture with coefficients. ............ .. ... ..., 24
11 Hilbertmodules . ............ i 25
11.1 Definitions and examples .............cooviiiniiiineineenn.. 25
11.2 The reduced crossed-product C;(G,A) .......c.coviviiininn.. 28
11.3 Push-forward of Hilbert modules . . ............................ 29
12 Homotopy made precise and KK-theory . ................... ... ..... 30
13 Equivariant KK-theory . ....... ..., 32
14 TheindeX map .. .....viinii et et 34
14.1 The Kasparov product . ...ttt 35
14.2 The Kasparovdescentmap ...............ouuuniiiiiunnnaann.. 35
14.3 Definition of theindexmap ..............ccoooiiiiiiiiinaaa.. 35
14.4 The index map with coefficients................ ... ... ... ... 36
15 Abrief history of K-theory .......... ... .. 37
15.1 The K-theory genealogy tree .............couviirneiunnennn.n. 37
15.2 The Hirzebruch-Riemann—Roch theorem ....................... 38
15.3 The unity of K-theory ....... ... . i, 38
References . ... .......uuu 40

Universal Coefficient Theorems and assembly maps in KK-theory

Ralf Meyer. . ... e 43
I Introduction ...............iiiiiiiiiii 43
2 Kasparov theory and Baum—Connes conjecture .. ..................... 44
2.1 Kasparov theory via its universal property ...................... 44
2.2 Subcategories in RRC ... ... ... 56
3 Homologicalalgebra ........ ... i 61
3.1 Homological ideals in triangulated categories ................... 62
3.2 From homological ideals to derived functors .................... 67
3.3 Universal Coefficient Theorems . ........... ... ... oot 85
References . ... ... 91

Algebraic v. topological K-theory: a friendly match

Guillermo COFLiIAS . . .. ..ot e 95
I Introduction ...............iiiiiiiii 95
2 Thegroups K, forn < .. ... oo i 96
2.1 Definition and basic properties of K; for j=0,1. ................ 96
2.2 Matrix-stable functors. ............... . 101
2.3 Sum rings and infinite SUM FiNGS. . ... ..oovteeenn ... 102
2.4 The excision sequence for Kpand K. ... ... 104
2.5 Negative K-theory. . . ...ttt i 106
3 Topological K-theory ..............uuiiiiiiinniiiiiiineeeennnn. 108
3.1 Topological K-theory of Banach algebras. ...................... 108

3.2 Bott periodiCity. . ... ..ouiu e 111



Contents VII

4 Polynomial homotopy and Karoubi-Villamayor K-theory .............. 113
5 Homotopy K-theory ........... ...ttt 115
5.1 Definition and basic propertiesof KH. ......................... 115
5.2 KH for Kp-regular rings. .. ......ooouuninni i 117
5.3 Toeplitz ring and the fundamental theorem for KH. .............. 118
6 Quillen’s Higher K-theory ........... ..ot iiiniiinennn. 120
6.1 Classifying Spaces. . .. ... ...ttt 120
6.2 Perfect groups and the plus construction for BG. ................. 120
6.3  Functoriality iSSUES. . . . ..o vttt 124
6.4 Relative K-groups and eXCiSION. . .......ooveiiiinneinn.... 125
6.5 Locally convex algebras. .......... ... ..., 126
6.6 Fréchet m-algebras with approximate units. ..................... 127
6.7 Fundamental theorem and the Toeplitzring. ..................... 128
7  Comparison between algebraic and topological K-theory I ............. 129
7.1 Stable C*-algebras. .. ............uuuuueuuuiinan 129
7.2 Stable Banach algebras............ ... ... .. i i 130
8 Topological K-theory for locally convex algebras ...................... 131
8.1 Diffeotopy KV .. ..o 131
8.2 Diffeotopy K-theory. .. ..... ... it 133
8.3 BottperiodiCity. ... ..ot 134
9  Comparison between algebraic and topological K-theory IT............. 135
9.1 The diffeotopy invariance theorem. .................ccoveunn .. 135
9.2 KH of stable locally convex algebras. .......................... 137
10 K-theory SPeCtra. . ... ovvu ittt e e e e e 138
10.1 Quillen’s K-theory spectrum. . .............c..uuieiieunnneeenn. 138
10.2 KV -theory SPaCes. . .. .cuvuunttt ettt 139
10.3 The homotopy K-theory spectrum. . ..............c.oveeuneenn... 141
11 Primary and secondary Chern characters ............................ 142
11.1 Cyclichomology. ........ ... i, 142
11.2 Primary Chern character and infinitesimal K-theory............... 143
11.3 Secondary Chern characters............. ... ... iiiiiiaaao.. 143
11.4 Application tO KD.. ... oottt e 145
12 Comparison between algebraic and topological K-theory I ............ 145
12.1 Stable Fréchetalgebras................. ... ... .. ... . ..., 145
12.2 Stable locally convex algebras: the comparison sequence. ......... 146
References . ... ......uuuu 148

Higher algebraic K-theory (after Quillen, Thomason and

others)

Marco Schlichting . .. ... .. . . 153

I Introduction ............... oo 153

2 The K-theory of exact categories . .. .........ouuineeeeiinneeeennn.. 155
2.1 The Grothendieck group of an exact category ................... 155
2.2 Quillen’s Q-construction and higher K-theory ................... 158

2.3 Quillen’s fundamental theorems............................... 163



VIII Contents

2.4 Negative K-GroUPS . .. oottt ettt et i 167
3 Algebraic K-theory and triangulated categories ....................... 169
3.1 The Grothendieck-group of a triangulated category............... 169
3.2 The Thomason-Waldhausen Localization Theorem ............... 174
3.3 Quillen’s fundamental theorems revisited ....................... 184
3.4 Thomason’s Mayer-Vietoris principle . .............. ... .. 188
3.5 Projective Bundle Theorem and regular blow-ups ................ 193
4 Beyond triangulated CategOTies . ... ........c.ouuiiiininnnaiaaaa... 198
4.1 Statementof results ........ ... i 198
A APPENdiX .. 202
A.1 Background from topology . ...t 202
A.2 Background on triangulated categories .............. .. ... 205
A.3 The derived category of quasi-coherent sheaves.................. 212
A4 Proof of compact generation of DzQcoh(X) .................... 216
References . ... ......ouuu 223
Lectures on DG-categories
Toén Bertrand . .. ........ ... i 229
I Introduction ...............iiiiin 229
2 Lecture 1: DG-categories and localization ........................... 230
2.1 The Gabriel-Zisman localization .............................. 230
2.2 Bad behavior of the Gabriel-Zisman localization . ................ 233
2.3 DG-categories and dg-functors . ............ .ol 236
2.4 Localizations as a dg-category .. .........cvuuuneenneeunnennnnnn 248
3 Lecture 2: Model categories and dg-categories ....................... 249
3.1 Reminders on model categories . ...........c.c.oeiiiiii... 250
3.2 Model categories and dg-categories . . ..., 254
4 Lecture 3: Structure of the homotopy category of dg-categories ......... 258
4.1 Maps in the homotopy category of dg-categories................. 258
4.2 Existenceof internal Homs ............. ... ... . ... ... ... 262
4.3 Existence of localizations ............ ... i 263
4.4 Triangulated dg-categories . ............ouuuinieiiinnneaan. 266
5 Lecture 4: Some applications .. ...........coouriiiiiiiiinnen.. 270
5.1 Functorial Cones . .. ...ttt 270
5.2 Someinvariants . .............ii i 272
5.3 DESCENL . ..ttt e 274
5.4 Saturated dg-categories and secondary K-theory ................. 276

References . ... 281



Foreword

The five articles of this volume evolved from the lecture notes of Swisk!, the Sedano
Winter School on K-theory held in Sedano, Spain, during the week January 22-27 of
2007. Lectures were delivered by Paul F. Baum, Carlo Mazza, Ralf Meyer, Marco
Schlichting, Betrand Toén and myself, for a public of 45 participants. The school
was supported by the Ministerio de Educacién y Ciencia and the Proyecto Consolider
Mathematica of Spain. Funding to cover expenses of US based participants was
provided by NSF, through a grant to C. A.Weibel, who was responsible, first of all,
for preparing a succesful funding application, and then for managing the funds. The
local committee, composed of N. Abad and E. Ellis, were in charge of conference
logistics. Marco Schlichting collaborated in the Scientific Committee. As organizer of
the school and editor of this volume, I am indebted to all these people and institutions
for their support, and to my fellow coauthors for their contributions.

Guillermo Cortifias.

! The webpage of the school can be found at
http://cms.dm.uba.ar/Members/gcorti/workgroup.swisk/index_html.html






Preface

This book evolved from the lecture notes of Swisk, the Sedano Winter School on
K-theory held in Sedano, Spain, during the week January 22-27 of 2007. It intends to
be an introduction to K-theory, both algebraic and topological, with emphasis on their
interconnections. While a wide range of topics is covered, an effort has been made to
keep the exposition as elementary and self-contained as possible.

Since its beginning in the celebrated work of Grothendieck on the Riemmann-
Roch theorem, applications of K-theory have been found in a variety of subjects,
including algebraic geometry, number theory, algebraic and geometric topology,
representation theory and geometric and functional analysis. Because of this, mathe-
maticians from each of these areas have become interested in the subject, and they
all look at it from their own perspective. On the one hand, this is the richness and
appeal of K-theory. On the other hand, it makes it hard to see a global perspective. For
example it is not often that an algebraic K-theorist, coming, say, from the algebraic
geometry side of the subject, and a topological K-theorist, coming from the functional
analysis side, meet together in the same K-theory conference. Thus it is not uncom-
mon to find that algebraic and topological K-theory are regarded as distinct subjects
altogether. These notes modestly attempt to illustrate current developments in both
branches of the subject, and to emphasize their contacts.

The book is divided into five articles, each of them devoted to different topics.

The first two articles are concerned with Kasparov’s bivariant K-theory of C*-
algebras and its role in the Baum—Connes conjecture. If G is a locally compact
group and A and B are two separable C*-algebras equipped with a G-action, the
Kasparov bivariant K-theory group KK (A, B) is defined as the homotopy classes of
G-equivariant Hilbert (A, B) bimodules equipped with a suitable Fredholm operator.
Kasparov defines an associative product

K%(A,B)®K%(B,C) — K°(A,C)
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There is an additive category KK whose objects are the separable G—C*-algebras, so
that KK¢(A, B) = homg (A, B) and composition is given by the Kasparov product.
This category is related to usual category G—C*—Alg of G-C*-algebras and equivariant
*-homomorphism by means of a functor t : G-C*~Alg — KK¢. The functor 1 has the
following properties:

e (Stability) If A € G-C*-Alg, and H,,H, are nonzero G-Hilbert spaces, then
1(A®K(H|) > A®K(H, ® H,)) is an isomorphism.

o (Split Exactness) If A . B2 Cis a short exact sequence of G—C*-algebras, split
by a G-equivariant homomorphism s : C — B, then (1(j),1(s)) : t(A) ®1(C) —
1(B) is an isomorphism.

Moreover 1 is universal (initial) among stable, split exact functors to additive
categories. Kasparov theory has many other important properties. To mention one,
consider the case when G = {1} is the trivial group, and we take C as the first variable;
then

Ko(B) =KK(C,B)

is the usual Grothendieck group. Because topological K of a C*-algebra B is just Ky
of the suspension of B, we also have

K, (B) = KK(C,SB)
Thus the whole topological K-theory is recovered from KK, since K'P is 2-periodic.

Another application of equivariant KK is in the definition of equivariant K-
homology, which plays a fundamental role in the Baum—Connes conjecture. A Haus-
dorff, locally compact, second countable space X equipped with an action of G by
homeomorphisms is called proper if the map

GxX—>XxX, (g,x) — (gx,x)

is proper, that is, if the inverse image of any compact subspace is compact. A G-
subspace A C X G is called G-compact if it is proper and the quotient G\ A is compact.
The equivariant K-homology of a proper G-space X is

KS(X) = colimKK%(Cy(A),C)
ACX

Here the colimit is taken over all G-compact subspaces A C X; Cy is the C*-algebra
of continous functions vanishing at infinity, and KK%(A,C) = KK%(S*A,C).

The Baum—Connes conjecture proposes a description of the topological K-theory
of the reduced C*-algebra C,(G) of a locally compact, Hausdorff, second countable
group G in terms of G-equivariant K-homology of the universal (final) proper G-space.
There is a map

KY(EG) — K™ (C(G))
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called the assembly map, and the conjecture says it is an isomorphism. The proper
G-space EG is characterized up to homotopy by the property that any proper G-space
X maps to EG and that any two such maps are homotopic. The reduced C*-algebra
is defined as follows. If G is a locally compact, second countable group, and u is
a left invariant Haar measure on G, then one can form the separable Hilbert space
H = L*(G, u) of square-integrable functions on G. The algebra C.(G) of compactly
supported continuous functions G — C with convolution product is faithfully repre-
sented inside the algebra %(H) of bounded operators on H, and C,(G) is the norm
completion of C,(G).

The conjecture is known to be true for wide classes of groups; no counterexamples
are known. There is also a more general version of the conjecture relating the equiv-
arient K-homology of EG with coefficients in a separable G—C*-algebra A with the
topological K-theory of the reduced C*-algebra of G with coefficients in A, C,(G,A).
The latter conjecture is also known for large classes of groups, and is expected to be
true in many cases.

The Baum—Connes conjecture is related to a great number of conjectures in func-
tional analysis, algebra, geometry and topology. Most of these conjectures follow from
either the injectivity or the surjectivity of the assembly map. A significant example is
the Novikov conjecture on the homotopy invariance of higher signatures of closed,
connected, oriented, smooth manifolds. This conjecture follows from the injectivity
of the rationalized assembly map.

The first article of this volume, K-theory for group algebras, written by P. Baum
and R. Sanchez-Garcia, introduces the subject step by step, beginning with the defini-
tion of a C*-algebra, passing through K-theory of C*-algebras and its connection with
Atiyah—Hirzebruch theory, to the general formulation of the Baum—Connes conjecture
with coefficients, and of Kasparov’s equivariant KK-theory. The latter is introduced
in terms of homotopy classes of Hilbert bimodules.

Universal Coefficient Theorems and assembly maps in KK-theory, by R. Meyer,
looks at KK-theory and the Baum—Connes conjecture from the point of view of
triangulated categories. Equivariant Kasparov theory is introduced using its universal
property, and it is explained how this category can be triangulated. The Baum—Connes
assembly map is constructed by localising the Kasparov category at a suitable subcat-
egory. Then a general machinery to construct derived functors and spectral sequences
in triangulated categories is explained. This produces various generalizations of the
Rosenberg—Schochet Universal Coefficient Theorem.

The next article, Algebraic versus topological K-theory: a friendly match, by G.
Cortifias, attempts to be a bridge between the algebraic and topological branches. It
presents various variants of algebraic K-theory of rings, including Quillen’s, Karoubi—
Villamayor’s, and Weibel’s homotopy algebraic K-theory, denoted respectively K, KV
and KH. These variants of algebraic K-theory differ in their behavior with respect to
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homotopy and excision. Both KV and KH are invariant under polynomial homotopy;
if A is any ring, we have KV, (A[f]) = KV.(A) and similarly for KH. On the other hand
the identity K, (A) = K. (A[t]) holds in particular cases (e.g. when A is noetherian
regular) but not in general. As to excision, if

0—-A—-B—-C—0
is an exact sequence of (nonunital) rings, then there is a long exact sequence (n € Z)
KH,.(C) —— KH,(A) — KH,(B) — KH,(C)

A similar sequence holds for KV under the additional assumption that the sequence
be split by a ring homomorphism C — B. The sequence

Ky +1(C) — Ku(A) — Ku(B) — Ku(C)

is exact for n < 0, but not for n > 1, in general. Topological K-theory of topological
algebras also has several variants, essentially depending on the type of algebras
considered. The topological K-theory of Banach algebras is invariant under continuous
homotopies; that for locally convex algebras is invariant under C*-homotopies. Both
satisfy excision and (when suitably stabilized) Bott periodicity: KyP = K:fz.

If A is a topological algebra, there is a comparison map

K.(A) — K P(A)

which is not an isomorphism in general.

Cortifias’ article emphasizes the connections —both formal and concrete— between
the algebraic and topological counterparts. For example, Bott periodicity for topologi-
cal K-theory and the fundamental theorem in algebraic K-theory (which computes
the K-groups of the Laurent polynomials) are introduced in a way that makes it
clear that each of them is the counterpart of the other. As a concrete connection
between algebraic and topological K-theory, the question of whether the comparison
map K, (A) — K, (A) between the algebraic and topological K-theory of a given
topological algebra A is an isomorphism is discussed; Karoubi’s conjecture (Suslin—
Wodzicki’s theorem) establishes that the answer is affirmative for stable C*-algebras.
Proofs of this theorem and of some of its variants are given.

The last two articles approach algebraic K-theory from a categorical point of view.

Higher algebraic K-theory (after Quillen, Thomason and others), by M. Schlicht-
ing, introduces higher algebraic K-theory of schemes; emphasis is on the modern
point of view where structure theorems on derived categories of sheaves are used to
compute higher algebraic K-groups. There are many results in the literature about
the structure of triangulated categories, and virtually all of them translate into results
about higher algebraic K-groups. The link is provided by an abstract localization
theorem due to Thomason and Waldhausen, which —omitting hypothesis— says that
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a short exact sequence of triangulated categories gives rise to a long exact sequence
of algebraic K-groups. This theorem, and its applications, are the heart of the article.
Among the main applications presented in the article is Thomason’s Mayer—Vietoris
theorem, which says that if X is a quasi-compact, quasi-separated scheme and U and
V are open quasi-compact subschemes, then there is a long exact sequence

Kin(UNV) = K,(X) = K,(U)DK,(V) = K,(UNV) = K,_1X

Although the particular case of this result for regular noetherian separated schemes
follows from Quillen’s early work in the 1970s, the full generality was obtained only
twenty years later, by Thomason. The use of derived categories is essential in its proof.
Another application is Thomason’s blow-up formula. If Y C X is a regular embedding
of pure codimension d with X quasi-compact and separated, and X’ is the blow-up of
X along Y, then

d—1
K.(X') =K.(X) o EPK.(Y)
i=1

The methods explained in Schlichting’s paper can also be applied to any of the
other (co-) homology theories which satisfy an analog of Thomason—Waldhausen’s
localization theorem; these include Hochschild homology, (negative, periodic, ordi-
nary) cyclic homology, topological Hochschild (and cyclic) homology, triangular Witt
groups and higher Grothendieck—Witt groups (the last two when 2 is invertible).

Lectures on dg-categories, by B. Toén, provides an introduction to this theory,
which is deeply intertwined with K-theory. The connection comes from the fact that
the categories of complexes of sheaves on a scheme are dg-categories. The approach
to the subject emphasizes the localization problem, in the sense of category theory.
In the same way that the notion of complexes is introduced for the need of derived
functors, dg-categories are introduced here for the need of a “derived version” of the
localization construction. The existence and properties of this localization are then
studied. The notion of triangulated dg-categories, which is a refined version of the
usual notion of triangulated categories, is presented, and it is shown that many invari-
ants (such as K-theory, Hochschild homology, . . . ) are invariants of dg-categories,
though it is known that they are not invariants of triangulated categories. Finally the
notion of saturated dg-categories is given and it is explained how they can be used in
order to define a secondary K-theory.

June, 2010.

Paul F. Baum (University Park).
Guillermo Cortifias (Buenos Aires).

Rubén J. Sanchez-Garcia (Diisseldorf).
Marco Schlichting (Coventry).
Betrand Toén (Montpellier).
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1 Introduction

These notes are based on a lecture course given by the first author in the Sedano
Winter School on K-theory held in Sedano, Spain, on January 22-27th of 2007. They
aim at introducing K-theory of C*-algebras, equivariant K-homology and KK-theory
in the context of the Baum-Connes conjecture.

We start by giving the main definitions, examples and properties of C*-algebras
in Section 2. A central construction is the reduced C*-algebra of a locally compact,
Hausdorff, second countable group G. In Section 3 we define K-theory for C*-algebras,
state the Bott periodicity theorem and establish the connection with Atiyah-Hirzebruch
topological K-theory.

Our main motivation will be to study the K-theory of the reduced C*-algebra of a
group G as above. The Baum-Connes conjecture asserts that these K-theory groups
are isomorphic to the equivariant K-homology groups of a certain G-space, by means
of the index map. The G-space is the universal example for proper actions of G,
written EG. Hence we procceed by discussing proper actions in Section 4 and the
universal space EG in Section 5.

Equivariant K-homology is explained in Section 6. This is an equivariant version
of the dual of Atiyah-Hirzebruch K-theory. Explicitly, we define the groups KjG X)
for j =0, 1 and X a proper G-space with compact, second countable quotient G\X.
These are quotients of certain equivariant K-cycles by homotopy, although the precise
definition of homotopy is postponed. We then address the problem of extending the
definition to EG, whose quotient by the G-action may not be compact.
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In Section 7 we concentrate on the case when G is a discrete group, and in Section
8 on the case G compact. In Section 9 we introduce KK-theory for the first time.
This theory, due to Kasparov, is a generalization of both K-theory of C*-algebras and
K-homology. Here we define KKé(A, C) for a separable C*-algebra A and j =0, 1,
although we again postpone the exact definition of homotopy. The already defined
Kf; (X) coincides with this group when A = Cy(X).

At this point we introduce a generalization of the conjecture called the Baum-
Connes conjecture with coefficients, which consists in adding coefficients in a G-
C*-algebra (Section 10). To fully describe the generalized conjecture we need to
introduce Hilbert modules and the reduced crossed-product (Section 11), and to define
KK-theory for pairs of C*-algebras. This is done in the non-equivariant situation in
Section 12 and in the equivariant setting in Section 13. In addition we give at this
point the missing definition of homotopy. Finally, using equivariant KK-theory, we
can insert coefficients in equivariant K-homology, and then extend it again to EG.

The only ingredient of the conjecture not yet accounted for is the index map. It is
defined in Section 14 via the Kasparov product and descent maps in KK-theory. We
finish with a brief exposition of the history of K-theory and a discussion of Karoubi’s
conjecture, which symbolizes the unity of K-theory, in Section 15.

We thank the editor G. Cortifias for his colossal patience while we were preparing
this manuscript, and the referee for her or his detailed scrutiny.

2 (C*-algebras

We start with some definitions and basic properties of C*-algebras. Good references
for C*-algebra theory are [1], [15], [39] or [41].

2.1 Definitions

Definition 1. A Banach algebra is an (associative, not necessarily unital) algebra A
over C with a given norm || ||

I :A—[0,)

such that A is a complete normed algebra, that is, for all a,b € A, A € C,

(a) ||Aal| = [A]]|all
(b) ||la+b| <|lall +
(c) |lal =0<a=0,

(d) ||abl| < [lal[[?],

(e) every Cauchy sequence is convergent in A (with respect to the metric d(a,b) =

la = bl[).

bl

A C*-algebra is a Banach algebra with an involution satisfying the C*-algebra
identity.
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Definition 2. A C*-algebra A = (A, || ||, *) is a Banach algebra (A, || ||) with a map
*: A — A,avw a* such that foralla,b € A, A € C

(a) (a+b)* —a —|—b*

(b) (Aa)” =

(c) (ab)* b* %

(d) (@) =a,

(e) |laa (C*-algebra identity).

Note that in particular ||a|| = ||a*|| for all a € A: for a = 0 this is clear; if @ # 0 then

la]| # 0 and [la||* = l|aa*|| < ||al[|a*|| implies [|a| < ||a*||, and similarly [|a*|| < ||a].

A C*-algebra is unital if it has a multiplicative unit 1 € A. A sub-C*-algebra is a
non-empty subset of A which is a C*-algebra with the operations and norm given on
A.

Definition 3. A x-homomorphism is an algebra homomorphism ¢ : A — B such that
o(a*) = (p(a))*, forall a € A.

Proposition 1. If ¢ : A — B is a x-homomorphism then || ¢(a)| < ||a|| for all a € A.
In particular, @ is a (uniformly) continuous map.

For a proof see, for instance, [41, Thm. 1.5.7].

2.2 Examples

We give three examples of C*-algebras.

Example 1. Let X be a Hausdorff, locally compact topological space. Let X =
X U{pw} be its one-point compactification. (Recall that X is Hausdorff if and only
if X is Hausdorff and locally compact.)

Define the C*-algebra

Co(X)={a:X" — C|a continuous, &(p.) =0} ,

with operations: for all o, 8 € Co(X),pe X, €C

(o +B)(p) = alp) +B(p).
(Aa)(p) = Ac(p).
(aB)(p) = a(p)B(p),

o (p) = alp).
] = supla(p)].
peX

Note that if X is compact Hausdorff, then

Co(X)=C(X)={a:X — C|a continuous} .
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Example 2. Let H be a Hilbert space. A Hilbert space is separable if it admits a
countable (or finite) orthonormal basis. (We shall deal with separable Hilbert spaces
unless explicit mention is made to the contrary.)

Let Z(H) be the set of bounded linear operators on H, that is, linear maps
T : H — H such that

IT| = sup [[Tul| <ee,
flull=1

where ||u|| = (u,u)'/?. Tt is a complex algebra with

(T+S)u = Tu+ Su,
(AT)u = A(Tu),
(TS)u = T(Su),

forall 7,5 € Z(H),u € H, A € C. The norm is the operator norm ||T'|| defined above,
and T is the adjoint operator of 7', that is, the unique bounded operator such that

(Tu,v) = (u, T*v)
for all u,v € H.

Example 3. Let £(H) be as above. A bounded operator is compact if it is a norm
limit of operators with finite-dimensional image, that is,

H(H)={T € Z(H)|T compact operator} = {T € Z(H) | dim¢g T (H) < o},

where the overline denotes closure with respect to the operator norm. J# (H) is a
sub-C*-algebra of .Z(H). Moreover, it is an ideal of .2 (H) and, in fact, the only
norm-closed ideal except 0 and £ (H).

2.3 The reduced C*-algebra of a group

Let G be a topological group which is locally compact, Hausdorff and second count-
able (i.e. as a topological space it has a countable basis). There is a C*-algebra
associated to G, called the reduced C*-algebra of G, defined as follows.

Remark 1. We need G to be locally compact and Hausdorff to guarantee the existence
of a Haar measure. The countability assumption makes the Hilbert space L*(G)
separable and also avoids some technical difficulties when later defining Kasparov’s
KK-theory.

Fix a left-invariant Haar measure dg on G. By left-invariant we mean that if
f: G — C is continuous with compact support then

[ rodg = [ flg)dg  forall yeG.
G G

Define the Hilbert space L>G as
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L*G = {u :G—C| / lu(g)|?dg < 00},
G
with scalar product
()= [ ule)v(e)ds

for all u,v € L>G.
Let .Z(L*G) be the C*-algebra of all bounded linear operators T : L*G — L*G.
On the other hand, define

C.G={f:G — C| f continuous with compact support} .

It is an algebra with

(f+h)(g) = f(g)+h(g),
(Af)(g) = Af(g),

forall f,h € C.G, A € C, g € G, and multiplication given by convolution

(F+m)(g0) = [ fe)h(s "g0)dg foraligo < G.
Remark 2. When G is discrete, [ f(g)dg = Y. f(g) is a Haar measure, C.G is the
complex group algebra C[G] and f * h is the usual product in C[G].

There is an injection of algebras

0 — C.G — Z(L*G)
fo= I

where

T(u) = f*u uel’G,

(F+u(g0) = [ feuls " s0)ds 9EG.
Note that C.G is not necessarily a sub-C*-algebra of .#(L*G) since it may not be
complete. We define C;(G), the reduced C*-algebra of G, as the norm closure of C.G

in Z(L*G):
C:(G) =C.G C Z(L*G).
Remark 3. There are other possible completions of C.G. This particular one, i.e.

C(G), uses only the left regular representation of G (cf. [41, Chapter 7]).

2.4 Two classical theorems

We recall two classical theorems about C*-algebras. The first one says that any C*-
algebra is (non-canonically) isomorphic to a C*-algebra of operators, in the sense of
the following definition.
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Definition 4. A subalgebra A of £ (H) is a C*-algebra of operators if

(a) A is closed with respect to the operator norm;
(b) if T € A then the adjoint operator T* € A.

That is, A is a sub-C*-algebra of £ (H), for some Hilbert space H.

Theorem 1 (I. Gelfand and V. Naimark). Any C*-algebra is isomorphic, as a C*-
algebra, to a C*-algebra of operators.

The second result states that any commutative C*-algebra is (canonically) isomor-
phic to Cy(X), for some topological space X.

Theorem 2 (I. Gelfand). Ler A be a commutative C*-algebra. Then A is (canonically)
isomorphic to Co(X) for X the space of maximal ideals of A.

Remark 4. The topology on X is the Jacobson topology or hull-kernel topology [39,
p- 159].

Thus a non-commutative C*-algebra can be viewed as a ‘non-commutative, locally
compact, Hausdorff topological space’.

2.5 The categorical viewpoint

Example 1 gives a functor between the category of locally compact, Hausdorff,
topological spaces and the category of C*-algebras, given by X — Cy(X). Theorem 2
tells us that its restriction to commutative C*-algebras is an equivalence of categories,

commutative | _ ('locally compact, Hausdorff, | "
C*-algebras | — topological spaces
Co(X) — X

On one side we have C*-algebras and *-homorphisms, and on the other locally
compact, Hausdorff topological spaces with morphisms from ¥ to X being continuous
maps f: XT — Y7 such that f(pe) = gw. (The symbol op means the opposite or
dual category, in other words, the functor is contravariant.)

Remark 5. This is not the same as continuous proper maps f: X — Y since we do not
require that the map f: XT — Y+ maps X to Y.

3 K-theory of C*-algebras

In this section we define the K-theory groups of an arbitrary C*-algebra. We first give
the definition for a C*-algebra with unit and then extend it to the non-unital case. We
also discuss Bott periodicity and the connection with topological K-theory of spaces.
More details on K-theory of C*-algebras is given in Section 3 of Cortifias’ notes [12],
including a proof of Bott periodicity. Other references are [39], [42] and [49].



K-theory for group C*-algebras 7

Our main motivation is to study the K-theory of C(G), the reduced C*-algebra
of G. From Bott periodicity, it suffices to compute K; (C}(G)) for j = 0,1. In 1980,
Paul Baum and Alain Connes conjectured that these K-theory groups are isomorphic
to the equivariant K-homology (Section 6) of a certain G-space. This G-space is the
universal example for proper actions of G (Sections 4 and 5), written EG. Moreover,
the conjecture states that the isomorphism is given by a particular map called the
index map (Section 14).

Conjecture 1 (P. Baum and A. Connes, 1980). Let G be a locally compact, Hausdorff,
second countable, topological group. Then the index map

w: K9 (EG) — K;(C(G)) j=0,1

is an isomorphism.

3.1 Definition for unital C*-algebras

Let A be a C*-algebra with unit 14. Consider GL(n,A), the group of invertible n by n
matrices with coefficients in A. It is a topological group, with topology inherited from
A. We have a standard inclusion

GL(n,A) — GL(n+1,A)

ail ... dip 0
ayl ... dip

anl --- App 0
0 ... 0 14

anpl --- App
Define GL(A) as the direct limit with respect to these inclusions

GL(A) = | J GL(n,A).
n=1
It is a topological group with the direct limit topology: a subset 0 is open if and only
if 6N GL(n,A) is open for every n > 1. In particular, GL(A) is a topological space,
and hence we can consider its homotopy groups.

Definition 5 (K-theory of a unital C*-algebra).
Ki(A)=mi_1(GL(A)) j=1,2,3,...

Finally, we define Ky(A) as the algebraic K-theory group of the ring A, that is, the
Grothendieck group of finitely generated (left) projective A-modules (cf. [12, Remark
2.1.9)),
Ko(A) = Ky *(A).

Remark 6. Note that Ky(A) only depends on the ring structure of A and so we can
‘forget’ the norm and the involution. The definition of K (A) does require the norm
but not the involution, so in fact we are defining K-theory of Banach algebras with
unit. Everything we say in 3.2 below, including Bott periodicity, is true for Banach
algebras.
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3.2 Bott periodicity

The fundamental result is Bott periodicity. It says that the homotopy groups of GL(A)
are periodic modulo 2 or, more precisely, that the double loop space of GL(A) is
homotopy equivalent to itself,

Q2GL(A) ~ GL(A).
As a consequence, the K-theory of the C*-algebra A is periodic modulo 2
Ki(A)=Kj;2(A) j>0.

Hence from now on we will only consider Ky(A) and K, (A).

3.3 Definition for non-unital C*-algebras

If A is a C*-algebra without a unit, we formally adjoin one. Define A=AdCasa
complex algebra with multiplication, involution and norm given by

(a,4)- (b, p) = (ab+ pa+ b, Ap),
(a,M)* = (a*, 1),

(@, )]l ”Zhlglllabﬂlbll ‘

This makes A a unital C *-algebra with unit (0, 1). We have an exact sequence
0—A—A—C—0.

Definition 6. Let A be a non-unital C*-algebra. Define Ko(A) and K, (A) as

Ko(A) = ker (KO(X) o KO((C))

Ki(A) = Ki(A).

This definition agrees with the previous one when A has a unit. It also satisfies Bott
periodicity (see Cortifias’ notes [12, 3.2]).

Remark 7. Note that the C*-algebra C; (G) is unital if and only if G is discrete, with
unit the Dirac function on 1.

Remark 8. There is algebraic K-theory of rings (see [12]). Althought a C*-algebra
is in particular a ring, the two K-theories are different; algebraic K-theory does not
satisfy Bott periodicity and K| is in general a quotient of Kflg . We shall compare both
definitions in Section 15.3 (see also [12, Section 7]).
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3.4 Functoriality

Let A, B be C*-algebras (with or without units), and ¢ : A — B a x-homomorphism.
Then ¢ induces a homomorphism of abelian groups

(p*ZKj(A)—>Kj(B) j=0,1.

This makes A — K;(A), j = 0,1, covariant functors from C*-algebras to abelian
groups [42, Sections 4.1 and 8.2].

Remark 9. When A and B are unital and ¢(14) = 1, the map ¢, is the one induced
by GL(A) — GL(B), (aij) — (¢(a;;)) on homotopy groups.
3.5 More on Bott periodicity

In the original article [9], Bott computed the stable homotopy of the classical groups
and, in particular, the homotopy groups 7;(GL(n,C) when n>> j.

Fig. 1. Raoul Bott

Theorem 3 (R. Bott [9]). The homotopy groups of GL(n,C) are

0 i
7 (GL(,C) =4

Z jodd
forall j=0,1,2,....2n—1.

As a corollary of the previous theorem, we obtain the K-theory of C, considered
as a C*-algebra.
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Theorem 4 (R. Bott).

Z jeven,
K’(C){o j odd

Sketch of proof. Since C is a field, Ko(C) = K{'¢ (C) = Z. By the polar decomposition,
GL(n,C) is homotopy equivalent to U(n). The homotopy long exact sequence of
the fibration U(n) — U(n+ 1) — $>**! gives 7;(U(n)) = x;(U(n+ 1)) for all j <
2n+1.Hence K;(C) = w;_1(GL(C)) = ;1 (GL(2j — 1,C)) and apply the previous
theorem.

Remark 10. Compare this result with K¢ (C) = C* (since C is a field, see [12, Ex.
3.1.6]). Higher algebraic K-theory groups for C are only partially understood.

3.6 Topological K-theory

There is a close connection between K-theory of C*-algebras and topological K-theory
of spaces.

Let X be a locally compact, Hausdorff, topological space. Atiyah and Hirzebruch
[3] defined abelian groups K°(X) and K' (X) called topological K-theory with com-
pact supports. For instance, if X is compact, K°(X) is the Grothendieck group of
complex vector bundles on X.

Theorem 5. Let X be a locally compact, Hausdorff, topological space. Then
K/(X) = K;(Co(X)), j=0,1.
Remark 11. This is known as Swan’s theorem when j = 0 and X compact.

In turn, topological K-theory can be computed up to torsion via a Chern character.
Let X be as above. There is a Chern character from topological K-theory to rational
cohomology with compact supports

ch:K/(X) — PHT(X:Q), j=0,1
>0
Here the target cohomology theory H}(—;Q) can be Cech cohomology with com-
pact supports, Alexander-Spanier cohomology with compact supports or representable

Eilenberg-MacLane cohomology with compact supports.
This map becomes an isomorphism when tensored with the rationals.

Theorem 6. Let X be a locally compact, Hausdorff, topological space. The Chern
character is a rational isomorphism, that is,

K/ (X)®,Q — PH/(X;Q), j=0,1
>0

is an isomorphism.

Remark 12. This theorem is still true for singular cohomology when X is a locally
finite CW-complex.
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4 Proper G-spaces

In the following three sections, we will describe the left-hand side of the Baum-
Connes conjecture (Conjecture 1). The space EG appearing on the topological side of
the conjecture is the universal example for proper actions for G. Hence we will start
by studying proper G-spaces.

Recall the definition of G-space, G-map and G-homotopy.

Definition 7. A G-space is a topological space X with a given continuous action of G
GxX —X.

A G-map is a continuous map f : X — Y between G-spaces such that

f(gp) =gf(p) forall (g,p) € GxX.

Two G-maps fy, f1 : X — Y are G-homotopic if they are homotopic through G-maps,
that is, there exists a homotopy { f; }o<i<1 with each f; a G-map.

We will require proper G-spaces to be Hausdorff and paracompact. Recall that a
space X is paracompact if every open cover of X has a locally finite open refinement
or, alternatively, a locally finite partition of unity subordinate to any given open cover.

Remark 13. Any metrizable space (i.e. there is a metric with the same underlying
topology) or any CW-complex (in its usual CW-topology) is Hausdorff and paracom-
pact.

Definition 8. A G-space X is proper if

e X is Hausdorff and paracompact;
o the quotient space G\X (with the quotient topology) is Hausdor{f and paracom-
pact;
o for each p € X there exists a triple (U,H,p) such that
(a) U is an open neighborhood of p in X with gu € U for all (g,u) € Gx U;
(b) H is a compact subgroup of G;
(¢c) p:U — G/H is a G-map.

Note that, in particular, the stabilizer stab(p) is a closed subgroup of a conjugate of H
and hence compact.

Remark 14. The converse is not true in general; the action of Z on S 1 by an irrational
rotation is free but it is not a proper Z-space.

Remark 15. If X is a G-CW-complex then it is a proper G-space (even in the weaker
definition below) if and only if all the cell stabilizers are compact, see Thm. 1.23 in
[30].

Our definition is stronger than the usual definition of proper G-space, which
requires the map G x X — X x X, (g,x) — (gx,x) to be proper, in the sense that the
pre-image of a compact set is compact. Nevertheless, both definitions agree for locally
compact, Hausdorff, second countable G-spaces.
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Proposition 2 (J. Chabert, S. Echterhoff, R. Meyer [11]). If X is a locally compact,
Hausdorff, second countable G-space, then X is proper if and only if the map
GxX—XxX
(%) — (gx,%)
is proper.

Remark 16. For a more general comparison among these and other definitions of
proper actions see [7].

5 Classifying space for proper actions

Now we are ready for the definition of the space EG appearing in the statement of the
Baum-Connes Conjecture. Most of the material in this section is based on Sections 1
and 2 of [5].

Definition 9. A universal example for proper actions of G, denoted EG, is a proper
G-space such that:

e if X is any proper G-space, then there exists a G-map f : X — EG and any two
G-maps from X to EG are G-homotopic.

EG exists for every topological group G [5, Appendix 1] and it is unique up to G-
homotopy, as follows. Suppose that EG and (EG)’ are both universal examples for
proper actions of G. Then there exist G-maps

f:EG— (EG)
f 1 (EG) — EG
and f’o f and f o f/ must be G-homotopic to the identity maps of EG and (EG)’

respectively.
The following are equivalent axioms for a space Y to be EG [5, Appendix 2].

(a) Y is a proper G-space.

(b) If H is any compact subgroup of G, then there exists p € Y with Ap = p for all
heH.

(c) Consider Y xY as a G-space via g(yo,y1) = (gy0,8y1), and the maps

Po,P1: Y XY —Y
Po(yo,y1) =yo, P1(Yo,y1) =y1-
Then pp and p; are G-homotopic.

Remark 17. 1t is possible to define a universal space for any family of (closed) sub-
groups of G closed under conjugation and finite intersections [32]. Then EG is the
universal space for the family of compact subgroups of G.
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Remark 18. The space EG can always be assumed to be a G-CW-complex. Then there
is a homotopy characterization: a proper G-CW-complex X is an EG if and only if for
each compact subgroup H of G the fixed point subcomplex X* is contractible (see

[32]).

Examples

(a) If G is compact, EG is just a one-point space.

(b) If G is a Lie group with finitely many connected components then EG = G/H,
where H is a maximal compact subgroup (i.e. maximal among compact sub-
groups).

(c) If Gis a p-adic group then EG = BG the affine Bruhat-Tits building for G. For
example, BSL(2,Q,) is the (p + 1)-regular tree, that is, the unique tree with
exactly p+ 1 edges at each vertex (see Figure (c)) (cf. [46]).

Fig. 2. The (p+ 1)-regular tree is BSL(2,Q,)

(d) If I' is an arbitrary (countable) discrete group, there is an explicit construction,

El = {f: I — [0,1] | f finite support , Zf(}/) = 1}7
yer

that is, the space of all finite probability measures on I", topologized by the metric

d(f:h) = \[Zyer |F(7) — (1)
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6 Equivariant K-homology

K-homology is the dual theory to Atiyah-Hirzebruch K-theory (Section 3.6). Here
we define an equivariant generalization due to Kasparov [24, 25]. If X is a proper
G-space with compact, second countable quotient then KiG (X),i=0,1, are abelian
groups defined as homotopy classes of K-cycles for X. These K-cycles can be viewed
as G-equivariant abstract elliptic operators on X.

Remark 19. For a discrete group G, there is a topological definition of equivariant K-
homology and the index map via equivariant spectra [14]. This and other constructions
of the index map are shown to be equivalent in [18].

6.1 Definitions

Let G be a locally compact, Hausdorff, second countable, topological group.
Let H be a separable Hilbert space. Write % (H ) for the set of unitary operators

U (H)={U € L(H)|UU* =U*U =1}.

Definition 10. A unitary representation of G on H is a group homomorphism ©: G —
U (H) such that for each v € H the map m,: G — H, g — m(g)v is a continuous map
from G to H.

Definition 11. A G-C*-algebra is a C*-algebra A with a given continuous action of G
GxA—A

such that G acts by C*-algebra automorphisms.

The continuity condition is that, for each a € A, the map G — A, g +— ga is a continuous
map. We also have that, for each g € G, the map A — A, a — ga is a C*-algebra
automorphism.

Example 4. Let X be a locally compact, Hausdorff G-space. The action of G on X
gives an action of G on Cp(X),

(ga)(x) = ax(g '),
where g € G, a € Cy(X) and x € X. This action makes Cy(X) into a G-C*-algebra.

Recall that a C*-algebra is separable if it has a countable dense subset.

Definition 12. Let A be a separable G-C*-algebra. A representation of A is a triple
(H,y,n) with:

e H is a separable Hilbert space,

o y: A— Z(H) is a x-homomorphism,

o 1: G — % (H) is a unitary representation of G on H,
« ¥(ga) = () y(a)x(g 1) for all (3,a) € G x A.
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Remark 20. We are using a slightly non-standard notation; in the literature this is
usually called a covariant representation.

Definition 13. Let X be a proper G-space with compact, second countable quotient
space G\X. An equivariant odd K-cycle for X is a 4-tuple (H,y,n,T) such that:

e (H,y,7) is a representation of the G-C*-algebra Cy(X),
o T € Z(H),

o T =T%

o 1(g)T —Trw(g) =0forall g €G,

e y(a)T —Ty(a) € # (H) for all o € Co(X),

e y(a)(I—T?) € (H) for all a € Cy(X).

Remark 21. If G is a locally compact, Hausdorff, second countable topological group
and X a proper G-space with locally compact quotient then X is also locally compact
and hence Cp(X) is well-defined.

Write 510 (X) for the set of equivariant odd K-cycles for X. This concept was intro-
duced by Kasparov as an abstraction an equivariant self-adjoint elliptic operator and
goes back to Atiyah’s theory of elliptic operators [2].

Example 5. Let G =7, X = R with the action Z x R — R, (n,t) — n+t. The quotient
space is ', which is compact. Consider H = L*(R) the Hilbert space of complex-
valued square integrable functions with the usual Lebesgue measure. Let y: Cp(R) —
Z(L*(R)) be defined as w(a)u = au, where au(t) = o(t)u(t), for all a € Co(R),
u€ L*(R) and ¢ € R. Finally, let 7: Z — % (L*(R)) be the map (7r(n)u)(t) = u(t —n)
and consider the operator (—i %) This operator is self-adjoint but not bounded on
L?(R). We “normalize” it to obtain a bounded operator

T () (a)

vV 1+x2

the operator (fi %) Note that the operator (fi %) is essentially self adjoint. Thus

= can be applied to the unique self-adjoint extension of (—i %).
+x

Equivalently, T can be constructed using Fourier transform. Let .#, be the operator
“multiplication by x”

This notation means that the function

is applied using functional calculus to

X

the function

AM(f(x)) = xf(x).

The Fourier transform % converts —i % to .4, i.e. there is a commutative diagram

I2(R) —Z> I*(R)

_i‘?’l i/[x

L*(R) — L*(R).

z
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X ’

Let .#Z__x__ be the operator “multiplication by

Vi 1422
X
///ﬁ(f(x)) = \/H_—xzf(x)-

T is the unique bounded operator on L?(R) such that the following diagram is

commutative

L(R) —2>12(R)

M__x
| e

L*(R) —> L*(R).
Then we have an equivariant odd K-cycle (L*(R), y, 7, T) € &Z(R).

Let X be a proper G-space with compact, second countable quotient G\X and é”lG X)
defined as above. The equivariant K-homology group K (X) is defined as the quotient

KP(X)=&°(X)/ ~,

where ~ represents homotopy, in a sense that will be made precise later (Section 12).
It is an abelian group with addition and inverse given by

(H7V/77[7T)+(H/7V/17[/7T/) = (HEBH/7II/@ IV/77[EB7[/7T@T/)7
—(H,l[/,?'[,T) = (Hallfaﬂ’_T)'

Remark 22. The K-cycles defined above differ slightly from the K-cycles used by
Kasparov [25]. However, the abelian group KlG (X) is isomorphic to the Kasparov
group KK.(Co(X),C), where the isomorphism is given by the evident map which
views one of our K-cycles as one of Kasparov’s K-cycles. In other words, the K-
cycles we are using are more special than the K-cycles used by Kasparov, however
the obvious map of abelian groups is an isomorphism.

We define even K-cycles in a similar way, just dropping the condition of 7 being
self-adjoint.

Definition 14. Let X be a proper G-space with compact, second countable quotient
space G\X. An equivariant even K-cycle for X is a 4-tuple (H,y, 7, T) such that:

e (H,y, ) is a representation of the G-C*-algebra Cy(X),
o T c Z(H),

e 1(g)T —Tn(g) =0forall g €G,

e y(a)T —Ty(a) € A (H) for all o € Co(X),

e y(a)(I—T*T) € X (H) forall o € Cp(X),

o y(a)(I—TT*) € X (H) for all o € Cy(X).

Write & (X) for the set of such equivariant even K-cycles.
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Remark 23. In the literature the definition is somewhat more complicated. In particu-
lar, the Hilbert space H is required to be Z/2-graded. However, at the level of abelian
groups, the abelian group KOG (X) obtained from the equivariant even K-cycles defined
here will be isomorphic to the Kasparov group KK2(Co(X), C) [25]. More precisely,
let (H,y,n,T,®) be a K-cycle in Kasparov’s sense, where o is a 7 /2-grading of
the Hilbert space H = Hy® Hi, ¥ = Y@ Y1, T = mp b 7wy and T is self-adjoint but

off-diagonal
07
(21,

To define the isomorphism from KK (Co(X),C) to K (X), we map a Kasparov cycle
(H,y,n,T,0)to (H',y &' T") where

H =.. . Hy®Hy®Hy®H ®H ®H, ...

V= WewWeWwey By By ...

T =. . . O mMmeTET ST BT ...

and 7" is the obvious right-shift operator, where we use T to map the last copy of Hy
to the first copy of Hj. The isomorphism from &C(X) to KK2(Co(X), C) is given by

@y mn) oo yron( L)

Let X be a proper G-space with compact, second countable quotient G\X and
&€ (X) as above. The equivariant K-homology group K§ (X ) is defined as the quotient

K5 (X) =67 (X)) ~,

where ~ is homotopy, in a sense that will be made precise later. It is an abelian group
with addition and inverse given by

(H7W77[7T)+(H/7W/57[/7T/) = (H@H/7II/@ W/77[@7[/7T@T/>7
_(Hallfaan) = (Hallfaan*)'

Remark 24. Since the even K-cycles are more general, we have é"lG(X ) C éaOG (X).
However, this inclusion induces the zero map from K¢ (X) to K§ (X).

6.2 Functoriality

Equivariant K-homology gives a (covariant) functor between the category proper
G-spaces with compact quotient and the category of abelian groups. Indeed, given
a continuous G-map f: X — Y between proper G-spaces with compact quotient,
it induces a map f: Co(Y) — Co(X) by f(a) = o f for all o € Cy(Y). Then, we
obtain homomorphisms of abelian groups
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G G S
K9(X) — K9(Y) j=0,1

by defining, for each (H,y,n,T) € 5].G(X),

(H,y,n,T) — (H,yo f,x,T).

6.3 The index map

Let X be a proper second countable G-space with compact quotient G\X. There is a
map of abelian groups

K7 (X) — K;(C/(G))
(H,y,7,T) ~— Index(T)

for j =0, 1. It is called the index map and will be defined in Section 14.

This map is natural, that is, if X and Y are proper second countable G-spaces
with compact quotient and if f: X — Y is a continuous G-equivariant map, then the
following diagram commutes:

KO(X) — L KG(v)

Index l l Index

G ((* = G (*
K9(CI(G)) —> K9(C(G)).
We would like to define equivariant K-homology and the index map for EG. However,
the quotient of EG by the G-action might not be compact. The solution will be to
consider all proper second countable G-subspaces with compact quotient.

Definition 15. Let Z be a proper G-space. We call A C Z G-compact if

(a) gx€ A forallg e G, x € A,
(b) A is a proper G-space,
(c) the quotient space G\A is compact.

That is, A is a G-subspace which is proper as a G-space and has compact quotient
G\A.

Remark 25. Since we are always assuming that G is locally compact, Hausdorff and
second countable, we may also assume without loss of generality that any G-compact
subset of EG is second countable. From now on we shall assume that EG has this

property.

We define the equivariant K-homology of EG with G-compact supports as the direct
limit
G . G
G-compact
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There is then a well-defined index map on the direct limit
u: K7 (EG) — K;(C;G)
(H,y,n,T) — Index(T), ()
as follows. Suppose that A C Q are G-compact. By the naturality of the functor

KJG(f) there is a commutative diagram

Kf(A) —Kf(Q)

Index \L i Index

Kj(CG) —> K;(C/G),

r

and thus the index map is defined on the direct limit.

7 The discrete case

We discuss several aspects of the Baum-Connes conjecture when the group is discrete.

7.1 Equivariant K-homology

For a discrete group I', there is a simple description of KJF (EI) up to torsion, in
purely algebraic terms, given by a Chern character. Here we follow section 7 in [5].
Let I be a (countable) discrete group. Define FI" as the set of finite formal sums

FI'= { Y 2y[y] where y € I, order(y) < oo, Ay € C}.
finite

FT is a complex vector space and also a I'-module with I"-action:

8" (Z M[Y]) = Z Aylgre ']

relr’ Ael’

Note that the identity element of the group has order 1 and therefore FI" # 0.
Consider H; (I';FT), j > 0, the homology groups of I with coefficients in the
I'-module FI.

Remark 26. This is standard homological algebra, with no topology involved (I” is
a discrete group and FI' is a non-topologized module over I"). They are classical
homology groups and have a purely algebraic description (cf. [10]). In general, if M
is a I'-module then H, (I"; M) is isomorphic to H,(BI'; M), where M means the local
system on BI" obtained from the I"-module M.
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Letus write K7 (I") for K} (ET"), j =0, 1. There is a Chern character ch: K.P(I") —
H,.(I'; FI') which maps into odd, respectively even, homology
ch: K{P(I') — @ H;u([FT)  j=0,1.
>0

This map becomes an isomorphism when tensored with C(cf. [4] or [31]).

Proposition 3. The map

ch®zC: K;"P(r) ®zC— PH; (I ;FT)  j=0,1
>0

is an isomorphism of vector spaces over C.

Remark 27. If G is finite, the rationalized Chern character becomes the character
map from R(G), the complex representation ring of G, to class functions, given by
p — x(p) in the even case, and the zero map in the odd case.

If the Baum-Connes conjecture is true for I", then Proposition 3 computes the
tensored topological K-theory of the reduced C*-algebra of I".

Corollary 1. If the Baum-Connes conjecture is true for I then

Ki(CIN ®zC=PHj (I FI) j=0,1.
>0

7.2 Some results on discrete groups

We recollect some results on discrete groups which satisfy the Baum-Connes conjec-
ture.

Theorem 7 (N. Higson, G. Kasparov [21]). If I' is a discrete group which is
amenable (or, more generally, a-T-menable) then the Baum-Connes conjecture is
true for I

Theorem 8 (I.Mineyev, G. Yu [37]; independently V. Lafforgue [28]). IfI" is a dis-
crete group which is hyperbolic (in Gromov’s sense) then the Baum-Connes conjecture
is true for I'.

Theorem 9 (Schick [45]). Let B, be the braid group on n strands, for any positive
integer n. Then the Baum-Connes conjecture is true for B,.

Theorem 10 (Matthey, Oyono-Oyono, Pitsch [35]). Let M be a connected ori-
entable 3-dimensional manifold (possibly with boundary). Let I' be the fundamental
group of M. Then the Baum-Connes conjecture is true for I.

The Baum-Connes index map has been shown to be injective or rationally injective
for some classes of groups. For example, it is injective for countable subgroups of
GL(n,K), K any field [17], and injective for
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e closed subgroups of connected Lie groups [26];
e closed subgroups of reductive p-adic groups [27].

More results on groups satisfying the Baum-Connes conjecture can be found in [34].

The Baum-Connes conjecture remains a widely open problem. For example, it is
not known for SL(n,7), n > 3. These infinite discrete groups have Kazhdan’s property
(T) and hence they are not a-T-menable. On the other hand, it is known that the index
map is injective for SL(n,Z) (see above) and the groups KJ-G(EG) for G = SL(3,Z)
have been calculated [44].

Remark 28. The conjecture might be too general to be true for all groups. Nevertheless,
we expect it to be true for a large family of groups, in particular for all exact groups
(a groups G is exact if the functor C; (G, —), as defined in 11.2, is exact).

7.3 Corollaries of the Baum-Connes Conjecture

The Baum-Connes conjecture is related to a great number of conjectures in functional
analysis, algebra, geometry and topology. Most of these conjectures follow from
either the injectivity or the surjectivity of the index map. A significant example is
the Novikov conjecture on the homotopy invariance of higher signatures of closed,
connected, oriented, smooth manifolds. This conjecture follows from the injectivity
of the rationalized index map [S]. For more information on conjectures related to
Baum-Connes, see the appendix in [38].

Remark 29. By a “corollary” of the Baum-Connes conjecture we mean: if the Baum-
Connes conjecture is true for a group G then the corollary is true for that group G.
(For instance, in the Novikov conjecture G is the fundamental group of the manifold.)

8 The compact case

If G is compact, we can take EG to be a one-point space. On the other hand,
Ko(C:G) = R(G) the (complex) representation ring of G, and K;(C;G) = 0 (see
Remark below). Recall that R(G) is the Grothendieck group of the category of fi-
nite dimensional (complex) representations of G. It is a free abelian group with one
generator for each distinct (i.e. non-equivalent) irreducible representation of G.

Remark 30. When G is compact, the reduced C*-algebra of G is a direct sum (in
the C*-algebra sense) over the irreducible representations of G, of matrix algebras
of dimension equal to the dimension of the representation. The K-theory functor
commutes with direct sums and K;(M,(C)) = K;(C), which is Z for j even and 0
otherwise (Theorem 4).

Hence the index map takes the form

w: KS(point) — R(G),
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for j = 0 and is the zero map for j = 1.
Given (H,y,T, ) € §2(point), we may assume within the equivalence relation
on &2(point) that

y(A)=AI forall A € Cy(point) =C,

where [ is the identity operator of the Hilbert space H. Hence the non-triviality of
(H,y,T,n) is coming from

I-TT* € ¥ (H), and I -T*T € # (H),
that is, T is a Fredholm operator. Therefore

dimg (ker(T)) < oo,
dimg (coker(T')) < oo,

hence ker(T') and coker(7T') are finite dimensional representations of G (recall that G
is acting via : G — Z(H)). Then

W(H,y,T, ) =Index(T) = ker(T) — coker(T) € R(G).

Remark 31. The assembly map for G compact just described is an isomorphism
(exercise).

Remark 32. In general, for G non-compact, the elements of KOG (X) can be viewed
as generalized elliptic operators on EG, and the index map y assigns to such an
operator its ‘index’, ker(T) — coker(T'), in some suitable sense [5]. This should be
made precise later using Kasparov’s descent map and an appropriate Kasparov product
(Section 14).

9 Equivariant K-homology for G-C*-algebras

We have defined equivariant K-homology for G-spaces in Section 6. Now we de-
fine equivariant K-homology for a separable G-C*-algebra A as the KK-theory
groups K/ (A,C), j = 0,1. This generalises the previous construction since K]-G X)=

KK[,(Co(X),C). Later on we shall define KK-theory groups in full generality (Sec-
tions 12 and 13).

Definition 16. Let A be a separable G-C*-algebra. Define &L(A) to be the set of
4-tuples
{(H,y,n.T)}
such that (H,y,T) is a representation of the G-C*-algebra A, T € £ (H), and the
following conditions are satisfied:
o T =T%
o 1(g)T —Tx(g) € A (H),
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o Y(a)T ~Ty(a) € # (H),
o y(a)(I-T%) € # (H),

forallg € G, acA.

Remark 33. Note that this is not quite &(X) when A = Cy(X) and X is a proper
G-space with compact quotient, since the third condition is more general than before.
However, the inclusion &% (X) C &L(Co(X)) gives an isomorphism of abelian groups
so that K¥(X) = KK} (Co(X),C) (as defined below). The point is that, for a proper G-
space with compact quotient, an averaging argument using a cut-off function and the
Haar measure of the group G allows us to assume that the operator 7 is G-equivariant.

Given a separable G-C*-algebra A, we define the KK-group KK}(A,C) as &4 (A)
modulo an equivalence relation called homotopy, which will be made precise later.
Addition in KK}(A,C) is given by direct sum

(H,y, 7, T)+H ¢ 7. T") = HOH ,yoy nor . TOT)
and the negative of an element by
_(H,II/,TL',T) = (H,l[/,ﬂ',—T).
Remark 34. We shall later define KK& (A, B) for a separable G-C*-algebras A and an
arbitrary G-C*-algebra B (Section 12).

Let A, B be separable G-C*-algebras. A G-equivariant *-homomorphism ¢: A —

B gives amap &L(B) — &L(A) by
(H,y,7,T) — (H,yo¢,m.T),

and this induces a map KK(B,C) — KK}(A,C). That is, KK (A, C) is a contravari-
ant functor in A.
For the even case, the operator T is not required to be self-adjoint.

Definition 17. Let A be a separable G-C*-algebra. Define é"g (A) as the set of 4-tuples

{(H,y,7,T)}

such that (H,y,n) is a representation of the G-C*-algebra A, T € £ (H) and the
following conditions are satisfied:

o (g)T —Tr(g) € 4 (H),

* y(a)T —Ty(a) € X (H),

e y(a)I-T*T) € X (H),

e y(a)I-TT*) e X (H),
forall g € G, a €A
Remark 35. Again, if X is a proper G-space with compact quotient, the inclusion
SEE(X) C 2(Co(X)) gives an isomorphism in K-homology, so we can write K& (X) =

KK°(Co(X),C) (as defined below). The issue of the Z/2-grading (which is present in
the Kasparov definition but not in our definition) is dealt with as in Remark 23.
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We define the KK-groups KK2(A,C) as £2(A) modulo an equivalence relation
called homotopy, which will be made precise later. Addition in KK(I; (A,C) is given
by direct sum

(H,y.n.T)+H y.o'.T")=HoH yoy aor . ToT)
and the negative of an element by
—(H»‘I’JRT) = (H,l,l/,ﬂ?,T*)-

Remark 36. We shall later define in general KKg (A, B) for a separable G-C*-algebras
A and an arbitrary G-C*-algebra B (Section 13).
Let A, B be separable G-C*-algebras. A G-equivariant *-homomorphism ¢ : A —
B gives a map &0(B) — &2(A) by
(H,y,7,T) — (H,yo¢,n,T),

and this induces a map KK2(B,C) — KK2(A,C). That is, KK (A, C) is a contravari-
ant functor in A.

10 The conjecture with coefficients

There is a generalized version of the Baum-Connes conjecture, known as the Baum-
Connes conjecture with coefficients, which adds coefficients in a G-C*-algebra. We
recall the definition of G-C*-algebra.

Definition 18. A G-C*-algebra is a C*-algebra A with a given continuous action of G
GxA—A

such that G acts by C*-algebra automorphisms. Continuity means that, for each a € A,
the map G — A, g — ga is a continuous map.

Remark 37. Observe that the only *-homomorphism of C as a C*-algebra is the
identity. Hence the only G-C*-algebra structure on C is the one with trivial G-action.

Let A be a G-C*-algebra. Later we shall define the reduced crossed-product C*-
algebra C;(G,A), and the equivariant K-homology group with coefficients KJG (EG,A).

These constructions reduce to C;(G), respectively KJG (EG), when A = C. Moreover,
the index map extends to this general setting and is also conjectured to be an isomor-
phism.

Conjecture 2 (P. Baum, A. Connes, 1980). Let G be a locally compact, Hausdorff,
second countable, topological group, and let A be any G-C*-algebra. Then

u: K$(EG,A) — K;(C;(G,A)) j=0,1

is an isomorphism.
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Conjecture 1 follows as a particular case when A = C. A fundamental difference is
that the conjecture with coefficients is subgroup closed, that is, if it is true for a group
G for any coefficients then it is true, for any coefficients, for any closed subgroup of
G.

The conjecture with coefficients has been proved for:

e compact groups,

e abelian groups,

e groups acting simplicially on a tree with all vertex stabilizers satisfying the
conjecture with coefficients [40],

e amenable groups and, more generally, a-T-menable groups (groups with the
Haagerup property) [22],

e the Lie group Sp(n, 1) [23],

e 3-manifold groups [35].

For more examples of groups satisfying the conjecture with coefficients see [34].

Expander graphs

Suppose that I" is a finitely generated, discrete group which contains an expander
family [13] in its Cayley graph as a subgraph. Such a I" is a counter-example to the
conjecture with coefficients [19]. M. Gromov outlined a proof that such I" exists. A
number of mathematicians are now filling in the details. It seems quite likely that this
group exists.

11 Hilbert modules

In this section we introduce the concept of Hilbert module over a C*-algebra. It
generalises the definition of Hilbert space by allowing the inner product to take values
in a C*-algebra. Our main application will be the definition of the reduced crossed-
product C*-algebra in Section 11.2. For a concise reference on Hilbert modules see
[29].

11.1 Definitions and examples

Let A be a C*-algebra.

Definition 19. An element a € A is positive (notation: a > 0) if there exists b € A with
bb* = a.

The subset of positive elements, A™, is a convex cone (closed under positive linear
combinations) and AT N (—A*) = {0} [15, 1.6.1]. Hence we have a well-defined
partial ordering in A given by x >y <= x—y > 0.

Definition 20. A pre-Hilbert A-module is a right A-module 57 with a given A-valued
inner product { , ) such that:



26 Paul F. Baum and Rubén J. Sanchez-Garcia

forall u,v,vy,v, € 3, a € A.

Definition 21. A Hilbert A-module is a pre-Hilbert A-module which is complete with
respect to the norm

lall = [} o, 0} |72

Remark 38. If 7 is a Hilbert A-module and A has a unit 14 then JZ is a complex
vector space with
ud = u(A1,) ueH,1eC.

If A does not have a unit, then by using an approximate identity [41] in A, it is also a
complex vector space.

Example 6. Let A be a C*-algebra and n > 1. Then A" =A@ ... © A is a Hilbert
A-module with operations
(a1,.. ) (b], b) (a1—|—b1,...,an—|—bn),
a

(ah - a ) ( ana)
<(a1,.. n)s (D1 bn)) = *b1+ -‘rd by,

forallaj,bj,a € A.
Example 7. Let A be a C*-algebra. Define
H = {(al,az, o) |aj €A, Z djaj is norm-convergent inA},
j=1
with operations
(al,az,...) +(b1,b2...) = (a1 +by,a; +b2,...)7

(a1,a2,...)a = (ma,a2a,...),

<(a1,a2,...),(b1,b2...)> = f:lajbj
Jj=

The previous examples can be generalized. Note that a C*-algebra A is a Hilbert
module over itself with inner product (a,b) = a*b.

Example 8. If 741, ...,.7¢, are Hilbert A-modules then the direct sum S & ... D H,
is a Hilbert A-module with

<(x17" s X ) Yi,-- 7)’n Zx Vi

We write " for the direct sum of n copies of a Hilbert A-module 7.
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Example 9. If {}cn is a countable family of Hilbert A-modules then
H = {()q X2,...) | xi € S, Z (xj,x;) is norm-convergent inA}
j=1
is a Hilbert A-module with inner product (x,y) = Y7 (x;,;)-
The following is our key example.

Example 10. Let G be a locally compact, Hausdorff, second countable, topological
group. Fix a left-invariant Haar measure dg for G. Let A be a G-C*-algebra. Then
L?(G,A) is a Hilbert A-module defined as follows. Denote by C.(G,A) the set of all
continuous compactly supported functions from G to A. On C.(G,A) consider the
norm

1= [ o steae].

L*(G,A) is the completion of C.(G,A) in this norm. It is a Hilbert A-module with
operations

(f+h)g=f(g)+h(g),
(fa)g = f(g)(ga),

/g "(f(2)*h(g))dg.

Note that when A = C the group action is trivial and we get L?(G) (cf. Remark 37).

Definition 22. Let ¢ be a Hilbert A-module. An A-module map T : 7€ — € is
adjointable if there exists an A-module map T*: 7 — € with

(Tu,v) = (u,T*v) forallu,v e .
If T exists, it is unique, and supy,_; [|Tul| < oo. Set
L(H)={T: A — J|T is adjointable} .
Then .Z () is a C*-algebra with operations

(T+S)u=Tu+ Su,
(ST)u=S(Tu),
(TA)u= (Tu)A

T* as above,
1T = sup Tl

flull=1
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11.2 The reduced crossed-product C;(G,A)
Let A be a G-C*-algebra. Define
C.(G,A)={f: G — A| f continuous with compact support} .
Then C.(G,A) is a complex algebra with

(f+h)g=f(g)+h(g),
(fA)g = f(g)A,

(f*h)(go)=/Gf ) (gh(g 'g0)) dg.

forall g,g0 € G, A € C, f,h € C.(G,A). The product « is called twisted convolution.
Consider the Hilbert A-module L?(G,A). There is an injection of algebras
Ce(G,A) = Z(L7(G,A))
[ Tf
where Ty (u) = f*u is twisted convolution as above. We define C;(G,A) as the C*-

algebra obtained by completing C.(G,A) with respect to the norm || f|| = ||7¢||. When
A = C, the G-action must be trivial and C}(G,A) = C;(G).

Example 11. Let G be a finite group, and A a G-C*-algebra. Let dg be the Haar
measure such that each g € G has mass 1. Then

C(G,A) {Zay ‘ayeA}
reG
with operations

(z aym) . (z bym) Y (ay bl

veG yeG veG

(Z ayh’]) A=) (ad)l,

veG veG
(aala])(bg[B]) = aa(abg)[aB] (twisted convolution),

(Z ay[7]> Y (vla)iy .
YeG YeG

Here a,[y| denotes the function from G to A which has the value ay at y and O at

8F Y
Let X be a Hausdorff, locally compact G-space. We know that Cy(X ) becomes a

G-C*-algebra with G-action
(8/)() = fg~ "),
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for g € G, f € Cy(X) and x € X. The reduced crossed-product C}(G,Cy(X)) will be
denoted C; (G, X).

A natural question is to calculate the K-theory of this C*-algebra. If G is com-
pact, this is the Atiyah-Segal group Ké(X ), j =0,1. Hence for G non-compact,
K;(C;(G,X)) is the natural extension of the Atiyah-Segal theory to the case when G
is non-compact.

Definition 23. We call a G-space G-compact if the quotient space G\X (with the
quotient topology) is compact.

Let X be a proper, G-compact G-space. Then a G-equivariant C-vector bundle E on
X determines an element

[E] € Ko(C} (G, X)).
Remark 39. From E, a Hilbert module over C;(G,X) is constructed. This Hilbert
C#(G,X)-module determines an element in KKo(C,C;(G,X)) = Ko(C;(G,X)). Note
that, quite generally, a Hilbert A-module determines an element in KKo(A) if and only
if it is finitely generated.

Recall that a G-equivariant vector bundle E over X is a (complex) vector bundle
7w: E — X together with a G-action on E such that 7 is G-equivariant and, for each
p € X, the map on the fibers E,, — E,, induced by multiplication by g is linear.

Theorem 11 (W. Liick and B. Oliver [33]). If I is a (countable) discrete group and
X is a proper I'-compact I'-space, then

Ko(C:(I', X)) = Grothendieck group of I"-equivariant C-vector bundles on X.

Remark 40. In [33] this theorem is not explicitly stated. However, it follows from
their results. For clarification see [6] or [?].

Remark 41. Let X be a proper G-compact G-space. Let Il be the trivial G-equivariant
complex vector bundle on X,

H:XX(C7 g(x7z’):(gx72')7

forall g € G,x € X and A € C. Then [I] € Ko(C;(G,X)).

11.3 Push-forward of Hilbert modules

Let A, B be C*-algebras, ¢: A — B a x-homomorphism and .7# a Hilbert A-module.
We shall define a Hilbert B-module 77 ®4 B, called the push-forward of 7 with
respect to @ or interior tensor product ([29, Chapter 4]). First, form the algebraic
tensor product % ©4 B = A ®f\1g B (B is an A-module via ¢). This is an abelian

group and also a (right) B-module

(h@b)b' =h@bb forallhe #,b,b €B.
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Define a B-valued inner product on S ©4 B by
<h ®b, e b/> = b*go((h, /’/})b/.

Set
N ={E e A ®sB|(£,E)=0}.

A is a B-sub-module of 5% ©4 B and (7 ©4 B)/./" is a pre-Hilbert B-module.

Definition 24. Define 5 ®4 B to be the Hilbert B-module obtained by completing
(A ©aB) /N

Example 12. Let X be a locally compact, Hausdorff space. Let A = Cy(X), B=C
and ev,: Cy(X) — C the evaluation map at a point p € X. Then we can consider
the push-forward of a Hilbert Cy(X)-module 7. This gives a Hilbert space .7,.
These Hilbert spaces do not form a vector bundle but something more general (not
necessarily locally trivial), sometimes called continuous field of Hilbert spaces [15,
chapter 10].

12 Homotopy made precise and KK-theory

We first define homotopy and Kasparov’s KK-theory in the non-equivariant setting,
for pairs of separable C*-algebras. A first introduction to KK-theory and further
references can be found in [20].

Let A be a C*-algebra and let 77 be a Hilbert A-module. Consider £ () the
bounded operators on .77 For each u,v € ¢ we have a bounded operator 6, , defined
as

0 () = u(v,&).

It is clear that 6, , = 6,,,. The 6, are called rank one operators on 7. A finite rank

operator on F is any T € £ () such that T is a finite sum of rank one operators,
T=064+...+06u,.,.

Let JZ (.7¢) be the closure (in .Z (7)) of the set of finite rank operators. ¢ (J¢) is
an ideal in .2 (¢). When A = C, ¢ is a Hilbert space and % (%) coincides with
the usual compact operators on .77 .

Definition 25. 7 is countably generated if in . there is a countable (or finite) set
such that the A-module generated by this set is dense in 7.

Definition 26. Let 74, 741 be two Hilbert A-modules. We say that 76 and F] are
isomorphic if there exists an A-module isomorphism & : 76 — F€ with

(u,v)o = (Pu, dv); forall u,v € 5.
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We want to define non-equivariant K K-theory for pairs of C*-algebras. Let A and
B be C*-algebras where A is also separable. Define the set

&' (AaB) - {(%a lllaT)}

such that .%Z is a countably generated Hilbert B-module, y: A — Z(5¢) is a *-
homomorphism, T € £ (5¢), and the following conditions are satisfied:

o T =T%,
o Y(a)T —Ty(a) € H (),
o y(a)(I-T? €. 2 (),

for all a € A. We call such triples odd bivariant K-cycles.

Remark 42. Tn the Kasparov definition of KK' (A, B) [24], the conditions of the K-
cycles are the same as our conditions except that the requirement 7 = T* is replaced
by y(a)(T —T*) € 2 (H) for all a € A. The isomorphism of abelian groups from the
group defined using these bivariant K-cycles to the group defined using our bivariant

K-cycles is obtained by sending a Kasparov cycle (H,y,T) to (H, y, TET* ).

We say that two such triples (%, W, To) and (4, y1,T;) in &' (A, B) are iso-
morphic if there is an isomorphism of Hilbert B-modules @ : .7) — .7 with

45V’O(a) = W1(61>§D,
STy =T,

for all a € A. That is, the following diagrams commute

H Yo(a) H S To A

qﬁi l‘b (Dl lq’

IO —— I A —— I
v (a) Ty

Let A, B, D be C*-algebras where A is also separable. A *-homomorphism ¢ : B —
D induces amap ¢,: &'(A,B) — &'(A,D) by

(P*(%7W7T) = (%®3Daw®Bl7T®BI)

where I is the identity operator on D, that is, /() = o for all o € D.
We can now make the definition of homotopy precise. Consider the C*-algebra of
continuous functions C([0, 1], B), and set py, p; to be the *-homomorphisms

Po
c([0,1,B) —__B

_

P1
defined by po(f) = f(0) and p;(f) = f(1). In particular, we have induced maps
(pj)«: €' (A,C([0,1],B)) — &'(A,B)  j=0,1
for any separable C*-algebra A.
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Definition 27. Two triples (7, Wy, Ty) and (4, y1,Ty) in &' (A, B) are homotopic
if there exists (€, y,T) in &' (A,C([0,1],B)) with
(pj)*(jfa V’aT) = (%7 lVjvTj) J=0,1.
The even case is analogous, removing the self-adjoint condition 7 = T*.

Remark 43. As above, we do not require the Hilbert B-module 5 to be Z/2-graded.
The isomorphism between the abelian group we are defining and the group KKy (A, B)
as defined by Kasparov [24] is dealt with as before (see Remark 23).

Hence we have the set of even bivariant K-cycles
&%(A,B) = {(#.y.T)}
where S is a countably generated Hilbert B-module, y: A — £ (S¢) a x-homomorphism,
T € .Z(5¢), and the following conditions are satisfied:

o y(a)T —Ty(a) € X (),
o y(a)(I-T*T) € X (),
o y(a)(I-TT*) e X (),

for all a € A. The remaining definitions carry over, in particular the definition of
homotopy in &°(A, B).
We define the (non-equivariant) Kasparov KK-theory groups of the pair (A, B) as

KK'(A,B) = &'(A, B) /(homotopy),
KK°(A,B) = £°(A, B) /(homotopy).

A key property is that KK-theory incorporates K-theory of C*-algebras: for any
C*-algebra B, KK/ (C, B) is isomorphic to K;(B) (see Theorem 25 in [36]).

13 Equivariant KK-theory

We generalize KK-theory to the equivariant setting. An alternative definition to ours,
by means of a universal property, is described in Section 2 of Meyer’s notes [36].
All through this section, let A be a G-C*-algebra.

Definition 28. A G-Hilbert A-module is a Hilbert A-module 5 with a given continu-
ous action

GXH — H
(g,v) — gv
such that

(a) g(u+v)=gu+gv,
(b) g(ua) = (gu)(ga),
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(c) (gu,gv) = g(u,v),
forallg € G, u,v € 3, a€A.

Here ‘continuous’ means that for each u € 72, the map G — 57, g — gu is continuous.

Example 13. If A = C, a G-Hilbert C-module is just a unitary representation of G (the
action of G on C must be trivial).

Remark 44. Let ¢ be a G-Hilbert A-module. For each g € G, denote by L, the map
Ly: H — A, Lg(v) =gv.

Note that L, might not be in .Z (). But if T € £ (), then LgTLg’1 € L(H).
Hence G acts on the C*-algebra . (¢) by

-1
gT =L,TL;".

Example 14. Let A be a G-C*-algebra. Set n > 1. Then A" is a G-Hilbert A-module
(cf. Example 6) with

g(ala“'aan) = (galv--'agan)'

Let A and B be G-C*-algebras, where A is also separable. Define the set
E6(A,B) = {(A#, v, T)}

such that 5 is a countably generated G-Hilbert B-module, y: A — £(5) is a
*-homomorphism with

y(ga)=gy(a) forallge G,acA,

and T € Z(), and so that the following conditions are satisfied:
gT —T € X (),

v(@)T =Ty(a) € H(H),

y(a)(I—-T*T) € (),

Y@ =TT") € H (),

forall g € G, a € A. We define

KK%(A,B) = £2(A, B) /(homotopy) .

The definition of homotopy in Section 12 can be defined in a straightforward way in
this setting.
KKY(A,B) is an abelian group with addition and negative

(A, T)+ (AT = (Ao you' TeT),
_(%,W;T) = (%7W7T*)

The odd case is similar, just restricting to self-adjoint operators. Define the set
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EG(AB) = {(A,y,T)}

such that .7 is a countably generated G-Hilbert B-module, y: A — £(¢) is a
*-homomorphism with

y(ga) =gy(a) forallge G,acA,

and T € .Z(#), and so that the following conditions are satisfied:

T=T~

gT —T € (),

v(a)T —Ty(a) € KX (H),
y(a)(I-T?%) e # (),

forall g € G, a € A.
We define

KKK (A, B) = &L(A, B)/(homotopy) .
KK[.(A,B) is an abelian group with addition and inverse given by

(AW, T)+ (AW, T) = (Hox yoyu TeT),
_(%»W»T) = (ﬁv Wv_T)'
Remark 45. In the even case we are not requiring a Z/2-grading. The isomorphism to
the abelian group defined by Kasparov [25] is given as in Remark 23. Our general

principle is that the even and odd cases are identical except that in the odd case the
operator T is required to be self-adjoint but not in the even case.

Using equivariant KK-theory, we can introduce coefficients for equivariant K-
homology. Let X be a proper G-space with compact quotient. Recall that

K9 (X) = KKL(Co(X),C) and

G(EG) = . KO
K7 (EG) = lim ACEG K7 (A).
G-compact

We define the equivariant K-homology of X, respectively of EG, with coefficients in
a G-C*-algebra A as

K (X,A) = KK},(Co(X),A),
G T G

ACEG
G-compact

14 The index map

Our definition of the index map uses the Kasparov product and the descent map.
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14.1 The Kasparov product
Let A, B, D be (separable) G-C*-algebras. There is a product
KK%(A,B) @7 KK (B,D) — KK/ (A, D).

The definition is highly non-trivial. Some motivation and examples, in the non-
equivariant case, can be found in [20, Section 5].

Remark 46. Equivariant KK-theory can be regarded as a category with objects separa-
ble G-C*-algebras and morphisms mor(A,B) = KK(,(A,B) (as a Z/2-graded abelian
group), and composition given by the Kasparov product (cf. [36, Thm. 33]).

14.2 The Kasparov descent map

Let A and B be (separable) G-C*-algebras. There is a map between the equivariant
KK-theory of (A, B) and the non-equivariant KK-theory of the corresponding reduced
crossed-product C*-algebras,

KK.(A,B) — KK’ (C}(G,A),C}(G,B)) j=0,1.

The definition is also highly non-trivial and can be found in [25, Section 3]. Alterna-
tively, see Proposition 26 in Meyer’s notes [36].

14.3 Definition of the index map
We would like to define the index map
u: K7 (EG) — Kj(C/G).
Let X be a proper G-compact G-space. First, we define a map
w: K9(X) = KK} (Co(X),C) — K;(C;G)
to be the composition of the Kasparov descent map
KK} (Co(X),C) — KK/ (C}(G,X),C}(G))

(the trivial action of G on C gives the crossed-product C*(G,C) = C;G) and the
Kasparov product with the trivial bundle

L€ K(C}(G.X)) = KK*(C.C}(G. X)),

that is, the Kasparov product with the trivial vector bundle I, when A = C, B =
CiG,X),D=C!Gandi=0.
Recall that )
G -
K7 (EG) =lim  —_ KK(, (Cy(A),C) .

G-compact
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For each G-compact A C EG, we have a map as before
1 KK (Co(A),C) — K;(C:G).

If A and Q are two G-compact subsets of EG with A C £, then by naturality the
following diagram commutes:

KKL(Co(A),C) — KKL(Cy(L2),C)

l l

K,C:G —— =~ K,CIG.
Thus we obtain a well-defined map on the direct limit u: KJG (EG) — K;C/G.

14.4 The index map with coefficients

The coefficients can be introduced in KK-theory at once. Let A be a G-C*-algebra.
We would like to define the index map

u: KY(EG:A) — K;C;(G,A).

Let X be a proper G-compact G-space and A a G-C*-algebra. First, we define a map

1 KKL(Co(X),A) — K;C:(G,A)
to be the composition of the Kasparov descent map

KKZ(Co(X),A) — KK’ (C}(G,X),C}(G,A))

and the Kasparov product with the trivial bundle

I e KoC:(G,X)=KK°(C,C/(G,X)).
For each G-compact A C EG, we have a map as above

1 KKL(Co(A),A) — K;C:(G,A).

If A and Q are two G-compact subsets of EG with A C €2, then by naturality the
following diagram commutes:

KKL(Co(A),A) — KKL(Co(£2),A)

l |

K;C}(G,A) — = K;C}(G,A).

Thus we obtain a well-defined map on the direct limit u KJG(E G;A) — K;C}(G,A).
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15 A brief history of K-theory
15.1 The K-theory genealogy tree
Grothendieck invented K-theory to give a conceptual proof of the Hirzebruch—

Riemann—Roch theorem. The subject has since then evolved in different directions, as
summarized by the following diagram.

. . K-theory in
A. Grothendieck algebraic geometry

iAtiyah + Hirzebruch
Vector fields K-theory
J. . Adams on spheres in topology
Annes H. Ih\
D. Quillen .
K-theory for . Algebraic
C*-algebras J. H. C. Whitehead K-theory

Atiyah and Hirzebruch defined topological K-theory. J. F. Adams then used the
Atiyah-Hirzebruch theory to solve the problem of vector fields on spheres. C*-algebra
K-theory developed quite directly out of Atiyah-Hirzebruch topological K-theory.
From its inception, C*-algebra K-theory has been closely linked to problems in
geometry-topology (Novikov conjecture, Gromov-Lawson-Rosenberg conjecture,
Atiyah-Singer index theorem) and to classification problems within C*-algebras.
More recently, C*-algebra K-theory has played an essential role in the new subject of
non-commutative geometry.

Algebraic K-theory was a little slower to develop [51]; much of the early devel-
opment in the 1960s was due to H. Bass, who organized the theory on Ky and K;
and defined the negative K-groups. J. Milnor introduced K,. Formulating an appro-
priate definition for higher algebraic K-theory proved to be a difficult and elusive
problem. Definitions were proposed by several authors, including J. Milnor and
Karoubi-Villamayor. A remarkable breakthrough was achieved by D. Quillen with his
plus-construction. The resulting definition of higher algebraic K-theory (i.e. Quillen’s
algebraic K-theory) is perhaps the most widely accepted today. Many significant prob-
lems and results (e.g. the Lichtenbaum conjecture) have been stated within the context
of Quillen algebraic K-theory. In some situations, however, a different definition is
relevant. For example, in the recently proved Bloch-Kato conjecture, it is J. Milnor’s
definition of higher algebraic K-theory which is used.

Since the 1970s, K-theory has grown considerably, and its connections with other
parts of mathematics have expanded. For the interested reader, we have included
a number of current K-theory textbooks in our reference list ([8], [42], [43], [47],
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[49], [50]). For a taste of the current developments, it is useful to take a look at the
Handbook of K-theory [16] or at the lectures in this volume. The Journal of K-theory
(as well as its predecessor, K-theory) is dedicated to the subject, as is the website
maintained by D. Grayson at http://www.math.uiuc.edu/K-theory. This
site, started in 1993, includes a preprint archive which at the moment when this is being
written contains 922 preprints. Additionally, see the Journal of Non-Commutative
Geometry for current results involving C*-algebra K-theory.

Finally, we have not in these notes emphasized cyclic homology. However, cyclic
(co-)homology is an allied theory to K-theory and any state-of-the-art survey of
K-theory would have to recognize this central fact.

15.2 The Hirzebruch—-Riemann-Roch theorem

Let M be a non-singular projective algebraic variety over C. Let E be an algebraic
vector bundle on M. Write E for the sheaf (of germs) of algebraic sections of E. For
each j > 0, consider H/(M,E) the j-th cohomology group of M using E.

Lemma 1. For all j >0, dim¢ H/ (M, E) < o and for j > dim¢ (M), H(M,E) = 0.
Define the Euler characteristic of M with respect to E as
n . .
x(M,E) = Z (=1)/dimc H/(M,E), wheren=dim¢(M).
j=0
Theorem 12 (Hirzebruch—-Riemann—Roch). Let M be a non-singular projective
algebraic variety over C and let E be an algebraic vector bundle on M. Then
X(M,E) = (ch(E) UTd(M))[M]
where ch(E) is the Chern character of E, Td(M) is the Todd class of M and U stands
for the cup product.
15.3 The unity of K-theory

We explain how K-theory for C*-algebras is a particular case of algebraic K-theory of
rings.
Let A be a C*-algebra. Consider the inclusion

Mn(A) — Mn+l (A)

a11...a1n0

ail ... dip ] o
— | 1(1) : 2)

apl ... App

apl ... App 0 00

This is a one-to-one *-homomorphism, and it is norm preserving. Define M..(A) as
the limit of M,,(A) with respect to these inclusions. That is, M. (A) is the set of infinite
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matrices where almost all a;; are zero. Finally, define the stabilization of A (cf. [42,
6.4] or [49, 1.10]) as the closure

A=M.(A).

Here we mean the completion with respect to the norm on M..(A) and the main point
is that the inclusions above are all norm-preserving. The result is a C*-algebra without
unit.

Remark 47. There is an equivalent definition of A as the tensor product A ® ¢, where
J is the C*-algebra of all compact operators on a separable infinite-dimensional
Hilbert space, and the tensor product is in the sense of C*-algebras.

Example 15. Let H be a separable, infinite-dimensional, Hilbert space. That is, H has
a countable, but not finite, orthonormal basis. It can be shown that

C=. C Z(H),
where % is the subset of compact operators on H. We have then
K;(C) =K;(C),

where K;(—) is C*-algebra K-theory. This is true in general for any C*-algebra
(Proposition 4 below). .
On the other hand, the algebraic K-theory of C is

alg,~ _ | Z jeven,
Kj (C){o j odd,

which therefore coincides with the C*-algebra K-theory of C. This is also true in
general (Theorem 13 below). This answer is simple compared with the algebraic
K-theory of C, where only some partial results are known.

The stabilization of a C*-algebra does not change its (C*-algebra) K-theory.

Proposition 4. Let A be a C*-algebra and write K ;(—) for K-theory of C*-algebras.
Then
Kj(A)=Kj(A) j=0.

The proof is a consequence of the definition of C*-algebra K-theory: the inclusions
(2) induce isomorphisms in K-theory, and the direct limit (in the sense of C*-algebras)
commute with the K-theory functor (cf. [49, 6.2.11 and 7.1.9]).

Remark 48. In the terminology of Cortifias’ notes[12], Proposition 4 says that the
functors Ky and K; are % -stable.

M. Karoubi conjectured that the algebraic K-theory of A is isomorphic to its
C*-algebra K-theory. The conjecture was proved by A. Suslin and M. Wodzicki.
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Theorem 13 (A. Suslin and M. Wodzicki [48]). Let A be a C*-algebra. Then

Kj(A) =K®(4) j>o0,

where the left-hand side is C*-algebra K-theory and the right-hand side is (Quillen’s)
algebraic K-theory of rings.

A proof can be found in Cortifias’ notes [12, Thm. 7.1.3]. In these notes Cortifias
elaborates the isomorphism above into a long exact sequence which involves cyclic
homology.

Theorem 13 is the unity of K-theory: It says that C*-algebra K-theory is a pleasant

subdiscipline of algebraic K-theory in which Bott periodicity is valid and certain basic
examples are easy to calculate.
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Summary. We introduce equivariant Kasparov theory using its universal property and con-
struct the Baum—Connes assembly map by localising the Kasparov category at a suitable
subcategory. Then we explain a general machinery to construct derived functors and spectral
sequences in triangulated categories. This produces various generalisations of the Rosenberg—
Schochet Universal Coefficient Theorem.
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1 Introduction

We may view Kasparov theory and its equivariant generalisations as categories. These categories
are non-commutative analogues of (equivariant generalisations of) the stable homotopy category
of spectra. These equivariant Kasparov categories can be described in two ways:

Abstractly, as the universal split-exact C*-stable functor on the appropriate category of
C*-algebras — this approach is due to Cuntz and Higson [10], [11], [15], [16].
It is useful for general constructions like the descent functor or the adjointness between
induction and restriction functors (see §2.1.6 or [26]).

Concretely, using Fredholm operators on equivariant Hilbert bimodules — this is the original
definition of Kasparov [17], [18].
It is useful for specific constructions that use, say, geometric properties of a group to
construct elements in Kasparov groups.

We mainly treat Kasparov theory as a black box. We define G-equivariant Kasparov theory
via its universal property and equip it with a triangulated category structure. This formalises
some basic properties of the stable homotopy category that are needed for algebraic topology.
We later apply this structure to construct spectral sequences in Kasparov theory.

We use the universal property to construct the descent functor and induction and restriction
functors for closed subgroups, and to verify that the latter are adjoint for open subgroups.
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Then we turn to the Baum—Connes assembly map for a locally compact group G, which we
treat as in [26]. Green’s Imprimitivity Theorem suggests that we understand crossed products
for compactly induced actions much better than general crossed products. We want to construct
more general actions out of compactly induced actions by an analogue of the construction of
CW-complexes. The notion of localising subcategory makes this idea precise.

The orthogonal complement of the compactly induced actions consists of actions that
are KK -equivalent to 0 for all compact subgroups H of G. We call such actions weakly
contractible.

The compactly induced and weakly contractible objects together generate the whole
Kasparov category. This allows us to compute the localisation of a functor at the weakly
contractible objects. The general machinery of localisation yields the Baum—Connes assembly
map

e KP(G,A) — Ko (G X, A)

when we apply it to the functor A — K, (G x; A). Roughly speaking, this means that
A KP(G,A) is the best possible approximation to K, (G x;A) that vanishes for weakly
contractible objects. The above statements involve functors and the Baum—Connes assembly
map with coefficients. The above approach only works if we study this generalisation right
away.

The groups KLOP(G,A) are supposed to be computable by topological methods. We present
one approach to make this precise that works completely within equivariant Kasparov theory
and is a special case of a very general machinery for constructing spectral sequences. We carry
over notions from homological algebra like exact chain complexes and projective objects to our
category and use them to define derived functors (see [27]). The derived functors of K, (G xA)
and K (G,A) agree and form the E Z_term of a spectral sequence that converges towards
KLOP(G,A). Many other spectral sequences like the Adams spectral sequence in topology can be
constructed with the same machinery. In simple special cases, the spectral sequence degenerates
to an exact sequence. The Universal Coefficient Theorem by Rosenberg—Schochet in [35] and
the Pimsner—Voiculescu exact sequence are special cases of this machinery.

2 Kasparov theory and Baum—Connes conjecture

2.1 Kasparov theory via its universal property

This subsection is mostly taken from [25], where more details can be found.
Let G be a locally compact group.

Definition 1. A G-C*-algebra is a C*-algebra with a strongly continuous representation of G
by *-automorphisms.

Let G-C*alg be the category of G-C*-algebras; its objects are G-C*-algebras and its
morphisms A — B are the G-equivariant *-homomorphisms A — B; we sometimes denote this
morphism set by Homg (A, B).

A C*-algebra is separable if it has a countable dense subset. We often restrict attention to
the full subcategory G-C*sep C G-C*alg of separable G-C*-algebras.

Homology theories for C*-algebras are usually required to be homotopy invariant, stable,
and exact in a suitable sense. We can characterise G-equivariant Kasparov theory as the
universal functor on G-C*sep with these properties, in the following sense.
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Definition 2. Let P be a property for functors defined on G-€*sep. A universal functor with P
is a functor u: G-€*sep — Up(G-C*sep) such that

e Fouhas P for each functor F': {p(G-€*sep) — €;

e any functor F: G-C*sep — € with P factors uniquely as F = F ou for some functor
F: p(G-C*sep) — €

o let F,G: G-€*sep = € be two functors with P, let ', G: 4p(G-€*sep) = € be their unique
extensions; then any natural transformation @ : F' = G remains a natural transformation
F=G.

Of course, such a functor need not exist. If it does, then it restricts to a bijection between
objects of G-C*sep and Up(G-C*sep). Hence we can completely describe it by the sets of
morphisms {p(A, B) from A to B in 4p(G-€*sep) and the maps G-C*sep(A, B) — Up (A, B) for
A,B €€ G-C*sep. The universal property means that for any functor F: G-C*sep — € with P
there is a unique functorial way to extend the maps Homg (A, B) — €(F(A),F(B)) to Up(A, B).
The condition about natural transformations makes precise what it means for this extension to
be natural.

2.1.1 Some basic homotopy theory

We define cylinders, cones, and suspensions of objects, and mapping cones and mapping
cylinders of morphisms in G-C*alg. Then we define homotopy invariance for functors. Mapping
cones will be used later to introduce the triangulated category structure on Kasparov theory.

Definition 3. Let A be a G-C*-algebra. We define the cylinder, cone, and suspension over A by

Cyl(4) := C([0,1],4),
Cone(A) := CO([O, 1]\ {0},A),
Sus(A) := Co ([0, 1]\ {0, 1},4) = Co(S",4).
If A = Cy(X) for a pointed compact space X, then the cylinder, cone, and suspension of A

are Co(Y) with Y equal to the usual cylinder [0, 1] AX, cone [0,1] AX, or suspension S! A X,
respectively; here [0, 1] has the base point 0.

Definition 4. Let f: A — B be a morphism in G-C*alg. The mapping cylinder Cyl(f) and the
mapping cone Cone(f) of f are the limits of the diagrams

f

ALBE cyiB), AL B Cone(B)

in G-€*alg. More concretely,

Cone(f) := {(a,b) € Ax Co((0,1],B) | f(a) =b(1)},
Cyl(f) := {(a,b) € Ax C([0,1],B) | f(a) =b(1)}.

If f: X — Y is a morphism of pointed compact spaces, then the mapping cone and mapping
cylinder of the induced *-homomorphism Cy(f): Co(¥) — Co(X) agree with Co(Cyl(f)) and
Co(Cone(f)), respectively.

The familiar maps relating mapping cones and cylinders to cones and suspensions continue
to exist in our case. For any morphism f: A — B in G-C*alg, we get a morphism of extensions
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Sus(B)>———= Cone(f) —= A

L

Cone(B) Cyl(f) A

The bottom extension splits and the maps A < Cyl(f) are inverse to each other up to homotopy.
The composite map Cone(f) — A — B factors through Cone(idg) 22 Cone(B) and hence is
homotopic to the zero map.

Definition 5. Let fj, f1 : A = B be two parallel morphisms in G-€*alg. We write fy ~ f] and
call fp and fi homotopic if there is a morphism f: A — Cyl(B) with ev;o f = f; fort =0, 1.
A functor F: G-C*alg — € is called homotopy invariant if fo ~ f1 implies F(fo) = F(f1).

It is easy to check that homotopy is an equivalence relation on Homg (A, B). We let [A, B]
be the set of equivalence classes. The composition of morphisms in G-€*alg descends to maps

[B.C] < [A,B] = [A,C],  ([f],[g]) = [fosl,

thatis, f1 ~ f» and g| ~ g, implies f] og| ~ f» 0go. Thus the sets [A, B] form the morphism sets
of a category, called the homotopy category of G-C*-algebras. A functor is homotopy invariant
if and only if it descends to the homotopy category. Other characterisations of homotopy
invariance are listed in [25, §3.1].

Of course, our notion of homotopy restricts to the usual one for pointed compact spaces.

2.1.2 Morita—Rieffel equivalence and stable isomorphism

One of the basic ideas of non-commutative geometry is that G x Cy(X) (or G Xy Co(X)) should
be a substitute for the quotient space G\X, which may have bad singularities. In the special
case of a free and proper G-space X, we expect that G x Co(X) and Co(G\X) are “equivalent”
in a suitable sense. Already the simplest possible case X = G shows that we cannot expect an
isomorphism here because

G x Cy(G) = G x; Cy(G) 2 K(L*G).

The right notion of equivalence is a C*-version of Morita equivalence introduced by Marc A.
Rieffel ([32], [33], [34]); therefore, we call it Morita—Rieffel equivalence.

The definition of Morita—Rieffel equivalence involves Hilbert modules over C*-algebras
and the C*-algebras of compact operators on them; these notions are crucial for Kasparov
theory as well. We refer to [20] for the definition and a discussion of their basic properties.

Definition 6. Two G-C*-algebras A and B are called Morita-Rieffel equivalent if there are a
full G-equivariant Hilbert B-module & and a G-equivariant *-isomorphism K (&) = A.

It is possible (and desirable) to express this definition more symmetrically: & is an A, B-
bimodule with two inner products taking values in A and B, satisfying various conditions
(see also [32]). Two Morita—Rieffel equivalent G-C*-algebras have equivalent categories of
G-equivariant Hilbert modules via the functor 7 — J# ®4 &. The converse is not so clear.
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Example 1. The following is a more intricate example of a Morita—Rieffel equivalence. Let I"
and P be two subgroups of a locally compact group G. Then I" acts on G/P by left translation
and P acts on I'\G by right translation. The corresponding orbit space is the double coset space
I'\G/P. Both I' x Cy(G/P) and P x Cy(I"'\G) are non-commutative models for this double
coset space. They are indeed Morita—Rieffel equivalent; the bimodule that implements the
equivalence is a suitable completion of C.(G).

These examples suggest that Morita-Rieffel equivalent C*-algebras are different ways to
describe the same non-commutative space. Therefore, we expect that reasonable functors on
¢*alg should not distinguish between Morita—Rieffel equivalent C*-algebras.

Definition 7. Two G-C*-algebras A and B are called stably isomorphic if there is a G-equivariant
*-isomorphism A ® K(#%) = B K(H#%), where 7% := L?(G x N) is the direct sum of count-
ably many copies of the regular representation of G; we let G act on K(.4;) by conjugation,
of course.

The following technical condition is often needed in connection with Morita—Rieffel
equivalence.

Definition 8. A C*-algebra is called c-unital if it has a countable approximate identity or,
equivalently, contains a strictly positive element.

All separable C*-algebras and all unital C*-algebras are o-unital; the algebra K(.7) is
o-unital if and only if JZ is separable.

Theorem 1 ([7]). o-unital G-C*-algebras are G-equivariantly Morita—Rieffel equivalent if
and only if they are stably isomorphic.

In the non-equivariant case, this theorem is due to Brown—-Green—Rieffel ([7]). A simpler
proof that carries over to the equivariant case appeared in [28].

2.1.3 C*-stable functors

The definition of C*-stability is more intuitive in the non-equivariant case:

Definition 9. Fix a rank-one projection p € K(¢£2N). The resulting embedding A — A @ K (£2N),
a— a® p, is called a corner embedding of A.

A functor F: €*alg — € is called C*-stable if any corner embedding induces an isomor-
phism F(A) = F (A® K(£’N)).

The correct equivariant generalisation is the following:

Definition 10. A functor F: G-C*alg — € is called C*-stable if the canonical embeddings
A4 — FA B I — ¢ induce isomorphisms

for all non-zero G-Hilbert spaces .77{ and 7.

Of course, it suffices to require F (A @ K (7)) =N F(A®K(JA ® #4)). 1t is not hard to
check that Definitions 9 and 10 are equivalent for trivial G.

Our next goal is to describe the universal C*-stable functor. We abbreviate A := K(L*G) ®
A.
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Definition 11. A correspondence from A to B (or A --» B) is a G-equivariant Hilbert
Bg-module & together with a G-equivariant essential (or non-degenerate) *-homomorphism

Given correspondences & from A to B and % from B to C, their composition is the
correspondence from A to C with underlying Hilbert module & ®p, .% and map Ax — K(&) —
K(& &gy -F), where the last map sends T +— T ® 1; this yields compact operators because Bg
maps to K(%). See [20] for the definition of the relevant completed tensor product of Hilbert
modules.

The composition of correspondences is only defined up to isomorphism. It is associative
and the identity maps A — A = K(A) act as unit elements, so that we get a category Cortg
whose morphisms are the isomorphism classes of correspondences. Any *-homomorphism
¢@: A — B yields a correspondence: let & be the right ideal @(Agk) - Bk in By, viewed as a
Hilbert B-module, and let ¢(a) - b = @(a) - b; this restricts to a compact operator on &'. This
defines a canonical functor fj: G-€*alg — Corrg.

Proposition 1. The functor f: G-&*alg — Cotrg is the universal C*-stable functor on G-€*alg;
that is, it is C*-stable, and any other such functor factors uniquely through f.

Proof. First we sketch the proof in the non-equivariant case. First we must verify that
is C*-stable. The Morita-Rieffel equivalence between K(¢>N) ® A =2 K(¢*(N,A)) and 4 is
implemented by the Hilbert module ¢%(N,A), which yields a correspondence (id7£2(N,A))
from K(/2N) ® A to A; this is inverse to the correspondence induced by a corner embedding
A—K(PN)®A.

A Hilbert B-module & with an essential *-homomorphism A — K(&) is countably gen-
erated because A is assumed o-unital. Kasparov’s Stabilisation Theorem yields an isometric
embedding & — ¢>(N, B). Hence we get *-homomorphisms

A —K(’N)® B — B.

This diagram induces a map F(A) — F(K(¢/?N) ® B) = F(B) for any stable functor F. Now
we should check that this well-defines a functor F: Cortg — € with F ol = F, and that this
yields the only such functor. We omit these computations.

The generalisation to the equivariant case uses the crucial property of the left regular
representation that L?(G) ® # =2 L*(G x N) for any countably infinite-dimensional G-Hilbert
space ¢ . Since we replace A and B by Ak and By in the definition of correspondence right
away, we can use this to repair a possible lack of G-equivariance; similar ideas appear in [23].

O

Example 2. Let u be a G-invariant multiplier of B. Then the identity map and the inner au-
tomorphism B — B, b — ubu*, associated to u define isomorphic correspondences B --+ B
(via u). Hence inner automorphisms act trivially on C*-stable functors. Actually, this is one of
the computations that we have omitted in the proof above; the argument can be found in [12].

2.1.4 Exactness properties

Definition 12. A diagram / — E — Q in G-C*alg is an extension if it is isomorphic to the
canonical diagram / — A — A/I for some G-invariant ideal I in a G-C*-algebra A. We write
1 — E — Q to denote extensions. A section for an extension
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e (1

in G-C*alg is a map (of sets) Q — E with pos =idy. We call (1) split if there is a section
that is a G-equivariant *-homomorphism. We call (1) G-equivariantly cp-split if there is a
G-equivariant, completely positive, contractive, linear section.

Sections are also often called lifts, liftings, or splittings.

Definition 13. A functor F on G-€*alg is split-exact if, for any split extension K S E A o
with section s: Q — E, the map (F(i),F(s)): F(K)®F(Q) — F(E) is invertible.

Split-exactness is useful because of the following construction of Joachim Cuntz ([10]).

Let B<E be a G-invariant ideal and let £, f— : A = E be G-equivariant *-homomorphisms
with fy (a) — f_(a) € B for all a € A. Equivalently, f; and f_ both lift the same morphism
f:A—E/B.Thedata (A, fr, f-,E,B) is called a quasi-homomorphism from A to B.

Pulling back the extension B — E — E /B along f, we get an extension B — E' — A with
two sections f%, f_: A =2 E'. The split-exactness of F shows that F(B) — F(E') — F(A)
is a split extension in €. Since both F(f”) and F(f’) are sections for it, we get a map
F(f})—F(fL): F(A) — F(B). Thus a quasi-homomorphism induces a map F(A) — F(B)
if F is split-exact. The formal properties of this construction are summarised in [12].

Given a C*-algebra A, there is a universal quasi-homomorphism out of A. Let Q(A) := AxA
be the free product of two copies of A and let 74 : Q(A) — A be the folding homomorphism that
restricts to id4 on both factors. Let g(A) be its kernel. The two canonical embeddings A — A xA
are sections for the folding homomorphism. Hence we get a quasi-homomorphism A =
Q(A)>¢q(A). The universal property of the free product shows that any quasi-homomorphism
yields a G-equivariant *-homomorphism g(A) — B.

Theorem 2. Functors that are C*-stable and split-exact are automatically homotopy invariant.

This is a deep result of Nigel Higson ([16]); a simple proof can be found in [12]. Besides
basic properties of quasi-homomorphisms, it only uses that inner endomorphisms act identically
on C*-stable functors.

Definition 14. We call F exact if F(K) — F(E) — F(Q) is exact (at F(E)) for any extension
K — E — Q in G-C€*alg. More generally, given a class & of extensions in G-€*alg like, say,
the class of equivariantly cp-split extensions, we define exactness for extensions in &.

Most functors we are interested in satisfy homotopy invariance and Bott periodicity, and
these two properties prevent a functor from being exact in the stronger sense of being left or
right exact. This explains why our notion of exactness is much weaker than usual in homological
algebra.

It is reasonable to require that a functor be part of a homology theory, that is, a sequence
of functors (F,),c7, together with natural long exact sequences for all extensions. We do not
require this because this additional information tends to be hard to get a priori but often comes
for free a posteriori:

Proposition 2. Suppose that F is homotopy invariant and exact (or exact for equivariantly
cp-split extensions). Then F has long exact sequences of the form

-+ — F(Sus(K)) — F(Sus(E)) — F (Sus(Q)) — F(K) — F(E) — F(Q)

for any (equivariantly cp-split) extension K — E — Q. In particular, F is split-exact.
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See §21.4 in [4] for the proof.

Together with Bott periodicity, this yields long exact sequences that extend towards ec in
both directions, showing that an exact homotopy invariant functor that satisfies Bott periodicity
is part of a homology theory in a canonical way.

2.1.5 Definition of Kasparov theory

Kasparov theory maps two Z/2-graded C*-algebras to an Abelian group KKg (A,B); thisis a
vast generalisation of K-theory and K-homology. The most remarkable feature of this theory
is an associative product on KK called Kasparov product, which generalises various known
product constructions in K-theory and K-homology. We do not discuss KK for Z /2-graded
G-C*-algebras here because it does not fit so well with the universal property approach.

Fix a locally compact group G. The Kasparov groups KKg (A,B) for A,B € G-C*sep form
morphisms sets A — B of a category, which we denote by RRC; the composition in RRC is
the Kasparov product. The categories G-C*sep and £RY have the same objects. We have a
canonical functor

KK: G-€*sep — RRC

that acts identically on objects.

Theorem 3. The functor KKC: G-C*sep — RRC is the universal split-exact C*-stable functor;
in particular, RRC is an additive category. In addition, KKC also has the following properties
and is, therefore, universal among functors with some of these extra properties: KK is

e homotopy invariant;

o exact for G-equivariantly cp-split extensions;

e satisfies Bott periodicity, that is, in RRC there are natural isomorphisms Sus? (A) 2 A for
all A ec RRC.

Definition 15. A G-equivariant *~homomorphism f: A — B is called a KK%-equivalence if
KK(f) is invertible in RRC.

Corollary 1. Let F: G-€*sep — € be split-exact and C*-stable. Then F factors uniquely
through KK, is homotopy invariant, and satisfies Bott periodicity. A KKC-equivalence A — B
induces an isomorphism F (A) — F(B).

We will take the universal property of Theorem 3 as a definition of R8¢ and thus of the
groups KK§ (A, B). We also let

KKY(A,B) := KKY(A,Sus"(B));

since the Bott periodicity isomorphism identifies KKg = KKg , this yields a Z/2-graded theory.
By the universal property, K-theory descends to a functor on KR, that is, we get canonical
maps
KKo(A,B) — Hom (K. (A),K.(B))

for all separable C*-algebras A, B, where the right hand side denotes grading-preserving group
homomorphisms. For A = C, this yields a map KK (C, B) — Hom(Z,K(B)) = Ko(B). Using
suspensions, we also get a corresponding map KK (C,B) — K; (B).

Theorem 4. The maps KK, (C,B) — K(B) constructed above are isomorphisms for all B €€
Crsep.
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Thus Kasparov theory is a bivariant generalisation of K-theory.

Roughly speaking, KK (A, B) is the place where maps between K-theory groups live. Most
constructions of such maps, say, in index theory can in fact be improved to yield elements of
KK (A, B). One reason for this is the Universal Coefficient Theorem (UCT) by Rosenberg and
Schochet [35], which computes KK (A, B) from K, (A) and K, (B) for many C*-algebras A, B.
If A satisfies the UCT, then any group homomorphism K, (A) — K. (B) lifts to an element of
KK, (A, B) of the same parity.

With our definition, it is not obvious how to construct elements in KKg (A,B). The only
source we know so far are G-equivariant *-homomorphisms. Another important source are
extensions, more precisely, equivariantly cp-split extensions. Any such extension / — E — Q
yields a class in KK¢(Q,7) 2 KK§ (Sus(Q),1) = KK§ (Q,Sus(I)). Conversely, any element
in KK]G(Q,I ) comes from an extension in this fashion in a rather transparent way.

Thus it may seem that we can understand all of Kasparov theory from an abstract, category
theoretic point of view. But this is not the case. To get a category, we must compose extensions;
this leads to extensions of higher length. If we allow such higher-length extensions, we can
easily construct a category that is isomorphic to Kasparov theory; this generalisation still works
for more general algebras than C*-algebras (see [12]) because it does not involve any difficult
analysis any more. But such a setup offers no help to compute products. Here computing
products means identifying them with other simple things like, say, the identity morphism. This
is why the more concrete approach to Kasparov theory is still necessary for the interesting
applications of the theory.

In connection with the Baum—Connes conjecture, our abstract approach allows us to
formulate it and analyse its consequences. But to verify it, say, for amenable groups, we must
show that a certain morphism in KK is invertible. This involves constructing its inverse and
checking that the two Kasparov products in both order are 1. These computations require the
concrete description of Kasparov theory that we omit here. We merely refer to [4] for a detailed
treatment.

2.1.6 Extending functors and identities to R3¢

We use the universal property to extend functors from G-C*alg to ARY and check identities in
ARC without computing Kasparov products. As our first example, consider the full and reduced
crossed product functors

GX;o,GX .: G-C*alg — €*alg.

Proposition 3. These two functors extend to functors
Gxro,Gx ot RRY — AR
called descent functors.

Kasparov constructs these functors directly using the concrete description of Kasparov
cycles. This requires a certain amount of work; in particular, checking functoriality involves
knowing how to compute Kasparov products.

Proof. We only write down the argument for reduced crossed products, the other case is similar.
It is well-known that G x, (A @ K(J¢)) = (G x;A) @ K(#) for any G-Hilbert space 7.
Therefore, the composite functor

G-C*sep ZX tsep XK an
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is C*-stable. This functor is split-exact as well (we omit the proof). Now the universal property
provides an extension to a functor R8¢ — R4. ]

Similarly, we get functors
A @i A Omax - RRG — RRY
for any G-C*-algebra A. Since these extensions are natural, we even get bifunctors
Omins @max : ARG x ARY — /AT
For the Baum—Connes assembly map, we need the induction functors
Ind%: R&HY — RRC

for closed subgroups H C G. For a finite group H, Indg (A) is the H-fixed point algebra of
Co(G,A), where H acts by h- f(g) = oy, (f(gh)). For infinite H, we have

Ind%(A) = {f € C,(G,A) |
oy, f(gh) = f(g) forallg e G,h€ H,and gH — ||f(g)]| is Co};

the group G acts by translations on the left. This construction is clearly functorial for equivariant
*-homomorphisms. Furthermore, it commutes with C*-stabilisations and maps split extensions
again to split extensions. Therefore, the same argument as above allows us to extend it to a
functor
Ind$: R&HY — RS
The following examples are more trivial. Let 7: €*alg — G-C*alg equip a C*-algebra with
the trivial G-action; it extends to a functor 7: 88 — RRC. The restriction functors

Rest: ARG — arfl

for closed subgroups H C G are defined by forgetting part of the equivariance.
The universal property also allows us to prove identities between functors. For instance,
Green’s Imprimitivity Theorem provides Morita equivalences

GxInd%(A) ~y Hx A, G x; IndG(A) ~p H A )

for any H-C*-algebra A. This is proved by completing Cy(G,A) to an imprimitivity bimodule
for both C*-algebras. This equivalence is clearly natural for H-equivariant *-homomorphisms.
Since all functors involved are C*-stable and split exact, the uniqueness part of the universal
property of KK/ shows that the KK-equivalences G x Ind$ (A) = H x A and G x, Ind$ (A) =
H ;A are natural for morphisms in KK . That is, the diagram

G Ind§(A)) —> H ;A
Gx,lndg(f)i le.f
G IndS (Ay) — H ;A

in AR commutes for any f € KK{){ (A1,A2). More examples of this kind are discussed in §4.1
of [25].

We can also prove adjointness relations in Kasparov theory in an abstract way by construct-
ing the unit and counit of the adjunction. An important example is the adjointness between
induction and restriction functors (see also §3.2 of [26]).
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Proposition 4. Let H C G be a closed subgroup. If H is open, then we have natural isomor-
phisms

KKY(Ind$ A, B) = KK (A, Res!. B) (3)
for all A e H-C*alg, B €€ G-C*alg. If H C G is cocompact, then we have natural isomor-
phisms

KKY(A,Ind§, B) = KK (Resf A, B) “)
for all A €€ G-C*alg, B €€ H-C*alg.

Proof. We will not use (4) later and therefore only prove (3). We must construct natural
elements

oy € KK§(Ind% Res A, A),  Bp € KKH (B, Rest Ind% B)
that satisfy the conditions for unit and counit of adjunction ([22]).

We have a natural G-equivariant *-isomorphism Ind$ Res$ (A) = Co(G/H) ® A for any
G-C*-algebra A. Since H is open in G, the homogeneous space G/H is discrete. We rep-
resent Co(G/H) on the Hilbert space £>(G/H) by pointwise multiplication operators. This
is G-equivariant for the representation of G on £2(G/H) by left translations. Thus we get a
correspondence from Indg, Rest (A) to A, which yields a4 € KK§ (Ind$ Res!Z(A),A) because
KK is C*-stable.

For any H-C*-algebra B, we may embed B in Res Ind$ (B) as the subalgebra of
functions supported on the single coset H. This embedding is H-equivariant and provides
Bg € KK (B,Res? Ind{; B).

Now we have to check that the following two composite maps are identity morphisms in
£RC9 and 881, respectively:

alndﬁ

dG
04 Bo), 104G Rest nd§ (B) —4", 1md$ (B)

Ind$ (B)

Brestt Resl!
Res A 5", ResH Ind¥ Rest (4) ~—¢ ™, Res A
This yields the desired adjointness by a general argument from category theory (see [22]). In
fact, both composites are already equal to the identity as correspondences. Hence we need no
knowledge of Kasparov theory except for its C*-stability to prove (3). O

The following example is discussed in detail in §4.1 of [25]. If G is compact, then the
trivial action functor 7: A8 — AR is left adjoint to G X . = G X ., that is, we have natural
isomorphisms

KKS(1(A),B) = KK, (A,G x B). &)
This is also known as the Green—Julg Theorem. For A = C, it specialises to a natural isomor-
phism K& (B) = K, (G x B).

2.1.7 Triangulated category structure

We can turn SR into a triangulated category by extending standard constructions for topologi-
cal spaces (see [26]). A triangulated category is a category ¥ with a suspension automorphism
X : ¥ — % and a class of exact triangles, subject to various axioms (see [29], [26], [37]). An
exact triangle is a diagram in T of the form

A—-B—->C—2XA or A—B

W/

C,
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where the [1] in the arrow C — A warns us that this map has degree 1. A morphism of triangles
is a triple of maps «, 3, Y making the obvious diagram commute.

A typical example is the homotopy category Ho(€) of chain complexes over an additive
category €. Here the suspension functor is the (signed) translation functor

Z((Cuydn)) == (Cy—1,—dn—1) on objects,
Z((f) = (fa1) on morphisms;

a triangle is exact if it is isomorphic to a mapping cone triangle

AL B Cone(f) — zA

for some chain map f; the maps B — Cone(f) — ZA are the canonical ones. It is well-known
that this defines a triangulated category.

Another classical example is the stable homotopy category, say, of compactly generated
pointed topological spaces (it is not particularly relevant which category of spaces or spectra
we use). The suspension is Z(A) := S! AA; a triangle is exact if it is isomorphic to a mapping
cone triangle

AL B Cone(f) — zA

for some map f; the maps B — Cone(f) — XA are the canonical ones.

We are mainly interested in the categories 8 and R introduced above. Their triangulated
category structure is discussed in detail in [26]. We are facing a notational problem because
the functor X — C¢(X) from pointed compact spaces to C*-algebras is contravariant, so that
mapping cone triangles now have the form

A <L B Cone(f) — Cy(R,A)

for a *-homomorphism f: B — A as in Definition 4.

It is reasonable to view a *-homomorphism from A to B as a morphism from B to A.
Nevertheless, we prefer the convention that an algebra homorphism A — B is a morphism
A — B. But then the most natural triangulated category structure lives on the opposite category
KKP°P. This creates only notational difficulties because the opposite category of a triangulated
category inherits a canonical triangulated category structure, which has “the same” exact
triangles. However, the passage to opposite categories exchanges suspensions and desuspensions
and modifies some sign conventions. Thus the functor A — Cy(IR,A), which is the suspension
functor in KK°P, becomes the desuspension functor in KK. Fortunately, Bott periodicity implies
that 2 2 id, so that X and X! agree.

Depending on your definition of a triangulated category, you may want the suspension to
be an equivalence or isomorphism of categories. In the latter case, you must replace ARO) by
an equivalent category (see [26]); since this is not important here, we do not bother about this
issue.

Definition 16. A triangle A — B — C — XA in RRC is called exact if it is isomorphic as a
triangle to the mapping cone triangle

Sus(B) — Cone(f) — A /. B

for some G-equivariant *-homomorphism f.
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Alternatively, we can use G-equivariantly cp-split extensions in G-€*sep. Any such exten-
sion I — E —» Q determines a class in KK{ (Q,7) = KK§ (Sus(Q), ), so that we get a triangle
Sus(Q) — I — E — Q in RRC. Such triangles are called extension triangles. A triangle in R
is exact if and only if it is isomorphic to the extension triangle of a G-equivariantly cp-split
extension.

Theorem 5. With the suspension automorphism and exact triangles defined above, R8C is a
triangulated category.

Proof. This is proved in detail in [26]. O

Triangulated categories clarify the basic bookkeeping with long exact sequences. Mayer—
Vietoris exact sequences and inductive limits are discussed from this point of view in [26]. More
importantly, this framework sheds light on more advanced constructions like the Baum—Connes
assembly map.

The triangulated category axioms are discussed in greater detail in [29], [26], [37]. They
encode some standard machinery for manipulating long exact sequences. Most of them amount
to formal properties of mapping cones and mapping cylinders, which we can prove as in
classical topology. The only axiom that requires more care is that any morphism f: A — B
should be part of an exact triangle.

Unlike in [26], we prefer to construct this triangle as an extension triangle because this
works in greater generality; we have learned this idea from Alexander Bonkat ([S]). Any element
in KK§ (A, B) 2 KK% (A, Co(R,B)) can be represented by an extension K() — E — A with
an equivariant completely positive contractive section, where .77 is a full G-equivariant Hilbert
Co(R, B)-module, so that K(.7#) is KKC-equivalent to C(RR, B). Hence the resulting extension
triangle in KK is isomorphic to one of the form

Co(R,A) — Co(R,B) = E — A;

by construction, it contains the suspension of the given class in KKg (A,B); it is easy to remove
the suspension.

Definition 17. Let T be a triangulated and € an Abelian category. A covariant functor F: T —
¢ is called homological if F(A) — F(B) — F(C) is exact at F(B) for all exact triangles
A — B — C — XA. A contravariant functor with the analogous exactness property is called
cohomological.

Let A — B — C — XA be an exact triangle. Then a homological functor F': ¥ — € yields
a natural long exact sequence

= F11(C) = Fy(A) — Fy(B) — Fy(C) — Fy—1(A) — F—1(B) — -+

with F,,(A) := F(X7"A) for n € Z, and a cohomological functor F: T°P — € yields a natural
long exact sequence

- FYI(C) — F(4) — FY(B) — F'(C) — F"1(A) — F'1(B) — ---
with F"(A) := F(X7"A).
Proposition 5. Let T be a triangulated category. The functors

T(A,.): T—A, B I(A,B)
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are homological for all A €€ . Dually, the functors
T(-,B): TP — Ab, A— %(A,B)
are cohomological for all B €€ .
Observe that
T"(A,B)=%(X"A,B) = Z(A,X"B) = 3_,(A,B).

Definition 18. A functor F: T — T’ between two triangulated categories is called exact if it
intertwines the suspension automorphisms (up to specified natural isomorphisms) and maps
exact triangles in ¥ again to exact triangles in T'.

Example 3. The restriction functor Resg : KK¢ — KK for a closed subgroup H of a locally
compact group G and the crossed product functors G x .., G x;.: KK® — KK are exact because
they preserve mapping cone triangles.

Let F: ¥ — %, be an exact functor. If G: T, —7? is exact, homological, or cohomological,
thensois GoF.

2.2 Subcategories in RRC

Now we turn to the construction of the Baum—Connes assembly map by studying various
subcategories of RRC that are related to it.

2.2.1 Compactly induced actions

Definition 19. Let G be a locally compact group. A G-C*-algebra is compactly induced if it
is of the form Indg (A) for some compact subgroup H of G and some H-C*-algebra A. We let
% .7 be the class of all G-C*-algebras that are KK -equivalent to a direct summand of @;cy A;
with compactly induced G-C*-algebras A; for i € N.

Equivalently, €. is the smallest class of objects in AR that is closed under direct sums,
direct summands and isomorphism and contains all compactly induced G-C*-algebras.

Green’s Imprimitivity Theorem (2) tells us that the (reduced) crossed product for a com-
pactly induced action Indg (A) is equivalent to the crossed product H x A for the compact
group H. Hence we have

K. (G x Ind§A) = K. (G x,;Ind% A) = K, (H x A) = K (A)

by the Green—Julg Theorem, compare (5).

Since the computation of equivariant K-theory for compact groups is a problem of classical
topology, operator algebraists can pretend that it is Somebody Else’s Problem. We are more
fascinated by the analytic difficulties created by crosssed products by infinite groups. For
instance, it is quite hard to see which Laurent series }_,c7 a,z" correspond to an element of

+.dZ = C*Z or, equivalently, which of them are the Fourier series of a continuous function on
the unit circle. The Baum—Connes conjecture, when true, implies that such analytic difficulties

do not influence the K-theory.
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2.2.2 Two simple examples

It is best to explain our goals with two examples, namely, the groups R and Z. The Baum—
Connes conjectures for these groups hold and are equivalent to the Connes—Thom isomor-
phism [9] and a Pimsner—Voiculescu exact sequence [30]. Although the Baum—Connes conjec-
ture only concerns the K-theory of C}, ;G and, more generally, of crossed products G x; A, we
get much stronger statements in this case.

Both R and Z are torsion-free, that is, they have no non-trivial compact subgroups. Hence
the compactly induced actions are of the form Cy(G,A) with G € {R,Z} acting by translation.
If A carries another action of G, then it makes no difference whether we let G act on Co(G,A) by

t-f(x):==f(t""x) ort- f(x) :== o (f(t~'x)): both definitions yield isomorphic G-C*-algebras.

Theorem 6. Any R-C*-algebra is KK -equivalent to a compactly induced one. More briefly,
€. = KK~

Proof. Let A be an R-C*-algebra. Let R act on R by translation and extend this to an action on
X = (—o0,00] by - 00 := oo for all r € R. Then we get an extension of R-C*-algebras

CO(R7A) — CO(XvA) — A,

where we let R act diagonally. It does not yet have an R-equivariant completely positive
section, but it becomes equivariantly cp-split if we tensor with K(L>G). Therefore, it yields an
extension triangle in KKR.

The Dirac operator for the standard Riemannian metric on R defines a class in KK]%K(CO(R) ,C)
which we may then map to KK]F‘(CO (R,A),A) by exterior product. This yields another cp-split
extension

K(L*R) @A — T @A — Co(R,A).
The main work in the proof is to check that the resulting classes in KK (4,Co(R,A)) and
KK]F(CO(R,A),A) are inverse to each other, so that A is KKR-equivalent to the induced
R-C*-algebra Cy(R,A).

This involves computing their Kasparov products in both orders and writing down ho-
motopies to the identity transformation. The coefficient algebra A is irrelevant for these computa-
tions, that is, we may reduce everything to computations in KK§ (C, C) and KK§ (Co(R),Co(R)).
Since we did not describe the definition of the Kasparov product, we cannot say much about
what is involved in this computation. We may, however, remark that we are dealing with an
equivariant form of Bott periodicity, and that we merely have to follow a particular proof of
Bott periodicity involving Kasparov theory and check that all the homotopies involved are
sufficiently R-equivariant to lift from KK to KK, O

Since the crossed product is functorial on Kasparov categories, this implies
RxA=Rx;A~RxSus(Co(R,A)) = Sus(K(L*R) ® A) ~ Sus(A),

where ~ denotes KK-equivalence. Taking K-theory, we get the Connes—Thom Isomorphism
Ki(RxA) 2 Kyiq(A).

For most groups, we have €.# # KKS. We now study the simplest case where this happens,
namely, G = Z.

We have seen above that Cg(R) with the translation action of R is KK®-equivalent to
Co(R) with trivial action. This equivalence persists if we restrict the action from R to the
subgroup Z C R. Hence we get a KK%-equivalence
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A ~ Sus(Co(R,A)),

where n € Z acts on Co(R,A) = Co(R) ® A by (o4, f)(x) :=
Z-action on R is free and proper, the action of Z on Cy(R,A
the trivial subgroup.

0, (f(x—n)). Although the
) need not be induced from

Theorem 7. For any 7.-C*-algebra A, there is an exact triangle
P—P—A—XP
in RKZ with compactly induced Py and P, ; more explicitly, Py = P; = Cg (Z,A).

Proof. Restriction to Z C R provides a surjection Co(R,A) — Cy(Z,A), whose kernel may be
identified with Cy((0,1)) ® Co(Z,A). The resulting extension

Co((0,1)) ®Cy(Z,A) — Co(R,A) — Co(Z,A)

is Z-equivariantly cp-split and hence provides an extension triangle in KK%. Since Co(R,A) is
KKZ%-equivalent to the suspension of A, we get an exact triangle of the desired form. O

When we apply a homological functor R8¢ — ¢ such as K, (Z x ) to the exact triangle in
Theorem 7, then we get the Pimsner—Voiculescu exact sequence

K} (A) — Ko(Z x A) — Kq(A)

(x*lT la*l

K, (A) — K (Z [><A) -~ Ko(A).

Here o.: K. (A) — K« (A) is the map induced by the automorphism o(1) of A. It is not hard to
identify the boundary map for the above extension with this map. Our approach yields such
exact sequences for any homological functor.

Now we formulate some structural results for R and Z that have a chance to generalise to
other groups.

Theorem 8. Let G be R or Z. Let Ay and Ay be G-C*-algebras and let f € KKG(A1 JA). If
Resg(f) € KK(A1,Ay) is invertible, then so is f itself. In particular, if Resg(A1) 220 in KK,
then already A = 0 in KKC.

Proof. We only write down the proof for G = Z; the case G = R is similar but simpler. If f
were an equivariant *-homomorphisms, then it would induce a morphism of extensions

C()((O7 1) X Z,A]) ] C()(R7A1) e Co(Z,A])
lf* if* iﬂ
Co((0,1) x Z,Ay) — Co(R,Ay) —— Cy(Z,A;)

and hence a morphism of triangles between the resulting extension triangles. The latter mor-
phism still exists even if f is merely a morphism in KK%. This can be checked directly or
deduced in a routine fashion from the uniqueness part of the universal property of KKZ. If
Resg(f) is invertible, then so are the induced maps Co((0,1) x Z,A;) — Co((0,1) x Z,A,)
and Cy(Z,A;) — Co(Z,A) because Cy(Z,A) = Ind” Resz,(A). Hence the Five Lemma in tri-
angulated categories shows that f itself is invertible. To get the second statement, apply the
first one to the zero maps 0 — Ay — 0. O
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Definition 20. A path of G-actions (‘Xt)ze[().l] is continuous if its pointwise application defines
a strongly continuous action of G on Cyl(A) := C([0,1],A).

Corollary 2. Let G =R or Z. If (O‘t)ze[o,l] is a continuous path of G-actions on A, then there

is a canonical KKC-equivalence (A, 0g) ~ (A, ). As a consequence, the crossed products for
both actions are KK-equivalent.

Proof. Equip Cyl(A) with the automorphism ¢. Evaluation at 0 and 1 provides elements in
KKZ% (Cyl(A), (A, o)) that are non-equivariantly invertible because KK is homotopy invariant.
Hence they are invertible in KK® by Theorem 8. Their composition yields the desired KKC-
equivalence (A, ) ~ (4, ). O

It is not hard to extend Theorem 8 and hence Corollary 2 to the groups R” and Z" for any
n € Z. With a bit more work, we could also treat solvable Lie groups. But Theorem 8 as stated
above fails for finite groups: there exists a space X and two homotopic actions ¢, o of Z/2
on X for which K7, 2 (X, o) are different for # = 0, 1. Reversing the argument in the proof of
Corollary 2, this provides the desired counterexample. Less complicated counterexamples can
be constructed where A is a UHF C*-algebra.

Such counterexamples force us to amend our question:

Suppose Resg (A) =0 for all compact subgroups H C G. Does it follow that A = 0 in
KK%? Or at least that K, (G x;A) 2 0?

It is shown in [26] that the second question has a positive answer if and only if the Baum—
Connes conjecture holds for G with arbitrary coefficients. For many groups for which we
know the Baum—Connes conjecture with coefficients, we also know that the first question
has a positive answer. But the first question can only have a positive answer if the group is
K-amenable, that is, if reduced and full crossed products have the same K-theory. The Lie
group Sp(n, 1) and its cocompact subgroups are examples where we know the Baum—Connes
conjecture with coefficients although the group is not K-amenable.

Definition 21. A G-C*-algebra A is called weakly contractible if Resf (A) =2 0 for all compact
subgroups H C G. Let €% be the class of weakly contractible objects.

A morphism f € KKY(A,Ay) is called a weak equivalence if Resk (f) is invertible for all
compact subgroups H C G.

Recall that any f € KKC(A|,A») is part of an exact triangle A — Ay — C — ZA; in KKC.
We have C € €% if and only if f is a weak equivalence. Hence our two questions above are
equivalent to:

Are all weak equivalences invertible in KK9? Do they at least act invertibly on
Ky (G x;o)?

The second question is equivalent to the Baum—Connes conjecture.

Suppose now that G is discrete. Then any subgroup is open, so that the adjointness
isomorphism (3) always applies. It asserts that the subcategories ¢’.# and €% are orthogonal,
thatis, KK9(A,B) = 0if A €€ ¥.#, B €€ €% . Even more, if KK®(A,B) =0 for all A €€ .7,
then it follows that B €€ €’ 6". A more involved argument in [26] extends these observations to
all locally compact groups G.

Definition 22. Let (¢.#) be the smallest full subcategory of KK that contains €.# and is
closed under suspensions, (countable) direct sums, and exact triangles.
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We may think of objects of (¢.#) as generalised CW-complexes that are built out of the
cellsin ..

Theorem 9. The pair of subcategories ((€.9), €% ) is complementary in the following sense
(see [26]):

e KKC(P,N)=0ifPcc (¢.9), N cc €C;

o for any A €€ KK, there is an exact triangle P — A — N — EP with P €€ (€.7),

N €€ €.

Moreover, the exact triangle P— A — N — X P above is unique up to a canonical isomorphism
and depends functorially on A, and the ensuing functors A — P(A), A — N(A) are exact
functors on /RO

Proof. The orthogonality of (¢.#) and €€ follows easily from the orthogonality of ¢ .#
and €% . The existence of an exact triangle decomposition is more difficult. The proof in [26]
reduces this to the special case A = C. A more elementary construction of this exact triangle is
explained in [12]. 0

Theorem 9 asserts that ¥.# and €€ together generate all of RRC. This is why the
vanishing of K..(G x;A) for A €€ €€ is so useful: it allows us to replace an arbitrary object
by one in (%.#). The latter is built out of objects in ¥.#. We have already agreed that the
computation of K, (G x;A) for A €€ ¥.# is Somebody Else’s Problems. Once we understand
a mechanism for decomposing objects of (¢.#) into objects of €.#, the computation of
K. (G xA) for A €€ (€ .#) becomes a purely topological affair and hence Somebody Else’s
Problem as well.

For the groups Z" and R”, the subcategory €¢’% is trivial, so that Theorem 9 simply asserts
that RRC = (€ .7) is generated by the compactly induced actions. More generally, this is
the case for all amenable groups; the proof of the Baum—Connes conjecture by Higson and
Kasparov for such groups also yields this stronger assertion (see [26]).

Definition 23. Let F: RR% — ¢ be a functor. Its localisation at €€ (or at the weak equiva-
lences) is the functor

LF :=FoP: RRC — (¢.7) C RRC — ¢,

where we use the functors P: R8¢ — (¢.#) and N: RRY — €€ that are part of a natural
exact triangle P(A) - A — N(A) — ZP(A).

The natural transformation P(A) — A furnishes a natural transformation LF(A) — F(A).
If F is homological or exact, then F o N(A) is the obstruction to invertibility of this map.

The localisation LF can be characterised by a universal property. First of all, it vanishes
on €€ because P(A) = 0 whenever A €€ €€ If F is another functor with this property, then
any natural transformation F — F factors uniquely through ILF — F. This universal property
characterises ILF uniquely up to natural isomorphism of functors.

Theorem 10. The natural transformation LF (A) — F(A) for F(A) := K. (G X A) is equivalent
to the Baum—Connes assembly map. That is, there is a natural isomorphism ILF (A) & K\ (G,A)
compatible with the maps to F(A).

Proof. 1t is known (but not obvious) that KLOP(G,A) vanishes for ¢ and that the Baum—
Connes assembly map is an isomorphism for coefficients in ¥.#. These two facts together
imply the result. O

The Baum—Connes conjecture asserts that the assembly map LF(A) — F(A) is invertible
for all A if F(A) := K.(G x,A). This follows if ¥.# = K&, of course. In particular, the
Baum—Connes conjecture is trivial if G itself is compact.
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3 Homological algebra

It is well-known that many basic constructions from homotopy theory extend to categories
of C*-algebras. As we argued in [26], the framework of zriangulated categories is ideal for
this purpose. The notion of triangulated category was introduced by Jean-Louis Verdier to
formalise the properties of the derived category of an Abelian category. Stable homotopy
theory provides further classical examples of triangulated categories. The triangulated category
structure encodes basic information about manipulations with long exact sequences and (total)
derived functors. The main point of [26] is that the domain of the Baum—Connes assembly map
is the total left derived functor of the functor that maps a G-C*-algebra A to K. (G x;A).

Projective resolutions are among the most fundamental concepts in homological algebra;
several others like derived functors are based on it. Projective resolutions seem to live in the
underlying Abelian category and not in its derived category. This is why total derived functors
make more sense in triangulated categories than the derived functors themselves. Nevertheless,
we can define derived functors in triangulated categories and far more general categories. This
goes back to Samuel Eilenberg and John C. Moore ([13]). We learned about this theory in
articles by Apostolos Beligiannis ([3]) and J. Daniel Christensen ([8]).

Homological algebra in non-Abelian categories is always relative, that is, we need addi-
tional structure to get started. This is useful because we may fit the additional data to our needs.
In a triangulated category ¥, there are several kinds of additional data that yield equivalent
theories; following [8], we use an ideal in T. We only consider ideals J C ¥ of the form

J(A,B) :={x€Z(A,B) | F(x) =0}

for a stable homological functor F': T — € into a stable Abelian category €. Here stable means
that € carries a suspension automorphism and that F intertwines the suspension automorphisms
on T and €, and homological means that exact triangles yield exact sequences. Ideals of this
form are called homological ideals.

A basic example is the ideal in the Kasparov category KK defined by

Jk(A,B) := {f € KK(A,B) | 0 = K,(f): K.(A) — K,(B)}. ()

For a locally compact group G and a (suitable) family of subgroups .%, we define the
homological ideal

V€ 7(A,B) = {f € KK9(A,B) | Resl(f) = 0in KK (A,B) forall H ¢ #}.  (7)

If % is the family of compact subgroups, then ¥ € # is related to the Baum—Connes assembly
map ([26]). Of course, there are analogous ideals in more classical categories of (spectra of)
G-CW-complexes.

All these examples can be analysed using the machinery we explain; but we only carry this
out in some cases.

We use an ideal J to carry over various notions from homological algebra to our triangulated
category T. In order to see what they mean in examples, we characterise them using a stable
homological functor F: ¥ — € with kerF = J. This is often easy. For instance, a chain
complex with entries in ¥ is J-exact if and only if F' maps it to an exact chain complex in the
Abelian category ¢, and a morphism in T is an J-epimorphism if and only if F maps it to an
epimorphism. Here we may take any functor F with ker FF = J.

But the most crucial notions like projective objects and resolutions require a more careful
choice of the functor F'. Here we need the universal J-exact functor, which is a stable homolog-
ical functor F' with ker F = J such that any other such functor factors uniquely through F (up
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to natural equivalence). The universal J-exact functor and its applications are due to Apostolos
Beligiannis ([3]).

If F: ¥ — Cis universal, then F detects J-projective objects, and it identifies J-derived
functors with derived functors in the Abelian category €. Thus all our homological notions
reduce to their counterparts in the Abelian category €.

In order to apply this, we need to know when a functor F with ker F/ = J is the universal
one. We are going to develop a useful criterion for this purpose that uses partially defined
adjoint functors.

Our criterion shows that the universal Jg-exact functor for the ideal Jx C KK in (6) is
the K-theory functor K., considered as a functor from KK to the category Q[bCZ/ 2 of countable
Z/2-graded Abelian groups. Hence the derived functors for Jg only involve Ext and Tor for
Abelian groups.

The derived functors that we have discussed above appear in a spectral sequence which —
in favourable cases — computes morphism spaces in ¥ (like KK (A, B)) and other homological
functors. This spectral sequence is a generalisation of the Adams spectral sequence in stable
homotopy theory and is the main motivation for [8]. Much earlier, such spectral sequences
were studied by Hans-Berndt Brinkmann in [6]. Here we concentrate on the much easier case
where this spectral sequence degenerates to an exact sequence. This generalises the familiar
Universal Coefficient Theorem for KK, (A, B).

3.1 Homological ideals in triangulated categories

After fixing some basic notation, we introduce several interesting ideals in bivariant Kasparov
categories; we are going to discuss these ideals throughout this article. Then we briefly recall
what a triangulated category is and introduce homological ideals. Before we begin, we should
point out that the choice of ideal is important because all our homological notions depend on it.
It seems to be a matter of experimentation and experience to find the right ideal for a given

purpose.

3.1.1 Generalities about ideals in additive categories

All categories we consider will be additive, that is, they have a zero object and finite direct
products and coproducts which agree, and the morphism spaces carry Abelian group structures
such that the composition is additive in each variable ([22]).

Definition 24. Let € be an additive category. We write €(A,B) for the group of morphisms
A — Bin €, and A €€ € to denote that A is an object of the category €.

Definition 25. An ideal J in € is a family of subgroups J(A,B) C €(A,B) for all A,B €€ €
such that
¢(C,D)o3(B,C)o€(A,B) CJ(A,D) forall A,B,C,D ce €.

We write J; C T, if 3 (A,B) C J5(A,B) for all A,B €€ €. Clearly, the ideals in € form
a complete lattice. The largest ideal € consists of all morphisms in &; the smallest ideal 0
contains only zero morphisms.

Definition 26. Let ¢ and ¢’ be additive categories and let F: € — ¢’ be an additive functor. Its
kernel ker F is the ideal in € defined by

kerF(A,B) :={f € ¢(A,B) | F(f) = 0}.
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This should be distinguished from the kernel on objects, consisting of all objects with
F(A) 220, which is used much more frequently. This agrees with the class of ker F-contractible
objects that we introduce below.

Definition 27. Let J C € be an ideal. Its quotient category €/J has the same objects as € and
morphism groups €(A,B) / J(A,B).

The quotient category is again additive, and the obvious functor F: € — €/7 is additive
and satisfies ker F = J. Thus any ideal J C € is of the form ker F' for a canonical additive
functor F.

The additivity of €/J and F depends on the fact that any ideal J is compatible with finite
products in the following sense: the natural isomorphisms

C(A,B) X By) = €(4,B)) x €(A,B), (A1 x A2,B) = €(A},B) x €(42,B)
restrict to isomorphisms

J(A,B) x Ba) = J(A,By) x I(A,B2), F(Ay X Az, B) = I(A1,B) x I(A2,B).

3.1.2 Examples of ideals

Example 4. Let KK be the Kasparov category, whose objects are the separable C*-algebras
and whose morphism spaces are the Kasparov groups KK (A, B), with the Kasparov product
as composition. Let Ab%/2 be the category of Z/2-graded Abelian groups. Both categories are
evidently additive.

K-theory is an additive functor K, : KK — AbZ/2, We let Jk = kerK, (as in (6)). Thus
Jk(A,B) C KK(A, B) is the kernel of the natural map

v: KK(A,B) — Hom (K, (A),K«(B)) := H/ Hom (K, (A),K,(B)).
neZ/2

There is another interesting ideal in KK, namely, the kernel of a natural map

k: Jk(A,B) — Ext(K.(A),K,11(B)) := [] Ext(Kn(A),Kyy1(B))
nez/2

due to Lawrence Brown (see [35]), whose definition we now recall. We represent f &
KK(A,B) = Ext(A,Co(R,B)) by a C*-algebra extension Co(R,B) @ K — E — A. This yields
an exact sequence

K (B) — Ko(E) — Ko(4)

Tf* ifk (¢

K1 (4) <— Ky (E) < Ko(B).

The vertical maps in (8) are the two components of y(f). If f € Jk(A,B), then (8) splits into
two extensions of Abelian groups, which yield an element «(f) in Ext(K.(A),K..1(B)).

Example 5. Let G be a second countable, locally compact group. Let KK© be the associated
equivariant Kasparov categorys; its objects are the separable G-C*-algebras and its morphism
spaces are the groups KK© (A, B), with the Kasparov product as composition. If H C G is a
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closed subgroup, then there is a restriction functor Resg : KKY — KKH | which simply forgets
part of the equivariance.
If .7 is a set of closed subgroups of G, we define an ideal % # C KK by

V€ 7(A,B) = {f € KKY(A,B) | Resl (f) = 0 forall H € F}

as in (7). Of course, the condition Res (f) = 0 is supposed to hold in KK# (A, B). We are
mainly interested in the case where .% is the family of all compact subgroups of G and simply
denote the ideal by ¥'% in this case.

This ideal arises if we try to compute G-equivariant homology theories in terms of
H-equivariant homology theories for H € .%. The ideal ¥ % is closely related to the approach
to the Baum—Connes assembly map in [26].

Many readers will prefer to work in categories of spectra of, say, G-CW-complexes. We
do not introduce these categories here because the author happens to be more familiar with
Kasparov theory than with spectra; but it shoud be clear enough that spectra of G-CW-complexes
support similar restriction functors, which provide analogues of the ideals ¥'% 4.

Finally, we consider a classical example from homological algebra.

Example 6. Let € be an Abelian category. Let Ho(A) be the homotopy category of unbounded

chain complexes
S, [N Su2
=G =G —Cp—Cp3—
over €. The space of morphisms A — B in Ho(€) is the space [A, B] of homotopy classes of
chain maps A — B.
Taking homology defines functors H,,: Ho(€) — € for n € Z, which we combine to a
single functor H,: Ho(€) — ¢Z. We let Iy C Ho(€) be its kernel:

jH(AvB) = {f € [AvB] | H*(f) = 0} 9

We also consider the category Ho(€;Z/p) of p-periodic chain complexes over € for
p € N>y; its objects satisfy C, = Cyyp and 8, = 8, for all n € Z, and chain maps and
homotopies are required p-periodic as well. The category Ho(¢;Z/2) plays a role in connection
with cyclic cohomology, especially with local cyclic cohomology ([31], [24]). The category
Ho(€;Z/1) is isomorphic to the category of chain complexes without grading. By convention,
we let Z /0 = Z, so that Ho(¢;Z/0) = Ho(€).

The homology of a periodic chain complex is, of course, periodic, so that we get a
homological functor H, : Ho(€;Z/p) — ¢Z/P; here €Z/P denotes the category of Z/ p-graded
objects of €. We let Iy C Ho(€;Z/p) be the kernel of H, as in (9).

Definition 28. A stable additive category is an additive category equipped with an (additive)
automorphism X : € — €, called suspension.

A stable homological functor is a homological functor F: ¥ — € into a stable Abelian
category € together with natural isomorphisms F (X< (A)) = X¢ (F(A)) forall A €€ <.

Example 7. The category CZ/r of 7, / p-graded objects of an Abelian category € is stable for any
p € N; the suspension automorphism merely shifts the grading. The functors K : KK — AbZ/2
and H,: Ho(&;Z/p) — ¢Z/P introduced in Examples 4 and 6 are stable homological functors.

If F: ¥ — ¢ is any homological functor, then

F:T—¢? An (F(A),o
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is a stable homological functor. Many of our examples satisfy Bott periodicity, that is, there is a
natural isomorphism F3(A) = F(A). Then we get a stable homological functor F;: T — ¢%/2,
A typical example for this is the functor K.

Examples 7 and 3 show that the functors that define the ideals kery in Example 4, V¢ &
in Example 5, and Jy in Example 6 are all stable and either homological or exact.

3.1.3 The universal homological functor

The following general construction of Peter Freyd ([14]) plays an important role in [3]. For
an additive category €, let Fun(€°P 2(b) be the category of contravariant additive functors
€°P — 2Ab, with natural transformations as morphisms. Unless € is essentially small, this is
not quite a category because the morphisms may form classes instead of sets. We may ignore
this set-theoretic problem because the bivariant Kasparov categories that we are interested in
are essentially small, and the subcategory Coh(€) of Fun(€°P,2Ab) defined below is an honest
category for any €.

The category Fun(€°P 2(b) is Abelian: if f: F; — F; is a natural transformation, then its
kernel, cokernel, image, and co-image are computed pointwise on the objects of €, so that they
boil down to the corresponding constructions with Abelian groups.

The Yoneda embedding is an additive functor

Y: € — Fun(€P 2Ab), B+— €(.,B).
This functor is fully faithful, and there are natural isomorphisms
Hom(Y(B),F) = F(B) for all F ec Fun(€P Ab), Bec €

by the Yoneda Lemma. A functor F €€ Fun(C°P, b) is called representable if it is isomorphic
to Y(B) for some B €€ €. Hence Y yields an equivalence of categories between € and the
subcategory of representable functors in Fun(€°P Ab).

A functor F €€ Fun(€°P 2b) is called finitely presented if there is an exact sequence
Y(By) — Y(By) — F — 0 with By, B, €€ €. Since Y is fully faithful, this means that F is the
cokernel of Y(f) for a morphism f in €.

Definition 29. We let Coh(¢€) be the full subcategory of finitely presented functors in
Fun(C°P 2Ab).

Since representable functors belong to €oh(€), we still have a Yoneda embedding Y: € —
Coh(€). Although the category Coh(C) tends to be very big and therefore unwieldy, it plays an
important theoretical role.

Theorem 11 (Freyd’s Theorem). Let T be a triangulated category.

Then Coh(X) is a stable Abelian category that has enough projective and enough injective
objects, and the projective and injective objects coincide.

The functor Y: T — Cob(X) is fully faithful, stable, and homological. Its essential range
Y(%) consists of projective-injective objects. Conversely, an object of €oh(%) is projective-
injective if and only if it is a retract of an object of Y(%).

The functor Y is the universal (stable) homological functor in the following sense: any
(stable) homological functor F : T — €' to a (stable) Abelian category €' factors uniquely as
F =F oY for a (stable) exact functor F : €oh(%T) — ¢

If idempotents in ¥ split — as in all our examples — then Y(%) is closed under retracts, so
that Y(%) is equal to the class of projective-injective objects in €oh(T).
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3.1.4 Homological ideals in triangulated categories

Let ¥ be a triangulated category, let € be a stable additive category, and let F: ¥ — Cbe a
stable homological functor. Then ker F' is a stable ideal in the following sense:

Definition 30. An ideal J C ¥ is called stable if the suspension isomorphisms X: T(A, B) 5
T (XA, ZB) for A, B €€ T restrict to isomorphisms

I:3(A,B) = J(ZA,XZB).

If J is stable, then there is a unique suspension automorphism on ¥/J for which the
canonical functor ¥ — /7 is stable. Thus the stable ideals are exactly the kernels of stable
additive functors.

Definition 31. Anideal J C ¥ in a triangulated category is called homological if it is the kernel
of a stable homological functor.

Remark 1. Freyd’s Theorem shows that Y induces a bijection between (stable) exact functors
Coh(T) — ¢’ and (stable) homological functors ¥ — ¢’ because £ oY is homological if
F: €oh(T) — ¢ is exact. Hence the notion of homological functor is independent of the
triangulated category structure on ¥ because the Yoneda embedding Y: ¥ — €oh(T) does
not involve any additional structure. Hence the notion of homological ideal only uses the
suspension automorphism, not the class of exact triangles.

All the ideals considered in §3.1.2 except for ker k in Example 4 are kernels of stable
homological functors or exact functors. Those of the first kind are homological by definition. If
F: T — % is an exact functor between two triangulated categories, then Yo F: T — Coh(T')
is a stable homological functor with kerY o F = ker ' by Freyd’s Theorem 11. Hence kernels
of exact functors are homological as well.

Is any homological ideal the kernel of an exact functor? This is not the case:

Proposition 6. Ler Det(2b) be the derived category of the category b of Abelian groups.
Define the ideal Iy C Dev(2(b) as in Example 6. This ideal is not the kernel of an exact functor.

We postpone the proof to the end of §3.2.1 because it uses the machinery of §3.2.1.

It takes some effort to characterise homological ideals because ¥ /7 is almost never Abelian.
The results in [3, §2-3] show that an ideal is homological if and only if it is saturated in the
notation of [3]. We do not discuss this notion here because most ideals that we consider are ob-
viously homological. The only example where we could profit from an abstract characterisation
is the ideal ker k in Example 4.

There is no obvious homological functor whose kernel is ker k because « is not a functor
on KK. Nevertheless, ker k is the kernel of an exact functor; the relevant functor is the functor
KK — UCT, where UCT is the variant of KK that satisfies the Universal Coefficient Theorem
in complete generality. This functor can be constructed as a localisation of KK (see [26]). The
Universal Coefficient Theorem implies that its kernel is exactly ker k.
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3.2 From homological ideals to derived functors

Various notions from homological algebra still make sense in the context of homological ideals
in triangulated categories. Our discussion mostly follows [1], [3], [8], [13]. Once we have a
stable homological functor F: T — €, it is not surprising that we can do a certain amount of
homological algebra in . For instance, we may call a chain complex of objects of T F-exact
if F maps it to an exact chain complex in €; and we may call an object F-projective if F maps
it to a projective object in €. But are these definitions reasonable?

We propose that a reasonable homological notion should depend only on the ideal ker F.
We will see that the notion of F-exact chain complex is reasonable and only depends on ker F.
In contrast, the notion of projectivity above depends on F' and is only reasonable in special
cases. There is another, more useful, notion of projective object that depends only on the ideal
kerF.

All our definitions involve only the ideal, not a stable homological functor that defines it.
We reformulate them in terms of an exact or a stable homological functor defining the ideal in
order to understand what they mean in concrete cases. Following [13], we construct projective
objects using adjoint functors.

The most sophisticated concept in this subsection is the universal J-exact functor, which
gives us complete control over projective resolutions and derived functors. We can usually
describe such functors very concretely.

3.2.1 Basic notions
We introduce some useful terminology related to an ideal:

Definition 32. Let J be a homological ideal in a triangulated category <.
e Let f: A — Bbeamorphism in ¥; embed it in an exact triangle A s, BECL zA we
call f

— J-monic if h € 7,
— J-epicif g€ 7J;
— an J-equivalence if it is both J-monic and J-epic, that is, g,h € J;
— an J-phantom map if f € J.

e An object A €€ T is called J-contractible if idy € J(A,A).

e An exact triangle A 1, B4 C £Ain Tis called J-exact if h € 7.

The notions of monomorphism (or monic morphism) and epimorphism (or epic morphism)
— which can be found in any book on category theory such as [22] — are categorical ways to
express injectivity or surjectivity of maps of sets. A morphism in an Abelian category that is
both monic and epic is invertible.

The classes of J-phantom maps, J-monomorphisms, J-epimorphisms, and of J-exact
triangles determine each other uniquely because we can embed any morphism in an exact
triangle in any position. It is a matter of taste which of these is considered most fundamental.
Following Daniel Christensen ([8]), we favour the phantom maps. Other authors prefer exact
triangles instead ([1], [3], [13]). Of course, the notion of an J-phantom map is redundant; it
becomes more relevant if we consider, say, the class of J-exact triangles as our basic notion.

Notice that f is J-epic or J-monic if and only if —f is. If f is J-epic or J-monic, then so
are X"*(f) for all n € Z because J is stable. Similarly, (signed) suspensions of J-exact triangles
remain J-exact triangles.
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Lemma 1. Let F: T — € be a stable homological functor into a stable Abelian category €.

o A morphism f in ¥ is
— a ker F-phantom map if and only if F(f) = 0;
— ker F-monic if and only if F(f) is monic;
— ker F-epic if and only if F(f) is epic;
— a kerF-equivalence if and only if F(f) is invertible.
e An object A €€ ¥ is ker F-contractible if and only if F(A) = 0.
® An exact triangle A — B — C — XA is ker F-exact if and only if

0—-FA)—F(B)—F(C)—0
is a short exact sequence in €.

Proof. Sequences in € of the form X Ly 1, ZorX s, Y 2 Z are exact at Y if and only if fis

monic or epic, respectively. Moreover, a sequence of the form X Sy ~z-UL wWisexact
ifand only if 0 - Y — Z — U — 0 is exact.

Combined with the long exact homology sequences for F and suitable exact triangles, these
observations yield the assertions about monomorphisms, epimorphisms, and exact triangles.
The description of equivalences and contractible objects follows. O

Now we specialise these notions to the ideal Jx C KK of Example 4, replacing Jx by K in
our notation to avoid clutter.

e Let f € KK(A,B) and let K, (f): Ki(A) — K4(B) be the induced map. Then f is
— a K-phantom map if and only if K. (f) = 0;
— K-epic if and only if K, (f) is surjective;
— K-monic if and only if K. (f) is injective;
— a K-equivalence if and only if K,.(f) is invertible.
e A C*-algebra A ec KK is K-contractible if and only if K, (A) = 0.
e An exact triangle A — B — C — XA in KK is K-exact if and only if

0 — K.(4) = Ki(B) = Ki(C) — 0
is a short exact sequence (of Z/2-graded Abelian groups).

Similar things happen for the other ideals in §3.1.2 that are naturally defined as kernels of
stable homological functors.

Remark 2. 1t is crucial for the above theory that we consider functors that are both stable and
homological. Everything fails if we drop either assumption and consider functors such as Ko (A)
or Hom(Z/4,K.(A)).

Lemma 2. An object A €€ X is J-contractible if and only if 0: 0 — A is an J-equivalence. A
morphism f in T is an J-equivalence if and only if its cone is J-contractible.

Thus the classes of J-equivalences and of J-contractible objects determine each other.
But they do not allow us to recover the ideal itself. For instance, the ideals Jx and kerx in
Example 4 have the same contractible objects and equivalences.
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Proof. Recall that the cone of f is the object C that fits in an exact triangle A E B— C— XA.
The long exact sequence for this triangle yields that F(f) is invertible if and only if F(C) =0,
where F is some stable homological functor F with ker F = J. Now the second assertion
follows from Lemma 1. Since the cone of 0 — A is A, the first assertion is a special case of the
second one. O

Many ideals are defined as ker F for an exact functor F: T — T’ between triangulated
categories. We can also use such a functor to describe the above notions:

Lemma 3. Let T and ¥ be triangulated categories and let F : T — T’ be an exact functor.

o A morphism f € T(A,B) is
— a ker F-phantom map if and only if F(f) =0;
— ker F-monic if and only if F(f) is (split) monic.
— ker F-epic if and only if F(f) is (splir) epic;
— a kerF-equivalence if and only if F(f) is invertible.
e An object A €€ ¥ is ker F-contractible if and only if F(A) = 0.
® An exact triangle A — B — C — XA is kerF-exact if and only if the exact triangle
F(A) — F(B) — F(C) — F(ZA) in T splits.

We will explain the notation during the proof.

Proof. A morphism f: X — Y in T’ is called split epic (split monic) if there is g: ¥ — X

with fog=idy (go f =1idy). An exact triangle X ERN Y %z 5X is said to split if h = 0.
This immediately yields the characterisation of ker F-exact triangles. Any split triangle is
isomorphic to a direct sum triangle, so that f is split monic and g is split epic ([29, Corollary
1.2.7]). Conversely, either of these conditions implies that the triangle splits.

Since the ker F-exact triangles determine the ker F-epimorphisms and ker F-monomor-
phisms, the latter are detected by F(f) being split epic or split monic, respectively. It is clear
that split epimorphisms and split monomorphisms are epimorphisms and monomorphisms,
respectively. The converse holds in a triangulated category because if we embed a monomor-
phism or epimorphism in an exact triangle, then one of the maps is forced to vanish, so that the
exact triangle splits.

Finally, a morphism is invertible if and only if it is both split monic and split epic, and the
zero map F(A) — F(A) is invertible if and only if F(A) = 0. O

We may also prove Lemma 1 using the Yoneda embedding Y: ' — €oh(T'). The asser-
tions about phantom maps, equivalences, and contractibility boil down to the observation that Y
is fully faithful. The assertions about monomorphisms and epimorphisms follow because a map
f:A— Bin ¥ becomes epic (monic) in €oh(T') if and only if it is split epic (monic) in T'.

There is a similar description for (\kerF; for a set {F;} of exact functors. This applies
to the ideal ¥'% # for a family of subgroups .# in a locally compact group G (Example 5).
Replacing ¥'% & by .Z in our notation to avoid clutter, we get:

e A morphism f € KK%(A, B) is
— an .% -phantom map if and only if Resg (f) = 0in KK for all H € F;
~ F-epic if and only if Res () is (split) epic in KK for all H € 7;
— F-monic if and only if Resf (f) is (split) monic in KK for all H € .7,
— an .% -equivalence if and only if Resg (f) is a KK -equivalence for all H € .Z.
e A G-C*-algebra A e KKC is .F-contractible if and only if Resf (A) 22 0 in KK# for all
He Z.
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e An exact triangle A — B — C — ZA in KK is .Z-exact if and only if
ResH (A) — Resf (B) — Resf(C) — ZResk (A)
is a split exact triangle in KK for all H € .Z.

Lemma 3 allows us to prove that the ideal Jy in Der(Ab) cannot be the kernel of an exact
functor:

Proof (of Proposition 6). We embed 2b — Der(Ab) as chain complexes concentrated in
degree 0. The generator T € Ext(Z/2,Z/2) corresponds to the extension of Abelian groups
Z]2 — Z]4 — Z]2, where the first map is multiplication by 2 and the second map is the
natural projection. We get an exact triangle

7)2—7/4—7)25 7/2[1]

in Der(Ab). This triangle is Jy-exact because the map Z/2 — Z/4 is injective as a group
homomorphism and hence Jy-monic in Der(Ab).

Assume there were an exact functor F : Der(Ab) — T’ with ker F = Jy. Then F(7) =0,
so that F maps our triangle to a split triangle and F(Z/4) = F(Z/2) ® F(Z/2) by Lemma 3.
It follows that F(2-idy/4) = 2-idp(z/4) = 0 because 2 -idp(z/5) = F(2-idz,) = 0. Hence
2-idg 4 € ker F = Jy, which is false. This contradiction shows that there is no exact functor ¥
with ker FF = Jy. O

One of the most interesting questions about an ideal is whether all J-contractible objects
vanish or, equivalently, whether all J-equivalences are invertible. These two questions are
equivalent by Lemma 2. The answer is negative for the ideal Jx C KK because the Universal
Coefficient Theorem does not hold for arbitrary separable C*-algebras. If G is an amenable
group, then ¥ %-equivalences in KK are invertible; this follows from the proof of the Baum-—
Connes conjecture for these groups by Nigel Higson and Gennadi Kasparov (see [26]). These
examples show that this question is subtle and may involve difficult analysis.

3.2.2 Exact chain complexes

We are going to extend to chain complexes the notion of J-exactness, which we have only
defined for exact triangles so far. Our definition differs from Beligiannis’ one ([1], [3]), which
we recall first.

Let ¥ be a triangulated category and let J be a homological ideal in %.

Definition 33. A chain complex

dn+] d, du—l
C. ::("'_> n+1 — Cy — n—l—’Cn—Z_"")

in ¥ is called J-decomposable if there is a sequence of J-exact triangles

Kn+l &’ Cu f_n> Kn h_,.) EKmH

withd, = gp—10fn: Co — Cy1.

Such complexes are called J-exact in [1], [3]. This definition is inspired by the following
well-known fact: a chain complex over an Abelian category is exact if and only if it splits into
short exact sequences of the form K, — C,, — K),_ as in Definition 33.

We prefer another definition of exactness because we have not found a general explicit
criterion for a chain complex to be J-decomposable.
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Definition 34. Let C, = (Cp,,d,,) be a chain complex over <. For each n € N, embed d,, in an
exact triangle
Co & Gy 5 X, 2 2 (10)

. n Zfn ~
We call C, J-exact in degree n if the map X, LIRS Yol LN XX, 11 belongs to I(X,;, ZX;11)-

This does not depend on auxiliary choices because the exact triangles in (10) are unique up to
(non-canonical) isomorphism.
We call C, J-exact if it is J-exact in degree n for all n € Z.

This definition is designed to make the following lemma true:

Lemma 4. Let F: ¥ — €& be a stable homological functor into a stable Abelian category €
with ker F = 3. A chain complex Cq over T is J-exact in degree n if and only if

F(du1) F(dy)

F(Cat1) F(Ca) F(Co1)

is exact at F(Cy).
Proof. The complex C, is J-exact in degree n if and only if the map

ZilF(En) F(fur1)

F(X,)

F(Cn) F(Xn+1)

vanishes. Equivalently, the range of £~!F(g,,) is contained in the kernel of F(f, ). The long
exact sequences

Ele(g”) (dn)

F
F(Gy)
F(fut1)

2R, F(Cpy) — -+,

F(dn
(G Fe)

F(Ca) F(Xnp1) = -

show that the range of £ ! F(g,) and the kernel of F(f,, ) are equal to the kernel of F(d,,) and
the range of F(d,, ), respectively. Hence C, is J-exact in degree n if and only if ker F(d,,) C
range F'(d,11). Since d,, od,, .1 = 0, this is equivalent to ker F (dy,) = range F (d,,+1)- O

Corollary 3. J-decomposable chain complexes are J-exact.

Proof. Let F: ¥ — € be a stable homological functor with ker F = J. If C, is J-decomposable,
then F(C,) is obtained by splicing short exact sequences in €. This implies that F(C,) is exact,
so that C, is J-exact by Lemma 4. O

Example 8. For the ideal Jx C KK, Lemma 4 yields that a chain complex C, over KK is
K-exact (in degree n) if and only if the chain complex

= Ke(Cuy1) = Ki(Cp) = Ki(Cpy) — -+

of Z/2-graded Abelian groups is exact (in degree n). Similar remarks apply to the other ideals
in §3.1.2 that are defined as kernels of stable homological functors.

As a trivial example, we consider the largest possible ideal J = €. This ideal is defined
by the zero functor. Lemma 4 or the definition yield that all chain complexes are T-exact. In
contrast, it seems hard to characterise the J-decomposable chain complexes, already for J = <.
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Lemma S. A chain complex of length 3

s 0—ALBECco0o

! !
is J-exact if and only if there are an J-exact, exact triangle A’ LB sA anda
commuting diagram

4 !

A/%Bli>cl

R

where the vertical maps @, 3,y are J-equivalences. Furthermore, we can achieve that o and f3
are identity maps.

Proof. Let F be a stable homological functor with J = ker F'.

Suppose first that we are in the situation of (11). Lemma 1 yields that F(a), F(f8), and
F () are invertible and that 0 — F(A’) — F(B') — F(C'") — 0 is a short exact sequence. Hence
s0is 0 — F(A) — F(B) — F(C) — 0. Now Lemma 4 yields that our given chain complex is
J-exact.

Conversely, suppose that we have an J-exact chain complex. By Lemma 4, this means
that 0 — F(A) — F(B) — F(C) — 0 is a short exact sequence. Hence f: A — B is J-monic.
Embed f in an exact triangle A — B — C' — XA. Since f is J-monic, this triangle is J-exact.
Let oo = id4 and B = idp. Since the functor ¥(.,C) is cohomological and go f = 0, we can
find a map y: C' — C making (11) commute. The functor F maps the rows of (11) to short
exact sequences by Lemmas 4 and 1. Now the Five Lemma yields that F () is invertible, so
that y is an J-equivalence. O

Remark 3. Lemma 5 implies that J-exact chain complexes of length 3 are J-decomposable.
We do not expect this for chain complexes of length 4. But we have not searched for a
counterexample.

Which chain complexes over ¥ are J-exact for J = 0 and hence for any homological ideal?
The next definition provides the answer.

Definition 35. A chain complex C, over a triangulated category is called homologically exact
if F(C,) is exact for any homological functor F: T — €.

Example 9. If A — B — C — XA is an exact triangle, then the chain complex
»rA-zx B lc5A—-B—->C—>XA—-3B—3C—---
is homologically exact by the definition of a homological functor.

Lemma 6. Let F: T — T’ be an exact functor between two triangulated categories. Let Co be
a chain complex over . The following are equivalent:

(1) C, is ker F-exact in degree n;

(2) F(C,) is J-exact in degree n with respect to the zero ideal 3 = 0;

(3) the chain complex Y o F(C,) in €oh(T') is exact in degree n;

(4) F(C,) is homologically exact in degree n;

(5) the chain complexes of Abelian groups T’ (A7 F (C.)) are exact in degree n for all A €€ .
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Proof. By Freyd’s Theorem 11, Yo F: T — €oh(T') is a stable homological functor with
ker F =ker(YoF). Hence Lemma 4 yields (1) <= (3). Similarly, we have (2) <= (3) because
Y: ¥ — €oh(T') is a stable homological functor with kerY = 0. Freyd’s Theorem 11 also
asserts that any homological functor F: T' — @' factors as F o Y for an exact functor . Hence
(3)==(4). Proposition 5 yields (4)==>(5). Finally, (5) <= (3) because kernels and cokernels
in €oh(T') are computed pointwise on objects of T'. O

Remark 4. More generally, consider a set of exact functors F;: T — %. As in the proof of
the equivalence (1) <= (2) in Lemma 6, we see that a chain complex C, is [ ker Fj-exact (in
degree n) if and only if the chain complexes F;(C, ) are exact (in degree n) for all i.

As a consequence, a chain complex C, over KK for a locally compact group G is .% -exact
if and only if Res(C,) is homologically exact for all H € .%.

Example 10. We exhibit an J-exact chain complex that is not J-decomposable for the ideal
J =0. By Lemma 3, any 0-exact triangle is split. Therefore, a chain complex is 0-decomposable

if and only if it is a direct sum of chain complexes of the form 0 — K, u, K,, — 0. Hence any
decomposable chain complex is contractible and therefore mapped by any homological functor
to a contractible chain complex. By the way, if idempotents in T split then a chain complex is
0-decomposable if and only if it is contractible.

As we have remarked in Example 9, the chain complex

oYX lC5A-SBSC—>XA—EBXC oA -

is homologically exact for any exact triangle A — B — C — XA. But such chain complexes
need not be contractible. A counterexample is the exact triangle Z/2 — Z/4 — Z/2 — X7 /2
in Der(Ab), which we have already used in the proof of Proposition 6. The resulting chain
complex over Detr(2Ab) cannot be contractible because H, maps it to a non-contractible chain
complex.

3.2.3 More homological algebra with chain complexes

Using our notion of exactness for chain complexes, we can do homological algebra in the
homotopy category Ho(T). We briefly sketch some results in this direction, assuming some
familiarity with more advanced notions from homological algebra. We will not use this later.

The J-exact chain complexes form a thick subcategory of Ho(¥) because of Lemma 4. We
let Der := Der(T,T) be the localisation of Ho(¥T) at this subcategory and call it the derived
category of T with respect to J.

We let Der=" and Der=" be the full subcategories of Det consisting of chain complexes
that are J-exact in degrees < n and > n, respectively.

Theorem 12. The pair of subcategories DerZ0, Der=0 forms a truncation structure (¢-structure)
on Det in the sense of [2].

Proof. The main issue here is the truncation of chain complexes. Let C, be a chain complex
over . We embed the map dj in an exact triangle Cy — C_; — X — XCg and let CZ¥ be the
chain complex

~~—>C2—>C1—>Co—>C,1—>X—>EC0—>EC,1—>2X—>22C0—>~-~
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This chain complex is J-exact — even homologically exact — in negative degrees, that is,
CZY € Der=0. The triangulated category structure allows us to construct a chain map CZ% — C,
that is an isomorphism on C, for n > —1. Hence its mapping cone C=~! is J-exact — even
contractible — in degrees > 0, that is, C=~! e Der="1, By construction, we have an exact
triangle

c'—c,—cs ' s xc

in Der.

We also have to check that there is no non-zero morphism Co — D, in Det if C, €€ Der=?
and D, €€ Der="! Recall that morphisms in et are represented by diagrams C, & Cy — De
in Ho(%), where the first map is an J-equivalence. Hence C, €€ Der=0 as well. We claim that
any chain map f: €Z% — DZ~! is homotopic to 0. Since the maps CZ% — C, and Dy — DE !
are J-equivalences, any morphism C, — D, vanishes in Der.

It remains to prove the claim. In a first step, we use that DE~! is contractible in degrees
> 0 to replace f by a homotopic chain map supported in degrees < 0. In a second step, we
use that CZ0 is homologically exact in the relevant degrees to recursively construct a chain
homotopy between f and 0. O

Any truncation structure gives rise to an Abelian category, its core. In our case, we get the
full subcategory € C ®er of all chain complexes that are J-exact except in degree 0. This is a
stable Abelian category, and the standard embedding ¥ — Ho(%) yields a stable homological
functor F: T — € with kerF = 7.

This functor is characterised uniquely by the following universal property: any (stable)
homological functor H: T — € with J C ker H factors uniquely as H = H o F for an exact
functor H: € — ¢’. We construct H in three steps.

First, we lift H to an exact functor Ho(H): Ho(%,J) — Ho(¢). Secondly, Ho(H) descends
to a functor Dev(H): Der(T,T) — Der(¢'). Finally, Der(H) restricts to a functor H: € — ¢’
between the cores. Since J C ker H, an J-exact chain complex is also ker H-exact. Hence Ho(H)
preserves exactness of chain complexes by Lemma 4. This allows us to construct Det(H) and
shows that Det(H) is compatible with truncation structures. This allows us to restrict it to
an exact functor between the cores. Finally, we use that the core of the standard truncation
structure on Det(€) is €. It is easy to see that we have Ho F = H.

Especially, we get an exact functor Der(F): Der(%,T) — Der(C), which restricts to the
identity functor idg between the cores. Hence Det(F) is fully faithful on the thick subcategory
generated by € C Der(T,7). It seems plausible that Der(F) should be an equivalence of
categories under some mild conditions on J and <.

We will continue our study of the functor ¥ — € in §3.2.8. The universal property deter-
mines it uniquely. Beligiannis ([3]) has another, simpler construction.

3.2.4 Projective objects
Let J be a homological ideal in a triangulated category .

Definition 36. A homological functor F: ¥ — € is called J-exact if F(f) = 0 for all J-phantom
maps f or, equivalently, J C kerF. An object A €€ T is called J-projective if the functor
T(A,.): T — 2b is J-exact. Dually, an object B €€ ¥ is called J-injective if the functor
T(.,B): T — AbP is J-exact.

We write By for the class of J-projective objects in T.
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The notions of projective and injective object are dual to each other: if we pass to the
opposite category T°P with the canonical triangulated category structure and use the same
ideal J°P, then this exchanges the roles of projective and injective objects. Therefore, it suffices
to discuss one of these two notions in the following. We will only treat projective objects
because all the ideals in §3.1.2 have enough projective objects, but most of them do not have
enough injective objects.

Notice that the functor F is J-exact if and only if the associated stable functor F, : T — ¢Z
is J-exact because J is stable.

Since we require F' to be homological, the long exact homology sequence and Lemma 4
yield that the following conditions are all equivalent to F' being J-exact:

e F maps J-epimorphisms to epimorphisms in ¢;

e [ maps J-monomorphisms to monomorphisms in &;

e 0 — F(A) — F(B) — F(C) — 0 is a short exact sequence in € for any J-exact triangle
A—B—C—XA;

e F maps J-exact chain complexes to exact chain complexes in €.

This specialises to equivalent definitions of J-projective objects.
Lemma 7. An object A €€ ¥ is J-projective if and only if 3(A,B) =0 for all B €€ %.

Proof. If f € J(A,B), then f = f.(ida). This has to vanish if A is J-projective. Suppose,
conversely, that J(A,B) = 0 for all B €€ S. If f € J(B,B'), then T(A, f) maps T(A,B) to
J(A,B") =0, so that T(A, f) = 0. Hence A is J-projective. O

An J-exact functor also has the following properties (which are strictly weaker than being
J-exact):

e F maps J-equivalences to isomorphisms in €;
e [ maps J-contractible objects to 0 in €.

Again we may specialise this to J-projective objects.

Lemma 8. The class of J-exact homological functors ¥ — b or T — AbP is closed under
composition with Z¥1: € — <, retracts, direct sums, and direct products. The class By of
J-projective objects is closed under (de)suspensions, retracts, and possibly infinite direct sums
(as far as they exist in ¥).

Proof. The first assertion follows because direct sums and products of Abelian groups are
exact; the second one is a special case. O

Definition 37. Let B C ¥ be a set of objects. We let (1) be the smallest class of objects of T
that contains 3 and is closed under retracts and direct sums (as far as they exist in ).

By Lemma 8, (B)e consists of J-projective objects if 3 does. We say that P generates
all J-projective objects if (P)s = P5. In examples, it is usually easier to describe a class of
generators in this sense.

Example 11. Suppose that G is discrete. Then the adjointness between induction and restriction
functors implies that all compactly induced objects are projective for the ideal ¥ % . Even more,
the techniques that we develop below show that Py =€ 7.
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3.2.5 Projective resolutions

Definition 38. Let J C ¥ be a homological ideal in a triangulated category and let A €€ T. A
one-step J-projective resolution is an J-epimorphism 7: P — A with P €€ B5. An J-projective
resolution of A is an J-exact chain complex

.. _,6"“ P, i,pw1 LR 5_‘>p0 ﬁ,A
with P, €€ P4 foralln € N.

We say that J has enough projective objects if each A €€ ¥ has a one-step J-projective
resolution.

The following proposition contains the basic properties of projective resolutions, which are
familiar from the similar situation for Abelian categories.

Proposition 7. If J has enough projective objects, then any object of T has an J-projective
resolution (and vice versa).

Let P, — A and P, — A’ be J-projective resolutions. Then any map A — A’ may be lifted
to a chain map P, — P., and this lifting is unique up to chain homotopy. Two J-projective
resolutions of the same object are chain homotopy equivalent. As a result, the construction of
projective resolutions provides a functor

P: T —Ho(%).
f

Lee AL BE C L SA be an J-exact triangle. Then there exists a canonical map
n: P(C) — P(A)[1] in Ho(%) such that the triangle

P(f P
) 2D, pgy 28,

P(A P(B P(C) L pA)1]
in Ho(%) is exact; here [1] denotes the translation functor in Ho(T), which has nothing to do

with the suspension in ‘X.

Proof. Let A €€ ¥. By assumption, there is a one-step J-projective resolution dy: Py — A,
which we embed in an exact triangle A; — Py — A — XA;. Since & is J-epic, this triangle is
J-exact. By induction, we construct a sequence of such J-exact triangles A, — P, — A, —
XA, for n € N with P, €€ B and Ay = A. By composition, we obtain maps &,: P, — P,_|
for n > 1, which satisty &, o 8,1 = 0 for all n > 0. The resulting chain complex

5,

Sy n— 1
SR TR0y N R Ry

is J-decomposable by construction and therefore J-exact by Corollary 3.

The remaining assertions are proved exactly as their classical counterparts in homological
algebra. We briefly sketch the arguments. Let P, — A and P, — A’ be J-projective resolutions
and let f € T(A,A’). We construct f;, € T(P,,P,) by induction on n such that the diagrams

o
P LA P,——P,
fo \ if I \ lfnl
Y \
L

& 5 !
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for n > 1 commute. We must check that this is possible. Since the chain complex P, — A is
J-exact and B, is J-projective for all n > 0, the chain complexes
ry (8n) / ry (80)«
= By Byy) —— TPy, Byy) = - = TPy By) —— T(Pr,A) = 0

nstm

are exact for all n € N. This allows us to find the needed maps f,,. By construction, these maps
form a chain map lifting f: A — A’. Its uniqueness up to chain homotopy is proved similarly.
If we apply this unique lifting result to two J-projective resolutions of the same object, we get
the uniqueness of J-projective resolutions up to chain homotopy equivalence. Hence we get a
well-defined functor P: ¥ — Ho(%).

Now consider an J-exact triangle A — B — C — XA as in the third paragraph of the
lemma. Let X, be the mapping cone of some chain map P(A) — P(B) in the homotopy class
P(f). This chain complex is supported in degrees > 0 and has J-projective entries because
X, = P(A)—1 ® P(B),. The map Xy = 0@ P(B)g — B — C yields a chain map X, — C, that
is, the composite map X; — Xy — C vanishes. By construction, this chain map lifts the given
map B — C and we have an exact triangle P(A) — P(B) — Xo — P(A)[1] in Ho(%). It remains
to observe that X, — C is J-exact. Then X, is an J-projective resolution of C. Since such
resolutions are unique up to chain homotopy equivalence, we get a canonical isomorphism
Xe 2 P(C) in Ho(%) and hence the assertion in the third paragraph.

Let F be a stable homological functor with J = ker F. We have to check that F(X,) — F(C)
is a resolution. This reduces to a well-known diagram chase in Abelian categories, using that
F(P(A)) — F(A) and F (P(B)) — F(B) are resolutions and that F(A) — F(B) — F(C) is
exact. 0O

3.2.6 Derived functors

We only define derived functors if there are enough projective objects because this case is rather
easy and suffices for our applications. The general case can be reduced to the familiar case of
Abelian categories using the results of §3.2.3.

Definition 39. Let J be a homological ideal in a triangulated category ¥ with enough projective
objects. Let F': T — € be an additive functor with values in an Abelian category €. It induces a
functor Ho(F): Ho(%T) — Ho(Z), applying F pointwise to chain complexes. Let P: T — Ho(%)
be the projective resolution functor constructed in Proposition 7. Let H,, : Ho(€) — € be the
nth homology functor for some n € N. The composite functor
Ho(F
Lo T 2 Ho(T) 2%, Ho(e) o ¢

is called the nth left derived functor of F. If F: °P — € is a contravariant additive functor,
then the corresponding functor H” o Ho(F) o P: T°P — € is denoted by R"F and called the nth
right derived functor of F.

More concretely, let A €€ T and let (P,, ) be an J-projective resolution of A. If F is
covariant, then L,,F(A) is the homology at F(P,) of the chain complex

F(8us1) F(8,)

o= F(Pyyt) F(Py) —= F(Py_1) = -+ = F(Py) = 0.

If F is contravariant, then R"F(A) is the cohomology at F (P,) of the cochain complex

F(8)

F(8,+
L) by EO pp, ) o F(Ry) 0.

= F(Py1)
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Lemma 9. Let A — B — C — XA be an J-exact triangle. If F : ¥ — € is a covariant additive
functor, then there is a long exact sequence
= L,F(A) - L,F(B) - L,F(C) = L,_1F(A)
— - = LF(C) - LoF(A) — LoF(B) — LoF(C) — 0.

If F: T — & is contravariant instead, then there is a long exact sequence

- —R'F(A) — R"F(B) — R"F(C) — R"1F(A)
— - —R'F(C) = RF(A) — R°F(B) — RYF(C) — 0.

Proof. This follows from the third assertion of Proposition 7 together with the well-known
long exact homology sequence for exact triangles in Ho(€). O

Lemma 10. Let F: ¥ — € be a homological functor. The following assertions are equivalent:

(1) F is J-exact;
(2) LoF(A) = F(A) and L,F(A) =0forallp>0,A cc X;
(3) LoF(A) 2 F(A) for all A ec %.

The analogous assertions for contravariant functors are equivalent as well.

Proof. 1f F is J-exact, then F maps J-exact chain complexes in ¥ to exact chain complexes
in €. This applies to J-projective resolutions, so that (1)=—-(2)=—=-(3). It follows from (3)
and Lemma 9 that F maps J-epimorphisms to epimorphisms. Since this characterises J-exact
functors, we get (3)=—=(1). O

It can happen that IL,F = 0 for all p > 0 although F is not J-exact.

We have a natural transformation LoF (A) — F(A) (or F(A) — ROF(A)), which is induced
by the augmentation map P, — A for an J-projective resolution. Lemma 10 shows that these
maps are usually not bijective, although this happens frequently for derived functors on Abelian
categories.

Definition 40. We let ExtZ (A, B) be the nth right derived functor with respect to J of the
contravariant functor A — T(A, B).

We have natural maps T(A,B) — Ext%j (A, B), which usually are not invertible. Lemma 9
yields long exact sequences

-+ — Extg 5(A,D) — Ext% 5(B,D) « Extg 5(C,D) « Ext% J(A,D) —
-+ Bxtly 5(C,D) « Ext} 5(A, D) « Ext} 5(B,D) < Ext 5(C,D) <0

for any J-exact, exact triangle A — B — C — XA and any D €€ %.
We claim that there are similar long exact sequences

0 — Ext§ 5(D,A) — Ext} 5(D, B) — Ext} 5(D,C) — Extg 5(D,A) — -
— Ext} 3 (D,C) — Extg 5(D,A) — Ext} 5(D,B) — Extf 5(D,C) — -
in the second variable. Since P(D), is J-projective, the sequences

0 — T(P(D)n,A) — Z(P(D)n,B) — T(P(D)n,C) — 0
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are exact for all n € N. This extension of chain complexes yields the desired long exact
sequence.

We list a few more elementary properties of derived functors. We only spell things out for
the left derived functors L, F : ¥ — € of a covariant functor F : ¥ — €. Similar assertions hold
for right derived functors of contravariant functors.

The derived functors L, F satisfy J C kerIL,F and hence descend to functors L,F: T/J —
¢ because the zero map P(A) — P(B) is a chain map lifting of f if f € J(A,B). As a conse-
quence, L, F(A) = 0 if A is J-contractible. The long exact homology sequences of Lemma 9
show that L, F(f): L,F(A) — L,F(B) is invertible if f € T(A,B) is an J-equivalence.

Remark 5. The derived functors L, F' are not homological and therefore do not deserve to be
called J-exact even though they vanish on J-phantom maps. Lemma 9 shows that these functors
are only half-exact on J-exact triangles. Thus L, F(f) need not be monic (or epic) if f is
J-monic (or J-epic). The problem is that the J-projective resolution functor P: T — Ho(%) is
not exact; it even fails to be stable.

The following remarks require a more advanced background in homological algebra and
are not going to be used in the sequel.

Remark 6. The derived functors introduced above, especially the Ext functors, can be inter-
preted in terms of derived categories.

We have already observed in §3.2.3 that the J-exact chain complexes form a thick subcate-
gory of Ho(%). The augmentation map P(A) — A of an J-projective resolution of A €€ T is a
quasi-isomorphism with respect to this thick subcategory. The chain complex P(A) is projective
(see [19]), that is, for any chain complex C,, the space of morphisms A — C, in the derived
category Der(T,T) agrees with [P(A),C,]. Especially, Exty ~(A,B) is the space of morphisms
A — B[n] in Der(%,7). '

Now let F: € — € be an additive covariant functor. Extend it to an exact functor
F: Ho(%) — Ho(€). It has a total left derived functor

LF: Der(T,J) — Dex(€), A F(P(A)).
By definition, we have L, F(A) := H, (LF (A)).

Remark 7. In classical Abelian categories, the Ext groups form a graded ring, and the derived
functors form graded modules over this graded ring. The same happens in our context. The most
conceptual construction of these products uses the description of derived functors sketched in
Remark 6.

Recall that we may view elements of Ext 5(A,B) as morphisms A — B[n] in the derived
category Det(%,J). Taking translations, we can also view them as morphisms A[m| — Bln+m]
for any m € Z. The usual composition in the category Der(%,J) therefore yields an associative
product

Exty 5(B,C) ®Exty 5(A,B) — Extz'}'(A,C).

Thus we get a graded additive category with morphism spaces (Ext% 5(A,B)) -

Similarly, if F: ¥ — € is an additive functor and LF: Der(T,J) — Der(€) is as in
Remark 7, then a morphism A — B[n] in Det(%,J) induces a morphism LF(A) — LF (B)[n]
in Der(€). Passing to homology, we get canonical maps

Ext% 5(A,B) — Homg (LF,(A),LF,—y(B)) Ym > n,
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which satisfy an appropriate associativity condition. For a contravariant functor, we get canoni-
cal maps
Extf 5(A,B) — Home (RF™(B),RF™™"(4)) ~ Vm>0.

3.2.7 Projective objects via adjointness

We develop a method for constructing enough projective objects. Let T and € be stable additive
categories, let F': ¥ — € be a stable additive functor, and let J := ker F'. In our applications, T
is triangulated and the functor F is either exact or stable and homological.

Recall that a covariant functor R: T — 2Ab is (co)representable if it is naturally isomorphic
to T(A,.) for some A €€ T, which is then unique. If the functor B — €(A,F(B)) on T is
representable, we write F'(A) for the representing object. By construction, we have natural
isomorphisms

T(F'(A),B) = ¢(A,F(B))
for all B € . Let ¢/ C € be the full subcategory of all objects A €€ € for which FT(A) is
defined. Then FT is a functor ¢ — <, which we call the (partially defined) left adjoint of F.
Although one usually assumes ¢ = €', we shall also need F' in cases where it is not defined
everywhere.

The functor B+ €(A,F(B)) for A €€ €' vanishes on J = ker F for trivial reasons. Hence
FT(A) cc T is J-projective. This simple observation is surprisingly powerful: as we shall see,
it often yields all J-projective objects.

Remark 8. We have FT(ZA) = £FT(A) for all A €€ ¢, so that X(¢’) = ¢’. Moreover, F'
commutes with infinite direct sums (as far as they exist in ¥) because

T (@F*(A,-),B) = [[S(F (A, B) = [ (Ai F(B)) = ¢ (@A,-7F(B)> .

Example 12. Consider the functor K, : KK — Ab%/2. Let Z e Ab%/? denote the trivially
graded Abelian group Z. Notice that

Hom(Z,K.(A)) 2 Ko(A) 2 KK(C,A),
Hom(Z[1],K.(A)) 2 K;(A) 2 KK(Cy(R),A),

where Z[1] means Z in odd degree. Hence K} (Z) = C and K (Z[1]) = Co(R). More generally,
Remark 8 shows that K| (A) is defined if both the even and odd parts of A €€ Ab%/? are
countable free Abelian groups: it is a direct sum of at most countably many copies of C and
Co(R). Hence all such countable direct sums are Jg-projective (we briefly say K-projective).
As we shall see, K] is not defined on all of Ab%/2; this is typical of homological functors.

Example 13. Consider the functor H, : Ho(¢;Z/p) — €%/P of Example 6. Let j: ¢Z/P —
Ho(¢;Z/p) be the functor that views an object of ¢Z/? as a p-periodic chain complex whose
boundary map vanishes.

A chain map j(A) — B, for A ec ¢%/? and B, €c Ho(€;Z/p) is a family of maps
@n: Ay — ker(dn: B, — B,—1). Such a family is chain homotopic to 0 if and only if each ¢,
lifts to a map A,, — B,,11. Suppose that A,, is projective for all n € Z/p. Then such a lifting
exists if and only if ¢, (A,) C dy11(Bpy1)- Hence

[/(4),Ba] = [T €(An,Ha(Ba)) = %P (A H,(B.)).
neZ/p
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As a result, the left adjoint of H, is defined on the subcategory of projective objects
‘ﬁ(Qﬁ)Z/ P C ¢Z/P and agrees there with the restriction of j. We will show in §3.2.9 that
‘,)3(€)Z/ ? is equal to the domain of definition of HL and that all Jy-projective objects are of the
form H] (A) (provided € has enough projective objects).

These examples show that FT yields many ker F-projective objects. We want to get enough
ker F-projective objects in this fashion, assuming that FT is defined on enough of €. In order to
treat ideals of the form () F;, we now consider a more complicated setup. Let {€; | i € [} be a
set of stable homological or triangulated categories together with full subcategories B¢; C &;
and stable homological or exact functors F;: ¥ — €; for all i € I. Assume that

o the left adjoint Fl-T is defined on B¢, foralli € I;

e there is an epimorphism P — F;(A) in €; with P €€ *BC; forany i € I, A €€ T;

o the set of functors Ff 1 BC; — T is cointegrable, that is, P;<; F;r (B;) exists for all families
of objects B; € P&;, i 1.

The reason for the notation *B¢; is that for a homological functor F; we usually take P¢; to be
the class of projective objects of &;; if F; is exact, then we often take ‘P¢; = ¢;. But it may be
useful to choose a smaller category, as long as it satisfies the second condition above.

Proposition 8. In this situation, there are enough J-projective objects, and ‘P is generated
by UieI{F,’T (B) | B € BE;}. More precisely, an object of ¥ is J-projective if and only if it is a
retract of @cy F: (By) for a family of objects B; € BC;.

Proof. Let P := Uia{FiT (B) | B € B¢;} and Py := (Vo )w. To begin with, we observe that
any object of the form FiT (B) with B €€ B¢ is ker F;-projective and hence J-projective because
J C ker F;. Hence I3 consists of J-projective objects.

Let A €c T. For each i € I, there is an epimorphism p;: B; — F;(A) with B; € B¢;. The
direct sum B := @;¢; F;r (B;) exists. We have B €€ Py by construction. We are going to
construct an J-epimorphism p: B — A. This shows that there are enough J-projective objects.

The maps p;: B; — F;(A) provide maps p;: F: (Bj) — A via the adjointness isomorphisms
T(F;(BJ,A) =~ ¢;(B;,Fi(A)). We let p :=Y p;: EBFI-T(B,') — A. We must check that p is an
J-epimorphism. Equivalently, p is ker Fi-epic for all i € [; this is, in turn equivalent to F;(p)
being an epimorphism in &; for all i € I, because of Lemma 1 or 3. This is what we are going
to prove.

The identity map on F;(Bi) yields a map o;: B; — FiFf (B;) via the adjointness isomor-
phism ‘I(Fl-T (B,-),F;r (Bi)) = ¢;(B;, F,-F;r (Bi)). Composing with the map

FF () — F, (DF (8)) = F(8)

induced by the coordinate embedding F;r (B;) — B, we getamap ¢ : B; — F;(B). The naturality
of the adjointness isomorphisms yields F;(p;) o o; = p; and hence F;(p) o O‘z" = p;. The map p;
is an epimorphism by assumption. Now we use a cancellation result for epimorphisms: if fog
is an epimorphism, then so is f. Thus F;(p) is an epimorphism as desired.

If A is J-projective, then the J-epimorphism p: B — A splits; to see this, embed p in an
exact triangle N — B — A — N and observe that the map A — XN belongs to J(A,ZN) = 0.
Therefore, A is a retract of B. Since Py is closed under retracts and B €€ By, we get A €€ Pp.
Hence 3 generates all J-projective objects. |



82 Ralf Meyer
3.2.8 The universal exact homological functor

For the following results, it is essential to define an ideal by a single functor F instead of a
family of functors as in Proposition 8.

Definition 41. Let J C T be a homological ideal. An J-exact stable homological functor
F: T — € is called universal if any other J-exact stable homological functor G: T — €’ factors
as G = GoF for a stable exact functor G: € — €' that is unique up to natural isomorphism.

This universal property characterises F uniquely up to natural isomorphism. We have
constructed such a functor in §3.2.3. Beligiannis constructs it in [3, §3] using a localisation of the
Abelian category €oh(T) at a suitable Serre subcategory; he calls this functor projectivisation
functor and its target category Steenrod category. This notation is motivated by the special case
of the Adams spectral sequence. The following theorem allows us to check whether a given
functor is universal:

Theorem 13. Let T be a triangulated category, let 3 C X be a homological ideal, and let
F: T — € be an J-exact stable homological functor into a stable Abelian category €; let PC
be the class of projective objects in €. Suppose that idempotent morphisms in < split.

The functor F is the universal J-exact stable homological functor and there are enough
J-projective objects in T if and only if

o C has enough projective objects;
e the adjoint functor F is defined on pe;
e FoFT(A) 2 A forall A €€ PC.

Proof. Suppose first that F is universal and that there are enough J-projective objects. Then F
is equivalent to the projectivisation functor of [3]. The various properties of this functor listed
in [3, Proposition 4.19] include the following:

e there are enough projective objects in €;
e F induces an equivalence of categories L5 = P& (P is the class of projective objects
in ¥);

e &(F(A),F(B)) =%(A,B) forall A cc B, B cc <.
Here we use the assumption that idempotents in T split. The last property is equivalent to
FToF(A) 22 A for all A ec 5. Since Py = PE via F, this implies that FT is defined on PE
and that F o FT(A) 22 A for all A €c 3¢. Thus F has the properties listed in the statement of
the theorem.

Now suppose conversely that F" has these properties. Let ‘)3’3 C % be the essential range of
FT: B¢ — <. We claim that ‘J3'3 is the class of all J-projective objects in <. Since F o F is
equivalent to the identity functor on € by assumption, F |q3/3 and FT provide an equivalence
of categories ‘,]3’3 =~ BC. Since ¢ is assumed to have enough projectives, the hypotheses of
Proposition 8 are satisfied. Hence there are enough J-projective objects in T, and any object
of P is a retract of an object of ‘B’j Idempotent morphisms in the category ‘B'j = P
split because € is Abelian and retracts of projective objects are again projective. Hence ‘D’j
is closed under retracts in <, so that % = 9. It also follows that F and F provide an
equivalence of categories 5 = PB¢. Hence FT o F(A) = A for all A ec P, so that we get
¢(F(A),F(B)) 2 T(FToF(A),B) = T(A,B) forall A €€ By, B € <.

Now let G: T — €' be a stable homological functor. We will later assume G to be J-exact,
but the first part of the following argument works in general. Since F provides an equivalence
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of categories Py = PE, the rule G(F(P)) := G(P) defines a functor G on €. This yields a

functor Ho(G): Ho(B€) — Ho(€"). Since ¢ has enough projective objects, the construction of

projective resolutions provides a functor P: ¢ — Ho(SB¢). We let G be the composite functor
G: ¢ Lo Ho(pe) 29 foey Ho ¢,

This functor is right-exact and satisfies Go F = G on J-projective objects of T.

Now suppose that G is J-exact. Then we get Go F = G for all objects of T because this
holds for J-projective objects. We claim that G is exact. Let A €€ €. Since € has enough
projective objects, we can find a projective resolution of A. We may assume this resolution to
have the form F(P,) with P, €€ Ho(PB5) because F(P5) = PC. Lemma 4 yields that P, is
J-exact except in degree 0. Since J C ker G, the chain complex P, is ker G-exact in positive
degrees as well, so that G(P,) is exact except in degree 0 by Lemma 4. As a consequence,
L,G(A) = 0 for all p > 0. We also have LyG(A) = G(A) by construction. Thus G is exact.

As aresult, G factors as G = Go F for an exact functor G: € — €', It is clear that G is
stable. Finally, since € has enough projective objects, a functor on € is determined up to natural
equivalence by its restriction to projective objects. Therefore, our factorisation of G is unique
up to natural equivalence. Thus F is the universal J-exact functor. O

Remark 9. Let '€ C B¢ be some subcategory such that any object of € is a quotient of a
direct sum of objects of p’€. Equivalently, (B'¢)q = PE. Theorem 13 remains valid if we
only assume that F' is defined on '€ and that F o FT(A) 2 A holds for A €€ '€ because
both conditions are evidently hereditary for direct sums and retracts.

Theorem 14. In the situation of Theorem 13, the functors F and F restrict to equivalences of
categories Py = P& inverse to each other.
An object A €€ ¥ is J-projective if and only if F (A) is projective and

¢(F(A),F(B)) ~%(A,B)

for all B ec ; following Ross Street [36], we call such objects F-projective. F(A) is projective
if and only if there is an J-equivalence P — A with P €€ L35.

The functors F and F induce bijections between isomorphism classes of projective resolu-
tions of F(A) in € and isomorphism classes of J-projective resolutions of A €€ T in X.

IfG: T — € is any (stable) homological functor, then there is a unique right-exact (stable)
functor G: € — & such that Go F(P) = G(P) for all P €€ P5.

The left derived functors of G with respect to J and of G are related by natural isomorphisms
L,GoF(A) =L,G(A) for all A €€ T, n € N. There is a similar statement for cohomological
functors, which specialises to natural isomorphisms

Extt 5(A, B) = Extg (F(A),F(B)).

Proof. We have already seen during the proof of Theorem 13 that F restricts to an equivalence

of categories Py —> PE, whose inverse is the restriction of F, and that ¢(F(A),F(B)) =
%(A,B) for all A € P, B €€ PC.

Conversely, if A is F-projective in the sense of Street, then A is J-projective because already
T(A,B) = C(F(A),F(B)) forall B €€ T yields A = F' o F(A), so that A is J-projective; notice
that the projectivity of F(A) is automatic.

Since F maps J-equivalences to isomorphisms, F(A) is projective whenever there is an
J-equivalence P — A with J-projective P. Conversely, suppose that F(A) is J-projective. Let
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Py — A be a one-step J-projective resolution. Since F(A) is projective, the epimorphism
F(Py) — F(A) splits by some map F(A) — F(Fy). The resulting map F(Py) — F(A) — F(Py)
is idempotent and comes from an idempotent endomorphism of Py because F is fully faithful
on ‘B5. Its range object P exists because we require idempotent morphisms in € to split. It
belongs again to P, and the induced map F(P) — F(A) is invertible by construction. Hence
we get an J-equivalence P — A.

If C, is a chain complex over T, then we know already from Lemma 4 that C, is J-exact
if and only if F(C,) is exact. Hence F maps an J-projective resolution of A to a projective
resolution of F(A). Conversely, if Po — F(A) is any projective resolution in €, then it is of the
form F(P.) — F(A) where P, := FT(P,) and where we get the map B — A by adjointness
from the given map Py — F(A). This shows that F induces a bijection between isomorphism
classes of J-projective resolutions of A and projective resolutions of F(A).

We have seen during the proof of Theorem 13 how a stable homological functor G: T — ¢’
gives rise to a unique right-exact functor G: € — @ that satisfies G o F(P) = G(P) for all
P €€ ;. The derived functors LL,G(F(A)) for A €€ T are computed by applying G to a
projective resolution of F(A). Since such a projective resolution is of the form F(P,) for
an J-projective resolution Py — A and since G o F = G on J-projective objects, the derived
functors L,G(A) and L,G(F(A)) are computed by the same chain complex and agree. The
same reasoning applies to cohomological functors and yields the assertion about Ext. O

Remark 10. The assumption that idempotents split is only needed to check that the universal
J-exact functor has the properties listed in Theorem 13. The converse directions of Theorem 13
and Theorem 14 do not need this assumption.

If ¥ has countable direct sums or countable direct products, then idempotents in ¥ auto-
matically split by [29, §1.3]. This covers categories such as KK because they have countable
direct sums.

3.2.9 Derived functors in homological algebra

Now we study the kernel Jy of the homology functor H, : Ho(¢;Z/p) — ¢%/P introduced
Example 6. We get exactly the same statements if we replace the homotopy category by its
derived category and study the kernel of H, : Det(C;Z/p) — €Z/P. We often abbreviate Jy
to H and speak of H-epimorphisms, H-exact chain complexes, H-projective resolutions, and so
on. We denote the full subcategory of H-projective objects in Ho(;Z/p) by Bg.

We assume that the underlying Abelian category € has enough projective objects. Then the
same holds for ¢%/7_ and we have 3(¢%/P) = (P€)%/P_ That is, an object of ¢%/ is projective
if and only if its homogeneous pieces are.

Theorem 15. The category Ho(€;Z/p) has enough H-projective objects, and the functor
H.: Ho(¢;Z/p) — C¢Z/P is the universal H-exact stable homological functor. Its restriction
to Py provides an equivalence of categories Py = mCZ/ P More concretely, a chain complex
in Ho(€;Z/ p) is H-projective if and only if it is homotopy equivalent to one with vanishing
boundary map and projective entries.

The functor Hy maps isomorphism classes of H-projective resolutions of A in Ho(€;Z/p)
bijectively to isomorphism classes of projective resolutions of H.(A) in CL/P. We have

Extiyo(e.2,/p) 3 (A B) = Extg (Hi(4), Hi(B)).

Let F: € — ¢ be some covariant additive functor and define
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F:Ho(¢;Z/p) — Ho(¢;Z/p)

by applying F entrywise. Then L,F(A) = L,F (H.(A)) for all n € N. Similarly, we have
R"F(A) = R"F (H.(A)) if F is a contravariant functor.

Proof. The category ¢Z/P has enough projective objects by assumption. We have already seen
in Example 13 that HL is defined on ‘BQZ/ P, this functor is denoted by j in Example 13. It is
clear that H, o j(A) = A for all A ec ¢Z/P_ Now Theorem 13 shows that H., is universal. We
do not need idempotent morphisms in Ho(&;Z/p) to split by Remark 10. O

Remark 11. Since the universal J-exact functor is essentially unique, the universality of
H,.: Der(&;Z/p) — ¢Z/P means that we can recover this functor and hence the stable
Abelian category ¢%/? from the ideal Jy C Det(€;7Z/p). That is, the ideal Jgy and the functor
H,: Det(C;Z/p) — €%/P contain exactly the same amount of information.

For instance, if we forget the precise category € by composing H, with some faithful
functor € — @', then the resulting homology functor Ho(€;Z/p) — €’ still has kernel Jy. We
can recover ¢Z/7 by passing to the universal J-exact functor.

We compare this with the situation for truncation structures ([2]). These cannot exist for
periodic categories such as Det(€;Z/p) for p > 1. Given the standard truncation structure on
Der(C), we can recover the Abelian category € as its core; we also get back the homology
functors H,, : Det(€) — € for all n € Z. Conversely, the functor H, : Der(¢) — ¢Z together
with the grading on ¢Z tells us what it means for a chain complex to be exact in degrees > 0 or
< 0 and thus determines the truncation structure. Hence the standard truncation structure on
Det(C) contains the same amount of information as the functor H, : ®et(¢) — &% together
with the grading on ¢Z.

3.3 Universal Coefficient Theorems

First we study the ideal Jk := kerK, C KK of Example 4. We complete our analysis of this
example and explain the Universal Coefficient Theorem for KK in our framework. We call
Jk-projective objects and Jk-exact functors briefly K-projective and K-exact and let Px C KK
be the class of K-projective objects.

Let lecz/ 2 C AB%/2 be the full subcategory of countable Z./2-graded Abelian groups. Since
the K-theory of a separable C*-algebra is countable, we may view K, as a stable homological

functor K, : KK — lecz/z.

Theorem 16. There are enough K-projective objects in KK, and the universal K-exact func-

tor is Ki: KK — Q[bCZ/ %, It restricts to an equivalence of categories between Py and the
full subcategory le?c/ 2 - lecZ/ 2 of Z./2-graded countable free Abelian groups. A separable
C*-algebra belongs to B if and only if it is KK-equivalent to @;c;, C D P;cj, Co(R) where
the sets Iy, Iy are at most countable.

If A e KK, then K, maps isomorphism classes of K-projective resolutions of A in KK

bijectively to isomorphism classes of free resolutions of K.(A). We have

Homy, 7> (K* (A),Kx (B)) forn=20;
Extyy 5, (A,B) = Q Ext} ., (Ki(A),Ki(B))  forn=1;
0 forn>2.
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Let F: KK — € be some covariant additive functor; then there is a unique right-exact
functor F lecz/z — Cwith F oK, = F. We have L,F = (L,F) oK, for all n € N; this vanishes
for n > 2. Similar assertions hold for contravariant functors.

Proof. Notice that Q(bCZ/ 2 C AbZ/? is an Abelian category. We shall denote objects of AbZ/2

by pairs (Ag,A1) of Abelian groups. By definition, (A¢,A;) €€ lefzc/ % if and only if Ag and A}
are countable free Abelian groups, that is, they are of the form Ag = Z[ly] and A} = Z[[;] for at
most countable sets Iy, ;. It is well-known that any Abelian group is a quotient of a free Abelian
group and that subgroups of free Abelian groups are again free. Moreover, free Abelian groups

/2

and any object

G ec leCZ/Z has a projective resolution of the form 0 — F; — Fy — G with Fy, F| €€ lefzc/z.

are projective. Hence le%c/ % is the subcategory of projective objects in lecz

This implies that derived functors on le?/ 2 only occur in dimensions 1 and 0.
As in Example 12, we see that KI is defined on lefZC/ 2 and satisfies

KI(Zllo), Z[h]) = DT PCo(R)

icly icl

if I, I are countable. We also have K, o KI (Z[I), Z[I]) = (Z[Ip],Z[I1]), so that the hypothe-
ses of Theorem 13 are satisfied. Hence there are enough K-projective objects and K is universal.
The remaining assertions follow from Theorem 14 and our detailed knowledge of the homolog-

ical algebra in 2Ab%/%. o

Example 14. Consider the stable homological functor

F:KK— 227 A—K.(A®B)

for some B €€ KK, where ® denotes, say, the spatial C*-tensor product. We claim that the

associated right-exact functor leCZ/ 2, QJ.bCZ /2 is

Fool? S awZ?, G GoK.(B).

It is easy to check F oK (G) = G® K, (B) = F(G) for G ec le‘:i/z. Since the functor G —
G ®K,(B) is right-exact and agrees with F' on projective objects, we get F(G) = G K. (B)

for all G ee leCZ/ % Hence the derived functors of F are

K. (A) @K« (B) for n =0,
L,F(A) = { Tor! (K.(A),K.(B)) forn=1;
0 forn > 2.

Here we use the same graded version of Tor as in the Kiinneth Theorem ([4]).
Example 15. Consider the stable homological functor
F: KK — 26”2 B+ KK.(A,B)

for some A €€ KK. We suppose that A is a compact object of KK, that is, the functor F
commutes with direct sums. Then KK, (A,KI(G)) =~ KK, (4,C) ® G for all G €€ le?c/z
because this holds for G = (Z,0) and is inherited by suspensions and direct sums. Now we get
F(G) 2 KK, (A,C)®G forall G € A6%/% as in Example 14. Therefore,
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KK, (A,C) ®K«(B) forn=0;
LL,F(B) = { Tor' (KK, (A,C),K.(B)) forn=1;
0 forn > 2.

Generalising Examples 14 and 15, we have F(G) 2 F(C) ® G and hence

F(C)®K«(B forn=0,
L,F (B) = (1)® () o
Tor! (F(C),K«(B)) forn=1,
for any covariant functor F': KK — € that commutes with direct sums.
Similarly, if F: KK°P — € is contravariant and maps direct sums to direct products, then
F(G) 2 Hom(G,F(C)) and

Hom (K. (B),F(C)) forn=0,

R'F(B) = {Extl (K«(B),F(C)) forn=1.

The description of Ext’l‘q(_jK in Theorem 16 is a special case of this.

3.3.1 Universal Coefficient Theorem in the hereditary case

In general, we need spectral sequences in order to relate the derived functors L, F back to F'.
Here we concentrate on the simple case where we have projective resolutions of length 1,
so that the spectral sequence degenerates to a short exact sequence. The following universal
coefficient theorem is very similar to but slightly more general than [3, Theorem 4.27] because
we do not require all J-equivalences to be invertible.

Theorem 17. Let T be a triangulated category and let I C T be a homological ideal. Let
A €€ T have an J-projective resolution of length 1. Suppose also that T(A,B) = 0 for all
J-contractible B. Let F: T — € be a homological functor, F: T — € a cohomological
functor, and B €€ X. Then there are natural short exact sequences

0 — LoFi(A) — F.(A) - L1F_1(A) — 0,
0—R'F1(A) - F*(A) = ROF*(A) — 0,
0 — Extk 5(ZA,B) — T(A,B) — Ext% 5(A,B) — 0.

Example 16. For the ideal Jx C KK, any object has a K-projective resolution of length 1 by
Theorem 16. The other hypothesis of Theorem 17 holds if and only if A satisfies the Universal
Coefficient Theorem (UCT). The UCT for KK(A,B) predicts KK(A,B) = 0 if K. (B) = 0.
Conversely, if this is the case, then Theorem 17 applies, and our description of Extgy 73, in
Theorem 16 yields the UCT for KK (A, B) for all B. This yields our claim.

Thus the UCT for KK (A, B) is a special of Theorem 17. In the situations of Examples 14
and 15, we get the familiar Kiinneth Theorems for K. (A ® B) and KK..(A, B). These arguments
are very similar to the original proofs (see [4]). Our machinery allows us to treat other situations
in a similar fashion.

Proof (of Theorem 17). We only write down the proof for homological functors. The cohomo-
logical case is dual and contains ¥(.,B) as a special case.

Let0— P LN o)) &, A be an J-projective resolution of length 1 and view it as an J-exact
chain complex of length 3. Lemma 5 yields a commuting diagram
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Sy ~
Pp——=P—>4
o

5 v

Pp——P——A,

such that the top row is part of an J-exact, exact triangle P, — Py — A — ZP; and « is an
J-equivalence. We claim that « is an isomorphism in ¥.

We embed o in an exact triangle £~1B — A 2 A i B. Lemma 2 shows that B is
J-contractible because o is an J-equivalence. Hence T(A, B) = 0 by our assumption on A. This
forces B = 0, so that our exact triangle splits: A = A @ B. Then T(B,B) C T(A, B) vanishes as
well, so that B = 0. Thus « is invertible.

. . di .
We get an exact triangle in T of the form P, — Py LN A — X P because any triangle
isomorphic to an exact one is itself exact.
Now we apply F. Since F is homological, we get a long exact sequence

F.(8)

1(6
o EP) B B () — F(A) — Fay (P) £

Fo_1(P)— .
We cut this into short exact sequences of the form
coker (Fy(81)) — Fi(A) — ker(F,_1(8))).

Since coker F, (8 ) = LoFy(A) and ker F,.(8;) = L Fi(A), we get the desired exact sequence.
The map LF.(A) — F.(A) is the canonical map induced by &. The other map Fi(A) —
L F,._1(A) is natural for all morphisms between objects with an J-projective resolution of
length 1 by Proposition 7. O

The proof shows that — in the situation of Theorem 17 — we have
Ext} 5(A,B) = T/3(A,B),  Exty;(A,B)=J(A XB).

More generally, we can construct a natural map J(A,XB) — Ext}zj (A, B) for any homological
ideal, using the J-universal homological functor F: ¥ — €. We embed f € J(A,XB) in an
exact triangle B — C — A — XB. We get an extension

[F(B) — F(C) — F(A)] €€ Extg (F(A),F(B))

because this triangle is J-exact. This class k(f) in Exty (F(A),F(B)) does not depend on
auxiliary choices because the exact triangle B — C — A — X B is unique up to isomorphism.
Theorem 14 yields Extlij(A,B) =~ Extl (F(A),F(B)) because F is universal. Hence we geta
natural map

K: J(A,ZB) — Extk 5(4,B).

We may view K as a secondary invariant generated by the canonical map
T(A,B) — Ext% (A, B).

For the ideal Jg, we get the same map k as in Example 4.

An Abelian category with enough projective objects is called hereditary if any subobject
of a projective object is again projective. Equivalently, any object has a projective resolution of
length 1. This motivates the following definition:
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Definition 42. A homological ideal J in a triangulated category ¥ is called hereditary if any
object of ¥ has a projective resolution of length 1.

If 7 is hereditary and if J-equivalences are invertible, then Theorem 17 appliesto all A ec ¥
(and vice versa).

Example 17. As another example, consider the ideal ¢ C KK for the group Z. Here the
family of subgroups only contains the trivial one. Theorem 7 shows that Theorem 17 applies to
all objects of KKZ. The resulting extensions are equivalent to the Pimsner—Voiculescu exact
sequence. To see this, first cut the latter into two short exact sequences involving the kernel
and cokernel of ., — 1. Then notice that the latter coincide with the group homology of the
induced action of Z on K. (A).

3.3.2 The Adams resolution

Let J be an ideal in a triangulated category and let I3 be its class of projective objects. We assume
that J has enough projective objects. Let A €€ ¥. Write A = By and let XB; — Py — By — B}
be a one-step J-projective resolution of A = By. Similarly, let ¥B, — P; — B; — B; be a one-
step J-projective resolution of B. Repeating this process we obtain objects B, €€ ¥, P, € 3
for n € N with Bg = A and morphisms B! € J(By, Buy 1), T € T(Pu,By), 0 € T1 (Bus1,Pn)
that are part of distinguished triangles

n+1
B, “p, BB, B g, (12)

for all n € N. Thus the maps 7, are J-epic for all n € N. We can assemble these data in a
diagram

1 2 3
A=B, Bo B, B; B B B
tl«'o\ 2%} & (27} x [0%) \
¥ I4 Id
Py P P, e
called an Adams resolution of A. We also let
B = ;,10"'Oﬁ,?,1+123,,1~>3n

for all n > m (by convention, 3 = id). We have B, € 3"~"(B,,, By ), that is, B is a product
of n —m factors in J.

We are particularly interested in the maps B" := B}': A — B, for n € N. Taking a mapping
cone of B" we obtain a distinguished triangle

B, ¢, a Pl (13)

for each n, which is determined uniquely by 5" up to non-canonical isomorphism. Applying
the octahedral axiom (TR4) of [37] or, equivalently, [29, Proposition 1.4.12], we get maps
y,’,’“ : Gy — Cyy1 and vy, Gy — P, that are part of morphisms of distinguished triangles
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B, s,y P, (14)
J/EB;‘1+I \L,KZAI lﬁrl’l+l
o, Pa B!
IByy) — > Cya ——— A By
lvn J/ﬁn
o, T B!
Z:Bthl - Py By Bn+1
and of a distinguished triangle
0,0X T, Yr’xﬁl 2
P, Cp, —Cyy1 —= Py (15)

It follows by induction on n that C, € 3, for all n € N. Since " € 3" by construction, the
distinguished triangle (13) shows that p,,: C, — A is a one-step J"-projective resolution.

3.3.3 Spectral sequences from the Adams resolution

The Adams resolution gives rise to an exact couple and thus to a spectral sequence in a canonical
way (our reference for exact couples and spectral sequences is [21]). We let F: T — 20b be
a contravariant cohomological functor and define F"(A) := F(X"A) for n € Z. We define
Z x N-graded Abelian groups

Dy :=FP1(B)), E{?:=FPT(Py),
and homomorphisms

9= F*(BL_)): DP9 — Dy
R=F(mp): DY — EPY
K :=F*(ap): EV?T— Df“’q
of bidegree
degiy = (—1,1), deg j; = (0,0), degk; = (1,0).

Since F is cohomological, we get long exact sequences for the distinguished triangles (12).
This means that (D1, E},i1, j1,k;) is an exact couple. As in [21, Section XI.5] we form the
derived exact couples (D, E, iy, jr,k,) for r € N>y and let d, = j,k,: E, — E,. The map d,
has bidegree (r,1 —r) and the data (E,,d,) define a cohomological spectral sequence.

Now consider instead a covariant homological functor F': T — 2b.

Let F,(A) := F(Z"A) for n € Z and define Z x N-graded Abelian groups

1. 1.
Dpy = Fpiq(Bp), Epg = Fpiq(Pp)
and homomorphisms
1 1y. pl 1
ing =F(By™): Dy y =Dy g1
i1 . pl 1
=F(0p): Dpy —E, 4

kpg = Fu(mp): Ejy, — D),
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of bidegree
degi' = (1,—1),  degj' =(—1,0),  degk'=(0,0).

This is an exact couple because F is homological. We form derived exact couples (D", E",i", j" k")
for r € N> and let d” = j"k”. This map has bidegree (—r,r — 1), so that (E",d") is a homolog-
ical spectral sequence.
The boundary maps d'! and d; in the above spectral sequences are induced by the composi-
tion
Op =0y o XMy 1 ZPyy1 — Py

Letting 6_; := my: Py — A, we obtain a chain complex

A& p OSyp &s2p & 3p S
in ¥. This is an J-projective resolution of A.
Let F': ¥ — 2Ab be a covariant functor. By construction, we have

Epy = H, (Fy(Z°Pa,8)) = LypFpig(A).

Thus the second tableau of our spectral sequence comprises the derived functors of suspensions
of F.

We do not analyse the convergence of the above spectral sequence here in detail. In general,
we cannot hope for convergence towards F'(A) itself because the derived functors vanish if A is
J-contractible, but F(A) need not vanish. Thus we should replace F by ILF right away. Under
mild conditions, the spectral sequence converges towards LF.
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1 Introduction

These notes evolved from the lecture notes of a minicourse given in Swisk, the Sedano Winter
School on K-theory held in Sedano, Spain, during the week January 22-27 of 2007, and from
those of a longer course given in the University of Buenos Aires, during the second half of
2006. They intend to be an introduction to K-theory, with emphasis in the comparison between
its algebraic and topological variants. We have tried to keep as elementary as possible. Section
2 introduces K, for n < 1. Elementary properties such as matrix stability and excision are
discussed. Section 3 is concerned with topological K-theory of Banach algebras; its excision
property is derived from the excision sequence for algebraic K and K;. Cuntz’ proof of Bott
periodicity for C*-algebras, via the C*-Toeplitz extension, is sketched. In the next section we
review Karoubi-Villamayor K-theory, which is an algebraic version of K*P, and has some
formally similar properties, such as (algebraic) homotopy invariance, but does not satisfy
excision in general. Section 5 discusses KH, Weibel’s homotopy K-theory, which is introduced
in a purely algebraic, spectrum-free manner. Several of its properties, including excision,
homotopy invariance and the fundamental theorem, are proved. The parallelism between Bott
periodicity and the fundamental theorem for KH is emphasized by the use of the algebraic
Toeplitz extension in the proof of the latter. Quillen’s higher K-theory is introduced in Section
6, via the plus construction of the classifying space of the general linear group. This is the first
place where some algebraic topology is needed. The “décalage” formula K,XR = K,,_|R via
Karoubi’s suspension is proved, and some some of the deep results of Suslin and Wodzicki
on excision are discussed. Then the fundamental theorem for K-theory is reviewed, and its
formal connection to Bott periodicity via the algebraic Toeplitz extension is established. The
next section is the first of three devoted to the comparison between algebraic and topological
K-theory of topological algebras. Using Higson’s homotopy invariance theorem, and the
excision results of Suslin and Wodzicki, we give proofs of the C*- and Banach variants
of Karoubi’s conjecture, that algebraic and topological K-theory become isomorphic after
stabilizing with respect to the ideal of compact operators (theorems of Suslin-Wodzicki and
Wodzicki, respectively). Section 8 defines two variants of topological K-theory for locally

* Work for this notes was partly supported by FSE and by grants PICT03-12330, UBACyT-
X294, VA091A05, and MTMO00958.
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convex algebras: KV4 and KD which are formally analogue to KV and KH. Some of their
basic properties are similar and derived with essentially the same arguments as their algebraic
counterparts. We also give a proof of Bott periodicity for KD of locally convex algebras
stabilized by the algebra of smooth compact operators. The proof uses the locally convex
Toeplitz extension, and is modelled on Cuntz’ proof of Bott periodicity for his bivariant K-
theory of locally convex algebras. In Section 9 we review some of the results of [13]. Using
the homotopy invariance theorem of Cuntz and Thom, we show that KH and KD agree on
locally convex algebras stabilized by Fréchet operator ideals. The spectra for Quillen’s and
Weibel’s K-theory, and the space for Karoubi-Villamayor K-theory are introduced in Section
10, where also the primary and secondary characters going from K-theory to cyclic homology
are reviewed. The technical results of this section are used in the next, where we again deal with
the comparison between algebraic and topological K-theory of locally convex algebras. We
give proofs of the Fréchet variant of Karoubi’s conjecture (due to Wodzicki), and of the 6-term
exact sequence of [13], which relates algebraic K-theory and cyclic homology to topological
K-theory of a stable locally convex algebra.

2 The groups K, for n < 1.

Notation. Throughout these notes, A, B,C will be rings and R, S, T will be rings with unit.

2.1 Definition and basic properties of K; for j =0, 1.

Let R be a ring with unit. Write M, R for the matrix ring. Regard M,R C M1 R via

a— {88} (1)
Put -
MR = | MR

n=1
Note MR is a ring (without unit). We write Idem, R and Idem.R for the set of idempotent
elements of M,,R and M.R. Thus

MR O Ideme.R = | ] Idem,R.

n=1

We write GL,R = (M,R)* for the group of invertible matrices. Regard GL,R C GL,,+ R via

0
e [31]
Put .
GLR:= | J GL,R.
n=1

Note GLR acts by conjugation on MR, Idem«R and, of course, GLR.
For a,b € MR there is defined a direct sum operation
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61171 O a1’2 0 a1‘3 0
0 by 0 bip 0 by3...
adb:= az | 0 appy O a3 0 ...|- 2

We remark that if a,b € MR then a® b € Mp,R and is conjugate, by a permutation matrix, to
the usual direct sum

a0

0b|"

One checks that @ is associative and commutative up to conjugation. Thus the coinvariants
under the conjugation action

I(R) := ((IdemeR)GLR, ©)
form an abelian monoid.

Exercise 2.1.1. The operation (2) can be described as follows. Consider the decomposition
N = Ny UN;j into even and odd positive integers; write ¢; for the bijection ¢; : N — N;,
¢i(n) =2n—1ii=0,1. The map ¢; induces an R-module monomorphism

o; ‘RN = @R — RMN) R<N), €n > €, (n)-

n=1

We abuse notation and also write ¢; for the matrix of this homomorphism with respect to the
canonical basis and ¢/ for its transpose. Check the formula

abb= (i)oa(bé + (Pla(l){.

Observe that the same procedure can be applied to any decomposition N = Nj LIN} into
two infinite disjoint subsets and any choice of bijections ¢l~’ :N— N;-, to obtain an operation
D¢’ 1 MR X MR — MwR. Verify that the operation so obtained defines the same monoid
structure on the coinvariants (MwR)GLg, and thus also on I(R).

Lemma 2.1.2. Let M be an abelian monoid. Then there exist an abelian group M and a
monoid homomorphism M — M™ such that if M — G is any other such homomorphism, then
there exists a unique group homomorphism M™ — G such that

M— Mt

\
G
commutes.
Proof. LetF = ZM) be the free abelian group on one generator e, for each m € M, and let

S C F be the subgroup generated by all elements of the form e, + e, — €, +m,. One checks
that M = F /S satisfies the desired properties. O

Definition 2.1.3.

Ko(R) :=I(R)*
GLR

Ki(R) = IR LR

= (GLR)p-

Here [,] denotes the commutator subgroup, and the subscript 4, indicates abelianization.
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Propostion 2.1.4. (see [44, Section 2.1])
o [GLR,GLR] = ER :=< l+ae;j:a € R,i # j >, the subgroup of GLR generated by

elementary matrices.
o If a € GL,R then

{ ((J)t a(il } € EyR (Whitehead’s Lemma).
(Here Ey,R = ERNGLy,R). O
As a consequence of Whitehead’s lemma above, if § € GL,R, then
af 0
ofl =
Sk
aO0|[B O
1580 5"] <3>

=a®f -modER.

Exercise 2.1.5. Let R be a unital ring, and let ¢’ and @¢ be as in Exercise 2.1.1. Prove that
@' and @ define the same operation in K| (R), which coincides with the product of matrices.

Let r > 1. Then

Pr = lyxr € IdemR.
Because p, @ ps = pr+s, the assignment r — p, defines a monoid homomorphism N — /(R).
Applying the group completion functor we obtain a group homomorphism

Z =Nt = I(R)" = KoR. c)]
Similarly, the inclusion R* = GL|R C GLR induces a homomorphism
R, — K|R. 5)

Example 2.1.6. If F is a field, and e € Idem..F is of rank r, then e is conjugate to p,; moreover
pr and py are conjugate <= r =s. Thus (4) is an isomorphism in this case. Assume more
generally that R is commutative. Then (4) is a split monomorphism. Indeed, there exists a
surjective unital homomorphism R — F onto a field F; the induced map Ko(R) — Ko(F) =7
is a left inverse of (4). Similarly, for commutative R, the homomorphism (5) is injective, since
it is split by the map det : K;R — R* induced by the determinant.

Example 2.1.7. The following are examples of rings for which the maps (4) and (5) are
isomorphisms (see [44, Ch.1§3, Ch.2§2,83]): fields, division rings, principal ideal domains and
local rings. Recall that a ring R is a local ring if the subset R\R* of noninvertible elements is
an ideal of R. For instance if k is a field, then the k-algebra k[€] := k @ ke with €2 = 0 is a local
ring. Indeed k[e]* = k* + ke and k[e]\k[e]" = ke <k[e].

Example 2.1.8. Here is an example of a local ring involving operator theory. Let H be a
separable Hilbert space over C; put 2 = Z(H) for the algebra of bounded operators. Write
A C A for the ideal of compact operators, and .% for that of finite rank operators. The
Riesz-Schauder theorem from elementary operator theory implies thatif A € C* and T € %
then there exists an f € .% such that A + T + f is invertible in 4. In fact one checks that if
F CIC X is an ideal of & such that T € [ then the inverse of A + T + f is again in C® 1.
Hence the ring
R ] = (C D 1 / 9
is local, and thus Ko (R;) = Z.
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Remark 2.1.9. (Ky from projective modules) In the literature, Ky of a unital ring is often defined
in terms of finitely generated projective modules. This approach is equivalent to ours, as we
shall see presently. If R is a unital ring and e € Idem,,R, then left multiplication by e defines a
right module homomorphism R"” = R**! — R" with image eR". Similarly (1 —e)R" C R" is a
submodule, and we have a direct sum decomposition

R'=eR"® (1 —e)R".

Hence eR" is a finitely generated projective module, as it is a direct summand of a finitely
generated free R-module. Note every finitely generated projective right R-module arises in
this way for some n and some e € Idem,R. Moreover, one checks that if e € Idem,R and
f € Idem,,R, then the modules eR" and fR™ are isomorphic if and only if the images of ¢ and
f in IdemoR define the same class in I(R) (see [44, Lemma 1.2.1]). Thus we have a natural
bijection from the monoid /(R) to the set P(R) of isomorphism classes of finitely generated
projective modules; further, one checks that the direct sum of idempotents corresponds to the
direct sum of modules. Hence the monoids I(R) and P(R) are isomorphic, and therefore they
have the same group completion:

Additivity.

If Ry and R; are unital rings, then Mo (R| X Ry) — MwR]| X MwR; is an isomorphism. It follows
from this that the natural map induced by the projections R; X R, — R; is an isomorphism:

Kj(R]XRz)—)KjR]@Kij (j=0,1).

Application: extension to nonunital rings.

If A is any (not necessarily unital) ring, then the abelian group A = A ® Z equipped with the
multiplication
(a+n)(b+m) :=ab+nm (a,b €A, nymeZ) (6)

is a unital ring, with unit element 1 € Z, and A — Z, a+n — n, is a unital homomorphism. Put
Kj(A) :=ker(K;A — K;Z)  (j=0,1).

If A happens to have a unit, we have two definitions for K;A. To check that they are the same,
one observes that the map

A—AXZ, a+n (a+n-1,n) @)

is a unital isomorphism. One verifies that, under this isomorphism, A — Z identifies with the
projection A x Z — Z, and ker(K;(A) — K;Z) with ker(K;A & K;Z — K;Z) = KA. Note that
the same procedure works to extend any additive functor of unital rings unambiguously to all
rings.

Notation. We write 2ss for the category of rings and ring homomorphisms, and 2ss; for the
subcategory of unital rings and unit preserving ring homomorphisms.
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Remark 2.1.10. The functor GL : 2ss; — &tp preserves products. Hence it extends to all rings
by

GL(A) := ker(GL(A) — GLZ)
It is a straightforward exercise to show that, with this definition, GL becomes a left exact
functor in Ass; thus if A< B is an ideal embedding, then GL(A) = ker(GL(B) — GL(B/A)). It
is straightforward from this that the group KA defined above can be described as

KA = GL(A)/E(A)NGL(A) (8)

A little more work shows that E(A) NGL(A) is the smallest normal subgroup of E(A) which
contains the elementary matrices 1 +ae; j with a € A (see [44, 2.5]).

Matrix stability.

Let R be a unital ring and n > 2. A choice of bijection ¢ : N x N<, =2 N gives a ring isomorphism
¢ : Moo (MyR) = M. (R) which induces, for j = 0,1, a group isomorphism ¢; : K;(M,R) = K;R.
Next, consider the decomposition N = N UN|, Nj = ¢(Nx {1}), N| = ¢(Nx N, \N x {1}).
Setting yp : N — N, yo(m) = ¢ (m, 1) and choosing any bijection y; : N — N/, we obtain, as
in Exercise 2.1.1, a direct sum operation @y : MR X MR — MoR. Set 1 : R— MyR, 1+ reqy.
The composite of M1 followed by the isomorphism induced by ¢ is the map sending

€ j(r) = egin),e(,1) (1) = €ij(r) Dy 0. (€]

By Exercise 2.1.1 the latter map induces the identity in K. Moreover, one checks that (9)
induces the map GL(M,R) — GL(M,R), g — g ®y 1, whence it also gives the identity in K,
by Exercise 2.1.5. It follows that, for j = 0, 1, the map

Kj(l) :Kj(R) —>Kj(M,,R)

is an isomorphism, inverse to ¢;. Starting with a bijection ¢ : N x N — N and using the same
argument as above, one shows that also

K;j(1) : Kj(R) — K;(MeR)
is an isomorphism.
Nilinvariance for K.

If I<R is a nilpotent ideal, then Ko(R) — Ko(R/I) is an isomorphism. This property is a
consequence of the well-known fact that nilpotent extensions admit idempotent liftings, and
that any two liftings of the same idempotent are conjugate (see for example [3, 1.7.3]). Note
that K| does not have the same property, as the following example shows.

Example 2.1.11. Let & be a field. Then by 2.1.7, K| (k[e]) = k* + ke and K| (k) = k*. Thus
k€] — k[e]/ek[e] = k does not become an isomorphism under K.

Example 2.1.12. Let A be an abelian group; make it into a ring with the trivial product:
ab =0Va,b € A. The map A — GL|A, a — 1 +a is an isomorphism of groups, and thus
induces a group homomorphism A — KA. We are going to show that the latter map is an
isomorphism. First of all, it is injective, since GL{(A) — K (A) is (by 2.1.6) and since by
definition, KA C K;(A). Second, note that if € = 1 + ae;; is an elementary matrix with a € A
and g € GLA, then (eg);; = gij+a, and (€g) p.q = &p.q for (p,q) # (i, j). Thus g is congruent to
its diagonal in KA. But by Whitehead’s lemma, any diagonal matrix in GL(A) is K| -equivalent
to its determinant (see (3)). This shows that A — KA is surjective, whence an isomorphism.
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Remark 2.1.13. The example above shows that K is no longer matrix stable when extended to
general nonunital rings. In addition, it gives another example of the failure of nilinvariance for
K of unital rings. It follows from 2.1.11 and 2.1.12 that if k£ and € are as in Example 2.1.11,
then K (ke) = ker(K| (k[g]) — K| (k)). In 2.4.4 below, we give an example of a unital ring T
such that ke is an ideal in T, and such that ker(T — T /ke) = 0.

Exercise 2.1.14. Prove that Ky and K| commute with filtering colimits; that is, show that
if 7 is a small filtering category and A : I — Uss is a functor, then for j = 0,1, the map
colimy K;A; — Kj(colimyA;) is an isomorphism.

2.2 Matrix-stable functors.

Definition 2.2.1. Let € C RUss be a subcategory of the category of rings, S : € — € a functor,
and y: 1¢ — S a natural transformation. If ® is any category, F : € — ® a functor and A € C,
then we say that F is stable on A with respect to (S,7) (or S-stable on A, for short) if the map
F(ys):F(A) — F(S(A)) is an isomorphism. We say that F is S-stable if it is stable on every
Aecc

Example 2.2.2. We showed in Section 2.1 that Kj is M}, and even M.-stable on unital rings; in
both cases, the natural transformation of the definition above is r +— rej.

Exercise 2.2.3. Let F : Ass — b be a functor and A a ring. Prove:
i) The following are equivalent:

e Foralln,p € N, F is M,-stable on M,A.
e For all n € N, F is M,-stable on M,A

In particular, an M;-stable functor is Mj,-stable, for all .
ii) If F is M-stable on both A and M,A, then F is M,-stable on A. In particular, if F is
M..-stable, then it is M,,-stable for all n.

Lemma 2.2.4. Let F : Ass — D be a functor, and A € Uss. Assume F is My-stable on both A
and M»A. Then the inclusions 19,1; : A — MrA

1o(a) = aeyq, 11(a) =aexn
induce the same isomorphism FA — FM,A.

Proof. Consider the composites jo = 1M, o 1g and j; = 19M> o 11, and the matrices

0100 0010
1000 1000

n=1oo010|" B |0100|EHZ
0001 0001

Conjugation by J; induces an automorphism o; of MyA = M>M>A of order i such that
cijo=h  (i=23).

Since F(jo) is an isomorphism, and the orders of 6, and o3 are relatively prime, it follows that
F(02) = F(03) = 1 p(u,4) and hence that F (jo) = F(j1) and F(19) = F(11). O
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Exercise 2.2.5. Let F and A be as in Lemma 2.2.4. Assume in addition that © and F are
additive. Consider the map

diag: A x A — M>A, diag(a,b) = {g 2} .

Prove that the composite

FA) @ F(A) = F(AxA) "% piana) "0L pa

is the codiagonal map (i.e. it restricts to the identity on each copy of F(A)).

Propostion 2.2.6. Let F and A be as in Lemma 2.2.4, A C B an overring, and V,W € B elements
such that
WA,AV C A, aVWd =ad (a,d €A).

Then
o"V A A a— Wav

is a ring homomorphism, and
F(0"") = 1.

Proof. We may assume that B is unital. Consider the elements V@& 1 and W & 1 € M>B. The
hypothesis guarantee that both ¢ := ¢""W and ¢’ := ¢VELVEL . M, A — M, A are well-defined
ring homomorphisms. Moreover, ¢'1; = 1; and ¢'1y = 19¢. It follows that F(¢’) and F(¢) are
the identity maps, by Lemma 2.2.4. O

Exercise 2.2.7.
i) Let R be a unital ring and L a free, finitely generated R-module of rank n. A choice of
basis B of L gives an isomorphism ¢ = ¢ : M,R — EndgL. Use 2.2.6 to show that K;(¢) is
independent of the choice of B (j =0,1).
ii) Assume R is a field. If e € EndgL is idempotent, then 1, : R — EndgL, x — xe is a ring
monomorphism. Show that if e € EndgL is of rank 1, then K;(1.) = K;(¢1). In particular,
K;(1.) is independent of the choice of the rank-one idempotent e.
iii) Let H and .% be as in Example 2.1.8. If V. C W C H are finite dimensional subspaces and
U =V NW then the decomposition W =V @ U induces an inclusion End¢(V) C Endg (W).
Show that

Z= |J Endg(V)

dimV <o

iv) Prove that if e € . is any self-adjoint, rank-one idempotent, then the inclusion C — .#,
x — xe, induces an isomorphism K ;(C) =K (#). Show moreover that this isomorphism is
independent of the choice of e.

2.3 Sum rings and infinite sum rings.

Recall from [53] that a sum ring is a unital ring R together with elements o, B;, i = 0,1 such
that the following identities hold

opfo =0y =1
Booo +Prog =1 (10)
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If R is a sum ring, then

BH:RxXR—R, (1
(a,b) — aBb = Boaag + Brboy
is a unital ring homomorphism. An infinite sum ring is a sum ring R together with a unit
preserving ring homomorphism oo : R — R, a — a™ such that
aBa” =a” (a €R). (12)

Propostion 2.3.1. Let ® be an additive category, F : Uss — ® a functor, and R a sum ring. As-
sume that the sum of projection maps Y= Fmy+ Fm : F(R X R) — FR® FR is an isomorphism,
and that F is M»-stable on both R and MR. Then the composite

v! F(8)
F(R)®F(R) —— F(RxR) ————> F(R)

is the codiagonal map; that is, it restricts to the identity on each copy of F(R). If moreover R is
an infinite sum ring, then F(R) = 0.

Proof. Let jo,j1: R— R xR, jo(x) = (x,0), j1(x) = (0,x). Note that y~! = F jo + F j;. Be-
cause F' is M-stable on both R and MaR, F(B)F (ji) = 1F(g), by Proposition 2.2.6. Thus

F(8) oy~ is the codiagonal map, as claimed. It follows that if o, 8 : R — R are homomor-
phisms, then Fa+ Ff3 = F(B(a, 8)). In particular, if R is an infinite sum ring, then

F(oo) +1p(r) = F(2) + F(1r) = F(BB(o0, 1)) = F ().
Thus 1p(gy = 0, whence F(R) = 0. O
Example 2.3.2. Let A be a ring. Write I'A for the ring of all N x N matrices a = (a; j); j>1

which satisfy the following two conditions:

i) The set {a;;,i,j € N} is finite.

ii) There exists a natural number N € N such that each row and each column has at most N

nonzero entries.

It is an exercise to show that I'A is indeed a ring and that M., A C I'A is an ideal. The ring I'A
is called (Karoubi’s) cone ring; the quotient XA := ['A/MwA is the suspension of A. A useful
fact about I" and X is that the well-known isomorphism Me.Z ® A = M.A extends to I, so that
there are isomorphisms (see [12, 4.7.1])

I'7Z9ASTAand ZZQA = ZA. (13)

Let R be a unital ring. One checks that the following elements of I'R satisfy the identities (10):
=Y eir. Bo=Y exi, =Y eir1, and By=Y ey 1,
i=1 i=1 i=1 i=1

Let a € I'R. Because the map N x N — N, (k,i) — 2k+1i 4 2k _ 1, is injective, the following
assignment gives a well-defined, N x N-matrix

9=(a) =Y BiPoacpoy =Y €okttjyok_ okt jiok_| @di,j. (14)
k=0 ki

One checks that a; By = opf; = 0 and ocoocfﬁljﬁo = §;;. It follows from this that ¢*° is a ring
endomorphism of I'R; it is straightforward that (12) is satisfied too. In particular K,I'R = 0 for
n=0,1.
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Exercise 2.3.3. Let A be a ring. If m = (m; ;) is an N x N-matrix with coefficients in A, and
X € Mu,A, then both m - x and x - m are well-defined N x N-matrices. Put

TA = {m € My NA : m-MowA C MwA D MoA -m}. (15)

Prove

i) I'’A consists of those matrices in My A having finitely many nonzero elements in each
row and column. In particular, I" ‘A > TA.

ii) The usual matrix sum and product operations make I” A into a ring.

iii) If R is a unital ring then I'’R is an infinite sum ring.

Remark 2.3.4. The ring I” ‘A is the cone ring considered by Wagoner in [53], where it was
denoted ¢A. The notion of infinite sum ring was introduced in loc. cit., where it was also shown
that if R is unital, then 'R is an example of such a ring.

Exercise 2.3.5. Let F : 2ss — 2b be a functor. Assume F is both additive and M,-stable for
unital rings and for rings of the form MR, with R unital. Show that if R is a unital ring, then
the direct sum operation (2), induces the group operation in F (M«R), and that the same is true
of any of the other direct sum operations of 2.1.1.

Exercise 2.3.6. Let 28 and H be as in Example 2.1.8. Choose a Hilbert basis {¢;};>; of H, and
regard A as a ring of N x N matrices. With these identifications, show that 4 O I"C. Deduce
from this that 4 is a sum ring. Further show that (14) extends to %, so that the latter is in fact
an infinite sum ring.

2.4 The excision sequence for K, and K.

A reason for considering Ky and K as part of the same theory is that they are connected by a
long exact sequence, as shown in Theorem 2.4.1 below. We need some notation. Let

0—-A—-B—=C—0 (16)

be an exact sequence of rings. If § € M,,B maps to an invertible matrix g € GL,C and §* maps
-1
to g™, then

Ak 286—-88"¢ 88" -1
h=h(2,8") :H_;‘;‘fgg 5o } (17
J1g 1 0] [1g] [o-1 8 .

Note that /1 maps to diag(g,g~') € GLy,(C). Thus hp,h~" maps to p,, whence hp,h~! — p, €
M, A and hp,h~' € M>,A. Put
9(8.8") = [hpah™"] — [pn] € ker(Ko(A) — KoZZ) = KoA (18)
Theorem 2.4.1. If (16) is an exact sequence of rings, then there is a long exact sequence
KiA —— KiB—— K| C
|
KoC =—— KoB <—— KpA

The map 0 sends the class of an element g € GL,,C to the class of the element (18); in particular
the latter depends only on the Ki-class of g.
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Proof. (Sketch) The exactness of the top row of the sequence of the theorem is straightforward.
Putting together [44, Thms. 1.5.5, 1.5.9 and 2.5.4] we obtain the theorem for those sequences
(16) in which B — C is a unital homomorphism. It follows that we have a map of exact
sequences

K\B K,C KoA KoB KoC
K7 —— K\Z ——> () —— KyZ —— KyZ

Taking kernels of the vertical maps, we obtain an exact sequence

KB K,C KopA KoB KoC

It remains to show that the map K|C — KpA of this sequence is given by the formula of the
theorem. This is done by tracking down the maps and identifications of the proofs of [44, Thms.
1.5.5, 1.5.9 and 2.5.4] (see also [40, §3,84]), and computing the idempotent matrices to which
the projective modules appearing there correspond, taking into account that B — C sends the
matrix # € GL,,B of (17) to the diagonal matrix diag(g,g’l) € GL,,C. O

Remark 2.4.2. In [44, 2.5.4], a sequence similar to that of the theorem above is obtained, in
which KjA is replaced by a relative K;-group K;(B : A), depending on both A and B. For
example if B — B/A is a split surjection, then ([44, Exer. 2.5.19])

Ki(B:A) =ker(K\B — K; (B/A))

The groups K| (B : A) and K} A are not isomorphic in general (see Example 2.4.4 below);
however their images in K; B coincide. We point out also that the theorem above can be deduced
directly from Milnor’s Mayer-Vietoris sequence for a Milnor square ([40, §4]).

The following corollary is immediate from the theorem.

Corollary 2.4.3. Assume (16) is split by a ring homomorphism C — B. Then KyA — KyB is
injective, and induces an isomorphism

K()A = ker(KoB — K()C)
Because of this we say that Ky is split exact.

Example 2.4.4. (Swan’s example [50]) We shall give an example which shows that K is not
split exact. Let k be a field with at least 3 elements (i.e. k # ;). Consider the ring of upper

triangular matrices
kk
T o)

with coefficients in k. The set I of strictly upper triangular matrices forms an ideal of 7',
isomorphic as a ring, to the ideal ke <k[€], via the identification € = e},. By Examples 2.1.11
and 2.1.12, ker(K| (k[e]) — K| (k)) = K| (ke) = ke, the additive group underlying k. If K| were
split exact, then also

Ki(T : 1) =ker(KiT — K;(k x k)) (19)

should be isomorphic to ke. However we shall see presently that K;(7 : I) = 0. Note that
T — k x k is split by the natural inclusion diag : k x k — T. Thus any element of K| (T :I) is
the class of an element in GL(k€), and by 2.1.11 it is congruent to the class of an element in
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GL, (ke) = 1+ ke. We shall show that if A € k, then 1+ A€ € [GL,T,GL,T]. Because we are
assuming that k # F», there exists p € k— {0, 1}; one checks that

e - [

Example 2.4.5. Let R be a unital ring. Applying the theorem above to the cone sequence

€ [GL,T,GL,T].

0— MwR—TR—XR—0 (20)

we obtain an isomorphism
K2R = KyR. @2n

Exercise 2.4.6. Use Corollary 2.4.3 to prove that all the properties of Ky stated in 2.1 for unital
rings, remain valid for all rings. Further, show that Ko(I"'A) = 0 for all rings A, and thus that
for any ring A, the boundary map gives a surjection

K1 ZA — KoA.

2.5 Negative K-theory.
Definition 2.5.1. Let A be a ring and n > 0. Put

K_pA := KyZ"A.

Propostion 2.5.2.
i) For n <0, the functors K,, : Uss — Ab are additive, nilinvariant and M-stable.
ii) The exact sequence of 2.4.1 extends to negative K-theory. Thus if

0—-A—-B—-C—0
is a short exact sequence of rings, then for n <0 we have a long exact sequence
K,A K,B K,C

|

Ky 1C<~— K, |\B<~—— K, 1A

Proof.

i) By (13), we have XA = XZ ® A. Thus X commutes with finite products and with M., and
sends nilpotent rings to nilpotent rings. Moreover, X is exact, because both M., and I" are.
Hence the general case of i) follows from the case n = 0, which is proved in Section 2.1.

ii) Consider the sequence
0—-A—B—-C—0

Applying X, we obtain
0—-XA—XB—XC—0

By (21), if D is any ring, then KyD = K1 ZD. Thus by 2.4.1 and 2.4.3, we get an exact sequence
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KoA ——— KoB® KoZ —— KoC D KoZ
|
K (C®K (Z<——K |B®K |Z<——K 1A
Splitting off the K;Z summands, we obtain
KoA KoB KoC

|

K {C<~—K B<——K_ A

This proves the case n = 0 of the proposition. The general case follows from this. O

Example 2.5.3. Let & be as in Example 2.1.8 and /<% a proper ideal. It is classical that
F C I C ¥ for any such ideal. We shall show that the map

Ko7 — Kol 22)

is an isomorphism; thus Ko/ = Ko.# = Z, by Exercise 2.2.7. As in 2.1.8 we consider the local
ring Ry = C@®1/.#. We have a commutative diagram with exact rows and split exact columns

0 F I 1.7 0
0 F Col R; 0
C C

By 2.1.8 and split exactness, Ko(I/.#) = 0. Thus the map (22) is onto. From the diagram
above, K (I/.%) — Ko.# factors through K (Ry) — Ko.%# . But it follows from the discussion
of Example 2.1.8 that the map K| (C&®1) — K (Ry) is onto, whence K| (R;) — Ky.% and thus
also K| (I/.#) — Ko.%, are zero. Thus (22) is an isomorphism.

Exercise 2.5.4. A theorem of Karoubi asserts that K_; (") = 0 [34]. Use this and excision to
show that K_; (I) = 0 for any operator ideal /.

Exercise 2.5.5. Prove that if n < 0, then the functor K, commutes with filtering colimits.

Remark 2.5.6. The definition of negative K-theory used here is taken from Karoubi-Villamayor’s
paper [37], where cohomological notation is used. Thus what we call K,A here is denoted
K™"A in loc. cit. (n < 0). There is also another definition, due to Bass [2]. A proof that the two
definitions agree is given in [37, 7.9].
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3 Topological K-theory

We saw in the previous section (Example 2.4.4) that K is not split exact. It follows from this
that there is no way of defining higher K-groups such that the long exact sequence of Theorem
2.4.1 can be extended to higher K-theory. This motivates the question of whether this problem
could be fixed if we replaced K; by some other functor. This is succesfully done in topological
K-theory of Banach algebras.

3.1 Topological K-theory of Banach algebras.

A Banach (C-) algebra is a C-algebra together with a norm || || which makes it into a Banach
space and is such that ||xy|| < [|x|| - ||y|| for all x,y € A. If A is a Banach algebra then its
C-unitalization is the unital Banach algebra

Ac=AaC

equipped with the product (6) and the norm ||a+ A|| := ||a|| 4 |A]|. An algebra homomorphism
is a morphism of Banach algebras if it is continuous. If X is a compact Hausdorff space and V is
any topological vectorspace, we write %' (X, V') for the topological vectorspace of all continuous
maps X — V. If A is a Banach algebra, then 4’ (X,A) is again a Banach algebra with norm
[|£]leo := sup, || £(x)]|- If X is locally compact, Xt its one point compactification, and V a
topological vectorspace, we write

V(X)=6(X,V) ={f € €(X",V): f(eo) = O}.

Note that if X is compact, V(X) = € (X,V). If A is a Banach algebra then A(X) is again
a Banach algebra, as it is the kernel of the homomorphism %’ (X*,A) — A, f +— f(co). For
example, A[0, 1] is the algebra of continous functions [0, 1] — A, and A(0, 1] and A(0, 1) are
identified with the ideals of A[0, 1] consisting of those functions which vanish respectively at
0 and at both endpoints. Two homomorphisms fy, f : A — B of Banach algebras are called
homotopic if there exists a homomorphism H : A — BJ0, 1] such that the following diagram
commutes.
B[0,1]

H \L (eV[) ,eV1 )

— BXB
(fo.f1)
A functor G from Banach algebras to a category ®© is called homotopy invariant if it maps
homotopic maps to equal maps.

Exercise 3.1.1. Prove that G is homotopy invariant if and only if for every Banach algebra A
the map G(A) — G(A[0, 1]) induced by the natural inclusion A C A[0, 1] is an isomorphism.

Theorem 3.1.2. ([44, 1.6.11]) The functor Ky : ((Banach Algebras)) — b is homotopy in-

variant.

Example 3.1.3. K| is not homotopy invariant. The algebra A := C|e] is a Banach algebra with
norm ||a + be|| = |a| + |b|. Both the inclusion 1 : C — A and the projection w: A — C are
homomorphisms of Banach algebras; they satisfy 71 = 1. Moreover the map H : A — A[0, 1],
H(a+ be)(t) = a+tbe is also a Banach algebra homomorphism, and satisfies evoH = 17,
eviH = 1. Thus any homotopy invariant functor G sends 1 and 7 to inverse homomorphisms;
since K; does not do so by 2.1.11, it is not homotopy invariant.
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Next we consider a variant of K| which is homotopy invariant.
Definition 3.1.4. Let R be a unital Banach algebra. Put
GLRy := {g € GLR: 3h € GL(R[0,1]) : h(0) = 1,h(1) = g}.
Note GL(R)g<GLR. The topological K of R is
K\°R = GLR/GL(R)o.

Exercise 3.1.5. Show that if we regard GLR = colim, GL,R with the weak topology inherited
from the topology of R, then K"’ R = my(GLR) = colim, m(GL,R). Then show that K|” is
homotopy invariant.

Note that if R is a unital Banach algebra, a € R and i # j, then 1 +tae; j € E(R[0,1]) is a
path connecting 1 to the elementary matrix 1+ ae; ;. Thus ER = [GL(R),GL(R)] C GL(R)o,
whence GL(R), is normal, and we have a surjection

KiR — K\"R. (23)
In particular, K:OP R is an abelian group.

Example 3.1.6. Because C is a field, K;C = C*. Since on the other hand C* is path connected,
we have K;OP(C =0.

Note that KIOP is additive. Thus we can extend K{Op to nonunital Banach algebras in the
usual way, i.e.
t top 5 t top &
K, PA :=ker(K,”" (Ac) — K,"’C) = K" (A¢)
Exercise 3.1.7. Show that if A is a (not necessarily unital) Banach algebra, then

K\®’A = GLA/GL(A)o.

Propostion 3.1.8. (/5, 3.4.4]) If R — S is a surjective unital homomorphism of unital Banach
algebras, then GL(R)y — GL(S)y is surjective. O

Let
0—-A—-B—-C—0 24)

be an exact sequence of Banach algebras. Then
0—-A—Bc—Cc—0

is again exact. By (23) and 3.1.8, the connecting map 9 : K; (C¢) — KoA of Theorem 2.4.1
sends ker(K; (Cc) — K;Op C) to zero, and thus induces a homomorphism

9 : KyPC — KoA.
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Theorem 3.1.9. The sequence
top top top
Ki"A——K"B——K|'C

J{a

K,C KoB KoA

is exact.
Proof. Straightforward from 2.4.1 and 3.1.8. O
Consider the exact sequences

0—A(0,1] = A[0,1] = A —0
0—A(0,1) - A(0,1] = A—0

Note moreover that the first of these sequences is split exact. Because Kj is homotopy invariant
and split exact, and because A (0, 1] is contractible, we get an isomorphism

KA = Ky(A(0,1)) (25)
Since also K;Op is homotopy invariant, we put
KyPA =K P(A(0,1)). (26)
Lemma 3.1.10. If (24) is exact, then
0—A(0,1) — B(0,1) - C(0,1) — 0
is exact too.

Proof. See [43, 10.1.2] for a proof in the C*-algebra case; a similar argument works for Banach
algebras. O

Taking into account the lemma above, as well as (25) and (26), we obtain the following corollary
of Theorem 3.1.9.

Corollary 3.1.11. There is an exact sequence
KPA —— KPB —— KyPC

|

K\®C<— KB <—K ™A

The sequence above can be extended further by defining inductively

KP A =Ky P(A(0,1)).
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3.2 Bott periodicity.
Let R be a unital Banach algebra. Consider the map B : Idem,R — GL,%,(S',R),
Ble)(z) =ze+1—e 27

This map induces a group homomorphism KyR — K{OP%O(SI7R) (see [5, 9.1]). If A is any
Banach algebra, we write 3 for the composite

KoA — Ko(Ac) £ K (%0(S" Ac))
= K;"C(0,1) @ K[PA(0,1) — K{A(0,1) = KP4 (28)
One checks that for unital A this defintion agrees with that given above.

Theorem 3.2.1. (Bott periodicity) ([5, 9.2.1]) The composite map (28) is an isomorphism.

Let (24) be an exact sequence of Banach algebras. By 3.1.11 we have a map 0 : K;QPC —
K §°pA. Composing with the Bott map, we obtain a homomorphism

9B : KoC — KA.
Theorem 3.2.2. If (24) is an exact sequence of Banach algebras, then the sequence
top top top
Ki*A—— K "B——K|"°C

aﬁT ia

K,C KoB KoA

is exact.

Proof. Immediate from Theorem 3.1.9, Corollary 3.1.11 and Theorem 3.2.1. 0

3.2.1 Sketch of Cuntz’ proof of Bott periodicity for C*-algebras.

([14, Sec. 2]) A C*-algebra is a Banach algebra A equipped with additive map * : A — A such
that (a*)* = a, (Aa)* = Aa*, (ab)* = b*a* and ||aa*|| = ||a||* (A € C, a,b € A). The Toeplitz
C*-algebra is the free unital C*-algebra 7 '°P on a generator ¢ subject to ocat* = 1. Since the
shift s : 2(N) — (2(N), s(e;) = 0, s(eiy1) = e; satisfies ss* = 1, there is a homomorphism
TP — B = ((*(N)). It turns out that this is a monomorphism, that its image contains the
ideal %, and that the latter is the kernel of the *-homomorphism .7'°? — C(S') which sends
o to the identity function S' — S!. We have a commutative diagram with exact rows and split
exact columns:

0 Vs I, P C(0,1) —=0 (29)
0 H Ftop C(s'y——0

C=——=C



112 Guillermo Cortifias

Here we have used the identification % (S!,C) = C(0,1), via the exponential map; %mp is
defined so that the middle column be exact. Write (§J = Qmin for the C*-algebra tensor product.

If now A is any C*-algebra, and we apply the functor A<§J to the diagram (29), we obtain
a commutative diagram whose columns are split exact and whose rows are still exact (by
nuclearity, see [54, Appendix T]).

0 ASw AR T® A(0,1) 0
0 A®H AG TP A(s") 0
A——A

The inclusion C C MoC C # = # ({*(N)), A — Aey 1 induces a natural transformation

1> X —; a functor G from C*-algebras to abelian groups is J# -stable if it is stable with
respect to this data in the sense of Definition 2.2.1. We say that G is half exact if for every exact
sequence (24), the sequence

GA — GB — GC

is exact.

Remark 3.2.3. In general, there is no precedence between the notions of split exact and half
exact. However a functor of C*-algebras which is homotopy invariant, additive and half exact
is automatically split exact (see [5, §21.4]).

The following theorem of Cuntz is stated in the literature for half exact rather than split exact
functors. However the proof uses only split exactness.

Theorem 3.2.4. ([14, 4.4]) Let G be a functor from C*-algebras to abelian groups. Assume
that

e G is homotopy invariant.
o G is J -stable.
o G is split exact.

Then for every C*-algebra A,

G(A® FP) =0.

Propostion 3.2.5. ([43, 6.4.1]) Ky is  -stable . O

It follows from the proposition above, (25), Cuntz’ theorem and excision, that the connecting

map d : K;Op (A(0,1)) — Ko(A A ) is an isomorphism. Further, one checks, using the explicit
formulas for § and 9 ((27), (18)), that the following diagram commutes
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d ~
K{PA(0,1) ——= Ky(A® %)

Ny

KoA

This proves that f is an isomorphism.

4 Polynomial homotopy and Karoubi-Villamayor K-theory

In this section we analyze to what extent the results of the previous section on topological
K-theory of Banach algebras have algebraic analogues valid for all rings. We shall not consider
continuous homotopies for general rings, among other reasons, because in general they do
not carry any interesting topologies. Instead, we shall consider polynomial homotopies. Two
ring homomorphisms fy, fi : A — B are called elementary homotopic if there exists a ring
homomorphism H : A — Blt] such that the following diagram commutes

Blr]

/ \L(evo,evl)

HB

(foof1)

Two homomorphisms f,g : A — B are homotopic if there is a finite sequence (fj)o<i<n of
homomophisms such that f = fy, f, = g, and such that for all i, f; is homotopic to f; ;. We
write f ~ g to indicate that f is homotopic to g. We say that a functor G from rings to a category
D is homotopy invariant if it maps the inclusion A — A[f] (A € 2ss) to an isomorphism. In
other words, G is homotopy invariant if it is stable (in the sense of 2.2.1) with respect to the
natural inclusion A — A[r]. One checks that G is homotopy invariant if and only if it preserves
the homotopy relation between homomorphisms. If G is any functor, we call a ring A G-regular
if GA — G(A[t1,. .. ,t,]) is an isomorphism for all n.

Example 4.1. Noetherian regular rings are Ky-regular [44, 3.2.13] (the same is true for all
Quillen’s K-groups, by a result of Quillen [42]; see Schlichting’s lecture notes [Sch1]) and
moreover for n < 0, K,, vanishes on such rings (by [44, 3.3.1] and Remark 2.5.6). If k is any
field, then the ring R = k[x,y]/ < y* — x> > is not Kq-regular (this follows from [55, 1.3.11 and
11.2.3.2]). By 2.1.6 and 2.1.11, the ring k[€] is not K -regular; indeed the K;-class of the element
1+ &t € k[e][t]* is a nontrivial element of ker(K| (k[€][t]) — K| (k[€])) = coker(K (k[€]) —
Ky (k[e][t]).

The Banach algebras of paths and loops have the following algebraic analogues. Let A be a
ring; let ev; : A[f] — A be the evaluation homomorphism (i = 0, 1). Put

PA :=ker(Alf] 2 A) (30)
QA :=ker(PAT} A) (31)

The groups GL( )o and K{Op have the following algebraic analogues. Let A be a unital ring. Put
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GL(A)y =Im(GLPA — GLA}
—{g e GLA:3h € GL(A[]) : h(0) = 1,h(1) = g}.

Set
KVjA := GLA/GL(A)y.

The group KV is the Ki-group of Karoubi-Villamayor [37]. It is abelian, since as we shall
see in Proposition 4.2 below, there is a natural surjection KjA — KV|A. Unlike what happens
with its topological analogue, the functor GL( );, does not preserve surjections (see Exercise
5.3.7 below). As a consequence, the KV -analogue of 2.4.1 does not hold for general short exact
sequences of rings, but only for those sequences (16) such that GL(B);; — GL(C);, is onto,
such as, for example, split exact sequences. Next we list some of the basic properties of KVy;
all except nilinvariance (due independently to Weibel [?] and Pirashvili [?]) were proved by
Karoubi and Villamayor in [37].

Propostion 4.2.

i) There is a natural surjective map KjA — KViA (A € Uss).

ii) The rule A — KV A defines a split-exact functor Ass — 2b.

iii) If (16) is an exact sequence such that the map GL(B) — GL(C)j, is onto, then the map
K C — KoA of Theorem 2.4.1 factors through KV|C, and the resulting sequence

KVIA —— KV|B —— KV|C

|

KoC KoB KoA

is exact.
iv)KV is additive, homotopy invariant, nilinvariant and Me-stable.

Proof. If (16) is exact and GL(B);, — GL(C);, is onto, then it is clear that
KViA — KV,B — KV,C (32)

is exact, and we have a commutative diagram with exact rows and columns

1 1 1 (33)
1 GLQA GLQB GLQC
1 GLPA GLPB GLPC
1 GLA GLB GLC

If moreover (16) is split exact, then each row in the diagram above is, and one checks, by
looking at this diagram, that GL(A); = GL(B);; N GL(A), whence KV;A — KV, B is injective.
Thus

0— KViA— KV|B— KV,C —0 34)
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is exact. In particular
KViA =ker(KV|A — KV| Z). (35)

If R is unital, then GL(R), D E(R), by the same argument as in the Banach algebra case
(23). In particular KV} R is abelian. This proves the unital case of i); the general case follows
from the unital one using (35). Thus the right split exact sequence (34) is in fact a split exact
sequence of abelian groups. It follows that KV is split exact, proving ii). Part iii) follows
from part i) and (32). The proof that KV| is M.-stable on unital rings is the same as the proof
that K is. By split exactness, it follows that KV is M.-stable on all rings. To prove that
KV is homotopy invariant, we must show that the split surjection evq : KV (A[f]) — KV A is
injective. By split exactness, its kernel is KV PA = GLPA/GL(PA);,, so we must prove that
GLPA C GL(PA);. But if ot(s) € GLPA, then f(s,) := a(st) € GLPPA and ev,—; () = a.
Thus homotopy invariance is proved. If (16) is exact and A is nilpotent, then PA and QA are
nilpotent too, whence all those maps displayed in diagram (33) which are induced by B — C
are surjective. Diagram chasing shows that GL(B); — GL(C)j, is surjective, whence by iii) we
have an exact sequence
KV]A — KVlB - KV]C —0

Thus to prove KV; is nilinvariant, it suffices to show that if A2 = 0 then KV;A = 0. But if
A2 =0, then the map H : A — Alt], H(a) = at is a ring homomorphism, and satisfies evoH = 0,
eviH = 14. Hence KV A = 0, by homotopy invariance. O

Consider the exact sequence
evy

0—-QA—PA—=A—0 (36)

By definition, GL(A){, = Im(GL(PA) — GL(A)). But in the course of the proof of Proposition
4.2 above, we have shown that GL(PA) = GL(PA)j,, so by 4.2 iii), we have a natural map

KVi(A) 2 Ko(QA). 37)

Moreover, (37) is injective, by 4.2 iii) and iv). This map will be of use in the next section.
Higher KV -groups are defined by iterating the loop functor Q:

KVui1(A) = KVi(Q"A).

Higher KV -theory satisfies excision for those exact sequences (16) such that for every n, the
map

{a € GL(B[r1,...,ta]) : a(0,...,0) = 1} — {& € GL(C[t1,....,ta]) : @(0,...,0) = 1}

is onto. Such sequences are usually called GL-fibration sequences (a different notation was
used in [37]). Note that if (16) is a GL-fibration, then GL(B){, — GL(C)j is surjective, and
thus 4.2 iii) applies. Moreover it is proved in [37] that if (16) is a GL-fibration, then there is a
long exact sequence (n > 1)

KVp 1B —> KV, |C ——> KV,,(A) — KV;,(B) — KV,(C).

5 Homotopy K-theory

5.1 Definition and basic properties of KH.

Let A be aring. Consider the natural map
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d: KQA - K,l.QA (38)

associated with the exact sequence (31). Since K_, = KoX”, we may iterate the construction
and form the colimit
KHyA := colimK_,QPA. (39)
p

Put

KHyQ"A (n>0)
KHoZ"A (n<0)
The groups KH.A are Weibel’s homotopy K-theory groups of A ([57],[12, 8.1.1]). One can
also express KH in terms of KV, as we shall see presently. We need some preliminaries first.
We know that K (S) = 0 for every infinite sum ring S; in particular KV (I'R) = 0 for unital R,
by 4.2 1). Using split exactness of KV1, it follows that KV I"A = 0 for every ring A. Thus the
dotted arrow in the commutative diagram with exact row below exists

KH,A := colimK_, Q" "PA = { (40)
p

K\(I'A) —— K| (ZA) —— Ky(A) ——=0
i .
KV|(ZA)
The map K;(XA) — KV|(ZA) is surjective by Proposition 4.2 i). Thus the dotted arrow above

is a surjective map
Ko(A) — KV (ZA). 41

On the other hand, the map (37) applied to XA gives
KVi(2A) 2 Ko(QZA) = Ko (EQA) = K_{ (QA) 42)

One checks, by tracking down boundary maps, (see the proof of [12, 8.1.1]) that the composite
of (41) with (42) is the map (38):

(38)

Ko(A) K_1(24) (43)

KV (ZA)
On the other hand, (42) followed by (41) applied to XQA yields a map
KVi(ZA) — KV (£2QA) = KV5(Z?A).
Iterating this map one obtains an inductive system; by (43), we get
KHy(A) = colimKV; (Z1Qra) = colimKV,(£"A)
and in general,
KHy(A) = colimKV; (zrtlQntra) = colimKV,,1.-(Z"A). (44)

Next we list some of the basic properties of KH, proved by Weibel in [57].

Theorem 5.1.1. ([57]) Homotopy K-theory has the following properties.
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i) It is homotopy invariant, nilinvariant and M..-stable.
ii) It satisfies excision: to the sequence (16) there corresponds a long exact sequence (n € Z)

KH,,C — KH,A — KH,B — KH,C — KH,_|A.

Proof. From (44) and the fact that, by 4.2, KV is homotopy invariant, it follows that KH is
homotopy invariant. Nilinvariance, M.-stability and excision for KH follow from the fact that
(by 2.5.2) these hold for nonpositive K-theory, using the formulas (39), (40). O

Exercise 5.1.2. Note that in the proof of 5.1.1, the formula (44) is used only for homotopy
invariance. Prove that KH is homotopy invariant without using (44), but using excision instead.
Hint: show that the excision map KH,(A) — KH,_(QA) coming from the sequence (36) is
an isomorphism.

Exercise 5.1.3. Show that KH commutes with filtering colimits.

5.2 KH for Ky-regular rings.

Lemma 5.2.1. Let A be a ring. Assume that A is K,-regular for all n < 0. Then KV{(A) —
Ko(QA) is an isomorphism, and for n < 0, K,(PA) = 0, PA and QA are K, -regular, and
Ky,A — K,_1 QA an isomorphism.

Proof. Consider the split exact sequence
0 —— PA[t1,...,ty] —=Als,ty,...,tr] —=At1,....ty)] —=0

Applying K, (n < 0) and using that K}, is split exact and that, by hypothesis, A is K,-regular,
we get that K, (PA[ry,...,t,]) = 0. As this happens for all r > 0, PA is K,-regular. Hence the
map of exact sequences

0 QA PA A 0
00— QA[n,....t] —— PA[ty,....ty] ——=Alt1,....t;] —=0
induces commutative squares with exact rows
00— KVi(A)) ——————— > Kp(QA) ———0
0 ——= KVi(A[ty,...,t;]) — Ko(QA]t1,...,t]) —=0
and
00— K)A) ———— =K, | (QA) ——— 0 (n<0)

| |

0 ——= Ku(Alt1,...,ty]) — = K, 1(QA[r1,...,t;]) —=0

By Proposition 4.2 and our hypothesis, the first vertical map in each diagram is an isomorphism;
it follows that the second is also an isomorphism. O
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Remark 5.2.2. A theorem of Vorst [52] implies that if A is Ky-regular then it is Kj,-regular for
all n < 0. Thus the lemma above holds whenever A is Ky-regular. The statement of Vorst’s
theorem is that, for Quillen’s K-theory, and n € Z, a K,-regular unital ring is also K,,_;-regular.
(In his paper, Vorst states this only for commutative rings, but his proof works in general). For
n < 0, Vorst’s theorem extends to all, not necessarily unital rings. To see this, one shows first,
using the fact that Z is K,-regular (since it is noetherian regular), and split exactness, that A is
Ky-regular if and only if A is. Now Vorst’s theorem applied to A implies that if A is K,-regular
then it is K, -regular (n < 0).

Propostion 5.2.3. If A satisfies the hypothesis of Lemma 5.2.1, then

KVp(A) n>1

KHn(4) = {K,,(A) n<0

Proof. By the lemma, KV, {(A) = KV|(Q"A) — Ko(Q"H1A) and K_,,(QPA) — K_,,_1(QPT14)
are isomorphisms for all n, p > 0. O

5.3 Toeplitz ring and the fundamental theorem for KH.

Write .7 for the free unital ring on two generators o, @* subject to ao* = 1. Mapping o to
Yieiiy1 and a* to Y e; 1 ; yields a homomorphism .7 — I' := I'Z which is injective ([12,
Proof of 4.10.1]); we identify .7 with its image in I". Note

o ot Pl =e,,  (pg>1). (45)

Thus .7 contains the ideal M. := MZ. There is a commutative diagram with exact rows and
split exact columns:

0 M. D o 0
0 M T Zit,t7 '] —0
T
V) ———=7

Here the rings %) and o of the top row are defined so that the columns be exact. Note moreover
that the rows are split as sequences of abelian groups. Thus tensoring with any ring A yields an
exact diagram

0 MeA JA oA 0 (46)
0 MoA TA Alt,t™] ——0
A——A

Here we have omitted tensor products from our notation; thus 74 = .7 ® A, cA = 0 ® A, and
JA = Fh ®A. We have the following algebraic analogue of Cuntz’ theorem.



Algebraic v. topological K-theory: a friendly match 119

Theorem 5.3.1. ([12, 7.3.2]) Let G be a functor from rings to abelian groups. Assume that:

e G is homotopy invariant.
o G is split exact.
o G is M-stable.

Then for any ring A, G(FA) = 0. 0
Theorem 5.3.2. Let A be a ring and n € Z. Then
KH,(GA) = KH,_1(A).

Proof. By Theorem 5.1.1, KH satisfies excision. Apply this to the top row of diagram (46) and
use Theorem 5.3.1. O

The following result of Weibel [57, 1.2 iii)] is immediate from the theorem above.

Corollary 5.3.3. (Fundamental theorem for KH, [57, 1.2 iii)]). KH,(A[t,t™']) = KH,(A) ®
KH,_, (A) O

Remark 5.3.4. We regard Theorem 5.3.2 as an algebraic analogue of Bott periodicity for KH.
What is missing in the algebraic case is an analogue of the exponential map; there is no
isomorphism QA — GA.

Remark 5.3.5. We have shown in Proposition 4.2 that KV satisfies the hypothesis of Theo-
rem 5.3.1. Thus KV;(ZA) = 0 for every ring A. However, there is no natural isomorphism
KVi(6A) = Ko(A). Indeed, since KV;(ocPA) = KV|(PcA) = 0 the existence of such an iso-
morphism would imply that Ky(PA) = 0, which in turn, given the fact that Kj is split exact,
would imply that Ko (A[r]) = Kp(A), a formula which does not hold for general A (see Example
4.1).

We finish the section with a technical result which will be used in Subsection 6.7.

Propostion 5.3.6. Let ® be an additive category, F : Ass — 9 an additive functor, and A a ring.
Assume F is Mo-stable on A and M,-stable on both T A and My (T A). Then F(MwA — T A)
is the zero map.

Proof. Because F is M-stable on A, it suffices to show that F' sends the inclusiong: A — JA,
a v aej, to the zero map. Note that e;; = 1 — a*a, by (45). Consider the inclusion f° : A —
TA, N (a) =a-1=diag(a,a,a,...). One checks that the following matrix

l-o*a of
Q_[ o 0

] € GL, .7 (A)

satisfies 9> = 1 and
o' et o= ("5

Since we are assuming that F is additive and M,-stable on both .7 A and .#, . A, we may now
apply Exercise 2.2.5 and Proposition 2.2.6 to deduce the following identity between elements
of the group homg (F(A),F(TA)):

1+ =r.
It follows that g = 0, as we had to prove. |

Exercise 5.3.7. Deduce from Remark 5.3.5 and propositions 5.3.6 and 4.2 iii) that the canonical
maps GL(%A){, — GL(0A){, and GL(.ZA){, — GL(A[t,t~']){, are not surjective in general.
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6 Quillen’s Higher K-theory

Quillen’s higher K-groups of a unital ring R are defined as the homotopy groups of a certain
CW -complex; the plus construction of the classifying space of the group GL(R) [?]. The latter
construction is defined more generally for CW-complexes, but we shall not go into this general
version; for this and other matters connected with the plus construction approach to K-theory,
the interested reader should consult standard references such as Jon Berrick’s book [4], or
the papers of Loday [39], and Wagoner [44]. We shall need a number of basic facts from
algebraic topology, which we shall presently review. First of all we recall that if X and ¥ are
CW-complexes, then the cartesian product X x Y, equipped with the product topology, is not
a CW-complex in general. That is, the category of CW-complexes is not closed under finite
products in Top. On the other hand, any CW-complex is a compactly generated —or Kelley—
space, and the categorical product of two CW-complexes in the category Ke of compactly
generated spaces is again CW, and also has the cartesian product X x Y as underlying set.
Moreover, in case the product topology in X x Y happens to be compactly generated, then
it agrees with that of the product in Ke. In these notes, we write X x Y for the cartesian
product equipped with its compactly generated topology. (For a more detailed treatment of the
categorical properties of Ke see [25]).

6.1 Classifying spaces.

The classifying space of a (discrete) group G is a pointed connected CW-complex BG such that

nnBG:{anl

This property characterizes BG and makes it functorial up to homotopy. Further there are
various strictly functorial models for BG ([44, Ch. 5§1], [27, 1.5]). We choose the model
coming from the realization of the simplicial nerve of G ([27]), and write BG for that model.
Here are some basic properties of BG which we shall use.

Properties 6.1.1.
i)If
1-G —Gy— Gy —1

is an exact sequence of groups, then BGy, — BGj is a fibration with fiber BG .
ii) If G| and Gy are groups, then the map B(G| X G) — BG| x BGj is a homeomorphism.
iii) The homology of BG is the same as the group homology of G; if M is 1| BG = G-module,
then

H,(BG,M) = H,(G,M) := Tor2% (Z,M)

6.2 Perfect groups and the plus construction for BG.

A group P is called perfect if its abelianization is trivial, or equivalently, if P = [P, P]. Note
that a group P is perfect if and only if the functor homg., (P,—) : 2b — b is zero. Thus
the full subcategory C ®tp of all perfect groups is closed both under colimits and under
homomorphic images. In particular, if G is group, then the directed set of all perfect subgroups
of G is filtering, and its union is again a perfect subgroup N, the maximal perfect subgroup of
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G. Since the conjugate of a perfect subgroup is again perfect, it follows that N is normal in
G. Note that N C [G, G]; if moreover the equality holds, then we say that G is quasi-perfect.
For example, if R is a unital ring, then GLR is quasi-perfect, and ER is its maximal perfect
subgroup ([44, 2.1.4]). Quillen’s plus construction applied to the group G yields a cellular map
of CW-complexes t : BG — (BG)™ with the following properties (see [39, 1.1.1, 1.1.2]).

i) Atthe level of 7y, 1 induces the projection G — G/N.
ii) At the level of homology, t induces an isomorphism H,(G,M) — H.((BG)",M) for each
G/N-module M.

iii) If BG — X is any continuous function which at the level of 7; maps N — 1, then the
dotted arrow in the following diagram exists and is unique up to homotopy

BG — (BG)*

y

X

iv) Properties i) and iii) above characterize 1 : BG — BG™ up to homotopy.

From the universal property, it follows that if f : BG; — BG», is a continuous map, then there is
a (continuous) map BG;r — BG; , unique up to homotopy, which makes the following diagram
commute

BG, — > BG,

L,

BG| —— BGj

Properties 6.2.1. (/39, 1.1.4])

i) If G| and Gy are groups, and m; : B(G| X G2) — BG; is the projection, then the map
(m}, 7)) : B(Gy x Go)™ — BG x BGJ is a homotopy equivalence.

ii) The map BN — BG™ is the universal classifying space of BG™. O

If
1—>Gl—>G21>G3—>1 47)
is an exact sequence of groups, then we can always choose 7" to be a fibration; write F for
its fiber. If the induced map G| — = F Kkills the maximal perfect subgroup N; of Gy, then
BG| — F factors through a map
BGf —F (48)

Propostion 6.2.2. Let (47) be an exact sequence of groups. Assume that

i) Gy is quasi-perfect and Gy is perfect.
ii)G3 acts trivially on H,(G1,Z).
iii)m F acts trivially on Hy(F,Z).
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Then the map (48) is a homotopy equivalence.

Proof. Consider the map of fibration sequences

BGq BG, BG3
F BGy BG;

By the second property of the plus construction listed above, the maps BG; — BGi+ are ho-
mology equivalences. For i > 2, we have, in addition, that G; is perfect, so BG;r is simply
connected and F is connected with abelian 77y, isomorphic to coker(7,BG; — mBGY ). Hence
m F — Hi F is an isomorphism, by Poincaré’s theorem. All this together with the Comparison
Theorem ([64]), imply that BG; — F and thus also (48), are homology equivalences. Moreover,
because G| is quasi-perfect by hypothesis, the Hurewicz map 7 BG{ — HBG{ is an iso-
morphism, again by Poincaré’s theorem. Summing up, BGT — F is a homology isomorphism
which induces an isomorphism of fundamental groups; since 7 F' acts trivially on H.F by
hypothesis, this implies that (48) is a weak equivalence ([8, 4.6.2]). O

Lemma 6.2.3. Let (47) be an exact sequence of groups. Assume that for every g € G, and every
finite set hy, ... hy of elements of G, there exists an h € G| such that for all i, ghjg~' = hhjh ™.
Then Gy acts trivially on H.(G1,7Z).

Proof. 1f g € G, maps to § € G3, then the action of g on H,(G1,Z) is that induced by conjuga-
tion by g. The hypothesis implies that the action of g on any fixed cycle of the standard bar
complex which computes H,(BG1,Z) ([56, 6.5.4]) coincides with the conjugation action by an
element of G, whence it is trivial ([56, 6.7.8]). O

Quillen’s higher K-groups of a unital ring R are defined as the homotopy groups of
(BGLR)™; we put

K(R): = (BGLR)"
KuR : = m,K(R) (n>1).

In general, for a not necessarily unital ring A, we put
K(A):=fiber(K(A) — K(Z)),  Ku(A)=mK(A) (n>1)
One checks, using 6.2.1 i), that when A is unital, these definitions agree with the previous ones.

Remark 6.2.4. As defined, K is a functor from 2(ss to the homotopy category of topological
spaces HoTop. Further note that for n = 1 we recover the definition of K| given in 2.1.3.

We shall see below that the main basic properties of Section 2.1 which hold for K7 hold
also for higher K, ([39]). First we need some preliminaries. If W : N — N is an injection, we
shall identify W with the endomorphism Z™) — Z®N) W (¢;) = e,,(j) and also with the matrix
of the latter in the canonical basis, given by W;; = 5i,w( j)-LetV = W' be the transpose matrix;
then VW = 1. If now R is a unital ring, then the endomorphism y"'W : M..R — MR of 2.2.6
induces a group endomorphism GL(R) — GL(R), which in turn yields homotopy classes of
maps

v:K(R) — K(R), v :BE(R)" — BE(R)". (49)
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Lemma 6.2.5. ([39, 1.2.9]) The maps (49) are homotopic to the identity. O

A proof of the previous lemma for the case of y can be found in loc. cit.; a similar argument
works for y’.

Propostion 6.2.6. Let n > 1 and let R be a unital ring.

i) The functor K,, : Uss; — b is additive.

ii) The direct sum @® : GLR x GLR — GLR of (2) induces a map K(R) x K(R) — K(R) which
makes K(R) into an H-group, that is, into a group up to homotopy. Similarly, BE(R)" also has
an H-group structure induced by .

iii) The functors K : 2ss| — HoTop and K,, : Uss| — Ab are M-stable.

Proof. Part i) is immediate from 6.2.1 i). The map of ii) is the composite of the homotopy
inverse of the map of 6.2.1 i) and the map BGL(®)™". One checks that, up to endomorphisms
of the form w"*W induced by injections N — N, the map @ : GL(R) x GL(R) is associative and
commutative and the identity matrix is a neutral element for &. Hence by 6.2.5 it follows that
BGL(R)™ is a commutative and associative H-space. Since it is connected, this implies that
it is an H-group, by [60, X.4.17]. The same argument shows that BE(R)™ is also an H-group.
Thus ii) is proved. Let 1 : R — MR be the canonical inclusion. To prove iii), one observes
that a choice of bijection N x N — N gives an isomorphism ¢ : MccMooR = MR such that
the composite with Mw.1 is a homomorphism the form "W for some injection W : N — N,
whence the induced map K(R) — K(R) is homotopic to the identity, by Lemma 6.2.5. This
proves that K(1) is a homotopy equivalence. O

Corollary 6.2.7. If S is an infinite sum ring, then K(S) is contractible.
Proof. 1t follows from the theorem above, using Exercise 2.2.3 ii) and Proposition 2.3.1. O

Propostion 6.2.8. Let R be a unital ring, XR the suspension, QK(XR) the loopspace, and
QoK (ZR) C QK(XR) the connected component of the trivial loop. There is a homotopy
equivalence

K(R) = QoK (ZR).

Proof. Consider the exact sequence of rings
0—MoR—ITR—XR—0

Since K1 (I'R) = 0, we have
GL(I'R) =E(I'R),

which applies onto EXR. Thus we have an exact sequence of groups
1 - GLMwR — GLI'R — EXR — 1

One checks that the inclusion GL(MwR) — GL(I'R) satisfies the hypothesis of 6.2.3 (see [53,
bottom of page 357] for details). Thus the perfect group E(ZR) acts trivially on H,(GLMR,Z).
On the other hand, by 6.2.6 ii), both K(I'R) and BE(XR)™ are H-groups, and moreover since
7 : GL(I'R) — GL(ZR) is compatible with @, the map #" : K(I'R) — BE(XR)™ can be
chosen to be compatible with the induced operation. This implies that the fiber of 7 is a
connected H-space (whence an H-group) and so its fundamental group acts trivially on its
homology. Hence by Propositions 6.2.6 iii) and 6.2.2, we have a homotopy fibration
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K(R) — K(I'R) — BE(XR)™"

By 6.2.7, the map

QBE(XR)" — K(R) (50)

is a homotopy equivalence. Finally, by 6.2.1 ii),
QBE(ZR)" = QK(ZR). (51)
Now compose (51) with a homotopy inverse of (50) to obtain the theorem. O

Corollary 6.2.9. Foralln € Z, K,(XR) = K,—| (R)

Proof. For n <0, the statement of the proposition is immediate from the definition of K,,. For
n=1,itis (21). If n > 2, then

Kn(ER) = my(K(ZR)) = Ty (RK(ZR)) = 7y 1 (QK (ER)) = 7y K(R) = K,_R. O

Remark 6.2.10. The homotopy equivalence of Proposition 6.2.8 is the basis for the construction
of the nonconnective K-theory spectrum; we will come back to this in Section 10.

6.3 Functoriality issues.

As defined, the rule K : R — BGL(R)™ is only functorial up to homotopy. Actually its possible
to choose a functorial model for KR; this can be done in different ways (see for example [38,
11.2.4,11.2.11]). However, in the constructions and arguments we have made (notably in the
proof of 6.2.8) we have often used Whitehead’s theorem that a map of CW-complexes which
induces an isomorphism at the level of homotopy groups (a weak equivalence) always has
a homotopy inverse. Now, there is in principle no reason why a natural weak equivalence
between functorial CW-complexes will admit a homotopy inverse which is also natural; thus
for example, the weak equivalence of Proposition 6.2.8 need not be natural for an arbitrarily
chosen functorial version of KR. What we need is to be able to choose functorial models so
that any natural weak equivalence between them automatically has a natural homotopy inverse.
In fact we can actually do this, as we shall now see. First of all, as a technical restriction
we have to choose a small full subcategory I of the category ss, and look at K-theory as a
functor on /. This is no real restriction, as in practice we always start with a set of rings (ofter
with only one element) and then all the arguments and constructions we perform take place
in a set (possibly larger than the one we started with, but still a set). Next we invoke the fact
that the category Top.. of functors from [ to pointed spaces is a closed model category where
fibrations and weak equivalences are defined objectwise (by [32, 11.6.1] this is true of the
category of functors to any cofibrantly generated model category; by [32, 11.1.9], Top,, is such
a category). This implies, among other things, that there is a full subcategory (TopL.). — Topf,
the subcategory of cofibrant objects (among which any natural weak equivalence has a natural
homotopy inverse), a functor Top!, — (Topl), X — X and a natural transformation X — X
such that X (R) — X (R) is a fibration and weak equivalence for all R. Thus we can replace our

— —

given functorial model for BGL™ (R) by BGL(R)*, and redefine K(R) = BGL(R)™.
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6.4 Relative K-groups and excision.
Let R be a unital ring, I <R an ideal, and S = R/I. Put

GLS := Im(GLR — GLS)
The inclusion GLS C GLS induces a map

(BGLS)" — K(S) (52)
By 6.2.1 ii), (52) induces an isomorphism
7, (BGLS)t =K,S  (n>2).

On the other hand,
7 (BGLS™) = GLS/ES = Im(K R — K, S).

Consider the homotopy fiber
K(R: 1) :=fiber((BGLR)" — (BGLS)™).
The relative K-groups of I with respect to the ideal embedding / <R are defined by

mKR:1) n>1

Ka(R:1):= {Kn(l) n<0

The long exact squence of homotopy groups of the fibration which defines K(R : I), spliced
together with the exact sequences of Theorem 2.4.1 and Proposition 2.5.2, yields a long exact
sequence

Kyt 1R — Ky11S — Ky(R: T) — KuR — Ky (S) (nez) (53)

The canonical map / — R induces a map
K,(I) = Ky(R: 1) (54

This map is an isomorphism for n < 0, but not in general (see Remark 2.4.4). The rings I so
that this map is an isomorphism for all # and R are called K-excisive. Suslin and Wodzicki have
completely characterized K-excisive rings ([61],[49],[48]). We have

Theorem 6.4.1. ([48]) The map (54) is an isomorphism for all n and R < Tor,’;(Z,I) =0
Vn. O

Note that
Torh(Z,1) = I/1*
Torh (2,1) = Torl,, (2, Z).

Example 6.4.2. Let G be a group, IG <ZG the augmentation ideal. Then ZG = IG is the
unitalization of /G. Hence
Torl%(Z,1G) = Hy41 (G, 7).
In particular
TOI’(I;G(Z,I) =Gap
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So if IG is K-excisive, then G must be a perfect group. Thus, for example, /G is not K-excisive
if G is a nontrivial abelian group. In particular, the ring ¢ is not K-excisive, as it coincides with
the augmentation ideal of Z[Z] = Z[t,t~']. As another example, if S is an infinite sum ring,
then

H,(GL(S),Z) = H,(K(S),Z) = Hy(pt,Z) =0 (n>1).
Thus the ring IGL(S) is K-excisive.

Remark 6.4.3. We shall introduce a functorial complex L(A) which computes Torf:’(Z.,A) and

use it to show that the functor Tor(7>(Z7 —) commutes with filtering colimits. Consider the
functor L: A —mod — A —mod,
1M=PA

meM
The functor L is the free A-module cotriple [56, 8.6.6]. Let L(A) — A be the canonical free
resolution associated to L [56, 8.7.2]; by definition, its n-th term is L,(A) =L1" A. Put L(A) =

Z®; L(A). Then L(A) is a functorial chain complex which satisfies H,(L(A)) = Tor’ (Z,A).

Because L commutes with filtering colimits, it follows that the same is true of L and L, and
therefore also of Tor\ ) (Z,—) = H.L(-).

Exercise 6.4.4.
i) Prove that any unital ring is K-excisive.
ii) Prove that if R is a unital ring, then MR is K-excisive. (Hint: MR = colim, M, R).

Remark 6.4.5. If A is flat over k (e.g. if k is a field) then the canonical resolution L¥(4) = A
associated with the induced module cotriple A; ® (), is flat. Thus L¥(A) := L¥(A)/AL¥(A)

computes Torf}k (k,A). Modding out by degenerates, we obtain a homotopy equivalent complex
([56]) CP(A/k), with CD¥ (A /k) = A®#"+1 The complex C*" is the bar complex considered
by Wodzicki in [61]; its homology is the bar homology of A relative to k, HY™(A/k). If A is

a Q-algebra, then A is flat as a Z-module, and thus HP*(A/Z) = Tor}(Z,A). Moreover, as
A®Z = ABY" e have CP(A/Z) = CY(A/Q), whence

Tork (Z,4) = Tor®(Q,4) = H™ (4/Q)

6.5 Locally convex algebras.

A locally convex algebra is a complete topological C-algebra L with a locally convex topology.
Such a topology is defined by a family of seminorms {pg }; continuity of the product means
that for every « there exists a 8 such that

pa(xy) < pg(x)pp(y)  (x,y€L). (55)

If in addition the topology is determined by a countable family of seminorms, we say that L is
a Fréchet algebra.

Let L be a locally convex algebra. Consider the following two factorization properties:
(a) Cohen-Hewitt factorization.

n
Yn>1l,a=(ay,...,a,) € L®" :GBL Jze L, xeL"suchthat (56)
i=1

z-x=aandx € L-a

Here the bar denotes topological closure in L¥".
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(b) Triple factorization.

VaecL® 3IbeLl®™, cdel, (57)
suchthata=cdband (0:d);:={veL:dv=0}=(0:cd), (58)

The right ideal (0 : d); is called the left annihilator of d. Note that property (b) makes sense for
an arbitrary ring L.

Lemma 6.5.1. Cohen-Hewitt factorization implies triple factorization. That is, if L is a locally
convex algebra which satisfies property (a) above, then it also satisfies property (b).

Proof. Leta € L®". By (a), there exist b € L%" and z € L such that a = zb. Applying (a) again,
we get that z = cd with d € L-z; this implies that (0: d); = (0: z);.

Theorem 6.5.2. ([49, 3.12, 3.13(a)]) Let L be a ring. Assume that either L or L°P satisfy (57).
Then A is K-excisive. O

6.6 Fréchet m-algebras with approximate units.

A uniformly bounded left approximate unit (ublau) in a locally convex algebra L is a net {e; }
of elements of L such that ej a — a for all a and sup,, pg(a) < co. Right ubau’s are defined
analogously. If L is a locally convex algebra such that a defining family of seminorms can be
chosen so that condition (55) is satisfied with a = B (i.e. the seminorms are submultiplicative)
we say that L is an m-algebra. An m-algebra which is also Fréchet will be called a Fréchet
m-algebra.

Example 6.6.1. Every C*-algebra has a two-sided ubau ([21, 1.4.8]). If G is a locally compact
group, then the group algebra L! (G) is a Banach algebra with two sided ubau [61, 8.4]. If L;
and L, are locally convex algebras with ublaus {e } and {f, }, then {e; ® f;;} is a ublau for
the projective tensor product L; ®L,, which is a (Fréchet) m-algebra if both L; and L, are.

Remark 6.6.2. In a Banach algebra, any bounded approximate unit is uniformly bounded. Thus
for example, the unit of a unital Banach algebra is an ublau. However, the unit of a general
unital locally convex algebra (or even of a Fréchet m-algebra) need not be uniformly bounded.

Let L be an m-Fréchet algebra. A left Fréchet L-module is a Fréchet space V equipped with
a left L-module structure such that the multiplication map L X V — V is continuous. If L is
equipped with an ublau e, such that e, -v — v for all v € V, then we say that V is essential.

Example 6.6.3. If L is an m-Fréchet algebra with ublau e, and x € L?" (n > 1) then ej x — x.
Thus L®" is an essential Fréchet L-module. The next exercise generalizes this example.

Exercise 6.6.4. Let L be an m-Fréchet algebra with ublau e), M a unital m-Fréchet algebra,
and n > 1. Prove that for every x € (L&M)®", (e; ® 1)x — x. Conclude that (L&M)®" is an
essential L&M-module.

The following Fréchet version of Cohen-Hewitt’s factorization theorem (originally proved
in the Banach setting) is due to M. Summers.

Theorem 6.6.5. ([47, 2.1]) Let L be an m-Fréchet algebra with ublau, and V an essential
Fréchet left L-module. Then for each v € V and for each neighbourhood U of the origin in V
thereisana € Land aw €V such thatv =aw, w € Ly, and w—v € U. O




128 Guillermo Cortifias

Theorem 6.6.6. ([61, 8.1]) Let L be a Fréchet m-algebra. Assume L has a right or left ubau.
Then L is K-excisive.

Proof. In view of Lemma (6.5.1), it suffices to show that L satisfies property (56). This follows
by applying Theorem 6.6.5 to the essential L-module L®". O

Exercise 6.6.7. Prove that if L and M are as in Exercise (6.6.4), then L&M is K-excisive.

Ren}ark 6.6.8. In [13, 8.1.1] it asserted that if k O Q is a field, and A is a k-algebra, then
TorfQ (Q,A) = Tor’* (k,A), but the proof uses the identity A, ®; ? =k® ?, which is wrong.

In loc. cit., the lemma is used in combination with Wodzicki’s theorem ([61, 8.1]) that a Fréchet
algebra L with ublau is H-unital as a C-algebra, to conclude that such L is K-excisive. In
Theorem 6.6.6 we gave a different proof of the latter fact.
6.7 Fundamental theorem and the Toeplitz ring.
Notation. If G : Uss — 2b is a functor, and A is a ring, we put
NG(A) := coker(GA — G(Alt])).
Let R be a unital ring. We have a commutative diagram
R—— R[t]
.
R[t™!] ——Rt,t 7]
Thus applying the functor K, we obtain a map
KR ®©NK,R®NK,R — K,R[t,1™"] (59)

which sends NK,R & NK,R inside kerev,. Thus K,R — KnR[t,fl] is a split mono, and the
intersection of its image with that of NK,R & NK,R is 0. On the other hand, the inclusion
7R — 'R induces a map of exact sequences

0 MR TR Rit,t7 '] ——0
0 MR 'R IR 0

In particular, we have a homomorphism R[¢,#~'] — ZR, and thus a homomorphism
n:K.R[t,t '] — K,_|R.

Note that the maps R[t] — 7R, t — « and ¢ — a*, lift the homomorphisms R[t] — R[t,t~],
t+—tandt— ¢ 1. It follows that kern contains the image of (59). In [39], Loday introduced a
product operation in K-theory of unital rings

Kp(R) @ Kg(S) — Kp+q(R®S).
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In particular, multiplying by the class of t € Ky (Z[t,#~!]) induces a map
Ut : Ky 1R — K,R[t,t '] (60)

Loday proves in [39, 2.3.5] that 1 o (— U¢) is the identity map. Thus the images of (59) and
(60) have zero intersection. Moreover, we have the following result, due to Quillen [?], which
is known as the fundamental theorem of K-theory.

Theorem 6.7.1. ([?], see also [Schl]) Let R be a unital ring. The maps (59) and (60) induce
an isomorphism

KuR&NK,ROENK,RSK, R > K,R[t,t”']  (neZ).
Corollary 6.7.2. (cf. Theorem 5.3.2)
K,(R[t,t"']: 6R) =K, |RONK,RONK,R  (n€Z).
Propostion 6.7.3. (cf. Theorem 5.3.1) Let R be a unital ring, and n € 7. Then
K, 7R = K,R®NK,R®NK,R,
Ki(TR: JHR) = NK,R® NK,R.
Proof. Consider the exact sequence
0— MoR— JR—R[t,t '] —0
By Proposition 10.1.2, Exercise 6.4.4 and matrix stability we have a long exact sequence
K,R — K, 7R — K,R[t,t7'| = K,_|R— K,_1. TR  (ne€Z).

By 5.3.6, the first and the last map are zero. The proposition is immediate from this, from
Corollary 6.7.2, and from the discussion above. O

7 Comparison between algebraic and topological K-theory I

7.1 Stable C*-algebras.

The following is Higson’s homotopy invariance theorem.

Theorem 7.1.1. [31, 3.2.2] Let G be a functor from C*-algebras to abelian groups. Assume
that G is split exact and ¢ -stable. Then G is homotopy invariant. O

Lemma 7.1.2. Let G be a functor from C*-algebras to abelian groups. Assume that G is
M,-stable. Then the functor F(A) := G(A® X') is K -stable.
Proof. Let H be an infinite dimensional separable Hilbert space. The canonical isomorphism

C? ®, H = H @ H induces an isomorphism %~ RH — M, % which makes the following
diagram commute

%@Jif—)MZ[

=Ny

Since G is M;-stable by hypothesis, it follows that F (14 ® el (EN@ 1) is an isomorphism for
all A. O
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The following result, due to Suslin and Wodzicki, is (one of the variants of) what is known as
Karoubi’s conjecture [34].

~

Theorem 7.1.3. [49, 10.9] Let A be a C*-algebra. Then there is a natural isomorphism K, (A ®
H) =Ky P(A® ).

Proof. By definition Ko = K;;* on all C*-algebras. By Example 6.6.1 and Theorem 6.6.6,
C*-algebras are K-excisive. In particular K is split exact when regarded as a functor of C*-
algebras. By 6.2.6 iii), 2.5.2 i), and split exactness, K. is Mw-stable on C*-algebras; this

implies it is also M;-stable (Exercise 2.2.3). Thus K. (— %)Jif) is J -stable, by 7.1.2. Hence

Kq(A(0,1] X ) = 0, by split exactness and homotopy invariance (Theorem 7.1.1). It follows
that
Ky 1 (A® ) =K, (A(0,1)®@ %) (61)

by excision. In particular, for n > 0,
~ ~ ~Nn ~ ~
Ki(AR X)) =Ko(A® @, C(0,1)@.%#) = KyP(A® X). (62)

On the other hand, by Cuntz’ theorem 3.2.4, excision applied to the C*-Toeplitz extension and
712, Ky +1(A(0,1) @ %) =K, (A® # ® ) = Ky (AR ). Putting this together with (61),
we get that K. (.#" ®A) is Bott periodic. It follows that the identity (62) holds foralln € Z. O

7.2 Stable Banach algebras.
The following result is a particular case of a theorem of Wodzicki.

Theorem 7.2.1. ([62, Thm. 2], [13, 8.3.3, 8.3.4]) Let L be Banach algebra with right or left
ubau. Then there is an isomorphism K, (L&) = K.\ (L&.K).

Proof. Consider the functor G : C* — b, A — K. (L&(A K )). By the same argument as
in the proof of 7.1.3, G, is homotopy invariant. Hence C — C[0, 1] induces an isomorphism

GL(C) =K. (L&A) = GL(T[0,1]) = K. (LAH(C[0, 1] ® %))
)

Hence K, ;| (L&.#) = K,(L&.# (0,1)), by 6.6.6 and 6.6.1. Thus K, (L&.#) = KyP (LX)
for n > 0. Consider the punctured Toeplitz sequence

0—>%—><7Omp—>((:(0,1)—>0

By [21, V.1.5], this sequence admits a continuous linear splitting. Hence it remains exact after
applying the functor L&—. By 3.2.4, we have

K (L& F) =0  (n>0).
Thus

K_n(L&K) = K_py(LO(KH & H)) = Ko(LOK )RR, C(0,1)) = KP(L&#). O
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Remark 7.2.2. The theorem above holds more generally for m-Fréchet algebras ([62, Thm. 2],
[13, 8.3.4]), with the appropriate definition of topological K-theory (see Section 12 below).

Exercise 7.2.3. Let A be a Banach algebra. Consider the map Ky(A) — K_1(A(0,1)) coming
from the exact sequence

0— A(0,1) - A(0,1] - A—0
Put

A0, 1) = A& (&72,C(0,1))
and define

KC,(A) = colimK_,(A(0,1)"*?)  (n€Z)
P

i) Prove that KC, satisfies excision, M.-stability, continuous homotopy invariance, and nilin-
variance.

ii) Prove that KC, (A®.% ) = KiP(A).

iii) Prove that the composite

KA = Ko(A(0,1)") — KCy(A) — KC,(ASH ) =K, (A)  (n>0)
is the identity map. In particular KC, (A) — Kn"(A) is surjective for n > 0.

Remark 7.2.4. J. Rosenberg has conjectured (see [45, 3.7]) that, for n < —1, the restriction
of K, to commutative C*-algebras is homotopy invariant. Note that if A is a Banach algebra
(commutative or not) such that, K_;(A(0,1)?) — K_4(A(0,1)?[0,1]) is an isomorphism for
all p,g > 0, then KC,(A) — Ky PA is an isomorphism for all . In particular, if Rosenberg’s
conjecture holds, this will happen for all commutative C*-algebras A.

8 Topological K-theory for locally convex algebras

8.1 Diffeotopy KV.

We begin by recalling the notion of C*-homotopies or diffeotopies (from [15], [16]). Let L
be a locally convex algebra. Write ([0, 1], L) for the algebra of those functions [0,1] — L
which are restrictions of ¢"**-functions R — L. The algebra ([0, 1],L) is equipped with a
locally convex topology which makes it into a locally convex algebra, and there is a canonical
isomorphism
€ ([0,1],L) = €*(]0,1],C)®L

Two homomorphisms fy, fi : L — M of locally convex algebras are called diffeotopic if there is
a homomorphism H : L — €*([0,1],M) such that the following diagram commutes

¢ ([0,1],M)

" \L (evo,evi)

L——>MxM

(fo.f1)

Consider the exact sequences
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evp

0— PUTL — =([0,1],L) B L—0 (63)
0— QU - pHLM L 0 (64)
Here PYL and Q4fL are the kernels of the evaluation maps. The first of these is split by the

natural inclusion L — 4*([0,1],L), and the second is split the continous linear map sending
[+ (t — tl). We have

Qiifp — odifcg plify — pdifcgy
Put
GL(L)§ = Im(GLP¥'L — GL(L))
KVIT(L) = GL(L) /GL(L)j.

The following is the analogue of Proposition 4.2 for K Vldif (except for nilinvariance, treated
separately in Exercise 8.1.2).

Propostion 8.1.1.
i) The functor KVldllc is split exact. '
ii)For each locally convex algebra L, there is a natural surjective map K{L — K Vld’fL.

iii) If

0—-L—-M-—N-—0 (65)
is an exact sequence such that the map GL(M); — GL(N); is onto, then the map KiN — KoL
of Theorem 2.4.1 factors through K VldifN, and the resulting sequence

KV —— kvility —— kVIiiN

ia

KoN KoM KoL

is exact.
iv)K Vfllf is additive, diffeotopy invariant and M-stable.

Proof. One checks that, mutatis-mutandis, the same argument of the proof of 4.2 shows this.
O

By the same argument as in the algebraic case, we obtain a natural injection
KVIL — Ko(Q9TL)
Higher KV4f_groups are defined by
KVIT(L) = KV (@) 'L)  (n22)

Exercise 8.1.2.

i) Show that if L is a locally convex algebra such that L = 0 and such that L — L/L’ admits a
continuous linear splitting for all i <n — 1, then K V]difL =0.

ii) Show that if L is as in i) then the map KVld‘-fM — KVldifN induced by (65) is an isomorphism.



Algebraic v. topological K-theory: a friendly match 133

8.2 Diffeotopy K-theory.
Consider the excision map
KnL — Ky—1 (-QdifL) (” < 0)

associated to the sequence (64). The diffeotopy K-theory of the algebra L is defined by the
formula ‘
KD,L = colimK_,((QU)"*PL)y  (neZ)
P

It is also possible to express KD in terms of KV, First we observe that, since £C is a
countably dimensional algebra, equipping it with the fine topology makes it into a locally
convex algebra [16, 2.1], and if L is any locally convex algebra then we have

YL=XC®cL=XC&L.
Thus
Qiifyr — xQdify,
Taking this into account, and using the same argument as used to prove (44), one obtains

KD,L = colimKV{i (U™ L) = colimK V', | (Z7F1L).
r r

Propostion 8.2.1. Diffeotopy K-theory has the following properties.
i) It is diffeotopy invariant, nilinvariant and Me-stable.
ii) It satisfies excision for those exact sequences which admit a continuous linear splitting. That
is, if
0L—-MEN—-0 (66)

is an exact sequence of locally convex algebras and there exists a continuous linear map
s : N — M such that s = 1y, then there is a long exact sequence

KD, 1M — KD, N — KD,L — KD,M — KD,N  (n€Z).

Proof. The proof is essentially the same as that of Theorem (5.1.1). The splitting hypothesis in
ii) guarantees that the functor L — QU — QUCEL and its iterations, send (66) to an exact
sequence. O

Comparing KVYt and KD.

The analogue of Proposition 5.2.3 is 8.2.3 below. It is immediate from Lemma 8.2.2, which is
the analogue of Lemma 5.2.1; the proof of 8.2.2 is essentially the same as that of 5.2.1.

Lemma 8.2.2. Let L be a locally convex algebra. Assume that for alln <0 and all p > 1,
the natural inclusion 1, : L — L& (&F_¢>([0,1])) = € ([0,1]”,L) induces an isomorphism

Kn(L) = K,¢>([0,1]7,L). Then KVdifL — Ko Q9L is an isomorphism, and for every n <0
and every p > 0, K,(€>(0,1)?, PA)) = 0 and K, (Q4UfA) — K, (C=([0,1]7,2%fA)) is an
isomorphism.

Propostion 8.2.3. Let L be a locally convex algebra. Assume L satisfies the hypothesis of

Lemma 8.2.2. Then N
KVEL n>1
KD,L =
K,L n<0
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8.3 Bott periodicity.

Next we are going to prove a version of Bott periodicity for KD. The proof is analogous to
Cuntz’ proof of Bott periodicity for K'°P of C*-algebras, with the algebra of smooth compact
operators and the smooth Toeplitz algebra substituted for the C*-algebra of compact operators
and the Toeplitz C*-algebra.

Smooth compact operators.

The algebra K of smooth compact operators ([41, §2],[15, 1.4]) consists of all those N x N-
matrices (z; ;) with complex coefficients such that for all n,

pn(z) == Zp”q”\zp,q\ <o
X

The seminorms p,, are submultiplicative, and define a locally convex topology on K. Since the
topology is defined by submultiplicative seminorms, it is an m-algebra. Further because the
seminorms above are countably many, it is Fréchet; summing up £ is an m-Féchet algebra. We
have a map

e11:C— R,z—e12

Whenever we refer to &-stability below, we shall mean stability with respect to the functor
A&®— and the map eq;.
Smooth Toeplitz algebra.

The smooth Toeplitz algebra ([15, 1.5]), is the free m-algebra 7™ on two generators o, o*
subject to aa* = 1. As in the C*-algebra case, there is a commutative diagram with exact rows
and split exact columns

0 R %Sm QdifC 0
0 8 gsm %=(s',C) —=0
C C

Here .77™ is defined so that the middle column be exact, and we use the exponential map to

identify Q4fC with the kernel of the evaluation map. Moreover the construction of 7™ given
in [15] makes it clear that the rows are exact with a continuous linear splitting, and thus they
remain exact after applying L&, where L is any locally convex algebra.

Bott periodicity.

The following theorem, due to J. Cuntz, appears in [15, Satz 6.4], where it is stated for functors
on m-locally convex algebras. The same proof works for functors of all locally convex algebras.

Theorem 8.3.1. (Cuntz, [15, Satz 6.4]) Let G be a functor from locally convex algebras to
abelian groups. Assume that
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o G is diffeotopy invariant.
o G is R-stable.
o G is split exact.

Then for every locally convex algebra L, we have:
G(LOTF™) =0

Theorem 8.3.2. For every locally convex algebra L, there is a natural isomorphism KD, (LK) =
KD *+42 (L®ﬁ) .

Proof. Consider the exact sequence

0 LOR LRI™ Qdify 0

This sequence is linearly split by construction (see [15, 1.5]). This splitting property is clearly
preserved if we apply the functor £%. Hence by Proposition 8.2.1 ii), we have a natural map

KD, 1(L&R) = KD, (QWLER) — KD, _| (LORGRK) (67)

By [15, Lemma 1.4.1], the map 1®eq; : & — ARAK is diffeotopic to an isomorphism. Since
KD is diffeotopy invariant, this shows that KD, (R&—) is &-stable. Hence KD, | (LOARRK) =
KD,_1(L®K), and by Cuntz’ theorem 8.3.1, (67) is an isomorphism. |

Remark 8.3.3. Cuntz has defined a bivariant topological K-theory for locally convex algebras
([16]). This theory associates groups kk!°(L,M) to any pair (L,M) of locally convex alge-
bras, and is contravariant in the first variable and covariant in the second. Roughly speaking,
kKI(L, M) is defined as a certain colimit of diffeotopy classes of m-fold extensions of L by M
(m > n). There is also an algebraic version of Cuntz’ theory, kk, (A, B), which is defined for all
pairs of rings (A, B) ([12]). We point out that

kkl€(C,M) = KD (M&R). (68)

Indeed the proof given in [12, 8.1.2] that for algebraic kk, KH.(A) = kk.(Z,A) for all rings
A, can be adapted to prove (68); one just needs to observe that, for the algebraic suspen-
sion, kKl (L, EM) = kk!° | (L,M). Note that, in view of the definition of KD, (68) implies the
following “algebraic” formula for kk'°:

Kkl (C, L) = colimK_, ((Q4NPH(L® 8)).
P

9 Comparison between algebraic and topological K-theory 11

9.1 The diffeotopy invariance theorem.

Let H be an infinite dimensional separable Hilbert space; write H ®, H for the completed
tensor product of Hilbert spaces. Note any two infinite dimensional separable Hilbert spaces
are isomorphic; hence we may regard any operator ideal _# <Z(H) as a functor from Hilbert
spaces to C-algebras (see [33, 3.3]). Let _# <. be an ideal.

o 7 is multiplicative if 8% — %(H @, H) maps & # to 7.
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o 7 is Fréchet if it is a Fréchet algebra and the inclusion _# — % is continuous. A Fréchet
ideal is a Banach ideal if it is a Banach algebra.

Write @ = (1/n), for the harmonic sequence.

e _7 is harmonic if it is a multiplicative Banach ideal such that _¢ (¢?(N)) contains diag(®).

Example 9.1.1. Let p € R(. Write %), for the ideal of those compact operators whose se-
quence of singular values is p-summable; .%), is called the p-Schatten ideal. It is Banach <=~

p > 1, and is harmonic <=> p > 1. There is no interesting locally convex topology on .Z), for
p<l

The following theorem, due to J. Cuntz and A. Thom, is the analogue of Higson’s homotopy
invariance theorem 7.1.1 in the locally convex algebra context. The formulation we use here is
a consequence of [20, 5.1.2] and [20, 4.2.1].

Theorem 9.1.2. (/20]) Let 7 be a harmonic operator ideal, and G a functor from locally
convex algebras to abelian groups. Assume that

i) G is My-stable.
ii) G is split exact.

Then L — G(L®j) is diffeotopy invariant.

We shall need a variant of 9.1.2 which is valid for all Fréchet ideals _#. In order to state it,
we introduce some notation. Let ¢ : L — M be a homomorphism of locally convex algebras.
We say that o is an isomorphism up to square zero if there exists a continous linear map
B : M&M — L such that the compositions 8 o («®a) and ¢ o 3 are the multiplication maps of
L and M. Note that if « is an isomorphism up to square zero, then its image is a ideal of M,
and both its kernel and its cokernel are square-zero algebras.

Definition 9.1.3. Let G be a functor from locally convex algebras to abelian groups. We call G
continously nilinvariant if it sends isomorphisms up to square zero into isomorphisms.

Example 9.1.4. For any n € Z, KH, is a continously nilinvariant functor of locally convex
algebras. If n < 0, the same is true of K,,. In general, if H, is the restriction to locally con-
vex algebras of any excisive, nilinvariant homology theory of rings, then H, is continously
nilinvariant.

Theorem 9.1.5. [13, 6.1.6] Let ¢ be a Fréchet operator ideal, and G a functor from locally
convex algebras to abelian groups. Assume that

i) G is My-stable.
ii) G is split exact.
iii) G is continuously nilinvariant.

Then L— G(L® #) is diffeotopy invariant.

Exercise 9.1.6. Prove:

i) If L is a locally convex algebra, then L[] is a locally convex algebra, and there is an
isomorphism L[f] = L&C[t] where C[t] is equipped with the fine topology.

ii) Let G be a diffeotopy invariant functor from locally convex algebras to abelian groups. Prove
that G is polynomial homotopy invariant.
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The following fact shall be needed below.

Lemma 9.1.7. Let G be a functor from locally convex algebras to abelian groups, and ¢ a
Fréchet ideal. Assume that G is My-stable and that F (=) := G(—& _¢#) is diffeotopy invariant.
Then F is R-stable.

Proof. Let1:C — 8 be the inclusion; put o = 1 ]®l We have to show that if L is a locally
convex algebra, then G maps 1.®¢ to an isomorphism. To do this one constructs a map
B: 8®_Z — R, and shows that G(1.&p) is inverse to G(1.&c). To define B, proceed
as follows. By [13, 5.1.3], # > .2, ! and the tensor product of operators defines a map
0: 2% 7 — 7. Write ¢ : & — £ for the inclusion. Put f = 60 (91 _7)- The argument
of the proof of [20, 6.1.2] now shows that G sends both 1; & a8 and 1;,&B o to identity maps.

O

9.2 KH of stable locally convex algebras.

Let L be a locally convex algebra. Restriction of functions defines a homomorphism of locally
convex algebras L[r] — ([0, 1],L), which sends QL — Q%L Thus we have a natural map

KHy, (L) = colimK_,(QPT"L) — colimK_,((Q4")P™L) = KD, (L) (69)
p 14

Theorem 9.2.1. [13, 6.2.1] Let L be a locally convex algebra, 7 a Fréchet ideal, and A a
C-algebra. Then
i) The functors KHy,(AQc (—® _#)) (n € Z) and Ku(A®c (—& 7)) (m < 0) are diffeotopy
invariant.
i) A®c (L® ¥ ) is Ky-regular (n <0).
iii)The map KHy,(L® #) — KDn(L& £ ) of (69) is an isomorphism for all n. Moreover we
have

KH,(L® 7) =KV, (L& #)=KVI(L&))  (n>1)

Proof. Part i) is immediate from 5.1.1, 9.1.4 and 9.1.5. It follows from part i) and Exercise

9.1.6 that A ®@¢ (LR #) is Ky-regular for all n < 0, proving ii). From part i) and excision, we
get that the two vertical maps in the commutative diagram below are isomorphisms (n < 0):

Kn(L®/) KH(L®/)

| |

K1 (QL® 7)) — K, 1 (QYLE 7)

It follows that the map at the bottom is an isomorphism. This proves the first assertion of iii).
The identity KH, (L& ¥ ) = KV,,(L& _#) (n > 1) follows from part i), using Proposition 5.2.3
and Remark 5.2.2. Similarly, part i) together with Proposition 8.2.3 imply that KD, (L& #) =
KVIN(LE 7) (n>1). O

Corollary 9.2.2.

Ko(A®c (L& 7))  neven.

KHy(A®¢ (L& #)) = {K_l(A®<C (L& 7)) nodd.
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Proof. Put B=A®c (L& _#). By part ii) of Theorem 9.2.1 above and Remark 5.2.2, or
directly by the proof of the theorem, we have that B is Kj-regular for all n < 0. Thus KH,(B) =
K, (B) for n < 0, by Propostion 5.2.3. To finish, we must show that KH,(B) is 2-periodic. By
9.1.7, KH,(A®¢ (—® 7)) is R-stable. Thus KH, (A ®¢ (T5™&® 7)) = 0, by Theorem 8.3.1.
Whence KH,1(B) = KH,_1(B), by excision and diffeotopy invariance. O

Example 9.2.3. If ¢ is a Fréchet operator ideal, then by 2.5.3, 2.5.4 and Corollary 9.2.2, we
get:
Z n even.

Kin(7) = { 0 nodd.

This formula is valid more generally for “subharmonic” ideals (see [13, 6.5.1] for the definition
of this term, and [13, 7.2.1] for the statement). For example, the Schatten ideals .Z), are
subharmonic for all p > 0, but are Fréchet only for p > 1.

10 K-theory spectra

In this section we introduce spectra for Quillen’s and other K-theories. For a quick introduction
to spectra, see [56, 10.9].

10.1 Quillen’s K-theory spectrum.

Let R be a unital ring. Since the loopspace depends only on the connected component of the
base point, applying the equivalence of Proposition 6.2.8 to ZR induces an equivalence

QK(ZR) = Q?K(Z?R) (70)
Moreover, by 6.3, this map is natural. Put
KR := QK(Z"FIR).
The equivalence (70) applied to Z"R yields an equivalence
KRS Q(,1KR).

The sequence KR = {, KR} together with the homotopy equivalences above constitute a
spectrum (in the notation of [56, 10.9], Q-spectrum in that of [51, Ch. 8]), the K-theory
spectrum; the equivalences are the bonding maps of the spectrum. The n-th (stable) homotopy
group of KR is

m,KR = co}]im Tuyp(nKR) = KR (neZz).

Because its negative homotopy groups are in general nonzero, we say that the spectrum KR
is nonconnective. Recall that the homotopy category of spectra HoSpr is triangulated, and, in
particular, additive. In the first part of the proposition below, we show that Ass; — HoSpt,
R — KR is an additive functor. Thus we can extend the functor K to all (not necessarily unital)
rings, by

KA := hofiber(K(A) — K(Z)) (71)

Propostion 10.1.1.
i) The functor K : Ass; — HoSpt is additive.
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ii) The functor K : AUss — HoSpt defined in (71) above, is Mw-stable on unital rings.
Proof. 1t follows from 6.2.6 i) and iii). 0O
If A< B is an ideal, we define the relative K-theory spectrum by
K(B: A) = hofiber(K(B) — K(B/A)).

Propostion 10.1.2. Every short exact sequence of rings (16) with A K-excisive, gives rise to a
distinguished triangle
KA — KB — KC — Q7 'KA

Proof. Immediate from Theorem 6.4.1. O

10.2 KV-theory spaces.

Let A be aring. Consider the simplicial ring
AA: n|—ARLty,....tn) /(L —(to+ - +1n)).

It is useful to think of elements of A,A as formal polynomial functions on the algebraic n-
simplex {(xg,...,%;) € Z"t!: ¥ x; = 1} with values in A. Face and degeneracy maps are given
by

dl(f)([07"'7tn71) :f(t07"'7t17170’tl7"'7tn) (72)
50, stnr1) = fto, - timtli F iy o bng)-

Here f€ AjA,0<i<m,and0<j<n—1.

In the next proposition and below, we shall use the geometric realization of a simplicial
space; see [26, 1.3.2 (b)] for its definition. We shall also be concerned with simplicial groups;
see [56, Ch.8] for a brief introduction to the latter. The following proposition and the next are
taken from D.W. Anderson’s paper [1].

Propostion 10.2.1. ([1, 1.7]) Let A be a ring and n > 1. Then KV,A = 7w, |GLAA =
7,|BGLAA|.

Proof. The second identity follows from the fact that if G is a group, then QBG 5 G [7] and
the fact that, for a simplicial connected space X, one has 2|X| = |QX]|. To prove the first
identity, proceed by induction on n. Write ~ for the polynomial homotopy relation in GLA and
coeq for the coequalizer of two maps. The case n =1 is

eV
MoGL(AA) =coeq(GLA A = GLA)

evy
=GLA/ ~
=GLA/GL(A){ = KV, A.
For the inductive step, proceed as follows. Consider the exact sequence of rings

0—-QA—PA—A—0

Using that GL(—){, = Im(GLP(—) — GL(—)) and that PA = AP and QA = AQ, we obtain
exact sequences of simplicial groups
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1 — GLAQA —> GLAPA — GL(4A)) —— 1 (73)
1 — GL(4A)) —> GLAA —> KV, (4A) ——> 1 (74)

Since KV is homotopy invariant (by 4.2), we have mpKV,AA = KV} A and 7, KV AA = 0 for
n > 0. It follows from (74) that

0 —0
1,GL(AA)) = " (75)
T,GL(AA) n>1

Next, observe that there is a split exact sequence
1 — GLAPA — GLAA[x] — GLAA — 1

Here, the surjective map and its splitting are respectively GLdp and GLsg. One checks that the
maps

hi : AyA1A — Ay A,
hi(f)(t()v"'vtnvx) :f(t()a'"ati+ti+|7"'7tnv([i+1 +'”+ln)x)

0 < i < nform a simplicial homotopy between the identity and the map A, (sodp). Thus GLdy
is a homotopy equivalence, whence 7,GLAPA = 0. Putting this together with (75) and using
the homotopy exact sequence of (73), we get

1, GLAQA = 1, 1GLAA (n>0).
The inductive step is immediate from this. O
Exercise 10.2.2. Let L be a locally convex algebra. Consider the geometric n-simplex
A" = {(x0,...,x,) € R"! :Zx[ =1}0A":={xecA":x;>0(0<i<n)}.
If L is a locally convex algebra, we write
AU = €= (A" L).

Here, (A", —) denotes the locally convex vectorspace of all those functions on A” which are
restrictions of ¢"*°-functions on A". The cosimplicial structure on [n] — A" induces a simplicial
one on AYTL In particular, A%'L is a simplicial locally convex algebra, and GL(AdifL) isa
simplicial group.

i) Prove that KVIfL =z, _GL(AYL) (n > 1).

ii) Let A be a Banach algebra. Consider the simplicial Banach algebra APA = € (A*,A) and
the simplcial group GL(A'PA). Prove that KyPA = m,_;GL(A'PA) (n > 1).

Propostion 10.2.3. ([, 2.3]) Let R be a unital ring. Then the map |BGLAR| — |KAR| is an
equivalence. ]

Corollary 10.2.4. IfA is a ring and n > 1, then

KV,A = m,|[K(AA : AA)|D
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Remark 10.2.5. The argument of the proof of Proposition 10.2.3 in [1] applies verbatim to the
€ case, showing that if T is a unital locally convex algebra, then

|IBGLAYT| = |KAYET|.

It follows that if L is any, not necessarily unital locally convex algebra and L = L@ C is its
unitalization, then ) ] -

KVI'L = 7, |[K(AY Lo A%TL))|
The analogous formulas for the topological K-theory of Banach algebras are also true and can
be derived in the same manner.

10.3 The homotopy K-theory spectrum.

Let R be a unital ring. Consider the simplicial spectrum KAR. Put
KH(R) = |KAR|
One checks that KH : 2ss; — HoSpr is additive. Thus KH extends to arbitrary rings by
KH(A) = hofiber(KHA — KHZ) = |[K(AA : AA)|

Remark 10.3.1. If A is any, not necessarily unital ring, one can also consider the spectrum
|KAA[; the map
KAA = K(AA : AA) — K(AA : AA) (76)

induces
|KAA| — |KHA|. 7

If A happens to be unital, then (76) is an equivalence, whence the same is true of (77). Further,
we shall show below that (77) is in fact an equivalence for all Q-algebras A.

Propostion 10.3.2. Let A be a ring, and n € Z. Then KH,(A) = m, KH(A).
Proof. 1t is immediate from the definition of the spectrum KHA given above that
. KH(A) = ker(m, KHA — 7, KHZ)

Since a similar formula holds for KH,, it suffices to prove the proposition for unital rings. Let R
be a unital ring. By definition, the spectrum |KH(R)| is the spectrification of the pre-spectrum
whose p-th space is [QKAXPHIR|. Thus

T KH(R) = colim 7, ,| QKALPTIR| = colim 7,4 , 2| KAZPHIR|
P P

=colim 7, 1| KAZP™R| = colimKV,4 ,Z"R = KH,R. O
P P

Exercise 10.3.3. Let L be a locally convex algebra. Put
KDL = |[K(A% e : A%TL)).

i) Show that 7, KDL = KD, L (n € 7).
ii) Construct a natural map '
KAYL — KDL

and show it is an equivalence for unital L.
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11 Primary and secondary Chern characters

In this section, and for the rest of the paper, all rings considered will be Q-algebras.

11.1 Cyclic homology.

The different variants of cyclic homology of an algebra A are related by an exact sequence,
Connes’ SBI sequence

HPy A —3 > HCp 1A -2 > HNyA — L > HP,A — 55 HC, A (78)

Here HC, HN and HP are respectively cyclic, negative cyclic and periodic cyclic homology. The
sequence (78) comes from an exact sequence of complexes of QQ-vectorspaces. The complex for
cyclic homology is Connes’ complex C*A, whose definition we shall recall presently; see [38,
5.1] for the negative cyclic and periodic cyclic complexes. The complex C*Aisa nonnegatively
graded chain complex, given in dimension n by the coinvariants

CrA = (A" Ny iz (79)

of the tensor power —taken over Z, or, what is the same, over Q- under the action of Z/(n+1)Z
defined by the signed cyclic permutation

AMag®@ - ®an) = (—1)"an@ao @+ ®ap_1.

The boundary map b : C,’}A — CZ[IA is induced by

n—1
b AP S AP blag®--®ay) = Y (—1)ag @ @aiai g ® - ®ay
i=0

+(=D)"apa9®--- @an—_y
Example 11.1.1. The map Cfl (A4) — C& (A) sends the class of a®b to [a,b] := ab — ba. Hence
HCoA = A/[A A

By definition, HC,A = 0 if n < 0. Also by definition, HP is periodic of period 2.
The following theorem subsumes the main properties of HP.

Theorem 11.1.2.

i) (Goodwillie, [28]; see also [18]) The functor HP, : Q — 2Ass — b is homotopy invariant
and nilinvariant.

ii)(Cuntz-Quillen, [19]) HP satisfies excision for Q-algebras; to each exact sequence (16) of
Q-algebras, there corresponds a 6-term exact sequence

HPyA — HPh)B —— HP)C (80)

| l

HP,C <—— HP\B<—— HP|A
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Remark 11.1.3. The sequence (78) comes from an exact sequence of complexes, and thus, via
the Dold-Kan correspondence, it corresponds to a homotopy fibration of spectra

Q 'HCA — HNA — HPA (81)

Similarly, the excision sequence (80) comes from a cofibration sequence in the category of
pro-supercomplexes [?]; applying the Dold-Kan functor and taking homotopy limits yields a
homotopy fibration of Bott-periodic spectra

HPA — HPB — HPC (82)

The sequence (80) is recovered from (82) after taking homotopy groups.

11.2 Primary Chern character and infinitesimal K-theory.

The main or primary character is a map going from K-theory to negative cyclic homology
¢ KyA — HN,A (neZ).

(See [38, Ch. 8, Ch. 11] for its definition). This group homomorphism is induced by a map of
spectra
KA — HNA

Put KinfA := hofiber(KA — HNA) for its fiber; we call KinfA the infinitesimal K-theory of A.
Thus, by definition, '
K"A — KA — HNA (83)

is a homotopy fibration. The main properties of K" are subsumed in the following theorem.

Theorem 11.2.1.

i) (Goodwillie, [29]) The functor K,i“f : Q —Ass — Ab is nilinvariant (n € 7).

ii)([11]) K™ satisfies excision for Q-algebras. Thus to every exact sequence of Q-algebras
(16) there corresponds a triangle

Kil’lfA N KinfB N Kinfc N .Q —1 Kian
in Ho(Spt) and therefore an exact sequence

K\C— KMA— KMB— KMC— KM A O

11.3 Secondary Chern characters.

Starting with the fibration sequence (83), one builds up a commutative diagram with homotopy
fibration rows and columns

Kinfnilg —— infq —— |Ki“fAA| (84)
Koilg KA IKAA|

1

HN"'A HNA [HNAA|.
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The middle column is (83); that on the right is (83) applied to AA; the horizontal map of
homotopy fibrations from middle to right is induced by the inclusion A — AA, and its fiber is
the column on the left.

Lemma 11.3.1. ([13, 2.1.1]) Let A be a simplicial algebra; write T, A for its homotopy groups.
Assume m,A = 0 for all n. Then HCA = 0 and HNA = HPA. ]

Propostion 11.3.2. Let A be a Q-algebra. Then there is a weak equivalence of fibration se-
quences

HNnilg HNA HNAA
\L 13 l l l l
QHCA HNA HPA

Proof. By Lemma 11.3.1 and Theorem 11.1.2, we have equivalences

HNAA ——> HPAA <—— HPA
The proposition is immediate from this. O

Propostion 11.3.3. If A is a Q-algebra, then the natural map |[KAA| — KHA of (77) above is
an equivalence.

Proof. We already know that the map is an equivalence for unital algebras. Thus since KH is
excisive, it suffices to show that KA (—) is excisive. Using Proposition 11.3.2 and diagram (84),
we obtain a homotopy fibration

K"AA — KAA — HPA

Note HIP is excisive by Cuntz-Quillen’s theorem 11.1.2 ii). Moreover, KinfA (=) is also excisive,
because K™ is excisive (11.2.1 ii)), and because A(—) preserves exact sequences and | — |
preserves fibration sequences. It follows that KA (—) is excisive; this completes the proof. O

In view of Propositions 11.3.2 and 11.3.3, we may replace diagram (84) by a homotopy
equivalent diagram

Kinf.nil 4 Kinf 4 IKI"fAA| (85)
Kril4 KA KHA
vi cl chl

The induced maps Vi : KNilgA — HC,_1A and ch, : KH.A — HP,A are the secondary and the
homotopy Chern characters. By definition, they fit together with the primary character ¢, into a
commutative diagram with exact rows

KHy 1A KMA KA KH,A KM A (86)

chyy1 l Vy \L Cn i chnl V-1 l

HP 1A — > HC, 1A ——> HN,A ——> HP,A —> HC, 2A.
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Remark 11.3.4. The construction of secondary characters given above goes back to Weibel’s
paper [58], where a a diagram similar to (86), involving Karoubi-Villamayor K-theory KV
instead of KH (which had not yet been invented by Weibel), appeared (see also [36]). For
Kp-regular algebras and n > 1, the latter diagram is equivalent to (86).

Recall that, according to the notation of Section 4, an algebra is K,i,"f-regqlar if KA — KiMTA,A
is an isomorphism for all p > 0. We say that A is K™ -regular if it is K" -regular for all .

Propostion 11.3.5. Let A be a Q-algebra. If A is K™ _regular, then the secondary character
Vi ! K,‘:‘IA — HC,_1A is an isomorphism.

Proof. The hypothesis implies that the map KA — Ki"fA, A is a weak equivalence (n > 0).
Thus, viewing K™A as a constant simplicial spectrum and taking realizations, we obtain an
equivalence K"fA = |KMAA|. Hence K""A 5 0 and therefore v is an equivalence. O

Example 11.3.6. The notion of K™ -regularity of Q-algebras was introduced in [13, §3], where
some examples are given and some basic properties are proved; we recall some of them. First of
all, forn < —1, K,i“f-regularity is the same as K,-regularity. A K(i)"f-regular algebra is Ky-regular,
but not conversely. If R is unital and K}“f—regular, then the two sided ideal < [R,R] > generated
by the additive commutators [r,s] = rs — sr is the whole ring R. In particular, no nonzero unital
commutative ring is K{“f-regular. Both infinite sum and nilpotent algebras are K™™-regular. If
(16) is an exact sequence of Q-algebras such that any two of A, B, C are K™ -regular, then so is
the third.
We shall see in 12.2.1 that any stable locally convex algebra is K™ -regular.

11.4 Application to KD.

Propostion 11.4.1. Let L be a locally convex algebra. Then the natural map KAYL — KDL
of 10.3.3 ii) is an equivalence.

Proof. By Exercise 10.3.3 ii), the proposition is true for unital L. Thus it suffices to show
that KAdif(—) satisfies excision for those exact sequences (65) which admit a continuous
linear splitting. Applying the sequence (83) to AYfL and taking realizations yields a fibration
sequence
[K™MANL| — KA — [HNAYT

One checks that T, A%L = 0 (see [13, 4.1.1]). Hence the map I : HNAYL, — HPA%L is an
equivalence, by Lemma 11.3.1. Now proceed as in the proof of Proposition 11.3.3, taking into
account that A4if(—) preserves exact sequences with continuous linear splitting. O

Corollary 11.4.2. Assume that the map K,L — KnA;‘,“fL is an isomorphism for all n € Z and
all p > 0. Then KL — KDL is an equivalence.

Proof. Analogous to the first part of the proof of Proposition 11.3.5. O

12 Comparison between algebraic and topological K-theory III

12.1 Stable Fréchet algebras.

The following is the general version of theorem 7.2.1, also due to Wodzicki.
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Theorem 12.1.1. ([62, Thm. 2],[13, 8.3.3, 8.3.4]) Let L be an m-Fréchet algebra with uniformly
bounded left or right approximate unit. Then there is a natural isomorphism:

K.(L& KX ) = KDy (LX), VneZ.

Proof. Write € for the full subcategory of those locally convex algebras which are m-Fréchet
algebras with left ubau. In view of Corollary 11.4.2, it suffices to show that for all n € Z and
p > 0, the map A

Kn(L&H ) — Kn (A LE X ) (87)

is an isomorphism for each L € €. Note that, since Agif(C is a unital m-Fréchet algebra and its
unit is uniformly bounded, the functor Agif(f) = 7®A[§if(c maps < into itself. Since L — A[‘}ifL
is a diffeotopy equivalence, this means that to prove (87) is to prove that K,(—&.#") : € — b
is diffeotopy invariant. Applying the same argument as in the proof of Theorem 7.2.1, we get
that the natural map
K. (L&A) — K. (LEA)O,1])

is an isomorphism. It follows that K. (—&.%#") is invariant under continous homotopies, and
thus also under diffeotopies.

Exercise 12.1.2. Prove that if L is as in Theorem 12.1.1 and M = L&.#, then KD..(M(0,1)) =
KD, 1 M.

Exercise 12.1.3. Prove that the map K, (L&.#)—KD,(L&.¢") is an isomorphism for every
unital Fréchet algebra L, even if the unit of L is not uniformly bounded. (Hint: use Exercise
6.6.7).

Remark 12.1.4. N.C. Phillips has defined a K'°P for m-Fréchet algebras ([41]) which extends
that of Banach algebras discussed in Section 3 above. We shall see presently that, for L as in
Theorem 12.1.1,

K (L&) = KDL (L&X ) = K. (LR.X).
Phillips’ theory is Bott periodic and satisfies K([)Op (M) =Ko(M&SK) and K, ;°p (M) =Ko((M&R)(0,1))
for every Fréchet algebra M. On the other hand, for L as in the theorem, we have KDy(L& %) =
Ko(L&2 ) and KD (L&.# ) = Ko ((L&#)(0,1)). But by 9.1.7, Ko (M&.# ) = Ko (MR K B R)
for every locally convex algebra M. This proves that KD, (L&) = Ky® (L&.#) for n =0, 1;
by Bott periodicity, we get the equality for all n.

12.2 Stable locally convex algebras: the comparison sequence.

Theorem 12.2.1. (see [13, 6.3.1]) Let A be a C-algebra, L be a locally convex algebra, and
J a Fréchet operator ideal. Then

i)A®c (L& ) is K™-regular:

ii) For each n € Z, there is a 6-term exact sequence

K_((A®c (L& f)) —— HCy_1(AQc (L& F ) —— K (A®c (L& 7)) (88)

! |

Ky 1(AQc (L& #)) =<—— HCyy2(A®c (L& F)) <—— Ko(A®¢ (L& 7).
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Proof. According to Theorem 11.2.1, K™ is nilinvariant and satisfies excision. Hence, by
Theorem 9.1.5, L — KM (A ®¢ (L& _#)) is diffeotopy invariant, whence it is invariant under
polynomial homotopies. This proves (i). Put B=A®¢ (L& _#). By (i) and 11.3.5, v, : KMIB —
HC,_ B is an isomorphism. Hence from (86) we get a long exact sequence

Schy,

KH, . \B—— HC,,_|B KB KH,B HC,,_»B (89)

By Corollary 9.2.2, KH;,B = KyB and KHj,,_1 B = K_ B; the sequence of the theorem follows

from this, using the sequence (89). O
Corollary 12.2.2. For each n € Z, there is a 6-term exact sequence

KD|(L& #) —> HCyp_ (L& 7)) — Ky, (L& ) (90)

T l

KZn—l (L®/) < HCzn,Q(L®/) < KDQ(L@/)
Proof. By Theorem 9.2.1 iii), KD« (L® ¢ ) = KH,(L® _# ). Now use Corollary 9.2.2. o
Example 12.2.3. We saw in Theorem 12.1.1 that the comparison map K, (L&.#") — KD, (L&)

is an isomorphism whenever L is an m-Fréchet algebra with left ubau. Thus

HC.(L&X) =0 oD
by Corollary 12.2.2. It is also possible to prove (91) directly and deduce Theorem 12.1.1 from
the corollary above; see [13, 8.3.3].

Example 12.2.4. If we set L = C in Theorem 12.2.1 above, we obtain an exact sequence

K 1(A®c f) ——HCy 1(A®c f) — K (A®c 7) 92)

! i

Kyp-1(A®c J) <—— HCy2(A®c J) <—— Ko(A®c f).
Further specializing to A = C and using 2.5.3 and 2.5.4 yields
0—-HCy, I > Ky, I =7 & HCy 2 9 — Koy 1 I — 0.

Here we have written a, for the composite of S o chy, with the isomorphism Z = K _7 . If
for example 7 C %), (p > 1) then a, is injective for n > (p+1)/2, by a result of Connes
and Karoubi [10, 4.13] (see also [13, 7.2.1]). Setting p = 1 we obtain, for each n > 1, an
isomorphism

Koy = HCyy 141

and an exact sequence
0-72% HCy 2.4 — K144 — 0.

Note that since HCy,_1.%] is a Q-vectorspace by definition, the sequence above implies that
Kou— 12 is isomorphic to the sum of a copy of Q/Z plus a Q-vectorspace.

Remark 12.2.5. The exact sequence (92) is valid more generally for subharmonic ideals (see
[13, 6.5.1] for the definition of this term, and [13, 7.1.1] for the statement). In particular, (92) is
valid for all the Schatten ideals .Zp, p>0.In[13,7.1.1] there is also a variant of (92) involving
relative K-theory and relative cyclic homology; the particular case of the latter when A is
K-excisive is due to Wodzicki ([62, Theorem 5]).
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(after Quillen, Thomason and others)

Marco Schlichting

Mathematics Institute

Zeeman Building

University of Warwick

Coventry CV4 7TAL UK
m.schlichting@warwick.ac.uk

Summary. We present an introduction (with a few proofs) to higher algebraic K-theory of
schemes based on the work of Quillen, Waldhausen, Thomason and others. Our emphasis is on
the application of triangulated category methods in algebraic K-theory.

1 Introduction

These are the expanded notes for a course taught by the author at the Sedano Winter School
on K-theory, January 23 — 26, 2007, in Sedano, Spain. The aim of the lectures was to give an
introduction to higher algebraic K-theory of schemes. I decided to give only a quick overview
of Quillen’s fundamental results [Qui73], [Gra76], and then to focus on the more modern point
of view where structure theorems about derived categories of sheaves are used to compute
higher algebraic K-groups.

Besides reflecting my own taste, there are at least two other good reasons for this emphasis.
First, there is an ever growing number of results in the literature about the structure of triangu-
lated categories. To name only a few of their authors, we refer the reader to the work of Bondal,
Kapranov, Orlov, Kuznetsov, Samarkhin, Keller, Thomason, Rouquier, Neeman, Drinfeld, Toen,
van den Bergh, Bridgeland, etc. ... The relevance for K-theory is that virtually all results about
derived categories translate into results about higher algebraic K-groups. The link is provided
by an abstract Localization Theorem due to Thomason and Waldhausen which — omitting
hypothesis — says that a “short exact sequence of triangulated categories gives rise to a long
exact sequence of algebraic K-groups”. The second reason for this emphasis is that an analog
of the Thomason-Waldhausen Localization Theorem also holds for many other (co-) homology
theories besides K-theory, among which Hochschild homology, (negative, periodic, ordinary)
cyclic homology [Kel99], topological Hochschild (and cyclic) homology [AJBOS], triangular
Witt groups [Bal00] and higher Grothendieck-Witt groups [Scha]. All K-theory results that
are proved using triangulated category methods therefore have analogs in all these other (co-)
homology theories.

* The author acknowledges support from NSF and MPIM-Bonn
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Here is an overview of the contents of these notes. Section 2 is an introduction to Quillen’s
fundamental article [Qui73]. Here the algebraic K-theory of exact categories is introduced via
Quillen’s Q-construction. We state some fundamental theorems, and we state/derive results
about the G-theory of noetherian schemes and the K-theory of smooth schemes. The proofs in
[Qui73] are all elegant and very well-written, so there is no reason to repeat them here. The
only additions I have made are a hands-on proof of the fact that Quillen’s Q-construction gives
the correct Ky-group, and a description of negative K-groups which is absent in Quillen’s work.

Section 3 is an introduction to algebraic K-theory from the point of view of triangulated
categories. In §3.1 we introduce the Grothendieck-group Kj of a triangulated category, give
examples and derive some properties which motivate the introduction of higher algebraic
K-groups. In §3.2 we introduce the K-theory space (and the non-connected K-theory spectrum)
of a complicial exact category with weak equivalences via Quillen’s Q-construction. This
avoids the use of the technically heavier S,-construction of Waldhausen [Wal85]. We state in
3.2.27 the abstract Localization Theorem mentioned above that makes the link between exact
sequences of triangulated categories and long exact sequences of algebraic K-groups. In §3.3
we show that most of Quillen’s results in [Qui73] — with the notable exception of Dévissage —
can be viewed as statements about derived categories, in view of the Localization Theorem.
In §3.4 we give a proof — based on Neeman’s theory of compactly generated triangulated
categories — of Thomason’s Mayer-Vietoris principle for quasi-compact and separated schemes.
In §3.5 we illustrate the use of triangulated categories in the calculation of the K-theory of
projective bundles and of blow-ups of schemes along regularly embedded centers. We also refer
the reader to results on derived categories of rings and schemes which yield further calculations
in K-theory.

Section 4 is a mere collection of statements of mostly recent results in algebraic K-theory
the proofs of which go beyond the methods explained in §2 and §3.

In Appendix A.1 and A.2 we assemble results from topology and the theory of triangulated
categories that are used throughout the text. In Appendix A.3 we explain the constructions and
elementary properties of the derived functors we will need. Finally, we give in Appendix A.4 a
proof of the fact that the derived category of complexes of quasi-coherent sheaves (supported
on a closed subset with quasi-compact open complement) on a quasi-compact and separated
scheme is compactly generated — a fact used in the proof of Thomason’s Mayer-Vietoris
principle in §3.4.
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2 The K-theory of exact categories

2.1 The Grothendieck group of an exact category
2.1.1 Exact categories

An exact category [Qui73, §2] is an additive category & equipped with a family of sequences
of morphisms in &, called conflation (or admissible exact sequences),

xLy2lz 1

satisfying the properties (a) — (f) below. In a conflation (1), the map i is called inflation (or
admissible monomorphism) and may be depicted as ~—, and the map p is called deflation (or
admissible epimorphism) and may be depicted as —.

(a) In a conflation (1), the map i is a kernel of p, and p is a cokernel of i.
(b) Conflations are closed under isomorphisms.
(c) Inflations are closed under compositions, and deflations are closed under compositions.

1
(d) Any diagram Z < X »— Y with i an inflation can be completed to a cocartesian square

with j an inflation.

(e) Dually, any diagram X — Z bl Y with p a deflation can be completed to a cartesian square

W——Y

X—Z

with g a deflation.
(f) The following sequence is a conflation

1
X(i)xeaym_!)y.

Quillen lists another axiom [Qui73, §2 Exact categories ¢)] which, however, follows from the
axioms listed above [Kel90, Appendix]. For a detailed account of exact categories including
the solutions of some of the exercises below, we refer the reader to [Bue08].

An additive functor between exact categories is called exact if it sends conflations to
conflations.

Let o7, # be exact categories such that # C o7 is a full subcategory. We say that & is a
Sully exact subcategory of 7 if 2 is closed under extensions in .o (that is, if in a conflation (1)
in 7, X and Z are isomorphic to objects in % then Y is isomorphic to an object in %), and if
the inclusion % C o7 preserves and detects conflations.
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2.1.2 Examples

(a) Abelian categories are exact categories when equipped with the family of conflations (1)
where 0 — X — Y — Z — 0 is a short exact sequence. Examples of abelian (thus exact)
categories are: the category R-Mod of all (left) R-modules where R is a ring; the category
R-mod of all finitely generated (left) R-modules where R is a noetherian ring; the category
Ox -Mod (Qcoh(X)) of (quasi-coherent) Ox-modules where X is a scheme; the category
Coh(X) of coherent Ox-modules where X is a noetherian scheme.

(b) Let o be an exact category, and let # C &/ be a full additive subcategory closed under
extensions in &7. Call a sequence (1) in Z a conflation if it is a conflation in 2/. One
checks that % equipped with this family of conflations is an exact category making %
into a fully exact subcategory of 7. In particular, any extension closed subcategory of an
abelian category is canonically an exact category.

(c) The category Proj(R) of finitely generated projective left R-modules is extension closed in
the category of all R-modules. Similarly, the category Vect(X) of vector bundles (that is,
locally free sheaves of finite rank) on a scheme X is extension closed in the category of all
Ox-modules. In this way, we consider Proj(R) and Vect(X) as exact categories where a
sequence is a conflation if it is a conflation in its ambient abelian category.

(d) An additive category can be made into an exact category by declaring a sequence (1) to be
a conflation if it is isomorphic to a sequence of the form 2.1.1 (f). Such exact categories
are referred to as split exact categories.

(e) Let & be an exact category. We let Ch & be the category of chain complexes in &. Objects
are sequences (A,d) :

A AT i i
of morphisms in & such that d od = 0. A morphism f: (A,ds) — (B,dp) is a collection of
morphisms f!: A — B/, i € Z, such that fody = dgo f. A sequence (A,dy) — (B,dp) —
(C,dc) of chain complexes is a conflation if A’ — B! — C' is a conflation in & for all i € Z.
This makes Ch & into an exact category.
The full subcategory Ch” & C Ché& of bounded chain complexes is a fully exact subcate-
gory, where a complex (4,d,) is bounded if A’ = 0 for i >> 0 and i << 0.

It turns out that the examples in 2.1.2 (b), (c) are typical as the following lemma shows. The
proof can be found in [TT90, Appendix A] and [Kel90, Appendix A].

2.1.3 Lemma

Every small exact category can be embedded into an abelian category as a fully exact subcate-
gory.

2.1.4 Exercise

Use the axioms 2.1.1 (a) — (f) of an exact category or Lemma 2.1.3 above to show the following

(and their duals).

(a) A cartesian square as in 2.1.1 (e) with p a deflation is also cocartesian. Moreover, if X — Z
is an inflation, then W — Y is also an inflation.

(b) If the composition ab of two morphisms in an exact category is an inflation, and if b has a
cokernel, then b is also an inflation. This is Quillen’s redundant axiom [Qui73, §2 Exact
categories ¢)].

(c) Given a composition pq of deflations p, ¢ in &, then there is a conflation ker(gq) —
ker(pg) — kerp in &.
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2.1.5 Definition of K

Let & be a small exact category. The Grothendieck group Ko(&) of & is the abelian group
freely generated by symbols [X] for every object X of & modulo the relation

[Y] = [X] + [Z] for every conflation X »— Y —» Z. )
An exact functor F : o/ — 28 between exact categories induces a homomorphism of abelian

groups F : Ko(/) — Ko(AB) via [X] — [FX].

2.1.6 Remark

The conflation 0 >~ 0 — 0 implies that 0 = [0] in Ko(&). Let X — Y be an isomorphism,
then we have a conflation 0 — X — Y, and thus [X] = [Y] in Ko(&). So Kop(&) is in fact
generated by isomorphism classes of objects in &. The split conflation 2.1.1 (f) implies that
XaY]=[X]+[Y]

2.1.7 Remark (K for essentially small categories)
By Remark 2.1.6, isomorphic objects give rise to the same class in K. It follows that we could
have defined Ky (&) as the group generated by isomorphism classes of objects in & modulo

the relation 2.1.5 (2). This definition makes sense for any essentially small (= equivalent to a
small) exact category. With this in mind, Kj is also defined for such categories.

2.1.8 Definition
The groups Ko(R), Ko(X), and Go(X) are the Grothendieck groups of the essentially small
exact categories Proj(R) of finitely generated projective R-modules where R is any ring, of the

category Vect(X) of vector bundles on a scheme X!, and of the category Coh(X) of coherent
Ox-modules over a noetherian scheme X.

2.1.9 Examples

For commutative noetherian rings, there are isomorphisms

Ko(Z) 217,

Ko(R)27Z where R is a local (not necessarily noetherian) ring,
Ko(F)>2Z where F is a field,

Ko(A) = 7" where dimA = 0 and n = #SpecA,

Ko(R) 2 Z @ Pic(R) where R is connected and dimR = 1,

Ko(X) = Z @ Pic(X) where X is a connected smooth projective curve.

! For this to be the correct Ky-group, one has to make some assumptions about X such as
quasi-projective or separated regular noetherian. See §3.4.
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The group Pic(R) is the Picard group of a commutative ring R, that is, the group of isomorphism
classes of rank 1 projective R-modules with tensor product ®@g as group law. The isomorphism
in the second to last row is induced by the map Ko(R) — Z @ Pic(R) sending a projective
module P to its rank rk P € Z and its highest non-vanishing exterior power AP € Pic(R).
Similarly for the last isomorphism.

Proof:

The first three follow from the fact that any finitely generated projective module over a
commutative local ring or principal ideal domain R is free. So, in all these cases Ky(R) = Z. For
the fourth isomorphism, in addition we use the decomposition of A into a product A} X ... X A,
of Artinian local rings [AM69, Theorem 8.7] and the fact Ko(R x S) 2 Ky(R) x Ko(S). For the
second to last isomorphism, the map Ky(R) — Z & Pic(R) is surjective for any commutative
ring R. Injectivity for dimR = 1 follows from Serre’s theorem [Ser58, Théoréme 1] which
implies that a projective module P of rank r over a noetherian ring of Krull dimension d can
be written, up to isomorphism, as Q & R"~¢ for some projective module Q of rank d provided
r>d. Ford =1, this means that P~ R" ! § A"P.

For the last isomorphism, let x € X be a closed point with residue field k(x) and U = X —x
its open complement. Note that U is affine [Har77, IV Exercise 1.3]. Anticipating a little, we
have a map of short exact sequences

0 —— Ko(k(x)) —— Ko(X) Ko(U) 0
0 7 Z@Pic(X) —= Z®Pic(U) —=0

in which the left and right vertical maps are isomorphisms, by the cases proved above. The top
row is a special case of Quillen’s localization long exact sequence 2.3.7 (5) using the fact that
Ko = Gy for smooth varieties (Poincaré Duality Theorem 3.3.5), both of which can be proved
directly for Gy and K without the use of the machinery of higher K-theory. The second row
is the sum of the exact sequences 0 -0 —-Z —Z —0and 0 - Z — CI(X) — CI(U) — 0
[Har77, II Proposition 6.5] in view of the isomorphism Pic(X) 22 CI(X) for smooth varieties
[Har77, I Corollary 6.16]. O

2.2 Quillen’s Q-construction and higher K-theory

In order to define higher K-groups, one constructs a topological space K (&) and defines the
K-groups K;(&') as the homotopy groups m;K(&) of that space. The topological space K(&)
is the loop space of the classifying space (Subsection 2.2.2 and Appendix A.1.3) of Quillen’s
QO-construction. We start with describing the Q-construction.

2.2.1 Quillen’s Q-construction [Qui73, §2]

Let & be a small exact category. We define a new category Q& as follows. The objects of Q&

. . . . P
are the objects of &. A map X — Y in Q& is an equivalence class of data X « W + Y where
p is a deflation and i an inflation. The datum (W, p,i) is equivalent to the datum (W', p’,i’)
if there is an isomorphism g : W — W’ such that p = p’g and i = i’g. The composition of
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(W,p,i): X — Y and (V,q,j) : Y — Z in Q& is the map X — Z represented by the datum
(U, pg, ji) where U is the pull-back of ¢ along i as in the diagram

X<«LW<<LU

i i

Y<<TV>—'>Z

which exists by 2.1.1 (e). The map g (and hence pg by 2.1.1 (c)) is a deflation by 2.1.1 (e), and
the map 7 (and hence ji) is an inflation by 2.1.4 (a). The universal property of cartesian squares
implies that composition is well-defined and associative (exercise!). The identity map idy of an
object X of Q& is represented by the datum (X, 1,1).

2.2.2 The classifying space of a category

To any small category %, one associates a topological space B called the classifying space
of €. This is a CW-complex constructed as follows (for the precise definition, see Appendix
A.1.3).

e (-cells are the objects of %

e |-cells are the non-identity morphisms attached to their source and target.

e 2-cells are the 2-simplices (see the figure below) corresponding to pairs (f, g) of compos-
able morphisms such that neither f nor g is an identity morphism.

G

G f Ci

The edges f, g and gf which make up the boundary of the 2-simplex (f, g) are attached to
the 1-cells corresponding to f, g, and gf. In case g f = idc,, the whole edge g f is identified
with the 0-cell corresponding to Cj.

e 3-cells are the 3-simplices corresponding to triples Cy E} Cy Eit G # C3 of composable

arrows such that none of the maps fjy, f1, f2 is an identity morphism. They are attached in
a similar way as in the case of 2-cells, etc.

2.2.3 Exercise

Give the CW-structure of the classifying spaces B where the category % is as follows.

(a) % is the category with 3 objects A, B, C. The hom sets between two objects of ¢ contain at
most 1 element where the only non-identity maps are f:A — B, g:B— Cand gf:A — C.

(b) ¥ is the category with 2 objects A, B. The only non-identity maps are f : A — B and
g:B— A. They satisfy gf = 14 and fg = 1p.
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Hint: the category in (a) is the category [2] given in Appendix A.1.3. Both categories have
contractible classifying space by Lemma A.1.6.

Since we have a category Q&’, we have a topological space BQ&'. We make the classifying
space BQ& of Q& into a pointed topological space by choosing a 0-object of & as base-point.
Every object X in Q& receives an arrow from 0, the map represented by the data (0,0,0x)
where Oy denotes the zero map 0 — X in &. In particular, the topological space BQ& is
connected, that is, myBQ& = 0.

To an object X of &, we associate a loop Iy = (0,0,0x)~!(X,0,1) based at 0

(0,0,0x)
Ix : 0 X

in BO& by first “walking” along the arrow (X,0,1) and then back along (0,0,0x) in the
opposite direction of the arrow. This loop thus defines an element [Ix] in 71; BO&.

2.2.4 Proposition

The assignment which sends an object X to the loop lx induces a well-defined homomorphism
of abelian groups Ko(&) — m BQ& which is an isomorphism.

Proof:

In order to see that the assignment [X] — [Ix] yields a well defined group homomorphism
Ko(&) — mBQ&, we observe that we could have defined Ki(&) as the free group generated by

symbols [X] for each X € &, modulo the relation [Y] = [X][Z] for any conflation X Ly lz
The commutativity is forced by axiom 2.1.1 (f). So, we have to check that the relation [ly] =
[Ix][lz] holds in m; BQ&. The loops Ix and Iz are homotopic to the loops

OVXHY and 0 Z——=>Y which are
(X,0,1) (2.0,1)
(0,0,0y) (X,0.i)
0 O Y and 0 Q Y. Therefore,
(X,0,i) (¥,0,1)

[IX][IZ] = [(O,O,OY)*'(X,O,i)][(X,O,i)*‘(Y,O,l)] = [(OaO:OY)il(Yvov 1)} = [IY]»

and the map Ky(&') — m BO& is well-defined.

Now, we show that the map Ky (&) — @1 BQ& is surjective. By the Cellular Approximation
Theorem [Whi78, II Theorem 4.5], every loop in the CW-complex BQ& is homotopic to a
loop with image in the 1-skeleton of BQ&, that is, it is homotopic to a loop which travels
along the arrows of Q&. Therefore, every loop in BO& is homotopic to a concatenation
af]af_ll -~-a§t1afl of composable paths a?ﬂ in BQ& where the a;’s are maps in Q&’, and
a (resp. a~') means “walking in the positive (resp. negative) direction of the arrow a”. By
inserting trivial loops gog~! with g = (4,0,1) : 0 — A, we see that the loop a,jflaf_]l . ~a§[] afl
represents the element
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+1 —1 _+1 —1 _+1
@ g8, 1ar" 8285 a3 ' g1gy ]

= [an gnfl} : [g;lan,lgnd] [gz 1a2i1g1} [g laitl}
in 7 BQ& where g; = (A,,O 1) : 0 — A; has target A; which is the endpoint of the path alil
and the starting point of al+1 Let (U;,0, j;) : 0 — X; be the composition a; o (¥;,0,1) in Q&
where Y¥; and X; are the source and target of a;, respectively. Then we have [g;lla,ilgi] =
[(X;,0,1)~1(U;,0, j;)]*'. This means that the group ; BQ& is generated by loops of the form

(U.0.4)

In the following sequence of homotopies of loops

(X,0,1)"1(U,0,/) ~ (X,0,1)"1(U,1,/) o (U,0,1)
~ (X,0,1)71(U,1,)0(0,0,0y) 0 (0,0,0y) "' (U,0,1)
~ (X,0,1)71(0,0,0x) 0 (0,0,05) "1 (U,0,1)
=1y olU7

the first and third homotopies follow from the identities (U,0, j) = (U,1,j) o (U,0,1) and
(0,0,0x) = (U,1,j)0(0,0,0y) in Q& Since [l);1 oly] = [Ix]~'[ly] is in the image of the map
Ko(&) — mBQ&, we obtain surjectivity.

To show injectivity, we construct a map 71 BQ& — Ki(&') so that the composition Ko (&) —
Ko(&) is the identity. To this end, we introduce a little notation. For a group G, we let G be
the category with one object * and Hom(x, %) = G. Recall from Appendix A.1.5 that 7;BG =0
for i # 1 and m BG = G where the isomorphism G — 71 BG sends an element g € G to the
loop I, represented by the morphism g : * — . In order to obtain a map 7;BQ& — Ko(&),
we construct a functor F : Q& — Ky(&'). The functor sends an object X of Q& to the object
x of Ko(&). A map (W,p,i): X — Y in Q& is sent to the map represented by the element
[ker(p)] € Ko(&). Using the notation of 2.2.1, we obtain F[(V,q, j) o (W, p,i)] = F(U, pg, ji) =
lker(pg)] = [ker(9)] + [ker(p)] = [ker(q)] + [ker(p)] = F(V.q. /) o F (W, p,i) since, by 2.1.4 (c),
there is a conflation ker(g) — ker(pg) — ker(p) and ker(g) = ker(g) by the universal property
of pull-backs. So, F is a functor and it induces a map on fundamental groups of classifying
spaces T BO& — m Ko (&) = Ko(&). It is easy to check that the composition Ko (&) — Ko(&)
is the identity. U

2.2.5 Definition of K (&)
Let & be a small exact category. The K-theory space of & is the pointed topological space
K(&)=QBO&

with base point the constant loop based at 0 € Q&. The K-groups of & are the homotopy
groups K;(&) = m;K(&) = w1 BQ& of the K-theory space of &. An exact functor & — &’
induces a functor Q& — Q& on Q-constructions, and thus, continuous maps BQ& — BQ&”
and K(&) — K(&") compatible with composition of exact functors. Therefore, the K-theory
space and the K-groups are functorial with respect to exact functors between small exact
categories. By Proposition 2.2.4, the group Ky(&') defined in this way coincides with the group
defined in Subsection 2.1.5.
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2.2.6 Definition of K(R), K(X), G(X)

For a ring R and a scheme X, the K-theory spaces K(R) and K(X) are the K-theory spaces
associated with the exact categories Proj(R) of finitely generated projective R-modules and
Vect(X) of vector bundles on X2. For a noetherian scheme X, the G-theory space G(X) is the
K-theory space associated with the abelian category Coh(X) of coherent Ox-modules.

2.2.7 Remark

There is actually a slight issue with the Definition 2.2.6. The categories Proj(R) and Vect(X)
have too many objects, so many that they do not form a set; the same is true for Coh(X).
But a topological space is a set with a topology. Already the 0-skeletons of BQProj(R) and
BQ Vect(X) — which are the collections of objects of Proj(R) and Vect(X) — are too large. To
get around this problem, one has to choose “small models” of Proj(R) and Vect(X) in order
to define the K-theory spaces of R and X. More precisely, one has to choose equivalences of
exact categories &g ~ Proj(R) and & ~ Vect(X) where & and &x are small categories, i.e.,
categories which have a set of objects as opposed to a class of objects. This is possible because
Proj(R) and Vect(X) only have a set of isomorphism classes of objects (Exercise!). Given such
a choice of equivalence, one sets K(R) = K(&g) and K(X) = K(&x). For any other choice of
equivalences & ~ Proj(R) and & ~ Vect(X) as above, there are equivalences &g ~ &} and
&x ~ & compatible with the corresponding equivalences with Proj(R) and Vect(X) which are
unique up to equivalence of functors. It follows from Lemma A.1.6 that these equivalences
induce homotopy equivalences of K-theory spaces K (&g) ~ K (&%) and K(&x) ~ K(&y) which
are unique up to homotopy. Usually, one avoids these issues by working in a fixed “universe”.

In order to reconcile the definition of K(R) given above with the plus-construction given
in Cortifias’ lecture [Cor], we cite the following theorem of Quillen a proof of which can be
found in [Gra76].

2.2.8 Theorem (Q = +)
There is a natural homotopy equivalence
BGL(R)" ~ QyBQProj(R),

where € stands for the connected component of the constant loop in the full loop space. In
particular, there are natural isomorphisms fori > 1

mBGL(R)' = m; | BQProj(R).

Note that the space denoted by K(R) in Cortifias” lecture [Cor] is the connected component
of 0 of the space we here denote by K(R).

2 See footnote in Definition 2.1.8.
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2.2.9 Warning

Some authors define K(R) to be Ko(R) x BGL(R)™ as functors in R. Strictly speaking, this
is wrong: there is no zig-zag of homotopy equivalences between Ky(R) x BGL(R)™ and
QBQProj(R) which is functorial in R.

The problem is not that the usual construction of BGL(R) ™" involves choices when attaching
2 and 3-cells. The plus-construction can be made functorial. For instance, Bousfield-Kan’s
Z-completion Z.BGI(R) does the job by [BK72,15.5, V 3.3] (compare [BK72, VII 3.4]). The
problem is that one cannot write K (R) functorially as a product of Ky(R) and BGL(R)™. To
explain this point, let R be any ring, I'R be the cone ring of R (see Cortifias’ lecture [Cor]),
and ZR be the suspension ring of R which is the factor ring I'R/Ma(R) of the cone ring by
the two-sided ideal MR of finite matrices. Let R = 'R x yg I'R. The fibre product square of
(unital) rings defining R induces commutative diagrams

K(R) —— K(I'R) Ko(R) —— Ko(I'R)
N A T
K(I'R) — K(ZR) Ko(I'R) — Ko(ZR).

Using Quillen’s Q-construction, or other functorial versions of K-theory, one can show that the
left square is homotopy cartesian, and that there is a non-unital ring map R — R which induces
isomorphisms in K-theory. If the K-theory space K (R) were the product Ko(R) x BGL(R)" in
a functorial way, the set Ky(R) considered as a topological space with the discrete topology
would be a natural retract of K(R). Since the left-hand square in the diagram above is homotopy
cartesian, its retract, the right-hand square, would have to be homotopy cartesian as well. This
is absurd since Ko(I'R) = O for all rings R, and Ky (R) = Ko(R) # 0 for most rings.

2.3 Quillen’s fundamental theorems

In what follows we will simply cite several fundamental theorems of Quillen. Their proofs in
[Qui73] are very readable and highly recommended.

2.3.1 Serre subcategories and exact sequences of abelian categories

Let o7 be an abelian category. A Serre subcategory of <7 is a full subcategory % C <f with the
property that for a conflation in .o/

My — My - M,, wehave M|, € B <= Myand M, € A.

It is easy to see that a Serre subscategory 4 is itself an abelian category, and that the inclusion
A C o is fully exact. Given a Serre subcategory % C o7, one can (up to set theoretical issues
which do not exist when 27 is small) construct the quotient abelian category <7 /28 which has
the universal property of a quotient object in the category of exact categories. The quotient
abelian category .7 /4 is equivalent to the localization .o/ [S™!] of . with respect to the class
S of morphisms f in &7 for which ker(f) and coker(f) are isomorphic to objects in Z. The
class S satisfies a calculus of fractions (Exercise!) and .7 [S™!] has a very explicit description;
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see Appendix A.2.6. We will call Z — of — o7 /| P an exact sequence of abelian categories.
More details can be found in [Gab62], [Pop73].

The following two theorems are proved in [Qui73, §5 Theorem 5] and [Qui73, §5 Theorem
4].

2.3.2 Theorem (Quillen’s Localization Theorem)

Let of be a small abelian category, and let 28 C <f be a Serre subcategory. Then the sequence
of topological spaces

BQ(#) — BO(+/) — BO(/ | %)

is a homotopy fibration (see Appendix A.1.7 for a definition). In particular, there is a long exact
sequence of associated K-groups

= Kyl () = Ky 1 (o | B) — Kn(B) — Kn(A) — Kn(A | B) — -+
-+ Ko(e) — Kot | B) — 0.

2.3.3 Theorem (Dévissage)

Let <f be a small abelian category, and % C <f be a full abelian subcategory such that the
inclusion 8 C o is exact. Assume that every object A of </ has a finite filtration

0=A)CA  C..CA,=A

such that the quotients A;/A;_1 are in B. Then the inclusion 8 C o induces a homotopy
equivalence
K(B) S K().

In particular, it induces isomorphisms of K-groups Ki(#8) = K;(<).

The following are two applications of Quillen’s Localization and Dévissage Theorems.

2.3.4 Nilpotent extensions

Let X be a noetherian scheme and i : Z — X a closed subscheme corresponding to a nilpotent
sheaf of ideals / C Ox. Assume I" = 0. Then i, : Coh(Z) — Coh(X) satisfies the hypothesis
of the Dévissage Theorem because Coh(Z) can be identified with the subcategory of those
coherent sheaves F on X for which IF = 0, and every sheaf F € Coh(X) has a filtration
0=I"F CI""'F C .. CIF C F with quotients in Coh(Z). We conclude that i, induces a
homotopy equivalence G(Z) ~ G(X). In particular:

2.3.5 Theorem

For a noetherian scheme X, the closed immersion i : X,.q — X induces a homotopy equivalence
of G-theory spaces
i G(Xpea) — G(X).
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2.3.6 G-theory localization

Let X be a noetherian scheme, and j: U C X be an open subscheme with i : Z C X being its
closed complement X — U. Let Cohz(X) C Coh(X) be the fully exact subcategory of those
coherent sheaves F* on X which have support in Z, that is, for which Fjy; = 0. Then the sequence

Cohz(X) € Coh(X) £ Coh(U) 3)

is an exact sequence of abelian categories (see 2.3.8 below). By Theorem 2.3.2, we obtain
a homotopy fibration K Cohz(X) — K Coh(X) — K Coh(Z) of K-theory spaces. For another
proof, see 3.3.2. The inclusion i, : Coh(Z) C Cohz(X) satisfies Dévissage (Exercise!), so we
have a homotopy equivalence K Coh(Z) ~ K Cohz(X). Put together, we obtain:

2.3.7 Theorem

Let X be a noetherian scheme, and j: U C X be an open subscheme with i :Z C X being its
closed complement X — U. Then the following sequence of spaces is a homotopy fibration

G(2) = G(X) & G(U). @
In particular, there is an associated long exact sequence of G-theory groups

~Gi1(U) = Gi(Z2) = Gi(X) = Gi(U) = Gi_1(Z)--- — Go(U) — 0 (®)]

2.3.8 Proofthat (3) is an exact sequence of abelian categories:

As the “kernel” of the exact functor Coh(X) — Coh(U ), the category Cohz(X) is automatically
a Serre subcategory of Coh(X). The composition Cohz(X) C Coh(X)— Coh(U) is trivial.
Therefore, we obtain an induced functor

Coh(X)/Cohz(X)— Coh(U) 6)

which we have to show is an equivalence.

The functor (6) is essentially surjective on objects. This is because for any F € Coh(U),
the Ox-module j.F is quasi-coherent (X is noetherian). Therefore, j.F is a filtered colimit
colim G; of its coherent sub-Ox-modules G;. Every ascending chain of subobjects of a coherent

sheaf eventually stops. Therefore, we must have j*G; & j* j.F = F for some i.
The functor (6) is full because for F, G € Coh(X), any map f : j*F — j*G in Coh(U) equals

8o (I‘U)*l where 7 and g are maps in a diagram F <~ H % G of coherent Ox-modules. This
diagram can be taken to be the pull-back in Qcoh(X) of the diagram F — j,j*F — j.j*G — G
with middle map j*(f) and outer two maps the unit of adjunction maps. The object H is
coherent as it is a quasi-coherent subsheaf of the coherent sheaf F' & G. The unit of adjunction
G — j.j*G is an isomorphism when restricted to U. Since j* is an exact functor of abelian
categories, the same is true for its pull back 7 : F — H.

Finally, the functor (6) is faithful by the following argument. The “kernel category” of this
functor is trivial, by construction. This implies that the functor (6) is conservative, i.e., detects
isomorphisms. Now, let f : F — G be a map in Coh(X)/Cohz(X) such that j*(f) = 0. Then
ker(f) — F and G — coker(f) are isomorphisms when restricted to U. Since the functor (6)
is conservative, these two maps are already isomorphisms in Coh(X)/Cohz(X) which means
that f = 0.

Since a fully faithful and essentially surjective functor is an equivalence, we are done. [J
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2.3.9 Theorem (Homotopy invariance of G-theory [Qui73, Proposition 4.1])

Let X and P be noetherian schemes and f : P — X be a flat map whose fibres are affine spaces
(for instance, a geometric vector bundle). Then

f:G6(X) S G(P)

is a homotopy equivalence. In particular, G;(X x A) = G;(X).

2.3.10 K-theory of regular schemes

Let X be a regular noetherian and separated scheme. Then the inclusion Vect(X) C Coh(X)
induces a homotopy equivalence K Vect(X) ~ K Coh(X), that is,

K(X) -~ G(X)

(see the Poincaré Duality Theorem 3.3.5; classically it also follows from Quillen’s Resolution
Theorem 2.3.12 below). Thus, Theorems 2.3.7 and 2.3.9 translate into theorems about K (X)
when X is regular, noetherian and separated. For instance, Theorem 2.3.9 together with Poincaré
Duality implies that the projection X x A" — X induces isomorphisms

Ki(X) = K;(X x A")
whenever X is regular noetherian separated.

Besides the results mentioned above, Quillen proves two fundamental theorems which
are also of interest: the Additivity Theorem [Qui73, §3 Theorem 2 and Corollary 1] and
the Resolution Theorem [Qui73, §4 Theorem 3]. Both are special cases of the Thomason-
Waldhausen Localization Theorem 3.2.23 which is stated below. We simply quote Quillen’s
theorems here, and in §3.3 we give a proof of them based on the Localization Theorem. However,
we have to mention that the Additivity Theorem is used in the proof of the Localization
Theorem.

2.3.11 Theorem (Additivity [Qui73, §3 Corollary 1])
Let & and &' be exact categories, and let
0—-F1—F—F —0

be a sequence of exact functors F; : & — &' such that F_{ (A) — Fy(A) — F|(A) is a conflation
for all objects A in &. Then the induced maps on K-groups satisfy

Fp=F_1+F SK,‘(@@) — Ki(éo/).
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2.3.12 Theorem (Resolution [Qui73, §4])

Let o/ C A be a fully exact subcategory of an exact category 8. Assume that

(a) if M_y — My — M, is a conflation in B with My, M| € <7, then M_| € o/, and
(b) for every B € A there is an exact sequence

0—A,—A;—-1—-A—B—0
withA; € o .

Then the inclusion </ C 9B induces a homotopy equivalence of K-theory spaces

K() = K(B).

2.4 Negative K-groups

Besides the positive K-groups, one can also define the negative K-groups K; with i < 0. They
extend certain K exact sequences to the right (see Cortifias’ lecture [Cor]). For rings and
additive (or split exact) categories they were introduced by Bass [Bas68] and Karoubi [Kar68].
The treatment for exact categories below follows [Sch04].

2.4.1 Idempotent completion

Let .7 be an additive category, and % C <7 be a full additive subcategory. We call the inclusion
PB C A cofinal, or equivalence up to factors if every object of o7 is a direct factor of an object
of A.If o/ and % are exact categories, we require moreover that the inclusion # C o7 is fully
exact, that is, the inclusion is extension closed, and it preserves and detects conflations. As
an example, the category of (finitely generated) free R-modules is cofinal in the category of
(finitely generated) projective R-modules.

Given an additive category 7, there is a “largest” category <7 of 27 such that the inclusion
&/ C 4 is cofinal. This is the idempotent completion <7 of <7. An additive category is called
idempotent complete if for every idempotent map p = p? : A — A, there is an isomorphism
A = X &Y under which the map p corresponds to ((l) 8) :XPY — X Y. The objects of the
idempotent completion <7 of </ are pairs (A, p) with A an object of &7 and p = PPiA—A
an idempotent endomorphism. Maps (4,p) — (B,q) in <7 are maps f : A — B in <7 such
that fp = f = qf. Composition is composition in 2, and id(y py = p- Every idempotent
q=¢*:(A,p) — (A,p) corresponds to (} ) under the isomorphism (g,p —q) : (A,q) ®
(A,p—q) = (A, p). Therefore, the category <7 is indeed idempotent complete. Furthermore,
we have a fully faithful embedding ./ C .7 : A — (A, 1) which is cofinal since the object (A, p)
of o7 is a direct factor the object (A, 1) of <7.

If & is an exact category, its idempotent completion & becomes an exact category when
we declare a sequence in & to be a conflation if it is a retract (in the category of conflations) of
a conflation of &. For more details, see [TT90, Appendix A]. Note that the inclusion & C & is
indeed fully exact.
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2.4.2 Proposition (Cofinality [Gra79, Theorem 1.1])

Let o7 be an exact category and B C & be a cofinal fully exact subcategory. Then the maps
Ki(#) — Ki() are isomorphisms for i > 0 and a monomorphism for i = 0. This holds in
particular for K;(&) — Ki(&).

2.4.3 Negative K-theory and the spectrum K (&)

To any exact category &, one can associate a new exact category S& (see Subsection 2.4.6),
called the suspension of &, such that there is a natural homotopy equivalence [Sch04]

K(&) S QK(S&). @)

If & = Proj(R) one can take S& = Proj(ZR) where ZR is the suspension ring of R; see Cortifias’
lecture [Cor]) for the definition of XR.

One uses the suspension construction to slightly modify the definition of algebraic K-
theory in order to incorporate negative K-groups as follows. One sets K;(&) = K;(&") for
i>1,Ko(&) = Ko(&) and K;(&) = Ko(S~1&) for i < 0. Since Vect(X), Coh(X) and Proj(R)
are all idempotent complete, we have the equalities Ky Vect(X) = Ko Vect(X) = Ky(X),
Ky Coh(X) = Ky Coh(X) = Go(X) and Ky Proj(R) = Ko Proj(R) = Ko(R). In these cases, we
have not changed the definition of K-theory; we have merely introduced “negative K-groups”
KK; for i < 0. For this reason, we may write K;(X) and K;(R) instead of K;(X) and K;(R) for
alli e Z.

In a fancy language, one constructs a spectrum K (&) whose homotopy groups are the
groups K;(&) for i € Z. The n-th space of this spectrum is K(S"&’), and the structure maps are
given by (7). For terminology and basic properties of spectra, we refer the reader to Appendix
A.1.8.

By Bass’ Fundamental Theorem stated in 3.5.3 below there is a split exact sequence for
i€’

0— Ki(R) — Ki(R[T)) @ K(RIT']) — Ki(RIT, T~"]) = Ki_ (R) — 0.
One can use this sequence to give a recursive definition of the negative K-groups K;(R) for
i < 0, starting with the functor K. This was Bass’ original definition.

2.4.4 Remark

Although Quillen did not define negative K-groups of exact categories, all K-theory statements
in [Qui73] and [Gra76] extend to negative K-theory. The only exceptions are Quillen’s Local-
ization Theorem 2.3.2 and the Dévissage Theorem 2.3.3. To insure that these two theorems
also extend to negative K-theory, we need the abelian categories in question to be noetherian,
though it is conjectured that the noetherian hypothesis is unnecessary.

2.4.5 Remark

Not much is known about KK;(&") when i < 0, even though we believe their calculations to be
easier than those of K;(&) when i > 0. However, we do know the following. We have K;(R) =0
for i < 0 when R is a regular noetherian ring [Bas68]. We have IK_; (<) = 0 for any abelian
category ¢/ [Sch06, Theorem 6], and K;(<7) = 0 for i < 0 when & is a noetherian abelian
category [Sch06, Theorem 7]. In particular, K_;(R) = 0 for a regular coherent ring R, and
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K;i(X) =0 for i < 0 when X is any regular noetherian and separated scheme. In [CHSWO08]
it is shown that K;(X) = 0 for i < —d when X is a d-dimensional scheme essentially of finite
type over a field of characteristic 0, but K_4(X) = Hfdh (X,Z) can be non-zero [Rei87]. For
finite-type schemes over fields of positive characteristic, the same is true provided strong
resolution of singularities holds over the base field [GHO8]. It is conjectured that K;(ZG) =0
for i < —1 when G is a finitely presented group [Hsi84]. For results in this direction see [LROS5].

2.4.6 Construction of the suspension S&

Let & be an exact category. The countable envelope .# & of & is an exact category whose
objects are sequences
Ag— Al — Ay — ..

of inflations in &. The morphism set from a sequence A, to another sequence B, is

Hom g4 (Ax,Bx) = lim; colimHomy (A;, B;).
J

A sequence in . & is a conflation iff it is isomorphic in .#& to the sequence of maps of
sequences A, — B, — C, where A; — B; — C; is a conflation in & for i € N. Colimits of
sequences of inflations exist in .% &, and are exact. In particular, .% & has exact countable direct
sums. There is a fully faithful exact functor & — .% & which sends an object X € & to the

constant sequence X Lx L x L ... For details of the construction see [Kel90, Appendix B]
where . & was denoted by &™.

The suspension S& of & is the quotient #&' /& of the countable envelope .Z & by the
subcategory &'. The quotient is taken in the category of small exact categories. The proof of
the existence of .# & /& and an explicit description is given in [Sch04]. By [Sch04, Theorem
2.1 and Lemma 3.2] the sequence & — .#& — S& induces a homotopy fibration K (&) —
K(F &) — K(S&) of K-theory spaces. Since . & has exact countable direct sums, the total
space K(.# &) of the fibration is contractible. This yields the homotopy equivalence 2.4.3 (7).

3 Algebraic K-theory and triangulated categories

3.1 The Grothendieck-group of a triangulated category

Most calculations in the early days of K-theory were based on Quillen’s Localization Theorem
2.3.2 for abelian categories together with Dévissage 2.3.3. Unfortunately, not all K-groups are
(not even equivalent to) the K-groups of some abelian category, notably K (X) where X is some
singular variety. Also, there is no satisfactory generalization of Quillen’s Localization Theorem
to exact categories which would apply to all situations K-theorists had in mind. This is where
triangulated categories come in. They provide a flexible framework that allows us to prove
many results which cannot be proved with Quillen’s methods alone.

For the rest of this subsection, we will assume that the reader is familiar with Appendix
A2.1-A27.

3.1.1 Definition of Ky(.7")

Let .7 be a small triangulated category. The Grothen-dieck-group Ko(7) of .7 is the abelian
group freely generated by symbols [X] for every object X of .7, modulo the relation [X]+ [Z] =
[Y] for every distinguished triangle X - Y —Z — TX in Z.
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3.1.2 Remark

As in Remark 2.1.6, we have [X] = [Y] if there is an isomorphism f : X 2 Y in view of the

distinguished triangle X L.y —0 = TX. We also have [X @Y] = [X] + [Y] because there is
a distinguished triangle X — X @Y — Y — TX which is the direct sum of the distinguished
triangles X - X —0—TX and 0 — Y — Y — 0. Moreover, the distinguished triangle X — 0 —
TX — TX shows that [TX] = —[X]. In particular, every element in Ko(.7") can be represented
as [X] for some object X in .7.

One would like to relate the Grothendieck-group Ky (&) of an exact category & to the
Grothendieck-group of a triangulated category associated with &. This réle is played by the
bounded derived category D?(&) of &.

3.1.3 The bounded derived category of an exact category

Let Ch? & be the exact category of bounded chain complexes in &; see Example 2.1.2 (e). Call
a bounded chain complex (A,d) in & strictly acyclic if every differential d’ : A’ — A™! can be
factored as AY — Z'T1 » A1 such that the sequence Z — A’ — Z'*! is a conflation in & for
all i € Z. A bounded chain complex is called acyclic if it is homotopy equivalent to a strictly
acyclic chain complex. A map f : (A,d) — (B,d) is called quasi-isomorphism if its cone C(f)
(see Appendix A.2.5 for a definition) is acyclic.

As a category, the bounded derived category D}’(éb ) is the category

D’ (&) = [quis']Chb &

obtained from the category of bounded chain complexes Ch” & by formally inverting the quasi-
isomorphisms. A more explicit description of D? (&) is obtained as follows. Let .#?(&) be the
homotopy category of bounded chain complexes in & Its objects are bounded chain complexes
in &, and maps are chain maps up to chain homotopy. With the same definitions as in Appendix
A.2.5, the homotopy category % (&) is a triangulated category. Let (&) C #7(&) be the
full subcategory of acyclic chain complexes. The category %ﬁ(é” ) is closed under taking cones
and shifts 7 and 7~! in .#?(&). Therefore, it is a full triangulated subcategory of .#?(&).
The bounded derived category of the exact category & is the Verdier quotient #?(&)/#L(&).

It turns out that distinguished triangles in D?(&) are precisely those triangles which are

isomorphic to the standard triangles constructed as follows. A conflation X v % Z of chain
complexes in Ch? & yields the standard distinguished triangle
. —1
x Ly Lz rx
in D?(&) where s is the quasi-isomorphism C(i) — C(i)/C(idx) = Z, and ¢ is the canonical
map C(f) — TX as in A.2.5. For more details, see [Kel96].

3.1.4 Exercise

Let & be an exact category. Consider the objects of & as chain complexes concentrated in
degree zero. Show that the map Ko(&) — Ko(D?&) given by [X] +— [X] is an isomorphism.
Hint: The inverse Ko(D?&) — Ko(&) is given by [A,d] — Z;j(—1)7[AY]. The point is to show
that this map is well-defined.
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3.1.5 Definition

A sequence of triangulated categories &/ — % — ¥ is called exact if the composition sends
o/ 10 0, if o/ — A is fully faithful and coincides (up to equivalence) with the subcategory
of those objects in 2 which are zero in ¢, and if the induced functor %/« — € from the
Verdier quotient /.7 to € is an equivalence.

3.1.6 Exercise

Let & — 9 — ¥ be an exact sequence of triangulated categories. Then the following sequence
of abelian groups is exact

Ko(&) — Ko(#B) — Ko(€) — 0. (8)

Hint: Show that the map Ko(%") — coker(Ko(27) — Ko(#)) given by [C] — [B] is well-defined
where B € 4 is any object whose image in the category % is isomorphic to the object C.

How can we decide whether a sequence of exact categories induces an exact sequence of
bounded derived categories so that we could apply Exercise 3.1.6 and Theorems 3.2.23 and
3.2.27 below? For this, the following facts are often quite useful.

3.1.7 Some criteria and facts

Let &/ — 28 be an exact functor between exact categories.

(a) If A is the localization Z~'.¢7 of & with respect to a set of maps £ which satisfies a
calculus of left (or right) fractions, then Ch? 28 is the localization of Ch? &7 with respect to
to the set of maps which degree-wise belong to X. This set of maps also satisfies a calculus
of left (right) fractions, and therefore, D? (/) — D?(48) is a localization. In particular,
D’ () is the Verdier quotient of D?(.e7) modulo the full triangulated subcategory of
objects which are zero in D? ().

Suppose that <7 is a fully exact subcategory of A. If for any inflation A — B in % with
A € o there is amap B — A’ with A’ € o7 such that the composition A — A’ is an inflation
in 7, then the functor D?(e7) — D" (%) is fully faithful [Kel96, 12.1].

(¢) If &/ — A is a cofinal fully exact inclusion, then D?«7 — D?2 is fully faithful and
cofinal. If & is an idempotent complete exact category, then its bounded derived category
D& is also idempotent complete [BSO1, Theorem 2.8].

The bounded derived category D?& of an exact category & is generated (as a triangulated
category) by the objects of & (considered as complexes concentrated in degree zero)
in the sense that D?& is the smallest triangulated subcategory of D?& closed under
isomorphisms which contains the objects of & (Exercise!).

(b

=

d

=

We illustrate these facts by giving an example of a sequence of exact categories which
induces an exact sequence of bounded derived categories.
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3.1.8 Example

Let R be a ring with unit, and let S C R be a multiplicative set of central non-zero-divisors
in R. Let % (R) C R-Mod be the full subcategory of those left R-modules which are direct
factors of finitely presented S-torsion R-modules of projective dimension at most 1. This
category is extension closed in the category of all left R-modules. We consider it as an exact
category where a sequence in JZ(R) is a conflation if it is a conflation of R-modules. Let
2'(R) C R-Mod be the full subcategory of those left R-modules M which fit into an exact
sequence 0 — P — M — H — 0 of R-modules where P is finitely generated projective and
H € #4(R). The inclusion 2! (R) C R-Mod is closed under extensions and we consider 2! (R)
as a fully exact subcategory of R-Mod. Finally, let 22'(S~'R) C Proj(S~!R) be the full additive
subcategory of those finitely generated projective S~!R-modules which are localizations of
finitely generated projective R-modules.

3.1.9 Lemma

The sequence H#%(R) — P (R) — P'(S™'R) induces an exact sequence of associated
bounded derived categories. Moreover, the inclusion Proj(R) C 2'(R) induces an equiv-
alence DPProj(R) = DY 2 (R) of categories. In particular, there is an exact sequence of
triangulated categories

D' #4(R) — D" Proj(R) — D" 2'(S7'R). ©)

For instance, let R be a Dedekind domain and S C R be the set of non-zero elements in
R. Then S™!'R = K is the field of fractions of R, the category #'(S™!R) is the category of
finite dimensional K-vector spaces, and J#5(R) is the category of finitely generated torsion
R-modules.

Proof of Lemma 3.1.9:

Let 2} (R) C 2!(R) be the full subcategory of those R-modules M which fit into an exact
sequence 0 — P — M — H — 0 with P finitely generated projective, and H an S-torsion
R-module of projective dimension at most 1. The inclusion 2} (R) ¢ 2! (R) is fully exact
and cofinal. By 3.1.7 (c), the induced triangle functor D? 22} (R) — D? 2! (R) is fully faithful
and cofinal. By the dual of 3.1.7 (b), the functor D?Proj(R) — D? Z}(R) is fully faithful.
By 3.1.7 (d), this functor is also essentially surjective (hence an equivalence) since every
object of 9’6 (R) has projective dimension at most 1. The category Proj(R) is idempotent
complete. By 3.1.7 (c), the same is true for D® Proj (R). It follows that the cofinal inclusions
D' Proj(R) C D* 2} (R) C D? 2! (R) are all equivalences.

For any finitely generated projective R-modules P and Q, the natural map S~ Homg (P, Q) —
Homg_1(S~!P,S71Q) is an isomorphism. Therefore, the category ' (S~!R) is obtained from
Proj(R) by a calculus of right fractions with respect to the multiplication maps P — P : x — sx
for s € S and P € Proj(R). By 3.1.7 (a), the functor D? Proj(R) = D 2! (R) — D* 2'(S~'R)
is a localization, that is, D 2'(S™!R) is the Verdier quotient D” 22! (R)/.# where # C
DP 21 (R) is the full triangulated subcategory of those objects which are zero in D? 2/ (S~IR).
The functor D?7%(R) — D? ' (R) is fully faithful by 3.1.7 (b), and it factors through
. We have to show that the full inclusion D?3%(R) C J is an equivalence, that is,
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we have to show that every object E in J# is isomorphic to an object of Db%”s(R). Since
DPProj(R) = DY 2! (R), we can assume that E is a complex of projective R-modules. The
acyclic complex S~ E is a bounded complex of projective S~! R-modules, and thus it is con-
tractible. The degree-wise split inclusion i : E »— CE of E into its cone CE induces a map
of contractible complexes S~ E ~— S~!CE which a fortiori is degree-wise split injective. A
degree-wise split inclusion of contractible complexes always has a retraction; see Example 3.2.6.
Applied to the last map we obtain a retraction r: S"'CE — S~!E in Ch® 2/ (S~1R). We can
write r as a right fraction ps; ! with p:CE — E achain map and s¢ : CE — CE : x — sqx the
multiplication by s for some s € S. After localization at S, we have 1 =ri = ps; = So ! pi,
and thus, sy = pi since the elements of S are central. By the calculus of fractions, there is an
s1 € S such that poios; = sgs;. Since the set S C R consists of non-zero-divisors and since
E consists of projective modules in each degree, the morphism s : £ — E given by x +— sx
with s € § is injective. Therefore, we obtain a conflation of chain complexes of R-modules
CE — E®CE/is|(E) — E /sos) E where the maps CE — E and CE /is| (E) — E/sos|E are
induced by p and the other two maps are (up to sign) the natural quotient maps. This shows
that in D? 22! (R) we have an isomorphism E & CE /is; (E) = E /ss E. In particular, the chain
complex E is a direct factor of an object of D”.7%(R), namely of E /sgs E. By 3.1.7 (c), the
category D? 7 (R) is idempotent complete. Hence, the complex E must be in D? #%(R). O

Lemma 3.1.9 illustrates a slight inconvenience. The definition of the K-theory of S™'R
uses all finitely generated projective S~!R-modules and not only those lying in 2/(S™!R).
Therefore, one would like to replace D” 2’ (S~'R) with D? Proj(S~!R) in Lemma 3.1.9, but
these two categories are not equivalent, in general. However, the inclusion D? %’ (S7'R) C
D’ Proj(S~'R) is an equivalence up to factors by 3.1.7 (c). This observation together with
Neeman'’s Theorem 3.4.5 below motivates the following.

3.1.10 Definition

A sequence of triangulated categories & — A — € is exact up to factors if the composition is
zero, the functor &/ — 4 is fully faithful, and the induced functor #/.o7 — € is an equivalence
up to factors. (See Subsection 2.4.1 for the definition of “exact up to factors™.)

In this situation, the inclusion &/ C &' of &/ into the full subcategory &’ of % whose
objects are zero in ¢ is also an equivalence up to factors [NeeOl, 2.1.33]. Thus, a sequence
o — P — € of triangulated categories is exact up to factors if, up to equivalences up to
factors, o7 is the kernel category of 4 — % and ¥ is the cokernel category of &/ — 2.

3.1.11 Example

Keep the hypothesis and notation of Example 3.1.8. The sequence of triangulated categories
D’ #4(R) — D" Proj(R) — D" Proj(S™'R)

is exact up to factors but not exact, in general.

3.1.12 Idempotent completion of triangulated categories

A triangulated category < is, in particular, an additive category. So we can speak of its
idempotent completion <7; see Subsection 2.4.1. It turns out that ./ can be equipped with
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the structure of a triangulated category such that the inclusion &/ C &/ is a triangle functor
[BSO1]. A sequence in <7 is a distinguished triangle if it is a direct factor of a distinguished
triangle in .¢7. Note that the triangulated categories D? Vect(X), D Coh(X) and D Proj(R)
are all idempotent complete by 3.1.7 (c).

3.1.13 Exercise

(a) Let.o/ C A be a cofinal inclusion of triangulated categories. Show that the map Ko (/) —
Ko(9) is injective [Tho97, Corollary 2.3].

(b) Let & — B — % be a sequence of triangulated categories which is exact up to factors.
Then the following sequence of abelian groups is exact

Ko(/) — Ko(B) — Ko(C). (10)

3.1.14 Remark

The statement in Exercise 3.1.13 (a) is part of Thomason’s classification of dense subcategories.
Call a triangulated subcategory &7 C % dense if <7 is closed under isomorphisms in % and if
the inclusion is cofinal. Thomason’s Theorem [Tho97, Theorem 2.1] says that the map which
sends a dense subcategory &7 C £ to the subgroup Ky(2) C Ko(Z) is a bijection between
the set of dense subcategories of Z and the set of subgroups of Ky(%).

We note that an object of 2 of the form A & A[1] is in every dense triangulated subcategory
of % since [ABA[1]] = [A] — [A] =0 € Ko(5).

3.2 The Thomason-Waldhausen Localization Theorem

We would like to extend the exact sequence 3.1.6 (8) to the left, and the exact sequence 3.1.13
(10) in both directions. However, there is no functor from triangulated categories to spaces (or
spectra) which does that and yields Quillen’s K-theory of an exact category & when applied to
D& [Sch02, Proposition 2.2]. This is the reason why we need to introduce more structure.

3.2.1 Notation

To abbreviate, we write Ch? (Z) for the exact category of bounded chain complexes of finitely
generated free Z-modules; see Example 2.1.2 (e). A sequence here is a conflation if it splits
in each degree (that is, it is isomorphic in each degree to the sequence 2.1.1 (f)). There is a
symmetric monoidal tensor product

®: Ch?(Z) x Chb(Z) — Chb(72)
which extends the usual tensor product of free Z-modules. It is given by the formulas

(E@F)'= @ E'oF/, dxoy)=(d)oy+(-1)xead. (11)
i+j=n

where |x| denotes the degree of x. The unit of the tensor product is the chain complex 11 =
Z - 17, which is Z in degree 0 and 0 elsewhere. There are natural isomorphisms isomorphisms
00:A®Q(BRC) =2 (A®B)®C,A: 1®A~Aand p:A® 1l 2 A such that certain pentagonal
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and triangular diagrams commute and such that Ay, = py;; see [ML98, VII.1] and Definition
3.2.2 below. Formally, the sextuplet (Ch?(Z),®, 11, &, p, A) is a symmetric monoidal category.

Besides the chain complex 11, we have two other distinguished objects in Chh(Z). The
complex C =Z-1¢ & Z-n is concentrated in degrees 0 and —1 where it is the free Z-module
of rank 1 generated by 1¢ and 7, respectively. The only non-trivial differential is dn = 1¢. In
fact, C is a commutative differential graded Z-module with unique multiplication such that
1¢ is the unit in C. Furthermore, there is the complex 7' = Z - nr which is the free Z-module
generated by 717 in degree —1 and it is O elsewhere. Note that there is a short exact sequences
of chain complexes

0—-U1—C—>T—0: lz—lc, (I¢,n)— (0,17).

3.2.2 Definition

An exact category & is called complicial if it is equipped with a bi-exact tensor product
@:Ch(Z)yx & — & (12)

which is associative and unital in the sense that there are natural isomorphisms o : A® (BRX) =
(A®B)®X and A : 11 ® X = X such that the pentagonal diagrams

A®(B®(C®X)) ——> (A®B)® (C®X) ——> (A®B)®C)®X

ll@@a \La@l

A®((BRC)®X) A®(BeC))®X

and triangular diagrams
AN ®X) —2> A0 )®X

p®l
1®A i

ARX

commute for all A, B,C € Ch? (Z) and X € &. In other words, a complicial exact category is an
exact category & equipped with a bi-exact action of the symmetric monoidal category Ch? (z)
on &; see [Gra76, p. 218] for actions of monoidal categories.

For an object X of &, we write CX and TX instead of C® X and T ® X. Note that there is
a functorial conflation X — CX — TX which is the tensor product of 11 —— C — T with X. For
amorphism f: X — Y in &, we write C(f) for the push-out of f along the inflation X — CX,
and we call it the cone of f. As a push-out of an inflation, the morphism ¥ — C(f) is also an
inflation with the same cokernel 7X. This yields the conflation in &

Y — C(f) —» TX. 13)

3.2.3 Example

Let X be a scheme. The usual tensor product of vector bundles ®, : Vect(X) x Vect(X) —
Vect(X) extends to a tensor product

® : Ch? Vect(X) x Ch? Vect(X) — Ch” Vect(X)
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of bounded chain complexes of vector bundles defined by the same formula as in 3.2.1 (11).
The structure map p : X — SpecZ associated with the unique ring map Z — I'(X, Ox ) induces
a symmetric monoidal functor p* : Proj(Z) — Vect(X) and thus an action

®: Ch?(Z) x Ch® Vect(X) : (M, V) — p"M @V

which makes Ch? Vect(X) into a complicial exact category.

3.2.4 Example

For any exact category &, the category Ch? & of bounded chain complexes in & can be
made into a complicial exact category as follows. Write F(Z) for the category of finitely
generated free Z-modules where each module is equipped with a choice of a basis. So, we
have an equivalence Ch®(Z) = Ch” F(Z). We define an associative and unital tensor product
F(Z)x& - EbyZ"'®X =Xe @ ... » Xen, where Xe; stands for a copy of X corresponding
the the basis element ¢; of the based free module Z" = Ze| @ ... ® Ze,,. On maps, the tensor
product is defined by (a;;) ® f = (a;;f). With the usual formulas for the tensor product of chain
complexes as in 3.2.1 (11), this tensor product extends to an associative, unital and bi-exact
pairing
®:Chb(Z)xChb & — chb &

making the category of bounded chain complexes Ch® & into a complicial exact category.

3.2.5 The stable category of a complicial exact category

Let & be a complicial exact category. Call a conflation X — Y — Z in & a Frobenius conflation
if for every object U € & the following holds: Every map X — CU extends to amap ¥ — CU,
and every map CU — Z lifts to a map CU — Y. It is shown in Lemma A.2.16 that & together
with the Frobenius conflations is a Frobenius exact category. That is, it is an exact category
which has enough injectives and enough projectives, and where injectives and projectives
coincide; see Appendix A.2.14. The injective-projective objects are precisely the direct factors
of objects of the form CU for U € &. The stable category & of the complicial exact category &
is, by definition, the stable category of the Frobenius exact category &’; see Appendix A.2.14.
It has objects the objects of &, and maps are the homotopy classes of maps in & where two
maps f,g: X — Y are homotopic if their difference factors through an object of the form CU.
As the stable category of a Frobenius exact category, the category & is a triangulated category
(Appendix A.2.14). Distinguished triangles are those triangles which are isomorphic in & to

sequences of the form

xLy o) —1x (14)

attached to any map f : X — Y in & and extended by the sequence (13).

3.2.6 Example

Continuing the Example 3.2.4, the complicial exact category Ch? & of bounded chain complexes
of & has as associated stable category the homotopy category .#& of Subsection 3.1.3. This
is because contractible chain complexes are precisely the injective-projective objects for the
Frobenius exact structure of Ch? & (Exercise!). See also Lemma A.2.16.
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3.2.7 Definition

An exact category with weak equivalences is an exact category & together with a set w C Mor &
of morphisms in &. Morphisms in w are called weak equivalences. The set of weak equivalences
is required to contain all identity morphisms; to be closed under isomorphisms, retracts, push-
outs along inflations, pull-backs along deflations, composition; and to satisfy the “two out of
three” property for composition: if two of the three maps among a, b, ab are weak equivalences,
then so is the third.

3.2.8 Example

Let & be an exact category. The exact category Ch” & of bounded chain complexes in & of
Example 2.1.2 (e) together with the set quis of quasi-isomorphisms as defined in Subsection
3.1.3 is an exact category with weak equivalences.

3.2.9 Definition

An exact category with weak equivalences (&,w) is complicial if & is complicial and if the
tensor product 3.2.2 (12) preserves weak equivalences in both variables, that is, if f is a
homotopy equivalence in Ch? (Z) and g is a weak equivalence in &, then f ® g is a weak
equivalence in &.

3.2.10 Example

The exact category with weak equivalences (Chh &,quis) of Example 3.2.8 is complicial with
action by Ch”(Z) as defined in Subsection 3.2.4.

Before we come to the definition of the K-theory space of a complicial exact category, we
introduce some notation. Let E = (&, w) be a complicial exact category with weak equivalences.
We write & C & for the fully exact subcategory of those objects X in & for which the map
0 — X is a weak equivalence.

3.2.11 Exercise

Show that & is closed under retracts in &. More precisely, let X be an object of &. Show that
if there are maps i : X — A and p: A — X with pi = 1y and A € &" then X € &". In particular,
objects of & which are isomorphic to objects of & are in &".

3.2.12 Definition of K(&,w), K(E)

The algebraic K-theory space K(E) = K(&,w) of a complicial exact category with weak
equivalences E = (&,w) is the homotopy fibre of the map of pointed topological spaces
BQ(&") — BQ(&) induced by the inclusion & C & of exact categories. That is,

K(E)=K(&,w)=F(g) where g:BQ(&")— BQ(&)

and where F(g) is the homotopy fibre of g as in Appendix A.1.7. The higher algebraic K-groups
K;(E) of E are the homotopy groups ;K (E) of the K-theory space of E for i > 0.

Exact functors preserving weak equivalences induce maps between algebraic K-theory
spaces of complicial exact categories with weak equivalences.



178 Marco Schlichting

3.2.13 Remark

The K-theory space of an exact category with weak equivalences is usually defined using
Waldhausen’s Se-construction [Wal85, p. 330, Definition]. A complicial exact category E =
(&, w) has a “cylinder functor” in the sense of [Wal85, §1.6] obtained as the tensor product with
the usual cylinder in Ch”(Z) via the action of Ch?(Z) on &. Theorem [Wal85, 1.6.4] together
with [Wal85, §1.9] then show that the K-theory space of any complicial exact category with
weak equivalences as defined in 3.2.12 is equivalent to the one in [Wal85].

3.2.14 Theorem [TT90, Theorem 1.11.7]

Let & be an exact category. The embedding of & into Ch®? & as degree-zero complexes induces
a homotopy equivalence
K(&) ~ K(Ch® &, quis).

3.2.15 The triangulated category .7 (E)

Let E = (&, w) be a complicial exact category with weak equivalences. For objects X of &"
and A of Chb(Z), the object A ® X is in & because the map 0 — A ® X is a weak equivalence
since it is the tensor product id4 ® (0 — X) of two weak equivalences. It follows that we can
consider & as a complicial exact category where the action by Ch? (Z) is induced from the
action on &. For every object U € &, the object CU is in &" because the map 0 — CU is a
weak equivalence as it is the a tensor product (0 — C) ® 1y of two weak equivalences. More
generally, every retract of an object of the form CU is in &" by Exercise 3.2.11. Therefore, the
two Frobenius categories & and &" have the same injective-projective objects. It follows that
the inclusion &" C & induces a fully faithful triangle functor of associated stable categories
&Y Cé.

3.2.16 Exercise

Show that £ is closed under retracts in &. More precisely, let X be an object of &. Show that
if there are maps i : X — A and p: A — X in & with pi=1x and A € & then X € &". In
particular, objects of & which are isomorphic in & to objects of & are already in &".

3.2.17 Definition

The triangulated category .7 (E) associated with a complicial exact category with weak equiva-
lences E = (&, w) is the Verdier quotient

T(E)=6E/8"

of the inclusion of triangulated stable categories &" C &. By construction, distinguished
triangles in .7 (E) are those triangles which are isomorphic in .7 (E) to triangles of the form
3.2.5(14).

One easily checks that the canonical functor & — .7 (E) : X — X induces an isomorphism
of categories

wle S 7(E).
Therefore, as a category, the triangulated category .7 (&', w) of (&, w) is obtained from & by
formally inverting the weak equivalences.
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3.2.18 Exercise

Let (&,w) be a complicial exact category with weak equivalences. Show that a morphism in
& which is an isomorphism in .7 (&, w) is a weak equivalence. Hint: Show that (a) if in a
conflation X — Y — A the object A is in &" then X — Y is a weak equivalence, and (b) a
map f : X — Y is an isomorphism in .7 (&, w) iff its cone C(f) is in & by Exercise 3.2.16.
Conclude using the conflation X — CX &Y — C(f).

3.2.19 Remark

. i P o. .. . . .
A conflation X — Y — Z in a complicial exact category with weak equivalences (E,w) gives
rise to a distinguished triangle

x-Sy 7z 71X

in 7 (&,w). By definition, this triangle is isomorphic to the standard distinguished triangle
3.2.5 (14) via the quotient map C(i) — C(i)/CX = Z which is weak equivalence in & and an
isomorphism in .7 (&, w).

3.2.20 Example

For an exact category &, the triangulated category .7 (Chb &,quis) associated with the com-
plicial exact category with weak equivalences (Chb &,quis) of Example 3.2.10 is the usual
bounded derived category D?& of & as defined in Subsection 3.1.3.

3.2.21 Example (DG categories)

Let ¢ be a dg-category ([Kel06], or see Toen’s lecture [Toe]). There is a canonical embedding
€ C €P™" of dg-categories of ¢ into a “pretriangulated dg-category” €P™'" associated
with ¢ [BLLO04, §4.4]. It is obtained from % by formally adding iterated shifts and cones of
objects of ¢’ The homotopy category Ho(6P™'") of ¢’P™'" is equivalent to the full triangulated
subcategory of the derived category D (¢) of dg ¥-modules which is generated by €. The
idempotent completion of Ho(%?"™'") is equivalent to the triangulated category of compact
objects in D (¢) which is sometimes called the derived category of perfect € -modules, and it
is also equivalent to the homotopy category of the triangulated hull of ¢ mentioned Toen’s
lecture [Toe].

Exercise: Show that €7™'" and the triangulated hull of ¢ can be made into complicial
exact categories with weak equivalences such that the associated triangulated categories are the
homotopy categories of €’P"'" and of the triangulated hull of €.

3.2.22 Proposition (Presentation of Ky(E))

Let E = (&,w) be a complicial exact category with weak equivalences. Then the map Ko(E) —
Ko(Z (E)) : [X] — [X] is well-defined and an isomorphism of abelian groups.
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Proof:

By Definition 3.2.12 and Proposition 2.2.4, the group Ko(E) is the cokernel of the map
Ko(&") — Ko(&). By Remark 3.2.19, conflations in & yield distinguished triangles in .7 (E).
Therefore, the map Ko(&') — Ko(7 (E)) given by [X] — [X] is well-defined. This map clearly
sends Ko (&™) to zero. It follows that the map in the Proposition is also well-defined.

Now, we show that the inverse map Ko(.7 (E)) — Ky(E) defined by [X] — [X] is also
well-defined. We first observe that the existence of a weak equivalence f : X — Y implies
that [X] = [Y] in Ko(E). This is because there is a conflation X — CX &Y — C(f) in & by
the definition of the mapping cone C(f). The objects CX and C(f) are in & which implies
[X] = [Y] € Ko(E). More generally, any two objects which are isomorphic in .7 (E) give rise
to the same element in Ky(E) because they are linked by a zigzag of weak equivalences by
Exercise 3.2.18 and the definition of .7 (E). Next, we observe that for every object X of &,
the existence of the conflation X — CX — TX in & with CX € &" shows that [X| = —[TX] in
Ko (E). Finally, every distinguished triangle A — B — C — TA in .7 (E) is isomorphic in .7 (E)
to a triangle of the form 3.2.5 (14) where Y — C(f) — TX is a conflation in &. Therefore, we
have [A] — [B] +[C] = [X] = [Y] + [C()] = X] = [Y]+ [Y] + [TX] = [X] = [Y] + [Y] - [X] = O
in Ko(E), and the inverse map is well-defined. O

Now, we come to the theorem which extends the sequence 3.1.6 (8) to the left. It is due to
Thomason [TT90, 1.9.8., 1.8.2] based on the work of Waldhausen [Wal85].

3.2.23 Theorem (Thomason-Waldhausen Localization, connective version)

Given a sequence A — B — C be of complicial exact categories with weak equivalences.
Assume that the associated sequence A — TB — T C of triangulated categories is exact.
Then the induced sequence of K-theory spaces

K(A) — K(B) — K(C)
is a homotopy fibration. In particular, there is a long exact sequence of K-groups
= Kit1(C) = Ki(A) — Ki(B) — Ki(C) — Ki—1(A) — -+

ending in Ko(B) — Ko(C) — 0.

The following special case of Theorem 3.2.23 which is important in itself is due to
Thomason [TT90, Theorem 1.9.8].

3.2.24 Theorem (Invariance under derived equivalences)

Let A — B be a functor of complicial exact categories with weak equivalences. Assume that the
associated functor of triangulated categories A — T B is an equivalence. Then the induced
map K(A) — K(B) of K-theory spaces is a homotopy equivalence. In particular, it induces
isomorphisms K;(A) = K;(B) of K-groups for i > 0.
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3.2.25 Example

Theorem 3.2.23 applied to Example 3.1.8 yields a homotopy fibration
K(A5(R)) — K(R) — K(2'(S”'R))

of K-theory spaces. As mentioned earlier, one would like to replace 2'(S~!R) with Proj(S~'R)
in the homotopy fibration and its associated long exact sequence of homotopy groups. We can
do so by the Cofinality Theorem 2.4.2, and we obtain a long exact sequence of K-groups

= Kie1(ST'R) = Ki(A5(R)) — Ki(R) — Ki(S™'R) — Ki(A5(R)) — -+

ending in --- — Ko(R) — Ko(S™'R). The last map Ko(R) — Ko(S~'R), however, is not sur-
jective, in general. We have already introduced the negative K-groups of an exact category in
§2.4. They do indeed extend this exact sequence to the right. But this is best understood in the
framework of complicial exact categories with weak equivalences.

3.2.26 Negative K-theory of complicial exact categories

To any complicial exact category with weak equivalences E, one can associate a new complicial
exact category with weak equivalences SE, called the suspension of E, such that there is a
natural map

K(E) — QK(SE) (15)
which is an isomorphism on 7; for i > 1 and a monomorphism on 7y [Sch06]; see the construc-
tion in Subsection 3.2.33 below. In fact, K| (SE) = Ko((:7E)™) where (:ZE)™ denotes the
idempotent completion of .7 E. Moreover, the suspension functor sends sequences of complicial
exact categories with weak equivalences whose associated sequence of triangulated categories
is exact up to factors to sequences with that same property.

One uses the suspension construction to slightly modify the definition of algebraic K-
theory in order to incorporate negative K-groups as follows. One sets KK;(E) = K;(E) for
i>1, Ky(E) = Ko((ZE)™) and K;(E) = Ko((:Z7S~E)™) for i < 0. As in the case of exact
categories in Subsection 2.4.3, one constructs a spectrum K (E) whose homotopy groups are
the groups KK;(E) for i € Z. The n-th space of this spectrum is K(S"E), and the structure maps
are given by (15).

If the category .7E is idempotent complete, then we may write K;(E) instead of K;(E) for
i € Z. In this case, K;(E) = K;(E) for all i > 0. Therefore, we have merely introduced negative
K-groups without changing the definition of Kj.

The following theorem extends the exact sequence 3.1.13 (10) in both directions. For the
definition of a homotopy fibration of spectra, see Appendix A.1.8.

3.2.27 Theorem (Thomason-Waldhausen Localization, non-connective version)

Let A — B — C be a sequence of complicial exact categories with weak equivalences such that
the associated sequence of triangulated categories 7A — TB — T C is exact up to factors.
Then the sequence of K-theory spectra

K(A)— K(B) — K(C)
is a homotopy fibration. In particular, there is a long exact sequence of K-groups fori € Z

- = Ky 1(C) — K;(A) — K;(B) — K;(C) — K;_1(A) — -~
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3.2.28 Remark

Theorem 3.2.27 is proved in [Sch06, Theorem 9] in view of the fact that for a complicial exact
category with weak equivalences (&, w), the pair (&,&") is a “Frobenius pair” in the sense of
[Sch06, Definition 5] when we equip & with the Frobenius exact structure.

3.2.29 Theorem (Invariance of KK-theory under derived equivalences)

If a functor A — B of complicial exact categories with weak equivalences induces an equiv-
alence up to factors TA — TB of associated triangulated categories, then it induces a
homotopy equivalence of IK-theory spectra IK(A) = K(B) and isomorphisms K;(A) = K;(B)
of IK-groups for i € 7.

3.2.30 Agreement

Let & be an exact category and (Chb &,quis) be the associated complicial exact category of
bounded chain complexes with quasi-isomorphisms as weak equivalences. There are natural
isomorphisms

K;(Ch? &, quis) 2 K;(&) for icZ

between the K-groups defined in Subsection 3.2.26 and those defined in Subsection 2.4.3.
For i > 0, this is Theorem 3.2.14. For i = 0, we have K(&) = Ko(&) = Ko(D?(&)) =
Ko(D? (&)™) = Ko(Ch? &, quis) by Exercise 3.1.4, Subsection 3.1.7 (c) and Proposition 3.2.22.
For i < 0, this follows from Theorem 3.2.27, from the case i = 0 above, from the fact that the
sequence & — .F & — S& of Subsection 2.4.6 induces a sequence of associated triangulated
categories which is exact up to factors [Sch04, Proposition 2.6, Lemma 3.2] and from the fact

that % & has exact countable sums which implies K;(# &) =0 for all i € Z.

3.2.31 Example

From Example 3.1.11, we obtain a homotopy fibration of K-theory spectra
K(5(R)) — K(R) — K(S"'R)
and an associated long exact sequence of K-groups
- = Ki1(ST'R) — Ki(A5(R)) — Ki(R) — Ki(S™'R) — Ki(A5(R)) — -

for i € Z. Here we wrote K; instead of IK; since all exact categories in this example as well as
their bounded derived categories are idempotent complete.

3.2.32 K-theory of dg-categories

The K-theory K (%) of a dg-category ¥ is the IK-theory associated with the complicial exact
category ©’P™!" with weak equivalences the homotopy equivalences, that is, those maps which
are isomorphisms in D €. By construction, Ko (%) is K of the triangulated category of compact
objects in D% Instead of €P"™*'", we could have also used the triangulated hull of ¥ in the
definition of K (%) because both dg-categories are derived equivalent up to factors.
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By the Thomason-Waldhausen Localization Theorem 3.2.27, a sequence of dg categories
o — 9B — € whose sequence D .o/ — DB — D of derived categories of dg-modules is
exact induces a homotopy fibration of K-theory spectra

K(o/) — K(Z) — K(%).

This is because the sequence 7 (/P'") — T (BP™!") — T (€P"") of triangulated categories
whose idempotent completion is the sequence of compact objects associated with D &7 —
D % — D% is exact up to factors by Neeman’s Theorem 3.4.5 (b) below.

3.2.33 Construction of the suspension SE

Let E = (&, w) be a complicial exact category with weak equivalences. Among others, this
means that & is an exact category, and we can construct its countable envelope .# & as in
Subsection 2.4.6. The complicial structure on & extends to a complicial structure on . % & by
setting

A®(E0‘—>E] ‘—>E2‘—>) = (A®E0‘—>A®E1 ‘—>A®E2‘—>‘“)

for A € Ch®(Z) and E, € .Z&. Call a map in .Z& a weak equivalence if its cone is a direct
factor of an object of .#(&"). As usual, we write w for the set of weak equivalences in
F & . The pair ZFE = (F &, w) defines a complicial exact category with weak equivalences.
The fully exact inclusion & — % & of exact categories of Subsection 2.4.6 defines a functor
E — ZE of complicial exact categories with weak equivalences such that the induced functor
T (E) — 7 (ZE) of associated triangulated categories is fully faithful.

Now, the suspension SE of E is the complicial exact category with weak equivalences
which has as underlying complicial exact category the countable envelope .# & and as set
of weak equivalences those maps in .% & which are isomorphisms in the Verdier quotient

T(FE)/ 7 (E).

3.2.34 Remark (Suspensions of dg-categories)

If € is a dg-category, one can also define its suspension as £¢ = X ®7 ¢ where £ = X7 is the
suspension ring of Z as in Cortifias’ lecture [Cor]. The resulting spectrum whose n-th space is
K((Z"€)P") is equivalent to the spectrum /K (¢) as defined in Subsection 3.2.32. The reason
is that the sequence ¥ — I’ ® € — X ® € induces a sequence of pretriangulated dg-categories
whose associated sequence of homotopy categories is exact up to factors. This follows from
[Dri04] in view of the fact that the sequence of flat dg categories ZP"'" — [Pretr —, ypretr
induces a sequence of homotopy categories which is exact up to factors. Moreover, K (I" ®€’) ~
0.

Sketch of the proof of Theorem 3.2.27:

We first construct the map (15). For that, denote by &' C .# & the full subcategory of those
objects which are zero in FSE = 7 (FE)/7 (E). The category &' inherits the structure
of a complicial exact category with weak equivalences from .#E which we denote by E’.
By construction, the sequence E' — ZE — SE induces an exact sequence of associated
triangulated categories, and hence, a homotopy fibration K(E') — K(.ZE) — K(SE) of K-
theory spaces by the Thomason-Waldhausen Localization Theorem 3.2.23. Since .# & has
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infinite exact sums which preserve weak equivalences, we have K(.#ZE) ~ 0. Therefore, we
obtain a homotopy equivalence K (E') = QK (SE). By construction of &”, the inclusion & C &
induces a cofinal triangle functor ZE C JE’; see Appendix A.2.7. By Thomason’s Cofinality
Theorem 3.2.35 below, the map K (E) — K(E’) induces isomorphisms on 7; for i > 0 and a
monomorphism on 7.

The main step in proving Theorem 3.2.27 consists in showing that for a sequence of
complicial exact categories with weak equivalences A — B — C where A — B — 7 C
is exact up to factors, the suspended sequence SA — SB — SC induces a sequence .7 SA —
T SB — 7 SC of associated triangulated categories which is also exact up to factors. This is
proved in [Sch06, Theorem 3] for complicial exact categories with weak equivalences whose
exact structure is the Frobenius exact structure. The proof for general exact structures is mutatis
mutandis the same.

3.2.35 Theorem (Cofinality [TT90, 1.10.1, 1.9.8])

Let A — B be a functor of complicial exact categories with weak equivalences such that
T A — TBis cofinal. Then K;(A) — K;(B) is an isomorphism for i > 1 and a monomorphism
fori=0.

3.3 Quillen’s fundamental theorems revisited

The results of this subsection are due to Quillen [Qui73]. However, we give proofs based
on the Thomason-Waldhausen Localization Theorem. This has the advantage that the same
results hold for other cohomology theories such as Hochschild homology, (negative, periodic,
ordinary) cyclic homology, triangular Witt-groups, hermitian K-theory efc. where the analog of
the Thomason-Waldhausen Localization Theorem also holds.

3.3.1 G-theory localization (revisited)

It is not true that every exact sequence of abelian categories induces an exact sequence of
associated bounded derived categories. For a counter example, see [Kel99, 1.15 Example (c)]
where the abelian categories are even noetherian and artinian. However, the exact sequence of
abelian categories 2.3.6 (3) which (together with Dévissage) gives rise to the G-theory fibration
2.3.7 (4) does induce an exact sequence of triangulated categories. So, at least in this case, we
can apply the Thomason-Waldhausen Localization Theorem.

3.3.2 Theorem

Let X be a noetherian scheme, j:U C X be an open subscheme and Z =X — U be the closed
complement. Then the exact sequence of abelian categories 2.3.6 (3) induces an exact sequence
of triangulated categories

D? Cohy(X) — D®Coh(X) L D? Coh(U).
In particular, it induces a homotopy fibration in K-theory

K Cohz(X) — KCoh(X) 2> KCoh(U).
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Proof [Kel99, 1.15 Lemma and Example b)]:

Since the sequence 2.3.6 (3) is an exact sequence of abelian categories, the functor Coh(X) —
Coh(U) is a localization by a calculus of fractions. By Subsection 3.1.7 (a), the functor
D?Coh(X) — D?Coh(U) is a localization of triangulated categories. Therefore, j* induces an
equivalence D? Coh(X)/D% Coh(X) = D? Coh(U) where D% Coh(X) C D? Coh(X) denotes
the full triangulated subcategory of those complexes whose cohomology is supported in Z, or
equivalently, which are acyclic over U.

The functor D? Cohz(X) — D? Coh(X) is fully faithful by an application of Subsection
3.1.7 (b). To check the hypothesis of 3.1.7 (b), let N — M be an inclusion of coherent Oyx-
modules with N € Cohz(X). If I C Ox denotes the ideal sheaf of the reduced subscheme
Z,eq C X associated with Z, then a coherent Oy -module E has support in Z iff I"E = 0 for some
n € N. By the Artin-Rees Lemma [AM69, Corollary 10.10] which also works for noetherian
schemes with the same proof, there is an integer ¢ > 0 such that NN "M =I""°(NNI°‘M)
for n > c¢. Since N has support in Z, the same is true for NNI°M, and we find NNI"M =
I""¢(NNI°M) = 0 for n large enough. For such an n, the composition N C M — M /I"M is
injective, and we have M/I"M € Cohz(X). Hence, the functor D? Cohz(X) — D% Coh(X) is
fully faithful. It is essentially surjective — hence an equivalence — since both categories are
generated as triangulated categories by Cohz(X) considered as complexes concentrated in
degree zero.

The homotopy fibration of K-theory spaces follows from the Thomason-Wald-hausen
Localization Theorem 3.2.23. O

3.3.3 Remark

The exact sequence of triangulated categories in Theorem 3.3.2 also induces a homotopy fibra-
tion of non-connective K-theory spectra /K Cohz(X) — K Coh(X) — KK Coh(U) by Theorem
3.2.27. But this does not give us more information since the negative K-groups of noetherian
abelian categories such as Cohz(X), Coh(X) and Coh(U) are all trivial; see Remark 2.4.5.

3.3.4 Dévissage

The Dévissage Theorem 2.3.3 does not follow from the Thomason-Waldhausen Localization
Theorem 3.2.27 since Dévissage does not hold for Hochschild homology [Kel99, 1.11]. Yet
Theorem 3.2.27 holds when K-theory is replaced with Hochschild homology.

Recall that a noetherian scheme X is called regular if all its local rings Ox  are regular
local rings for x € X. For the definition and basic properties of regular local rings, see [AM69],
[Mat89], [Wei%4].

3.3.5 Theorem (Poincaré Duality, [Qui73, §7.1])

Let X be a regular noetherian separated scheme. Then the fully exact inclusion Vect(X) C
Coh(X) of vector bundles into coherent Ox-modules induces an equivalence of triangulated
categories

D" Vect(X) = D? Coh(X).

In particular, it induces a homotopy equivalence K(X) — G(X).
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Proof:

We show below that every coherent sheaf F' on X admits a surjective map V — F of Ox-
modules where V is a vector bundle. This implies that the dual of criterion 3.1.7 (b) is satisfied,
and we see that D” Vect(X) — D? Coh(X) is fully faithful. The existence of the surjection also
implies that every coherent sheaf F admits a resolution

= ViosVi g 55V F—0

by vector bundles V;. By Serre’s Theorem [Wei94, Theorem 4.4.16], [Mat89, Theorem 19.2],
for every point x € X, the stalk at x of the image E; of the map V; — V;_ is a free Ox y-module
when i = dim O . Since E; is coherent, there is an open neighborhood Uy of x over which the
sheaf E; is free and i = dim Ox . Then E; is locally free on U, for all i > dim Oy . Since X is
quasi-compact, finitely many of the U,’s suffice to cover X, and we see that E; is locally free on
X for i > 0. The argument shows that we can truncate the resolution of F at some degree i > 0,
and we obtain a finite resolution of F by vector bundles. Since D? Coh(X) is generated by
complexes concentrated in degree 0, the last statement implies that D? Vect(X) — D? Coh(X)
is also essentially surjective, hence an equivalence. By Agreement and Invariance under derived
equivalences (Theorems 3.2.24 and 3.2.14), we have K(X) ~ G(X).

To see the existence of a surjection V — F, we can assume that X is connected, hence
integral. The local rings Ox  are regular noetherian, hence UFD’s. This implies that for any
closed Z C X of pure codimension 1, there is a line bundle . and a section s : Ox — £ such
that Z = X — X, where X; is the non-vanishing locus {x € X| sy : Ox x = %} C X of s; see
[Har77, Propositions 11 6.11, 6.13]. Since any proper closed subset of X is in such a Z, the open
subsets X; indexed by pairs (.Z,s) form a basis for the topology of X where .£ runs through
the line bundles of X and s € I'(X,.%).

For a € F(Xy), there is an integer n > 0 such that a ® s € I'(X;, F ® £") extends to
a global section of F ® .£"; see [Har77, Lemma 5.14]. This global section defines a map
27" — F of Ox-modules such that a € F(X;) is in the image of £ ~"(X,) — F(X;). It follows
that there is a surjection @ .%; — F from a sum of line bundles .%; to F. Since F is coherent
and X is quasi-compact, finitely many of the .%;’s are sufficient to yield a surjection. O

3.3.6 Additivity (revisited)

Let & be an exact category, and let E(&’) denote the exact category of conflations in &'. Objects
are conflations A — B — C in &, and maps are commutative diagrams of conflations. A
sequence of conflations is called exact if it is exact at the A, B and C-spots. We define exact
functors

CE S E(E): A (Ao A —0)
E(E)—E:(A—B—»C)—A
E(&)—=&:(A—B—-»C)—C

~ ° >

1
R:8&—E(&):C— (0—C—C).

Note that A and L are left adjoint to p and R. The unit and counit of adjunctions induce natural
isomorphisms id = pA and LR = id and a functorial conflation Ap ~— id — RL.
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3.3.7 Theorem (Additivity)

The sequence (A,L) of exact functors induces an exact sequence of triangulated categories
Db¢ - DYE(&) - D&.

The associated homotopy fibrations of K-theory spaces and spectra split via (p,R), and we
obtain homotopy equivalences

(p.L): K(E(E)) == K(E)xK(E) and  (p,L): K(E()) —> K(&) x K(&)

with inverses A ®R.

Proof:

The functors p, A, L and R are exact. Therefore, they induce triangle functors Db p, Db,
DPL and DPR on bounded derived categories. Moreover, D?A and D?L are left adjoint to
DY%p and D®R. The unit and counit of adjunctions id = D?p o D?A and D’LoDYR = id are
isomorphisms. The natural conflation A p ~— id — RL induces a functorial distinguished triangle
DbAoD?%p — id — DPRoDPL — DPA 0o D?p|[1]. By Appendix A.2.8 (c), this implies that
the sequence of triangulated categories in the theorem is exact. The statements about K-theory
follow from the Thomason-Waldhausen Localization Theorems 3.2.23 and 3.2.27. ]

Proof of Additivity 2.3.11:

The exact sequence of functors & — & ’ in Theorem 2.3.11 induces an exact functor Fy : & —
E(&").Let M : E(&8') — &' denote the functor sending a conflation (A — B —» C) to B. By the
Additivity Theorem 3.3.7, the composition of the functors

E&") P &' x & 2R (g

induces a map on K-theory spaces and spectra which is homotopic to the identity functor.
Therefore, the two functors

(p.L)

o Lp@) g ad o L) P e e P (s Y

2, &

induce homotopic maps on K-theory spaces and spectra. But these two functors are F; and
F_1®F. U
3.3.8 Proposition (Resolution revisited)

Under the hypothesis of the Resolution Theorem 2.3.12, the inclusion &/ C 2 of exact categories
induces an equivalence of triangulated categories

Db(«) =5 D*(%).
In particular, it induces homotopy equivalences of K-theory spaces and spectra

K()"5K(B) and  K(o) > K(B).
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Proof:

The hypothesis 2.3.12 (a) and (b) imply that the dual of criterion 3.1.7 (b) is satisfied, and the
functor D? (/) — D?(B) is fully faithful. Finally, the hypothesis 2.3.12 (b) implies that the
triangle functor is also essentially surjective; see Subsection 3.1.7 (d). O

3.4 Thomason’s Mayer-Vietoris principle

Any reasonable cohomology theory for schemes should come with a Mayer-Vietoris long exact
sequence for open covers. For K-theory this means that for a scheme X = U UV covered by
two open subschemes U and V, we should have a long exact sequence of K-groups

= K (UNV) = K(X) = Ki(U) @ Ki(V) = K(UNV) = K (X)) — -

for i € Z. Surprisingly, the existence of such an exact sequence was only proved by Thomason
[TT90] about 20 years after the introduction of higher algebraic K-theory by Quillen. Here,
the use of derived categories is essential. For a regular noetherian separated scheme X, the
exact sequence also follows from Quillen’s Localization Theorem 2.3.7 together with Poincaré
Duality 3.3.5. The purpose of this subsection is to explain the ideas that go into proving
Thomason’s Mayer-Vietoris exact sequence. Details of some proofs are given in Appendix A.3
and A 4.

If we defined K (X) naively as the K-theory KK Vect(X) of vector bundles, we would not
have such a long exact sequence, in general. For that reason, one has to use perfect complexes
instead of vector bundles in the definition of K-theory. For a quasi-projective scheme or a
regular noetherian separated scheme, this is the same as vector bundle K-theory; see Proposition
3.4.8. Thomason proves the Mayer-Vietoris exact sequence for general quasi-compact and
quasi-separated schemes; see Remark 3.4.13. Here, we will only give definitions and proofs for
quasi-compact and separated schemes. This allows us to work with complexes of quasi-coherent
sheaves as opposed to complexes of Ox-modules which have quasi-coherent cohomology. This
is easier and it is sufficient for most applications.

For the following, the reader is advised to be acquainted with the definitions and statements
in Appendix A.3. For a quasi-compact and separated scheme X, we denote by Qcoh(X) the
category of quasi-coherent sheaves on X, by D Qcoh(X) its unbounded derived category (see
Appendix A.3.1), and for a closed subset Z C X we denote by D z Qcoh(X) the full subcategory
of D Qcoh(X) of those complexes which are acyclic when restricted to X — Z.

3.4.1 Perfect complexes

Let X be a quasi-compact and separated scheme. A complex (A,d) of quasi-coherent Ox-
modules is called perfect if there is a covering X = |J;c; U; of X by affine open subschemes
U; C X such that the restriction of the complex (A4, d)\U,» to U; is quasi-isomorphic to a bounded
complex of vector bundles for i € I. The fact that this is independent of the chosen affine
cover follows from Appendix A.4. Let Z C X be a closed subset of X with quasi-compact
open complement X — Z. We write Perfz(X) C ChQcoh(X) for the full subcategory of perfect
complexes on X which are acyclic over X — Z. The inclusion of categories of complexes is
extension closed, and we can consider Perfz X as a fully exact subcategory of the abelian
category ChQcoh(X). As in Subsection 3.2.3, the ordinary tensor product of chain complexes
makes (Perfz(X),quis) into a complicial exact category with weak equivalences. It is customary
to write D Perfz(X) for .7 (Perfz(X),quis) and Perf(X) for Perfx (X).
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3.4.2 Definition

Let X be a quasi-compact and separated scheme, and let Z C X be a closed subset of X with
quasi-compact open complement X — Z. The K-theory spectrum of X with support in Z is the
IK-theory spectrum

K (X on Z) = IK(Perfz(X),quis)

of the complicial exact category (Perfz(X),quis) as defined in Subsection 3.4.1. In case Z = X,
we simply write K (X) instead of KK (X on Z). It follows from Proposition 3.4.6 below that
the triangulated categories D Perfz(X) are idempotent complete. Therefore, we may write
K;i(X on Z) instead of K;(X on Z) for the K-groups of X with support in Z and i € Z.

In order to be able to say anything about the K-theory of perfect complexes, we need to
understand, to a certain extend, the structure of the triangulated categories D Perfz(X). Lemma
3.4.3 and Proposition 3.4.6 summarize what we will need to know.

3.4.3 Lemma

Let X be a quasi-compact and separated scheme and Z C X be a closed subset with quasi-
compact open complement j:U =X —Z C X.

(a) The following sequence of triangulated categories is exact
D zQcoh(X) — D Qcoh(X) — D Qcoh(U).

(b) Let g:V C X be a quasi-compact open subscheme such that Z C V. Then the restriction
Sfunctor is an equivalence of triangulated categories

¢" : DzQcoh(X) — Dz Qcoh(V).

Proof:

For (a), the restriction j* : D Qcoh(X) — D Qcoh(U) has a right adjoint R} : D Qcoh(U) —
D Qcoh(X) which for E € D Qcoh(U) is Rj+E = j.I where E = I is a J# -injective resolution
of E. The counit of adjunction j*Rj, — 1 is an isomorphism in D Qcoh(U) since for E €
D Qcoh(U) itis j*Rj.E = j*j.I — I < E. The claim now follows from general facts about
triangulated categories; see Exercise A.2.8 (a).

For (b), note that the functor Rg. : D Qcoh(V) — D Qcoh(X) sends D zQcoh(V) into
D 7zQcoh(X). This follows from the Base-Change Lemma A.3.7 since for a complex E €
D 7zQcoh(V), the lemma says (Rg+E)|x_z = Rg«(Ejy_z) =0 where g§:V —Z C X —Z. The
unit and counit of adjunction 1 — Rg, og* and g*Rg, — 1 are isomorphisms in the triangulated
category of complexes supported in Z because for such complexes this statement only needs to
check when restricted to V where it trivially holds since Z C V. O

The reason why Lemma 3.4.3 is so useful lies in the theory of compactly generated
triangulated categories and the fact that the categories Dz Qcoh(X) are indeed compactly
generated when X and X — Z are quasi-compact and separated. See 3.4.6 below.



190 Marco Schlichting

3.4.4 Compactly generated triangulated categories

References are [Nee96] and [Nee92]. Let <7 be a triangulated category in which all set indexed
direct sums exist. An object A of <7 is called compact if the canonical map

@Hom(A,Ei) — HOm(A,EBEi)

icl icl

is an isomorphism for any set of objects E; in .o/ and i € I. Let &/ C .o/ be the full subcategory
of compact objects. It is easy to see that &7¢ is an idempotent complete triangulated subcategory
of 7.

A set S of compact objects is said to generate <7, or </ is compactly generated (by S), if
for every object E € <7 we have

Hom(A,E)=0 VAcS — E=0.

3.4.5 Theorem (Neeman [Nee92])

(a) Let &7 be a compactly generated triangulated category with generating set S of compact
objects. Then /€ is the smallest idempotent complete triangulated subcategory of </
containing S.

(b) Let Z be a compactly generated triangulated category, So C Z° be a set of compact objects
closed under taking shifts. Let . C % be the smallest full triangulated subcategory closed
under formation of coproducts in # which contains the set So. Then . and Z /. are
compactly generated triangulated categories with generating sets Sy and the image of %#°
in Z /.. Moreover, the functor €/ — #/.% induces an equivalence between the
idempotent completion of Z° /.° and the category of compact objects in £/ .

The following proposition will be proved in Appendix A.4.

3.4.6 Proposition

Let X be a quasi-compact and separated scheme, and let Z C X be a closed subset with
quasi-compact open complement U = X — Z. Then the triangulated category Dz Qcoh(X) is
compactly generated with category of compact objects the derived category of perfect complexes
D Perfz(X).

In many interesting cases, the K-theory of perfect complexes is equivalent to the K-theory
of vector bundles. This is the case for quasi-projective schemes and for regular noetherian
separated schemes both of which are examples of schemes with an ample family of line bundles.

3.4.7 Schemes with an ample family of line bundles

A quasi-compact scheme X has an ample family of line bundles if there is a finite set Ly, ..., L,
of line bundles with global sections s; € I'(X, L;) such that the non-vanishing loci X;, = {x €
X| si(x) # 0} form an open affine cover of X. See [TT90, Definition 2.1], [SGAT71, 11 2.2.4].

Any quasi-compact open (or closed) subscheme of a scheme with an ample family of line
bundles has itself an ample family of line bundles, namely the restriction of the ample family to



Higher algebraic K-theory 191

the open (or closed) subscheme. Any scheme which is quasi-projective over an affine scheme
has an ample line-bundle. A fortiori it has an ample family of line-bundles. Every separated
regular noetherian scheme has an ample family of line bundles. This was shown in the proof
of Poincaré Duality 3.3.5. For more on schemes with an ample family of line-bundles, see
[Bor63], [SGAT1], [TT90, 2.1.2] and Appendix A.4.2

3.4.8 Proposition [TT90, Corollary 3.9]

Let X be a quasi-compact and separated scheme which has an ample family of line bundles. Then
the inclusion of bounded complexes of vector bundles into perfect complexes Ch? Vect(X) C
Perf(X) induces an equivalence of triangulated categories D’ Vect(X) 2 D Perf(X). In partic-
ular,

K Vect(X) ~ K(X).

Proof (see also Appendix A.4.7 (a)):

Since X has an ample family of line bundles, every quasi-coherent sheaf F' on X admits a
surjective map @.Z; — F from a direct sum of line bundles to F. The argument is the same as
in the last paragraph in the proof of Theorem 3.3.5. This implies that the dual of criterion 3.1.7
(b) is satisfied, and we have fully faithful functors D? Vect(X) € D? Qcoh(X) C D Qcoh(X).
This also implies that the compact objects Vect(X) generate D Qcoh(X) as a triangulated
category with infinite sums. Since D? Vect(X) is idempotent complete [BS01], the functor
D?Vect(X) — D Perf(X) is an equivalence by Theorem 3.4.5 (a) and Proposition 3.4.6. [

3.4.9 Theorem (Localization)

Let X be a quasi-compact and separated scheme. Let U C X be a quasi-compact open sub-
scheme with closed complement Z =X — U. Then there is a homotopy fibration of IK-theory
spectra

K(XonZ)— KX)— K(U).

In particular, there is a long exact sequence of K-groups fori € Z

e ,~+](U)—>I(}(X0nZ)—>Ki(X)—>K,~(U)—> i_](X 0nZ)—>~~~

Proof:

In view of the Thomason-Waldhausen Localization Theorem 3.2.27, we have to show that the
sequence of complicial exact categories with weak equivalences

(Perfz(X),quis) — (Perf(X),quis) — (Perf(U), quis)
induces a sequence of associated triangulated categories
D Perfz(X) — D Perf(X) — D Perf(U) (16)

which is exact up to factors. By Proposition 3.4.6, the sequence (16) is the sequence of categories
of compact objects associated with the exact sequence of triangulated categories in Lemma
3.4.3 (a). The claim now follows from Neeman’s Theorem 3.4.5 (b). O
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3.4.10 Theorem (Zariski excision)

Let j:V C X be a quasi-compact open subscheme of a quasi-compact and separated scheme
X. Let Z C X be a closed subset with quasi-compact open complement such that Z C'V. Then
restriction of quasi-coherent sheaves induces a homotopy equivalence of IK-theory spectra

KX onZ) " K(V onZ).
In particular, there are isomorphisms of K-groups for all i € 7

Ki(X on Z) = K;(V on Z).

Proof:

By the Invariance Of K-theory Under Derived Equivalences Theorem 3.2.29, it suffices to show
that the functor of complicial exact categories with weak equivalences

(Perfz(X),quis) — (Perfz(V),quis)
induces an equivalence of associated triangulated categories. This follows from Lemma 3.4.3

(b) in view of Proposition 3.4.6. O

3.4.11 Remark

There is a more general excision result where open immersions are replaced with flat maps
[TT90, Theorem 7.1]. It is also a consequence of an equivalence of triangulated categories.
3.4.12 Theorem (Mayer-Vietoris for open covers)

Let X = U UV be a quasi-compact and separated scheme which is covered by two open quasi-
compact subschemes U and V. Then restriction of quasi-coherent sheaves induces a homotopy
cartesian square of IK-theory spectra

KX)——K(U)
K(V)——= KUNV).
In particular, we obtain a long exact sequence of K-groups fori € Z

= Kt (UNY) = Ki(X) = K(U) D K(V) = KU V) = Ki g (X) = -

Proof:

By the Localization Theorem 3.4.9, the horizontal homotopy fibres of the square are KK (X on Z)
and K(V onZ) withZ=X —U =U —UNV C V. The claim follows from Zariski-excision
3.4.10. d
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3.4.13 Remark (separated versus quasi-separated)

Thomason proves Theorems 3.4.9, 3.4.10 and 3.4.12 for quasi-compact and quasi-separated
schemes. A scheme X is quasi-separated if the intersection of any two quasi-compact open
subsets of X is quasi-compact. For instance, any scheme whose underlying topological space is
noetherian is quasi-separated. Of course, every separated scheme is quasi-separated.

In the generality of quasi-compact and quasi-separated schemes X one has to work with
perfect complexes of Oy -modules rather than with perfect complexes of quasi-coherent sheaves.
The reason is that the Base-Change Lemma A.3.7 — which is used at several places in the
proofs of Lemma 3.4.3 (b) and Proposition 3.4.6 — does not hold for D Qcoh(X) when X is
quasi-compact and quasi-separated, in general.

Verdier gives a counter example in [SGA71, II Appendice I]. He constructs a quasi-compact
and quasi-separated scheme Z (whose underlying topological space is even noetherian), a
covering Z = U UV of Z by open affine subschemes j : U = SpecA — Z and V, and an
injective A-module 7 such that for its associated sheaf I on U, the natural map

.= . - . =
J+l = Rjqcoh,d — Rijmoa+! a7

is not a quasi- isomorphism where jqcoh, and jaeq. are j. on the category of quasi-coherent
modules and Oz-modules, respectively. If R jgeon,, did satisfy the Base-Change Lemma, then
the map (17) would be a quasi- isomorphism on U and V hence a quasi- isomorphism on Z,
contradicting (17). Verdier also shows that for this scheme, the forgetful functor

D Qcoh(Z) — D 4(0z-Mod)

from the derived category of quasi-coherent modules to the derived category of complexes of
Oz-modules with quasi-coherent cohomology is not fully faithful. In particular, it is not an
equivalence contrary to the situation when Z is quasi-compact and separated [BN93, Corollary
5.5], [ATJLLY97, Proposition 1.3].

3.5 Projective Bundle Theorem and regular blow-ups

We will illustrate the use of triangulated categories in the calculation of higher algebraic K-
groups with two more examples: in the proof of the Projective Bundle Formula 3.5.1 and in
the (sketch of the) proof of the Blow-up Formula 3.5.4. There is, of course, much more to say
about triangulated categories in K-theory. For instance, Example 3.1.11 has been generalized
in [NRO4] to stably flat non-commutative Cohn localizations R — $~!R from which one
can derive Waldhausen’s calculations in [Wal78]; see [Ran06]. As another example, Swan’s
calculation of the K-theory of a smooth quadric hypersurface Q C P}/ [Swa85] can be derived
from Kapranov’s description of D Perf(Q) given in [Kap88]. For certain homogeneous spaces,
see [Kap88] [Kuz08], [Sam07]. After all, any statement about the structure of triangulated
categories translates into a statement about higher algebraic K-groups via the Thomason-
Waldhausen Localization Theorem 3.2.27.

3.5.1 Theorem (Projective Bundle Theorem [Qui73, §8 Theorem 2.1])

Let X be a quasi-compact and separated scheme, and let & — X be a geometric vector bundle
over X of rank n+ 1. Let p : P& — X be the associated projective bundle with twisting sheaf
Og(1). Then we have an equivalence
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ﬁOg(*l)@Lp*Z HK ) = K(PS).

For the proof we will need the following useful lemma which is a special case of Proposition
A4 (a).

3.5.2 Lemma

Let X be a scheme with an ample line-bundle L. Then the category D” Vect(X) is generated —
as an idempotent complete triangulated category — by the set L¥¥ of line-bundles for k < 0.

Proof of the Projective Bundle Theorem 3.5.1:

By the Mayer-Vietoris Theorem 3.4.12, the question is local in X. Therefore, we may assume
that X = SpecA is affine and that p : P& — X is the canonical projection Proj(A[Tp, ..., T;]) =
B LA SpecA. In this case, X and P& have an ample line-bundle A and O(1), and their derived
categories of perfect complexes agree with the bounded derived categories of vector bundles
by Proposition 3.4.8. Since the twisting sheaf O(1) is ample, we can apply Lemma 3.5.2, and
we see that the triangulated category D Vect(IP") is generated — as an idempotent complete
triangulated category — by the family of line bundles { Op» (—1)| I > 0}. Consider the polynomial
ring S = A[Tp, ..., T;] as a graded ring with deg7; = 1. The sequence Tp,...,T;, is a regular
sequence in S. Therefore, the Koszul complex @7 _( S(—1) I ) induces an exact sequence
of graded S-modules

n+l (";]) n+1
0—S(—n—1) @S — P S(—n+1) -~-—>@S )—S—A—0.
1

Taking associated sheaves, we obtain an exact sequence of vector bundles on '

n+l ("3) ntl
0— O(—n—1) @0 - P o(-n+1)— - = PO(-1) — Opr — 0.
1 1

This shows that D? Vect(f") is generated as an idempotent complete triangulated category
by O(—n),...,O(—1),0p:. Fori < j, let D’[’ 7C D? Vect(IP") be the full idempotent complete
triangulated subcategory generated by 0(l ) where i <[ < j. We have a filtration

The unit of adjunction F — Rp.Lp*F is a quasi-isomorphism for F = A because A —
HO(Rp,Lp*A) = HO(Rp,Op+) = HO(P",Op») is an isomorphism and H'(P",0p:) = 0 for
i # 0 [Gro61, Proposition III 2.1.12]. Since D Proj (A) is generated as an idempotent complete
triangulated category by A, we see that the unit of adjunction F — Rp,Lp*F is a quasi-
isomorphism for all F € D”Proj(A). This implies that Lp* = p : DY Proj(A) — D? Vect(P")

is fully faithful and, hence, an equivalence onto its image D% [0 Nk Since O(!) is an invertible

sheaf, we obtain equivalences O(—1) ® Lp* : D”Proj(A) — D? i
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By the calculation of the cohomology of the projective space B’ (loc.cit.), we have
H*(P!",0(—k)) =0 for k = 1,...,n. Therefore, the homomorphism sets in D® Vect(P}") satisfy

Hom(O(—j)[r], O(=D)[s]) = H* (B, O(=1+j)) = 0
for 0 < j <! < n. This implies that the composition
b b b b
DYy CDL 0= DP0/Pl it

is an equivalence; see Exercise A.2.8 (b).

To finish the proof, we simply translate the statements about triangulated categories above
into statements about K-theory. For i < j, let Chﬁ i€ Ch? Vect(P") be the full subcategory
of those chain complexes which lie in Df’i i Write w for the set of maps in Ch[b7 10] which
are isomorphisms in the quotient triangulated category D[{ 10) /D fl 1410 By construction, the
sequence

b : b : b
(Ch[flﬂ,o],quls) — (Ch[iljo],quls) — (Ch[—lﬁo]vw) (18)
induces an exact sequence of associated triangulated categories, and by Theorem 3.2.27, it
induces a homotopy fibration in K-theory for / = 1,...,n. We have seen that the composition

o(-H)®p*: (Chb Proj(A),quis) — (Chl[’il_o],quis) — (Chl[llyo],w)

induces an equivalence of associated triangulated categories. By Theorem 3.2.29, the composi-
tion induces an equivalence in K-theory. It follows that the KK-theory fibration associated with
(18) splits, and we obtain a homotopy equivalence

(O(=l)®p*,1): K(A) x K(Chfllﬂm,quis) = K(Chflm],quis)

forl =1,...,n. Since Chl[’_mo] =Cht Vect(IEy"), this implies the theorem. O

3.5.3 Theorem (Bass’ Fundamental Theorem)

Let X be a quasi-compact and separated scheme. Then there is a split exact sequence for all
nez

0= Ky(X) = Kn(X[T1) © Ky (X[T™']) — Kn (X[T,T 1) — Ky (X) = 0.

Proof:

The projective line P} over X has a standard open covering given by X[T] and X[T~!] with
intersection X |7, T’l}. Thomason’s Mayer-Vietoris Theorem 3.4.12 applied to this covering
yields a long exact sequence
— Ka(Ph) £ K (X(T]) @ K(X(T1]) = K(X[7,771]) = Koy (Ph) —

By the Projective Bundle Theorem 3.5.1, the group K,(PY) is K,(X) @ K,(X) with basis
[Op1] and [Op1 (—1)]. Making a base-change, we can write K, (PY) as K, (X) @ K, (X) with
basis [Opi] and [Op1] — [Op1 (—1)]. Since on X[T] and on X[T '] the two line-bundles Op:
and Op: (—1) are isomorphic, the map f3 in the long Mayer-Vietoris exact sequence above is
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trivial on the direct summand K (X) corresponding to the base element [Opi] — [Opi (—1)]. The
map f3 is split injective on the other summand K (X) corresponding to the base element [Op1].
Therefore, the long Mayer-Vietoris exact sequence breaks up into shorter exact sequences. These
are the exact sequences in the theorem. The splitting of the map K, (X [T, T~!]) — K, _1(X) is
given by the cup product with the element [T] € K; (Z[T,T~]). O

The following theorem is due to Thomason [Tho93]. For the (sketch of the) proof given
below, we follow [CHSWOS, §1].

3.5.4 Theorem (Blow-up Formula)

Leti:Y C X be a regular embedding of pure codimension d with X quasi-compact and
separated. Let p : X' — X be the blow-up of X along Y and j:Y' C X’ the exceptional divisor.
Write g :Y' — Y for the induced map. Then the square of IK-theory spectra

K(X) —2~ K(Y

(
K(X') — K(Y")

)
Lg*
Lj*

Lp*

is homotopy cartesian. Moreover, there is a homotopy equivalence

K(X')~K(X) x d]:[lIK(Y).
1

Proof (sketch):

To simplify the argument, we note that the question as to whether the square of KK-theory
spectra is homotopy cartesian is local in X by Thomason’s Mayer-Vietoris Theorem 3.4.12.
Therefore, we can assume that X = SpecA and Y = SpecA/I are affine and that I C A is an
ideal generated by a regular sequence x1,...,x; of length d. In this case, all schemes X, X,
Y, Y’ have an ample line-bundle. By Proposition 3.4.8, the K-theory of perfect complexes on
X, X,y Y agrees with the vector bundle K-theory on those schemes. Furthermore, the map
Y’ — Y is the canonical projection Pﬁ_l —Y.

Let S = @;~o!". Then we have X’ = Proj$ and Y’ = ProjS/IS. The exact sequence
0—1S=S5(1) — S — §/IS — 0 of graded S-modules induces an exact sequence of sheaves 0 —
Ox/(1) — Oy — j«Oys — 0 on X’ and an associated distinguished triangle Ox: (1) — Oy —
Rj.Oyr — Ox:(1)[1] in D? Vect(X'). Restricted to ¥’, this triangle becomes the following
distinguished triangle: Oy:(1) — Oys — j*Rj.Oyr — Oy:(1)[1]. Since Oy:(1) — Oy is the
zero map (as ¥’ = P4~ 1), we have an isomorphism j*R j,.Oys 2 Oy @ Oy:(1)[1] in D? Vect(Y").
This shows that Lj* respects the filtration of triangulated subcategories

DY < Dy < - < DL = DPVect(x')

b |

DY ¢ DL < - < DI = DPVect(Y')
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defined by setting D fx’ and D!, to be the full idempotent complete triangulated subcategories
of D’ Vect(X') and D Vect(Y’) generated by Oy and the complexes Ox:(—k) @ Rj,Oy: for
k=1,...,1 in the first case, and by Oy/(—k) for k =0, ...,/ in the second case. The fact that
D‘;," =Db Vect(Y') was shown in the proof of Theorem 3.5.1. A similar argument — using the
ampleness of Ox/(1) and the Koszul complex associated with the regular sequence x1,...,x; € S
— shows that we have Df{l =D’ Vect(X’). One checks that, on associated graded pieces, Lj*
induces equivalences of triangulated categories for / = 1,...,d — 1

Lj*: Dy, /D' = D\, /DY (19)

A cohomology calculation shows that the units of adjunction E — Rp.Lp*E and F — Rq.Lq*F
are isomorphisms for £ = Ox and F = Oy. Since X and Y are affine, the triangulated categories
D?Vect(X) and D? Vect(Y) are generated (up to idempotent completion) by Ox and Oy.
Therefore, the units of adjunction E — Rp.Lp*E and F — Rq.Lq"F are isomorphisms for all
E € D”Vect(X) and F € D? Vect(Y). It follows that Lp* and Lg* are fully faithful and induce
equivalences onto their images

Lp* :D"Vect(X) — DY, and Lg*:D”Vect(y) = DY.. (20)

This finishes the triangulated category background.

In order to prove the IK-theory statement, define categories Chl,, c Cch’ Vect(X') and
Chly, C Ch? Vect(Y’) as the fully exact complicial subcategories of those complexes which
lie in D%, and D, respectively. Then .7 (Chk,,quis) = D%, and 7 (Ch},,quis) = D!,. The
functor j* respects the filtration of exact categories with weak equivalences

(ChY,,quis) < (Chk,quis) < ¢ (Chy'quis) @D
lj* J{j* lj*
(Ch?,, ,quis) c (Ch},, ,quis) c C (Chf,,’1 ,quis).

If we denote by quis’ the set of maps in Ch! which are isomorphisms in D!/D'1, then
7 (Ch!,quis'’) = D!/D'~!. By the Theorem on Invariance Of K-theory Under Derived
Equivalences 3.2.29, the equivalence (19) yields an equivalence of K-theory spectra j* :
K(Ch&,,quis’) =, K(Chl ., quis’) for/ =1,...,d — 1. The sequence (Chl’l,quis) — (Chl,quis) —
(Chl , quisl) induces a homotopy fibration of K-theory spectra by the Thomason-Waldhausen
Localization Theorem 3.2.27. Therefore, all individual squares in (21) induce homotopy carte-
sian squares of IK-theory spectra. As a composition of homotopy cartesian squares, the outer
square also induces a homotopy cartesian squares of KK-theory spectra. By (20), the outer square
of (21) yields the IK-theory square in the theorem.

The formula for K(X') in terms of K (X) and K(Y) follows from the fact that Lp* :
K (X) — K(X’) is split injective with retraction given by Rp, and the fact that the cofibre of
Lp* is the cofibre of Lg* : IK(Y) — K (Y’) which is given by the Projective Bundle Theorem
3.5.1. O
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4 Beyond triangulated categories

4.1 Statement of results

Of course, not all results in algebraic K-theory can be obtained using triangulated category
methods. In this subsection we simply state some of these results. For more overviews on a
variety of topics in K-theory, we refer the reader to the K-theory handbook [FGOS5].

4.1.1 Brown-Gersten-Quillen spectral sequence [Qui73]

Let X be a noetherian scheme, and write X” C X for the set of points of codimension p in X.
There is a filtration 0 C ... € Coh?(X) C Coh!(X) € Coh®(X) = Coh(X) of Coh(X) by the
Serre abelian subcategories Coh’ (X) C Coh(X) of those coherent sheaves whose support has
codimension > i. This filtration together with Quillen’s Localization and Dévissage Theorems
leads to the Brown-Gersten-Quillen (BGQ) spectral sequence

EP! = P K-p—q(k(x)) = G—p—g(X).
xeXP

If X is regular and of finite type over a field, inspection of the differential d; yields an
isomorphism

EPTP >~ CHP(X)
where CH” (X) is the Chow-group of codimension p cycles modulo rational equivalence as
defined in [Ful98].

4.1.2 Gersten’s conjecture and Bloch’s formula

The Brown-Gersten-Quillen spectral sequence yields a complex

0= Gu(X) = @D Kulk(x) & @ K1 (k(x) L.

xex© xex!

The Gersten conjecture says that this complex is exact for X = Spec R where R is a regular local
noetherian ring. The conjecture is proved in case R (is regular local noetherian and) contains a
field [Pan03] building on the geometric case proved in [Qui73]. For other examples of rings
satisfying the Gersten conjecture, see [She82]. For K-theory with finite coefficients, Gersten’s
conjecture holds for the local rings of a smooth variety over a discrete valuation ring [GLOO].

As a corollary, Quillen [Qui73] obtains for a regular scheme X of finite type over a field a
calculation of the E;-term of the BGQ-spectral sequence as Ef 4 o HZ”(X ,#_4x), and he
obtains Bloch’s formula

CHP(X) = HY,, (X, Hp.x)

where .7}, x denotes the Zariski sheaf associated with the presheaf U — K,(U).
4.1.3 Computation of K(F,)

Quillen computed the K-groups of finite fields in [Qui72]. They are given by the formulas
Ko(Fy) = Z, Ky, (F4) = 0 for n > 0 and K»,_1 (Fy) = Z/(g" — 1)Z for n > 0.
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4.1.4 The motivic spectral sequence

Let X be a smooth scheme over a perfect field. Then there is a spectral sequence [FS02],
[LevO8]
Equ = Hlfl;tq(X7Z(_q)) = K*p*q (X)
where Hb,,(X,Z(q)) denotes the motivic cohomology of X as defined in [VSF00], [MVWO06].
It is proved in loc.cit. that this group is isomorphic to Bloch’s higher Chow group CH?(X,2q —
p) as defined in [Blo86]. Rationally, the spectral sequence collapses and yields an isomorphism
[Blo86], [Levo4] 4
Ka(X)g = EPCH (X, n)q.
2

4.1.5 Milnor K-theory and the Bloch-Kato conjecture

Let F be a commutative field. The Milnor K-theory K¥ (F) of F is the graded ring generated
in degree 1 by symbols {a} for a € F* a unit in F, modulo the relations {ab} = {a} + {b}
and {c}- {1 —c} =0 for ¢ # 1. One easily computes K}/ (F) = Z and K} (F) = F*. Since
K| (F) = F*, since Quillen’s K-groups define a graded ring K, (F) which is commutative in
the graded sense, and since the Steinberg relation {c} - {1 —c} = 0 holds in K, (F'), we obtain a
morphism KM (F) — K, (F) of graded rings extending the isomorphisms in degrees 0 and 1
above. Matsumoto’s Theorem says that this map is also an isomorphism in degree 2, that is, the
map K} (F) — K»(F) is an isomorphism; see [Mil71].
In a similarly way, the ring structure on motivic cohomology yields a map

Ky (F) — Hyg (F, Z(n))

from Milnor K-theory to motivic cohomology. This map is an isomorphism for all n € N and
any field F by results of Nesterenko-Suslin [NS89] and Totaro [Tot92].

Let m = pY be a prime power with p different from the characteristic of F, and let Fy be a
separable closure of F. Then we have an exact sequence of Galois modules 1 — p,, — F,* 5
F* — 1 where 1, denotes the group of m-th roots of unity. The first boundary map in the
associated long exact sequence of étale cohomology groups induces a map F* — Hell(F U )-
Using the multiplicative structure of étale cohomology, this map extends to a map of graded
rings KM (F) — HJ,(F, p&*) which induces the “norm residue homomorphism”

Ky (F)/m — Hy (F, ")

The Bloch-Kato conjecture [BK86] for the prime p says that this map is an isomorphism for all
n. The conjecture for m = 2V was proved by Voevodsky [Voe03], and proofs for m = p¥ odd
have been announced by Rost and Voevodsky.

As a consequence of the Bloch-Kato conjecture, Suslin and Voevodsky show in [SVO00]
(see also [GLO1]) that the natural map from motivic cohomology with finite coefficients to
étale cohomology is an isomorphism in a certain range:

Hoy (X, Z/m(j)) — Hiy (X, p?) for i< j and m=p¥ (22)

where X is a smooth scheme over a field F of characteristic # p. For i = j+ 1, this map is still
injective. If char F = p, Geisser and Levine show in [GL0O] that

Hio(F,Z/p¥(j))=0 for i#j and KM(F)/p' = Ku(F,Z/p").
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4.1.6 Quillen-Lichtenbaum

The Bloch-Kato conjecture implies the Quillen-Lich-tenbaum conjecture. Let X be a smooth
quasi-projective scheme over the complex numbers C. A comparison of the motivic spectral
sequence 4.1.4 with the Atiyah-Hirzebruch spectral sequence converging to complex topolog-
ical K-theory using the isomorphisms (22) and Grothendieck’s isomorphism between étale
cohomology with finite coefficients and singular cohomology implies an isomorphism

K&8(X,Z/m) — K'°P(Xp,Z/m) for n>dimX —1

between the algebraic K-theory with finite coefficients of X and the topological complex
K-theory of the analytic topological space X¢ of complex points associated with X; see for
instance [PWO0O0, Theorem 4.1]. For schemes over fields F' other than the complex numbers,
there is an analogous isomorphism where topological K-theory is replaced with étale K-theory
and dim X with cd,,, X provided char F { m; see for instance [Lev99, Corollary 13.3].

4.1.7 Computation of K(Z)

Modulo the Bloch-Kato conjecture for odd primes (which is announced as proven by Rost
and Voevodsky) and the Vandiver conjecture, the K-groups of Z for n > 2 are given as follows
[Wei05], [Kur92], [Mit97]

nmod 8 1 2 3 45 6 7 0
Ky(Z) Z&ZJ2ZL)2¢; Z/2wo O Z Z/ck Z/wo O

where k is the integer part of 1+ 7, and the numbers c; and wy; are the numerator and

denominator of % with By the k-th Bernoulli number. The By ’s are the coefficients of the power

series

1 t - 1 k+1 t2k
=1- —1)*1B
2" ,;( )7 B (2k)!

The Vandiver is still wide open, though it seems to be hard to come by a counter example;
see [Was82, Remark on p. 159] for a discussion of the probability for finding such a counter
example. The Vandiver conjecture is only used in the calculation of Kj,,(Z). It is in fact
equivalent to Ky,,,(Z) = 0 for all m > 0. In contrast, the calculation of Ky, (Z) is independent
of the Vandiver conjecture but it does use the Bloch-Kato conjecture.

t
el —1

4.1.8 Cdh descent [CHSWO08]

The following is due to Hasemeyer [Hae04]. Let k be a field of characteristic 0, and write Schy,
for the category of separated schemes of finite type over k. Let F be a contravariant functor
from Schy, to the category of spectra (or chain complexes of abelian groups). Let Y — X « X’
be maps of schemes in Schy and Y/ =Y xx X’ be the fibre product. Consider the following
square of spectra (or chain complexes)

F(X) —F(Y) (23)

L

F(X') — F(Y")
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obtained by functoriality of F. Suppose that F satisfies the following.

(a) Nisnevich Descent. Let f : X' — X be an étale map and Y — X be an open immersion.
Assume that f induces an isomorphism f: (X’ —Y’),eq =2 (X —Y),¢q. Then the square
(23) is homotopy cartesian.

(b) Invariance under nilpotent extensions. The map X,,; — X induces an equivalence F (X) ~
F(Xrea):

(c) Excision for ideals. Let f : R — S be a map of commutative rings, / C R be an ideal
such that f: I — f(I) is an isomorphism and f(I) is an ideal in S. Consider X = SpecR,
Y = SpecR/I, X' = SpecS, Y’ = SpecS/f(I) and the induced maps between them. Then
(23) is homotopy cartesian.

(d) Excision for blow-ups along regularly embedded centers. Let Y C X be a regular embed-
ding of pure codimension. A closed immersion is regular of pure codimension d if, locally,
its ideal sheaf is generated by a regular sequence of length d. Let X’ be the blow-up of X
along Y and Y’ C X’ be the exceptional divisor. Then (23) is homotopy cartesian.

If a functor F satisfies (a) — (d), then the square (23) is homotopy cartesian for any abstract
blow-up square in Schy. A fibre square of schemes as above is called abstract blow-up if Y C X
is a closed immersion, X’ — X is proper and X’ — Y’ — X —Y is an isomorphism.

A functor F is said to satisfy cdh-descent if it satisfies Nisnevich descent (see (a) above)
and if it sends abstract blow-up squares to homotopy cartesian squares. Thus, a functor for
which (a) — (d) hold satisfies cdh-descent for separated schemes of finite type over a field of
characteristic 0.

Example (Infinitesimal K-theory [CHSWO0S])

By Remark 3.4.11, Theorems 3.2.27 and 3.5.4, IK-theory satisfies (a) and (d). But neither (b)
nor (c¢) hold for KK-theory. The same is true for cyclic homology and its variants since (a) and
(d) are formal consequences of the Localization Theorem 3.2.27. Therefore, the homotopy fibre
K/ of the Chern character K — HN from IK-theory to negative cyclic homology satisfies (a)
and (d). By a theorem of Goodwillie [Goo86], K inf satisfies (b), and by a theorem of Cortifas
[Cor06], K™/ satisfies (c). Therefore, infinitesimal K-theory K™/ satisfies cdh-descent in
characteristic 0.

This was used in [CHSWO8] to prove that K;(X) = 0 for i < —d when X is a d-dimensional
scheme essentially of finite type over a field of characteristic 0. Moreover, we have K_;(X) =
HY,(X,7).

Examples

Cdh-descent in characteristic 0 also holds for homotopy K-theory KH [Hae(04], periodic cyclic
homology HP [CHSWO08] and stabilized Witt groups [Schb].

4.1.9 Homotopy invariance and Vorst’s conjecture

Recall from Subsection 2.3.10 that algebraic K-theory is homotopy invariant for regular rings.
More precisely, if R is a commutative regular noetherian ring, then the inclusion of constant
polynomials R — R[T},...,T,] induces for all i € Z an isomorphism on K-groups

Ki(R) — Ki(R[Ty, ..., Ty). (24)
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In fact, the converse — a (special case of a) conjecture of Vorst [Vor79]- is true in the following
sense [CHWOS]. Let R be (a localization of) a ring of finite finite type over a field of character-
istic zero. If the map (24) is an isomorphism for all n € N and all i € Z (in fact i = 1 +dimR
suffices), then R is a regular ring.

A Appendix

A.1 Background from topology

In this appendix we recall the definition of a simplicial set and of a classifying space of a
category. Details can be found for instance in [FP90], [G]99], [May67], [Wei94]. We also recall
in Appendix A.1.7 the definition of a homotopy fibration and in Appendix A.1.8 the definition
of a spectrum.

A.1.1 Simplicial sets

Let A be the category whose objects are the ordered sets [n] = {0,1,2,...,n} forn > 0. A
morphism in this category is an order preserving map of sets. Composition in A is composition
of maps of sets. For i = 0,...,n the unique order preserving injective maps d; : [n — 1] — [n]
which leave out i are called face maps. For j =0,...,n— 1 the unique order preserving surjective
maps s; : [n] — [n— 1] for which the pre-image of j € [n — 1] contains two elements are called
degeneracy maps. Every map in A is a composition of face and degeneracy maps. Thus, A is
generated by face and degeneracy maps modulo some relations which the reader can find in the
references cited above.

A simplicial set is a functor X : A°? — Sets where Sets stands for the category of sets. Thus,
for every integer n > 0 we are given a set X,,, and for every order preserving map 0 : [n] — [m]
we are given a map of sets 0% : X;, — X, such that (6 o0)* = (0)* 0 (6)*. Since A is generated
by face and degeneracy maps, it suffices to specify 8* for face and degeneracy maps and to
check the relations alluded to above. A map of simplicial sets X — Y is a natural transformation
of functors.

A cosimplicial space is a functor A — Top where Top stands for the category of compactly
generated Hausdorff topological spaces. A Hausdorff topological space is compactly generated
if a subset is closed iff its intersection with every compact subset is closed in that compact subset.
Every compact Hausdorff space and every CW-complex is compactly generated. For details,
see [ML98, VIIL.8], [Whi78, [.4]. The standard cosimplicial space is the functor A, : A — Top
where

Ap={({to,--stn) ER" | 1; 20, t9+---1, =1} CR"

is equipped with the subspace topology coming from R”.
An order preserving map 6 : [n] — [m] defines a continuous map

0.1 Ay — Ay i (80y.eey8n) > (20, -y 1) With 1; = Z s;
0(j)=i
such that (6 o 6). = 0, o G,. The space A, is homeomorphic to the usual n-dimensional ball

with boundary dA, = Uy<;<,(di)«An—1 C A, homeomorphic to the n — 1-dimensional sphere.
The topological realization of a simplicial set X is the quotient topological space

IX|=| ] XjxA;/~
>0
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where the equivalence relation ~ is generated by (6*x,r) = (x,6.1) for x € X;, t € A; and
6 : [i] — [j]. A simplex x € X, is called non-degenerate if x ¢ 57X, forall j=0,..n—1.
Write X C X, for the set of non-degenerate n-simplices. Let |X|, C |X| be the image of
Lly>j>0Xj x A; in |X|. Note that |X | = Xp. One checks that the square

XM % A, —— X" % A,

1X1n-1 —— X1

is cocartesian. Therefore, the space |X|, is obtained from |X|,_; by attaching exactly one
n-cell A, along its boundary dA, for each non-degenerate n-simplex in X. In particular,
|X| = Up>0|X|n has the structure of a CW-complex.

If X and Y are simplicial sets, the product simplicial set X x ¥ has n-simplices X, x ¥,
with structure maps given by 6*(x,y) = (6*x,0*y). A proof of the following proposition can
be found in [FP90, Proposition 4.3.15].

A.1.2 Proposition

For simplicial sets X and Y the projection maps X XY — X and X xY — Y induce a map
of topological spaces |X x Y| — |X| X |Y| which is a homeomorphism provided the cartesian
product |X| x |Y| is taken in the category of compactly generated Hausdorff topological spaces.

A.1.3 The classifying space of a category

Consider the ordered set [n] as a category whose objects are the integers 0, 1, ..., n. There is a
unique map i — j if i < j. Then a functor [n] — [m] is nothing else than an order preserving
map. Thus, we can consider A as the category whose objects are the categories [n] for n > 0,
and where the morphisms in A are the functors [n] — [m].

Let ¥ be a small category. Its nerve is the simplicial set N.% whose n-simplices N, % are
the functors [n] — €. A functor 0 : [n] — [m] defines a map N,,6 — N, € given by F +— F o 6.
We have (00 0)* = (0)* 0 (6)* and N, % is indeed a simplicial set. An n-simplex in N, %, that
is, a functor [n] — €, is nothing else than a string of composable arrows

olal. s, (25)

in €. The face map d; deletes the object C; and, if i # 0,n, it composes the maps f;_ and
fi. The degeneracy map s; doubles C; and it inserts the identity map 1c,. In particular, the
n-simplex (25) is non-degenerate iff none of the maps f; is the identity map fori =0,...,n — 1.

The classifying space B€ of a small category % is the topological realization

BE = N, €|

of the nerve simplicial set N, of €. Any functor € — %" induces maps N6 — N,%¢" and
B% — B%’ on associated nerves and classifying spaces.

The classifying space construction commutes with products. This is because a functor
[n] — € x € is the same as a pair of functors [n] — €, [n] — €. Therefore, we have N,.(€ x
€') = N,C x N,€' and B(€ x €') = B€ x B€" by Proposition A.1.2.
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A.1.4 Example B[1]

The nerve of the category [1] has two non-degenerate O-simplices, namely the objects 0 and 1.
It has exactly one non-degenerate 1-simplex, namely the map 0 — 1. All other simplices are
degenerate. Thus, the classifying space B[1] of [1] is obtained from the two point set {0, 1} by
attaching a 1-cell A; along its boundary dA;. The attachment is such that the two points of
dA| are identified with the two points {0,1}. We see that B[1] is homeomorphic to the usual
interval A [0, 1].

A.1.5 Example BG

For a group G, we let G be the category with one object * and where Hom(%,*) = G. Then
7;BG = 0 for i # 1 and 71 BG = G where the isomorphism G — 71 BG sends an element g € G
to the loop [, represented by the morphism g : * — *. For details, see for instance [Wei94,
Exercise 8.2.4, Example 8.3.3].

A.1.6 Lemma

A natural transformation 1 : Fy — Fy between functors Fy,F| : € — €' induces a homotopy
BF) ~ BF| between the associated maps on classifying spaces BFy,BF| : B€ — B%". In
particular, an equivalence of categories € — €' induces a homotopy equivalence B€ —
BE'.

Proof:

A natural transformation 7 : Fy — F| defines a functor H : [1] x 4" — %’ which sends the
object (i,X) to F;(X) where i = 0,1 and X € €. There are two types of morphisms in [1] X %,
namely (id;, f) and (0 — 1, f) where i =0,1 and f : X — Y is a map in €. They are sent to
F;(f) fori=0,1 and to ny Fy(f) = F1(f)nx, respectively. It is easy to check that H is indeed
a functor. Now, H induces a map [0, 1] x B¢ = B[1] x B¢ = B([1] x ¢’) — B%” on classifying
spaces whose restrictions to {0} x B¢ and {1} x B% are BFy and BF,. Thus, BFj and BF are
homotopic maps.

If F : ¢ — €' is an equivalence of categories, then there are a functor G : ¢’ — % and
natural isomorphisms FG = 1 and 1 =2 GF. Thus, the map BG : B’ — B% is a homotopy
inverse of BF. O

A.1.7 Homotopy fibres and homotopy fibrations

Let g: Y — Z be a map of pointed topological spaces. The homotopy fibre F(g) of g is the
pointed topological space

F(g) = {(%y)‘ }’1 [0, 1] — Z s.t. ’)/(0) = *7’)/(1) :g(y)} CZ[Owl] xY

with base-point the pair (*,*) where the first « is the constant path 7 +— * for ¢ € [0, 1]. There
is a continuous map of pointed spaces F(g) — Y given by (7,y) — y which fits into a natural
long exact sequence of homotopy groups [Whi78, Corollary IV.8.9]

o M Z = MF(g) - mY — MZ = m Fg) — - (26)
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ending in Y — myZ. For more details, see [Whi78, chapter 1.7].

A sequence of pointed spaces X EA Y £ Z such that the composition is the constant
map to the base-point of Z is called homotopy fibration if the natural map X — F(g) given
by x — (x, f(x)) is a homotopy equivalence. In this case, there is a long exact sequence of
homotopy groups as in (26) with X in place of F(g).

A.1.8 Spectra and homotopy cartesian squares of spectra

A spectrum is a sequence Ey, E},E;, ... of pointed topological spaces together with pointed
maps 0; : E; — QF; | called bonding maps or structure maps. The spectrum (E, o) is called
Q-spectrum if the bonding maps o; are homotopy equivalences for all i € N. For i € Z, the
homotopy group m;E of the spectrum (E, o) is the colimit

. — o — (o) —
mE = colim(m Q" 'E % 1 QT B S 1 QTP B — ).

This colimit is independent of k and [ as long as i+ > 0 and k > [. Thus, it also makes sense
fori < 0.If (&,0) is an Q-spectrum, then m;E = m;Eq for i > 0 and mE = myE_; for i < 0.

A map of spectra f : (E,0) — (E’,0”) is a sequence of pointed maps f; : E; — E| such
that o} fj = (2 fi+1)0;. The map of spectra is called equivalence of spectra if it induces an
isomorphism on all homotopy groups 7; for i € Z. The homotopy fibre F(f) of a map of spectra
f:(E,0) — (E’,0’) is the sequence of pointed topological spaces F(fy),F (f1),F(f2),---
together with bonding maps F(f;) — QF (fi+1) = F (2 f;+1) between the homotopy fibres of
fi and ;1 given by the maps o; and ;. Taking a colimit over the exact sequences (26)
yields the exact sequence of abelian groups for i € Z

~~—>7Ti+1E/—>7riF(f)—>7L'iE—>7IiE/—>7Ti_1F(f)—>~~~ 27

A sequence of spectra E” — E L Eisa homotopy fibration if the composition E” — E’

is (homotopic to) the zero spectrum (the spectrum with all spaces a point), and the induced map
E" — F(f) is an equivalence of spectra. In this case, we can replace F(f) by E” in the long
exact sequence (27). A commutative square of spectra

Epo N Ep

lgo lgl
fi

Eyg ——En

is called homotopy cartesian if the induced map F(fy) — F(f1) on horizontal homotopy fibres
(or equivalently, the map F(go) — F(g1) on vertical homotopy fibres) is an equivalence of
spectra. From the exact sequence (27) and the equivalence F(fy) = F(f}), we obtain a long
exact sequence of homotopy groups of spectra for i € Z

= T (En) — m(Eoo) — mi(Eo1) © mi(E1o0) — mi(E1) — mi—1(Eoo) — -

For more on spectra, see [Ada74, III], [BF78], [HSS00], [Schc].

A.2 Background on triangulated categories

Our main references here are [Ver96], [Kel96] and [NeeO1].
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A.2.1 Definition

A triangulated category is an additive category <7 together with an auto-equivalence® T : o7 —
</ and a class of sequences

x4LyLzX%Trx (28)
of maps in o7 called distinguished triangles. They are to satisfy the axioms TR1 — TR4 below.

TR1. Every sequence of the form (28) which is isomorphic to a distinguished triangle is a
distinguished triangle. For every object A of <7, the sequence A LA-0-TAisa
distinguished triangle. Every map u : X — Y in .o/ is part of a distinguished triangle (28).
TR2. A sequence (28) is distinguished if and only if ¥ - Z 5 TX T Tyisa distinguished
triangle.

TR3. For any two distinguished triangles X Y % Z 5 TX and X’ 5 Y’ 5 7/ % TX' and for
any pair of maps f: X — X' and g: Y — Y’ such that gu =« f thereisamap h: Z — Z’
such that hv =V/'g and (T f)w = w'h.

TR4. Octahedron axiom, see [Ver96], [Kel96] and A.2.2 below.

In a distinguished triangle (28) the object Z is determined by the map u up to (non-canonical)
isomorphism. We call Z “the” cone of u.

A.2.2 Good maps of triangles and the octahedron axiom

A useful reformulation of the octahedron axiom TR4 (which we haven’t stated...) is as follows
[NeeO1, Definition 1.3.13 and Remark 1.4.7]. Call a map of distinguished triangles

Ag—2 oA — 2 s Ay — 2o TA (29)
ifo ifl ifz \L Tay
by b b,
By —> B —> B, ——>TBy

good if the mapping cone (in the sense of complexes)
by f b f; by Tf
((;J—(lll) (0] —Lzlz) (()Z*Tt(l)o)
_— _—

By ®TA) ————— > TBy®TA; 30)
is a distinguished triangle. The reformulation of the octahedron axiom [Nee91, Theorem 1.8]
says that in a triangulated category every commutative diagram

By®A; B ®A,

Ag —2 o A] —L oAy — Lo TAg
ifo ifl \L Tay
by b b,
By —>B| —> B, —2=TBy

in which the rows are distinguished triangles can be completed into a good morphism of
distinguished triangles.

We will need the following special case below. If in a good map of distinguished triangles
as in (29) the map f> is an isomorphism then the triangle

3 We may sometimes write A[1] instead of TA especially when A is a complex.
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—fo -
by b
AO—>(“°) By, I g L g

is distinguished. This is because, in case f, is an isomorphism, this triangle is a direct factor
of the distinguished triangle obtained by rotating via TR2 the distinguished triangle (30).
Therefore, it is a distinguished triangle itself [BSO1, Lemma 1.6].

A.2.3 Definition

Let #Z and . be triangulated categories. A triangle functor [Kel96, §8] from Z to . is a pair
(F, @) where F : % — . is an additive functor and ¢ : FT = TF is a natural isomorphism
such that for any distinguished triangle (28) in %, the triangle FX — FY — FZ — TFX given
by the maps (Fu, Fv, @x Fw) is distinguished in .#. Triangle functors can be composed in the
obvious way.

If a triangle functor has an adjoint, then the adjoint can be made into a triangle functor in a
canonical way [NeeOl, Lemma 5.3.6], [Kel91, 6.7]. In particular, if a triangulated category has
infinite sums, then an arbitrary direct sum of distinguished triangles is a distinguished triangle.

A.2.4 Exercise

Let F : ¥ — .7 be a triangle functor. If the functor is conservative (that is, a map f in . is an
isomorphism iff F(f) is) and full, then F is fully faithful.

A.2.5 Example (The homotopy category of an additive category)

Let &7 be an additive category. We denote by .# (27) the homotopy category of chain complexes
in 7. Its objects are the chain complexes in 7. Maps in .# (/) are chain maps up to chain
homotopy. The category # (<) is a triangulated category where a sequence is a distinguished
triangle if it is isomorphic in ¢ (27 to a cofibre sequence

xLy Ly Lrx.
Here, C(f) is the mapping cone of the chain map f : X — Y which is C(f)! =Y @ X*t! in

degree i and has differential d’ = (’g j;x ) . The object TX is the shift of X which is (TX)' =

X"+ in degree i and has differential @' = —di"'. The maps j: ¥ — C(f) and ¢ : C(f) — TX
are the canonical inclusions and projections in each degree.

A.2.6 Calculus of fractions

Let € be a category and w C Mor% be a class of morphisms in €. The localization of €
with respect to w is the category obtained from % by formally inverting the morphisms in w.
This is a category & [w™!] together with a functor € — % [w™!] which satisfies the following
universal property. For any functor 4 — 2 which sends maps in w to isomorphisms, there is a
unique functor €’ [w~!] — 2 such that the composition & — %[w~!] — 2 is the given functor
€ — 2. In general, the category %’ [w '] may or may not exist. It always exists if % is a small
category.

If the class w satisfies a “calculus of right (or left) fractions”, there is an explicit description
of €[w™!] as we shall explain now. A class w of morphisms in a category % is said to satisfy a
calculus of right fractions if (a) — (c) below hold.
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(a) The class w is closed under composition. The identity morphism 1y is in w for every
object X of %

(b) For all pairs of maps u: X — Y and s : Z — Y such that s € w, there are maps v: W — Z
and?: W — X such thatt € w and sv = ur.

(c) For any three maps f,g:X — Y and s:Y — Z such that s € w and s f = sg, there is a map
t:W — X such thatt € w and fr = gr.

If the class w satisfies the dual of (a) — (c) then it is said to satisfy a calculus of left fractions.
If w satisfies both, a calculus of left and right fractions, then w is said to satisfy a calculus of
fractions.

If a class w of maps in a category %’ satisfies a calculus of right fractions, then the localized
category <g[wfl] has the following description. Objects are the same as in 4. A map X — Y in
€ [wil} is an equivalence class of data X <M 4, Y written as a right fraction fs—! where f
and s are maps in € such that s € w. The datum fs~! is equivalent to the datum X LNEy
iff there are map §: P — N and 7 : P — M such that § (or 7) is in w and such that sf = §t and
fT = g5. The composition (fs~!)(gr~!) is defined as follows. By (b) above, there are maps
and r in € such that r € w and sh = gr. Then (fs~")(gr~') = (fh)(¢r)~". In this description
it is not clear whether Hom,, -1 (X,Y) is actually a set. However, it is a set if 4 is a small
category. But in general, this issue has to be dealt with separately.

A.2.7 Verdier quotient

Let &/ be a triangulated category and % C o7 be a full triangulated subcategory. The class
w of maps whose cones are isomorphic to objects in Z satisfies a calculus of fractions. The
Verdier quotient </ /8 is, by definition, the localized category </ [w™!]. It is a triangulated
category where a sequence is a distinguished triangle if it is isomorphic to the image of a
distinguished triangle of .7 under the localization functor &/ — &7 [wfl]; see [Ver96], [NeeOl,
§2]. If ' C o/ denotes the full subcategory of those objects which are zero in the Verdier
quotient <7 / %, then we have B C %', the category %' is a triangulated category and every
object of #' is a direct factor of an object of % [Nee0l, 2.1.33].

A.2.8 Exercise

The following exercises are variations on a theme called “Bousfield localization”; see [NeeO1,
89].

(a) Let L:.¥ — .7 be a triangle functor which has a right adjoint R such that the counit of
adjunction LR — id is an isomorphism. Let A : % C . be the full subcategory of . of
those objects which are zero in .7. Then the sequence #Z — . — 7 is an exact sequence
of triangulated categories (in the sense of Definition 3.1.5). Furthermore, the inclusion
A Z C . has aright adjoint p : .¥ — &%, and the counit and unit of adjunction fit into a
functorial distinguished triangle in .&

Ap —1—RL— Ap[l].

(b) Let .7 be a triangulated category, and let %, 7] C .7 be full triangulated subcategories.
Assume that Hom(Ag,A1) = 0 for all objects Ag € Jp and Ay € 7. If T is generated as a
triangulated category by the union of 7 and .77, then the composition 7 C 7 — .7/ %
is an equivalence. Moreover, an inverse induces a left adjoint J — .7 /Ty = ] to the
inclusion .7 C 7.
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(c) Let o A #L ¢ bea sequence of triangle functors. Assume that A and L have right
adjoints p and R such that the unit 1 — pA and counit LR — 1 are isomorphisms. Assume
furthermore that for every object B of % the unit and counit of adjunction extend to a
distinguished triangle in %

Ap(B) — B — RL(B) — Ap(B)[1].

Then the sequence of triangulated categories (4,L) is exact.

A.2.9 Example (The derived category of an abelian category)

Let o7 be an abelian category. Its unbounded derived category D (/) is obtained from the cate-
gory Ch.o/ of chain complexes in <7 by formally inverting the quasi-isomorphisms. Recall that
a chain map f : A — B is a quasi-isomorphism if it induces isomorphisms H'(f) : H'A — H'B
in cohomology for all i € Z where for a chain complex (C,d) we have H'C = kerd' /imd'~!.
Since homotopy equivalences are quasi-isomorphisms, the category D (<) is also obtained
from the homotopy category # (<) by formally inverting the quasi-isomorphisms. Let
Hac(ef) C A (o) be the full subcategory of acyclic chain complexes. This is the category of
those chain complexes C for which H'C = 0 for all i € Z. The inclusion #;. (/) C # (/)
is closed under taking cones. Furthermore, a chain complex A is acyclic iff TA is. Therefore,
Hac(2f) is a full triangulated subcategory of ¢ (7). Since a map is a quasi-isomorphism iff
its cone is acyclic, we see that the category D (&) is the Verdier quotient ¢ (&) / #ye (/). In
particular, the category D(<7) is a triangulated category (provided it exists, that is, provided it
has small homomorphism sets).

There are versions Do/, DT </, D~ o of D </ which are obtained from the category
of bounded, bounded below, bounded above chain complexes in .7 by formally inverting
the quasi-isomorphisms. Again, they are the Verdier quotients #**~ (&) /#+~ (o) of the
corresponding homotopy categories by the homotopy category of acyclic chain complexes.

A.2.10 Exercise

Let o7 be an abelian category. Show that the obvious triangle functors D?.7, Do/ ,\ D~ o/ —
D o/ are fully faithful. Hint: Use the existence of the truncation functors 72" : D.o/ — D+.o/
and T=" : Do/ — D~ </ which for a complex E are the quotient complex T2"E = ---0 —
cokerd”~! — E"*! — ... and the subcomplex T<"E = --- — E"~! - ker(d") — 0 — --- of
E; see [BBDS2, Exemple 1.3.2].

A.2.11 The derived category of a Grothendieck abelian category

Recall that a Grothendieck abelian category is an abelian category .7 in which all set-indexed
colimits exist, where filtered colimits are exact and which has a generator. An object U is a
generator of .o/ if for every object X of .o there is a surjection @; U — X with I some index
set. A set of objects is called set of generators if their direct sum is a generator. The unbounded
derived category D <7 of a Grothendieck abelian category has small hom sets [Wei94, Remark
10.4.5], [Fra01], [ATIJLSS00].

For a Grothendieck abelian category <7, the derived category D </ has the following
explicit description. Following [Spa88], a complex I € Ch/ is called JZ -injective if for
every map f : X — [ and every quasi-isomorphism s : X — Y there is a unique map (up to
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homotopy) g : ¥ — I such that gs = f in % (7). This is equivalent to the requirement that
Hom ./ (A,I) = 0 for all acyclic chain complexes A. For instance, a bounded below chain
complex of injective objects in .7 is J# -injective. But .# -injective chain complexes do not need
to consist of injective objects (for instance, every contractible chain complex is J# -injective),
nor does an unbounded chain complex of injective objects need to be . -injective.

In a Grothendieck abelian category, every chain complex has a # -injective resolution
[Fra01], [ATJLSS00]. This means that for every chain complex X in .o/ there is a quasi-
isomorphism X — I where [ is a % -injective complex. Let %}, ;(/) C (<) be the full
subcategory of all .# -injective chain complexes. This is a triangulated subcategory. By def-
inition, a quasi-isomorphism 7 = X from a .# -injective complex I to an arbitrary complex
X always has a retraction up to homotopy. Therefore, the composition of triangle functors
Hinj() C H () — D () is fully faithful. This composition is also essentially surjective
because every chain complex in .2/ has a % -injective resolution. Therefore, the triangle functor
Hinj(«/) — D (&) is an equivalence.

A.2.12 Right derived functors

Let F : & — 9B be an additive functor between abelian categories. The functor induces a triangle
functor ¥ o/ — # % between the homotopy categories of unbounded chain complexes
in o/ and 4. Denote by L, and Ly the localization triangle functors ¥ &/ — D </ and
H B — D ZA. Furthermore, denote by F : # o/ — D A the composition of 7 of — A P#
with the localization functor Lg. The right-derived functor of F is a pair (RF,A) as in the
diagram

H o
F
Loy
e
dof d%
RF

where RF : D .o/ — D 9 is a triangle functor and A : F — RF o L, is a natural transformation
of triangle functors which has the following universal property. For any pair (G,Yy) where
G:D &/ — D A is a triangle functor and y: F — G oLy is a natural transformation of triangle
functors, there is a unique natural transformation of triangle functors 1 : RF — G such that
¥ = noA. Of course, the pair (RF, ) is uniquely determined by the universal property up to
isomorphisms of natural transformations of triangle functors.

If F: o/ — 2 is any additive functor between Grothendieck abelian categories, then the
right derived functor (RF,A) of F always exists. For E € D ¢/, it is given by RF(E) = F(I)
where E — [ is a J# -injective resolution of E. The natural transformation A4 at E is the image
FE — FI under F of the resolution map £ — I. More generally, one has the following.

A.2.13 Exercise

Let F : ¥ o/ — D2 be a triangle functor. Assume that there is a triangle endofunctor G :
H o/ — K o such that FG : # o/ — D2 sends quasi-isomorphisms to isomorphisms.
Assume furthermore that there is a natural quasi-isomorphism A : id — G such that the two
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natural transformations GA and A of functors G — GG satisfy FGA = F Ag. Then the pair
(FG,FA) represents the right derived functor of F.

In the remainder of the subsection, we collect some basic facts about Frobenius exact
categories and their triangulated stable categories. They constitute the framework for the
complicial exact categories considered in the text.

A.2.14 Frobenius exact categories

An object P in an exact category & is called projective if for every deflation g : Y — Z and every
map f: P — Z there is a map g : P — Y such that f = gg. An exact category & has enough
projectives if for every object E of & there is a deflation P — E with P projective. Dually, an
object I in & is called injective if for every inflation j: X — Y and every map f : X — I there
isamap g:Y — [ such that f = gj. An exact category & has enough injectives if for every
object E of & there is an inflation E — I with I injective.

An exact category & is called Frobenius exact category if it has enough injectives and
enough projectives, and an object is injective iff it is projective. Call two maps f,g: X — Y
in a Frobenius exact category & homotopic if their difference factors through a projective-
injective object. Homotopy is an equivalence relation. The stable category & of a Frobenius
exact category & is the category whose objects are the objects of & and whose maps are
the homotopy classes of maps in &. The stable category of a Frobenius exact category is a
triangulated category as follows. To define the shift 7 : & — &, we choose for every object X
of & an inflation X — I(X) into an injective object, and we set TX = I(X)/X. Distinguished
triangles in the stable category & are those triangles which are isomorphic in & to sequences of

the form

x Ly S 10uyy —1x)/x

where f : X — Y is any map in &. For more details, we refer the reader to [Kel96] and [Hap87,
Section 9].

A.2.15 Complicial exact categories as Frobenius categories

Recall from Subsection 3.2.1 the bounded complex of free Z-modules C =Z-1¢ & Z- 1N where
1¢ and 1 have degrees 0 and —1, respectively. There is a degree-wise split inclusion of chain
complexes i : 1l = Z — C defined by 1 — 1¢. Similarly, denote by P € Ch”(Z) the complex
P = Hom(C, 11) which is concentrated in degrees 0 and 1 where it is a free Z-module of rank 1.
There is a degree-wise split surjection p : P — 1l = Z defined by f — f(1¢).

Let & be a complicial exact category. This means that & comes equipped with an action by
the category Ch® (Z) of bounded complexes of free Z-modules of finite rank; see Definition
3.2.2. We have natural inflations i =i ® 1g : E ~— CE and natural deflations pg = p® 1g :
PE — E for every object E of &. Call an inflation j : X ~— Y in & Frobenius inflation if for
every object U € & and every map f : X — CU there is amap g:Y — CU such that f = gj.
Similarly, call a deflation g : Y — Z in & Frobenius deflation if for every object U € & and
every map f : CU — Z there is amap g : CU — Y such that f = gg.

A.2.16 Lemma

Let & be a complicial exact category.
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(a) For every object E of &, the natural inflation ix : X — CX is a Frobenius inflation, and
the natural deflation px : PX — X is a Frobenius deflation.

(b) Frobenius inflations (deflations) are closed under composition.

(c) Frobenius inflations (deflations) are preserved under push-outs (pull-backs)

(d) Split injections (surjections) are Frobenius inflations (deflations).

(e) For a conflation X — Y — Z in &, the map X — Y is a Frobenius inflation iff the map
Y — Z is a Frobenius deflation.

(f) The category & equipped with the Frobenius conflations as defined in Subsection 3.2.5 is
a Frobenius exact category. In this exact structure, an object is injective (projective) iff it
is a direct factor of an object of the form CU with U € &.

Proof:

For (a), we note that C is a commutative dg Z-algebra with unique multiplication 4t : C®C — C

and unitmapi: 1l — C: 1+ 1c.Let f: X — CU be a map in &. We define the map f’ : CX —

2f ®1
CU as the composition CX % ccu ™' cu. Then we have flix=uely)o(lc@f)o(i®

Ix)=(u®ly)o(i®le®1ly)o f = f since the composition ccach Cisthe identity.
This shows that iy is a Frobenius inflation. The proof that PX — X is a Frobenius deflation is
similar using the fact that P = Hom(C, 11) is a co-algebra. Sections (b), (¢) and (d) are clear.
For (e), we note that the map CX — TX is a Frobenius deflation. This is because this map
is isomorphic to PTX — TX via the isomorphism C — Hom(C,T) = PT which is adjoint to

C®CE C—T.LetX — Y be a Frobenius inflation. By definition, there is a map ¥ — CX
such that the composition X — Y — CX is the canonical Frobenius inflation iy : X — CX.
Passing to quotients, we see that Y — Z is a pull-back of CX — TX. Since the latter is a
Frobenius deflation, we can apply (c), and we see that Y — Z is a Frobenius deflation as well.
The other implication in (e) is dual. For (f), we note that (a) — (e) imply that & together with the
Frobenius conflations is an exact category. By definition, objects of the form CU are injective
and projective for the Frobenius exact structure, hence any of its direct factors is injective
and projective. For an object I of & which is injective in the Frobenius exact structure, the
Frobenius inflation / — CI has a retraction since, by the definition of injective objects, the map
1:1 — I to the injective I extends to CI. Therefore, the injective object / is a direct factor of CI.
Similarly for projective objects. O

A.3 The derived category of quasi-coherent sheaves
A.3.1 Separated schemes and their quasi-coherent sheaves

Let X be a quasi-compact and separated scheme. In the category Qcoh(X) of quasi-coherent
Ox-modules, all small colimits exist and filtered colimits are exact (as they can be calculated
locally on quasi-compact open subsets). Every quasi-coherent Ox-module is a filtered colimit of
its quasi-coherent submodules of finite type [Gro60, 9.4.9]. Therefore, the set of quasi-coherent
Ox-modules of finite type forms a set of generators for Qcoh(X). Hence, the category Qcoh(X)
is a Grothendieck abelian category. In particular, its derived category D Qcoh(X) exists, and it
has an explicit description as in Appendix A.2.11.
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A.3.2 Examples of Hom-sets in D Qcoh(X)

For a complex E of quasi-coherent Ox-modules, the set of homomorphisms Hom(Ox, E) in
the triangulated category D Qcoh(X) is given by the formula

Hom(Ox,E) = H*(Rg.E)

where g : X — SpecZ is the structure map of X. We can see this by replacing E with a
J -injective resolution E = I. Then both sides are HO(I(X)).

More generally, for a vector bundle A on X, the homomorphism set Hom(A,E) in
D Qcoh(X) can be calculated as above using the equality

Hom(A,E) = Hom(Ox,E ®A")

where A" is the dual sheaf Hom(A, Ox) of A. Again, we can see this by choosing a K-injective
resolution E = [ of E and noting that E®AY = I®A" is a J# -injective resolution of E @A"Y
when A (and thus A") is a vector bundle.

A.3.3 The Cech resolution

Let X be a quasi-compact scheme, and let % = {Uj,...,Uy, } be a finite cover of X by quasi-
compact open subsets U; C X. For a k+ 1 tuple i = (i, ..., i) such that 0 < iy, ..., i < n, write
Ji :Ui=UjN...NU; C X for the open immersion of the intersection of the corresponding
Uy’s. Let F be a quasi-coherent Oy module. We consider the sheafified Cech complex C(%, F)
associated with the cover % of X. In degree it is the quasi-coherent Ox-module

C(% .F)e = juii F
i

where the indexing set is taken over all k+ 1-tuples i = (ig, ..., i) such that 0 <ip < --- < i <n.
The differential dj, : C(% ,F ) — C(% ,F )i for the component i = (ig, ..., i+ ) is given by

the formula
k+1

(dr(x))i = IZ%)(*UIJE*JT Xisoohrseomitsn)”
Note that the complex C(% , F) is concentrated in degrees 0, ..., n.

The units of adjunction F' — j, j; F define a map F — C(%,F)o=®, JixJi F into the
degree zero part of the Cech complex such that dy(F) = 0. Therefore, we obtain a map of
complexes of quasi-coherent Ox-modules F — C(%,F). This map is a quasi-isomorphism for
any quasi-coherent Ox-module F' as can be checked by restricting the map to the open subsets
U; of the cover 7 of X.

More generally, if F is a complex, then C(%,F) is a bicomplex, and we can consider
its total complex TotC (% ,F) which, by a slight abuse of notation, we will still denote by
C(% ,F). The map F — C(% ,F) is a map of bicomplexes. Taking total complexes, we obtain
a natural quasi-isomorphism of complexes of quasi-coherent Ox-modules

A F S C(%,F). (31)

which is called the Cech resolution of F associated with the open cover % .
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A.3.4 Exercise

Let X be a scheme and % be a finite open cover of X. Write C for the functor F — C’(%,F)
from complexes of quasi-coherent sheaves to itself defined in Subsection A.3.3 above. Show that
for any complex F of quasi-coherent sheaves on X, the following two maps C(F) — C(C(F))
are chain homotopic:

C(Ar) ~ lé<F).

A.3.5 Explicit description of Rg.

Let g: X — Y be a map of quasi-compact schemes such that there is a finite cover % =
{0y, ...,Uy} of X with the property that the restrictions g; : U; — Y of g to to all finite intersec-
tions U; = Uj, N...NU;,, of the U;’s are affine maps where i = (ip, ..., i) and ig, ..., i € {0,...,n}.
If X and Y are quasi-compact and separated such a cover always exists. In this case, any cover
U = {Uy,...,U, } of X by affine open subschemes U; C X such that each U; maps into an open
affine subscheme of Y has this property.

Using the cover % instead of # -injective resolutions, one can construct the right-derived
functor Rg, : D Qcoh(X) — D Qcoh(Y) of g, : Qcoh(X) — Qcoh(Y) as follows. By assump-
tion, for every k + 1-tuple i = (ip, ..., i), the restriction g; = go j; : Ui — Y of g to U; is an
affine map. Therefore, the functor

2«C(%) : Qcoh(X) — ChQcoh(Y) : F — g, C(% ,F)
is exact. Taking total complexes, this functor extends to a functor on all complexes
2<C(%) : ChQcoh(X) — ChQcoh(Y) : F +— g,C(% ,F)

which preserves quasi-isomorphisms as it is exact and sends acyclics to acyclics. This functor
is equipped with a natural quasi-isomorphism given by the Cech resolution

Ar :F = C(% F).

By Exercises A.2.13 and A.3.4, the right derived functor Rg. of g is represented by the pair
(&:C(% ), 8:1).

A3.6 Lemma
Let g : X — Y be a map of quasi-compact and separated schemes. Then for any set E;, i € I,

of complexes of quasi-coherent Ox-modules, the following natural map of complexes of Oy -
modules is a quasi-isomorphism

©1 Rgx (Ei) — R« (D Ei)-

Proof:

This follows from the explicit construction of Rg. given in Appendix A.3.5 for which the map
in the lemma is already an isomorphism in ChQcoh(Y). d
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A.3.7 Lemma (Base-Change for open immersions)

Let X = U UV be a quasi-compact separated scheme which is covered by two quasi-compact
open subschemes U and V. Denote by j: U — X, jy :UNV =V, i:V—=X, iy :UNV —=U
the corresponding open immersions. Then for every complex E of quasi-coherent Oy -modules,
the natural map

i oRj.E — Rjy, oif)E

of complexes of quasi-coherent Oy -modules is an isomorphism in D Qcoh(V).

Proof:

We first make the following remark. For a quasi-coherent Ogy-module M, we have the canonical
map i* j.M — jy.ij;M which is adjoint to the map jii* j«M = if; j* j«M — ij;M obtained by
applying ij; to the counit map j* j.M — M. Calculating sections over open subsets, we see that
the map i* j.M — jyi{;M is an isomorphism for every quasi-coherent Oy/-module M.

For the proof of the lemma, recall that U is quasi-compact. Therefore we can find a finite
open affine cover % = {Uy, ...,Uy,} of U. For this cover, all inclusions U;, N...NU;, C X are
affine maps because X is separated. By Appendix A.3.5 and the remark above, for a complex E
of quasi-coherent Oy -modules, we have an isomorphism

FRjE =i*j.C(U E) > jy,it,C(U E) = jy.C(% NV,ijE)

where % NV is the cover {UpNV,...,U, NV} of V. Pull-backs of affine maps are affine maps.
Hence, all inclusions (U;, "\V)N...N(U;, NV) C V are affine maps. By Appendix A.3.5, the
functor jy.C(% NV) represents R jy .. So, the isomorphism above represents an isomorphism

of functors i* o Rj = Rjysoif. O
A.3.8 Lemma

Let X =V UV, be a quasi-compact and separated scheme which is covered by two quasi-
compact open subschemes V|,V C X. Denote by j; : Vi — X and jip : Vi NVy — X the
corresponding open immersions. Then for E € D Qcoh(X), there is a distinguished triangle in

D Qcoh(X)
E — Rj1:(j1 E) ®Rj2 (L E) — Rji2«(j12 E) — E[1].

Proof:
Consider the commutative square in D Qcoh(X)
E ——— Rji.(J{E)
Rjr(j3E) — Rj12+(J1, E)

in which the maps are induced by the unit of adjunction maps 1 — Rj, o j* and the base-
change isomorphism in Lemma A.3.7. By Appendix A.2.2, we can complete this square
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to the right into a good map of distinguished triangles. The map on horizontal cones is an
isomorphism when restricted to U (since both cones are zero, by Base-Change A.3.7) and when
restricted to U, (by the Five Lemma and Base-Change A.3.7). Therefore, the map on horizontal
cones is an isomorphism in D Qcoh(X). Finally, the sequence E — Rji.(j{ E) ®Rjr(j5E) —
Rj12+(j}, E) can be completed to a distinguished triangle by the last paragraph in Appendix
A22. O

A.4 Proof of compact generation of Dz Qcoh(X)

In this appendix, we prove Proposition 3.4.6, first for schemes with an ample family of line
bundles and then, by a formal induction argument, for general quasi-compact and separated
schemes. To summarize, in Lemma A.4.10 we show that Dz Qcoh(X) is compactly generated
and in Lemmas A.4.8 and A.4.9 we show that the compact objects in Dz Qcoh(X) are precisely
those complexes which are isomorphic (in the derived category) to bounded complexes of
vector bundles when restricted to the open subsets of an affine open cover of X. Part of the
exposition is taken from [Sch08]. When Z = X, the reader may also find proofs in [Nee96,
Corollary 2.3 and Proposition 2.5] and [BvdB03, Theorems 3.1.1 and 3.1.3].

We first recall the usual technique of extending a section of a quasi-coherent sheaf from an
open subset cut out by a divisor to the scheme itself. For a proof, see [Gro60, Théoreme 9.3.1],
[Har77, Lemma I1.5.14].

A.4.1 Lemma

Let X be a quasi-compact and separated scheme, s € I'(X,L) be a global section of a line
bundle L on X, and Xy = {x € X| s(x) # 0 € Ly/myLy} be the non-vanishing locus of s. Let F
be a quasi-coherent sheaf on X. Then the following hold.

(a) Forevery f € I'(X;,F), there is an n € N such that f ® s" extends to a global section of
F®L®".
(b) Forevery f € I'(X,F) such that fix, =0, there is an n € N such that f @s" = 0.

A.4.2 Schemes with an ample family of line bundles

A scheme X has an ample family of line bundles if there is a finite set Ly,...,L, of line
bundles on X and if there are global sections s; € I' (X, L;) such that the non-vanishing loci
X5, = {x € X| si(x) # 0 € Ly/myL,} form an open affine cover of X; see [TT90, Definition
2.1], [SGAT71, I1 2.2.4]. Note that such an X is necessarily quasi-compact.

Recall that if f € I'(X,L) is a global section of a line bundle L on a scheme X, then the
open inclusion Xy C X is an affine map (as can be seen by choosing an open affine cover of X
trivializing the line bundle L). As a special case, the open subscheme X is affine whenever X
is affine. Thus, for the affine cover X = [JXj;, associated with an ample family of line-bundles
as above, all finite intersections of the Xj,’s are affine.

Let X be a scheme which has an ample family of line bundles. Then there is a set {L;| i € I}
of line bundles on X together with global sections s; € I'(X, L;) such that the set {Xj,| i € I}
of non-vanishing loci forms an open affine basis for the topology of X [TT90, 2.1.1 (b)]. If X is
affine, this follows from the definition of the Zariski topology. For a general X (with an ample
family of line bundles), the sections which give rise to a basis of topology on an open affine
X, can be extended (up to a power of s) to global sections, by Lemma A.4.1. Therefore, every
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open subset of a basis for X is also the non-vanishing locus of a global section of some line
bundle on X.

Let X be a scheme which has an ample family of line bundles Ly, ...,L,. Then for every
quasi-coherent sheaf F on X, there is a surjective map M — F of quasi-coherent sheaves where
M is a (possibly infinite) direct sum of line bundles of the form L;‘ fori=1,...,nand k < 0.
This follows from the definition of an ample family of line bundles and Lemma A.4.1.

A.4.3 Truncated Koszul complexes

Let X be a quasi-compact and separated scheme, and let L;, i = 1, ...,/ be a finite set of line
bundles together with global sections s; € I'(X,L;). Let U = Ule Xj, be the union of the
non-vanishing loci Xj; of the s;’s, and j : U C X be the corresponding open immersion. The
global sections s; define maps s; : Ox — L; of line-bundles whose Ox-duals are denoted by
s 1. L ' — Ox. We consider the maps s; las (cohomologically graded) chain-complexes with
Ox placed in degree 0. For an [-tuple n = (ny,...,n;) of negative integers, the Koszul complex

] .
Q)L = 0x) 32)
i=1

is acyclic over U. This is because the map s’ = (s;1 )®|”"‘ : L} — Ox is an isomorphism when

restricted to Xj,, hence the Koszul complex (32) is acyclic (even contractible) over each Xj;. Let
K (s") denote the bounded complex which is obtained from the Koszul complex (32) by deleting
the degree zero part Ox and placing the remaining non-zero part in degrees —/+1,...,0. The
last differential 4! of the Koszul complex defines a map

<1

1

K(s") = [@(L?" = 0x)

i=1

(1] - 0x

of complexes of vector bundles. This map of complexes is a quasi-isomorphism over U, since its
cone, the Koszul complex, is acyclic over U. For a complex M of quasi-coherent Ox-modules,
we write &y for the tensor product map gy = 1y ® € : MR K(s") > MR O0x 2 M.

The following proposition is a generalization of Lemma A.4.1. It is implicit in the proof
of [TT90, Proposition 5.4.2]. We omit the proof (which is not very difficult, but not very
enlightening either). Details can be found in loc.cit. and in [Sch08, Lemma 9.6].

A.4.4 Proposition

Let X be a quasi-compact and quasi-separated scheme, and Ly, ...L, be a finite set of line
bundles together with global sections s; € I'(X,L;) for i =1,...,n. Let U = U!_, X, be the
union of the non-vanishing loci Xy, of the s;’s, and j: U C X be the corresponding open
immersion. Let M be a complex of quasi-coherent Ox-modules and let A be a bounded complex
of vector bundles on X. Then the following hold.

(a) For every map f: j*A — j*M of complexes of Oy-modules between the restrictions
of A and M to U, there is an l-tuple of negative integers n = (ny,...,n;) and a map
F:A®K(s") — M of complexes of Ox-modules such that f o j*(e4) = j* (f).

(b) For every map f : A — M of complexes of Ox-modules such that j*(f) =0, there is an
I-tuple of negative integers n = (ny,...,n;) such that fogs = 0.
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A4.5 Lemma

Let X be a quasi-compact scheme, and s € I'(X,L) be a global section of a line-bundle L such
that X; is affine. Let N — E be a map of complexes of quasi-coherent Ox-modules such that
its restriction to X; is a quasi-isomorphism. If E is a bounded complex of vector bundles on X,
then there is an integer k > 0 and a map of complexes E ® L% — N whose restriction to Xy is
a quasi-isomorphism.

Proof:

Write j : X; C X for the open inclusion. Since X; is affine, say Xy = SpecA, we have an
equivalence of categories between quasi-coherent Oy, -modules and A-modules under which
the map j*N — j*E becomes a quasi-isomorphism of complexes of A-modules with j*E a
bounded complex of projectives. Any quasi-isomorphism of complexes of A-modules with
target a bounded complex of projectives has a retraction up to homotopy. Therefore, the choice
of a homotopy right inverse f : j*E — j*N yields a quasi-isomorphisms. By Lemma A.4.1,
there is a map of complexes f : E ®L¥ — N such that j*f = f-s* for some k < 0. In particular,
f is a quasi-isomorphism when restricted to Xj. O

Lemma A.4.5 has the following generalization.

A.4.6 Lemma

Let X be a quasi-compact and separated scheme. Let U = J}_ X;; be the union of affine non-
vanishing loci Xy, associated with global sections s; € I' (X, L;) of line bundles L; on X where
i=1,...,n. Denote by j:U C X the open immersion. Let b: M — B be a map of complexes of
quasi-coherent Ox-modules such that its restriction j*b to U is a quasi-isomorphism. If B is a
bounded complex of vector bundles on X, then there is a map of complexes a : A — M such that
its restriction to U is a quasi-isomorphism and A is a bounded complex of vector bundles on X.

Proof:

We prove the lemma by induction on n. For n = 1, this is Lemma A.4.5. Let Uy = U?;ll X, CX.
By the induction hypothesis, there is map ay : A9 — M from a bounded complex of vector
bundles Ag such that ag is a quasi-isomorphism when restricted to Uy. The induced map
bg : C(ag) — C(bag) on mapping cones is a quasi-isomorphism when restricted to U (hence
when restricted to X;, ) since b is. Moreover, both cones are acyclic on Up. Note that we have
a distinguished triangle Ay — M — C(ag) — Ag[1] in 2 Qcoh(X). Since Xj, is affine and
C(bag) a bounded complex of vector bundles, Lemma A.4.5 implies the existence of a map
a; : A] — C(ap) of complexes with A; = C(bag) ® Lk a bounded complex of vector bundles
on X which is acyclic when restricted to Uy, and a; is a quasi-isomorphism when restricted to
X;, . It follows that a; is a quasi-isomorphism when restricted to U. Let A be a complex such
that A — A| — Ap[1] extends to a distinguished triangle in # Qcoh(X) where the last map is
A — C(ag) — Ap[1]. We can choose A to be a bounded complex of vector bundles because
Ap and A are also of this form. Let a : A — M be a map such that (a,ay, IAO[I]) is a map of
triangles. By the Five-lemma, the map a : A — M is a quasi-isomorphism when restricted to U.
d
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The following proposition is a more precise version of Proposition 3.4.6 in case X has an
ample line bundle. For a closed subscheme Z C X of a scheme X, denote by D%Vect(X ) C
Db Vect(X) the full triangulated subcategory of those complexes of vector bundles which are
acyclic over X — Z. Recall from subsection 3.4.4 the definition of a “compact object” and of a
“compactly generated triangulated category”.

A.4.7 Proposition

Let X be a quasi-compact and separated scheme which has an ample family of line bundles
Ly,...,Ly,. Let Z C X be a closed subset with quasi-compact open complement j:U =X —Z C X.
Then the following hold.

(a) D Qcoh(X) is a compactly generated triangulated category with generating set of compact
objects the set
L={LEN | i=1,..n k<0, k,l€Z}.

The inclusion Vect(X) C Qcoh(X) yields a triangle functor D” Vect(X) C D Qcoh(X)
which is fully faithful and induces an equivalence of D® Vect(X) with the triangulated
subcategory of compact objects in D Qcoh(X). In particular, D? Vect(X) is generated —
as an idempotent complete triangulated category — by the set of line bundles Lf" where
i=1,...,n, where k; < 0 and k; € Z.

(b) The following sequence of triangulated categories is exact up to factors

D4 Vect(X) — D? Vect(X) — D” Vect(U).

(¢) The triangulated category D zQcoh(X) is compactly generated, and the inclusion
Vect(X) C Qeoh(X) of vector bundles into quasi-coherent sheaves yields a fully faithful
triangle functor D% Vect(X) C Dz Qcoh(X) which induces an equivalence of D% Vect(X)
with the triangulated subcategory of compact objects in D 7 Qcoh(X).

Proof:

For (a), we first note that a vector bundle A on X is compact in D Qcoh(X). This is because the
functor E — Hom(A, E) is, in the notation of Subsection A.3.2, the same as the functor E —
H(Rg.(E®A")). The latter functor commutes with infinite direct sums since its component
functors E — EQAY, Rg, and H : D (Z-Mod) — Z-Mod have this property. Secondly, recall
that the compact objects form a triangulated subcategory. Therefore, every complex of vector
bundles is compact in D Qcoh(X). Next, we will check that the set .Z which consists of
compact objects generates D Qcoh(X). For that, let E be a complex such that every map
L — E is zero in D Qcoh(X) when L € .Z. We have to show that £ = 0 in D Qcoh(X), that is,
that H*E = 0. Since .7 is closed under shifts, it suffices to show that the cohomology sheaf
HYE =ker(d®) /im (d~') is zero where d' is the i-th differential of E. By ampleness of the
family L1,...,L,, we can choose a surjection M — ker(d®) of quasi-coherent Ox -modules with
M a (possibly infinite) direct sum of line bundles of the form Lf’ wherei=1,...,n and k; < 0.
Composing the inclusion of complexes ker(d®) — E with this surjection defines a map of
complexes M — ker(d”) — E which induces a surjective map M = H'M — ker(d°) — HE
of cohomology sheaves. Since every map Lfi — E is zero in D Qcoh(X), the induced surjective
map M — HYE is the zero map, hence HYE = 0. Altogether, the arguments above show that
D Qcoh(X) is compactly generated by the set .. Finally, the triangle functors D? Vect(X) C
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D?Qcoh(X) € D Qcoh(X) are fully faithful. The first by the dual of Subsection 3.1.7 (b)
and the second by Subsection A.2.10. The remaining statements in (a) follow directly from
Neeman’s Theorem 3.4.5 (a) and from Subsection 3.1.7 (¢).

For part (b), denote by U -quis the set of maps of complexes of vector bundles on X which
are quasi-isomorphisms when restricted to U = X — Z. By construction, the following sequence
of triangulated categories is exact

D4 Vect(X) — D? Vect(X) — .7 (Ch Vect(X), U -quis),

and the triangle functor .7 (Ch? Vect(X), U -quis) — D® Vect(U) is conservative. Using Propo-
sition A.4.4 and Lemma A.4.6 we see that the last triangle functor is full. Any conservative and
full triangle functor is fully faithful, by Subsection A.2.4. Hence, the last triangle functor is
fully faithful. The restriction to U of an ample family of line bundles on X is an ample family of
line bundles on U. Therefore, part (a) shows that the triangle functor is also cofinal. It follows
that the sequence in part (b) of the Proposition is exact up to factors.

For part (c), we already know that the functor D% Vect(X) — Dz Qcoh(X) is fully faith-
ful since both categories are full subcategories of D Qcoh(X). By part (a), every object in
DY Vect(X) is compact in D Qcoh(X). Since the inclusion D zQcoh(X) C D Qcoh(X) com-
mutes with infinite sums, the objects of D% Vect(X) are also compact in D zQcoh(X). Let
. C DzQcoh(X) be the smallest full triangulated subcategory closed under arbitrary co-
products in Dz Qcoh(X) which contains DY Vect(X). Then .# is compactly generated with
category of compact objects D%Vect(X ). By Neeman’s Theorem 3.4.5 (b), the triangulated
category D Qcoh(X)/.” is compactly generated. It has as category of compact objects the
idempotent completion of D? Vect(X) /D% Vect(X). By part (b), this category is D? Vect(U).
The functor D Qcoh(X)/. — D Qcoh(U) preserves coproducts and compact objects, and
it induces an equivalence of categories of compact objects. Any triangle functor between
compactly generated triangulated categories which commutes with coproducts and which
induces an equivalence on compact objects is an equivalence. Therefore, the triangle functor
D Qcoh(X)/.# — D Qcoh(U) is an equivalence. It follows that . = D 7 Qcoh(X). O

For the remainder of the subsection, write D x (A, F') for maps in D Qcoh(X) from A to F,
and similarly for U, V and U NV in place of X.

A.4.8 Lemma

Let X =U UV be a quasi-compact and separated scheme covered by two quasi-compact
open subschemes U, V. Then a complex A € D Qcoh(X) is compact iff Ay € D Qcoh(U) and
Ayy € D Qcoh(V) are compact.

Proof:

Write j: U — X for the open immersion. Let A € D Qcoh(X) be a compact object, and let
F; € D Qcoh(U) be a set of complexes on U where i € I. In the sequence of equations
Dy(j*A,@1Fi) = Dx(A,Rj: B Fi)
= DX(A7 @lR]*E)
= @ Dx(A,RjFi)
= @Dy (j*AF),
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the first and last are justified by adjointness of j* and R, the second by Subsection A.3.6, and
the third by compactness of A. This shows that Ay is compact. The same argument also shows
that Ay, is compact.

For the other direction, assume that A;; and A}y, are compact. Then Ay is also compact,
by the argument above. Let F; € D Qcoh(X) be a set of complexes of quasi-coherent sheaves
on X where i € I. We have

Dx(A,Rj+j @1 Fi) =Du(j*A,j @1 Fi) =Dy (j*A, @ F),  (*)

by adjointness of j* and R}, and the fact that j* commutes with infinite sums (as it is a left
adjoint). Similarly, for V. and U NV in place of U. For every i € I, Lemma A.3.8 provides us
with a distinguished triangle

F; — Rji (1 Fr) ®Rjo« (j3 Fi) — Rjia«(ji, Fi) — Fill] (**)

where j; : U C X, j»:V CX and jj : UNV C X are the corresponding open immersions.
Taking direct sum, we obtain a distinguished triangle

@ Fi — DB Rj1«(J1 Fi) © D Rjni (j5 Fi) — Dy Rj12+(J1, Fi) — Dy Fill]

which receives a canonical map from (**). Using Lemma A.3.6, we have a canonical isomor-
phism @, Rg.(g* F;) = Rg.(g* @, F;) for g = j1, 2, j12, and the last distinguished triangle
becomes

@ Fi = Rj1(ji @1 F) @ Rj2:(j5 B Fi) — Rjro:(jip D1 Fi) — D Fi[l]-

Applying the functor Dy (A, ) to the last triangle, the triangles (**) and the natural map from
(**) to the last triangle, we obtain a map of long exact sequences of abelian groups. In view of
the identification (*) above, this is the commutative diagram

=@ Dx(AF) - @ DyAF)oPDyv(AF) —@Dyrv(AF)— -

| : :

= Dx(A,@DF;) - Dy(A,DF)®Dv(A,@F;) —Durnv(A,DF)— -

where we wrote Dy (A, F;) in place of D U(A‘U,F,-w), similarily for V and U N V. All but every

third vertical map in the diagram is an isomorphism, by compactness of Ay, Ay and Ajyny.

By the Five Lemma, the remaining vertical maps are also isomorphisms. Hence, A is compact.
d

Let j: U C X be an open immersion of quasi-compact and separated schemes with closed
complement Z = X — U. Recall that j* : D Qcoh(X) — D Qcoh(U) has a right adjoint R, such
that the counit of adjunction j*Rj,. — 1 is an isomorphism. By Exercise A.2.8 (a), the inclusion
J : DzQcoh(X) C D Qcoh(X) has a right adjoint which we denote by R : D Qcoh(X) —
D zQcoh(X). It is part of a functorial distinguished triangle

JR(E) = E = Rj. j E — JR(E)[1]. (33)
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A.4.9 Lemma

Let X be a quasi-compact and separated scheme, Z C X a closed subset with quasi-compact
open complement j:U =X —Z C X. Then an object A € DzQcoh(X) is compact in
D 7z Qcoh(X) iff it is compact in D Qcoh(X)

Proof:

Let A be an object of Dz Qcoh(X). If A is compact in D Qcoh(X) then A is also compact
in DzQcoh(X) because the inclusion Dz Qcoh(X) C D Qcoh(X) commutes with infinite
coproducts.

For an object B € D 7 Qcoh(X), we have

Dx(B.Rj.j*E)=Dy(j*B,j"E) = 0.

Therefore, the long exact sequence of hom-sets associated with the distinguished triangle (33)
yields an isomorphism D x(B,JRE) = Dx(B,E). Since j* and Rj, commute with infinite
coproducts, the distinguished triangle (33) shows that IR : D Qcoh(X) — D Qcoh(X) also
commutes with infinite coproducts. Let A be a compact object of D z Qcoh(X), and let F; be a
set of objects in D Qcoh(X) where i € I. Then

Dx(JA,@;F;) = Dx(JA,JR®; F;) = Dx(JA,@®JRF;) = Dx (JA,J @ RF;)
= DzQcoh(X)(A, @, RF;) = @, D zQcoh(X) (A, RF)
= @®Dx(JAF).
Thus, A is also compact in D Qcoh(X). O

A.4.10 Lemma

Let X be a quasi-compact and separated scheme, Z C X a closed subset with quasi-compact
open complement X —Z C X. Then the triangulated category D 7 Qcoh(X) is compactly gener-
ated.

Proof:

The lemma is true when X has an ample family of line bundles, by Proposition A.4.7. In
particular, it is true for affine schemes and their quasi-compact open subschemes. The proof for
general quasi-compact and separated X is by induction on the number of elements in a finite
cover of X by open subschemes which have an ample family of line bundles. We only need
to prove the induction step. Assume X = U UV is covered by two open subschemes U and V
such that the lemma holds for U, V and U NV in place of X. Denote by i, 7, j, and j the open
immersions V — X, UNV — U, U — X, and UNV — V, respectively.
Consider the diagram of triangulated categories

%

Dz y QCOh(X) 14> DzQCOh(X) % Dznu QCOh(U)

T

D zrv—unv Qeoh(V) ——— D zny Qeoh(V) ——= D zryrv Qecoh(UNV)
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in which the rows are exact, by (the argument in the proof of) Lemma 3.4.3 (a), and the left
vertical map is an equivalence, by Lemma 3.4.3 (b).

Let A be a compact object of D z~y Qcoh(U). We will show that E = A& A[1] is (up to
isomorphism) the image j*C of a compact object C of Dz Qcoh(X). By induction hypothesis,
the lower row in the diagram is an exact sequence of compactly generated triangulated in which
the functors preserve infinite coproducts and compact objects (Lemmas A.4.8 and A.4.9). By
Lemmas A.4.8 and A.4.9, i*A is compact. By Neeman’s Theorem 3.4.5 (b) and Remark 3.1.14,
there is a compact object B of D zny Qcoh(V) and an isomorphism g : j*B = i*E. Define the
object C of D zQcoh(X) to be the third object in the distinguished triangle in D z Qcoh(X)

C — Ri.B®Rj.E—Rij.(i'E) — C[l1]

in which the middle map on the summands Ri,. B and RjE are given by the maps g : (ij)*Ri.B =

J*B— j*E and id : (ij)*Rj+E = (ji)*Rj«E = i*E — *E, in view of the adjunction between
R(ij)« and (ij)*. By the Base-Change Lemma A.3.7, we have j*C = E and i*C = B. By
Lemmas A.4.8 and A.4.9, C is compact. Summarizing, every compact object of D z~y Qcoh(U)
is a direct factor of the image of a compact object of D z Qcoh(X).

To finish the proof that Dz Qcoh(X) is compactly generated, let E be an object of
D 7 Qcoh(X) such that every map from a compact object of Dz Qcoh(X) to E is trivial. We
have to show that E = 0. Since compact objects of D z_y Qcoh(X) are also compact objects
of D zQcoh(X) (Lemma A.4.9), all maps from compact objects of D z_y Qcoh(X) to E van-
ish. The category D z_y Qcoh(X) is compactly generated. This is because it is equivalent
o D zayyv-v) Qcoh(V) which is compactly generated, by induction hypothesis. Therefore,
all maps from all objects of Dz_y Qcoh(X) to E are trivial. For the right adjoint R of J,
we therefore have R(E) = 0. The distinguished triangle (33) then shows that the unit of ad-
junction E — Rj,j* E is an isomorphism. I claim that j*E = 0. For that, it suffices to show
that Dy (A, j*E) = 0 for all compact A € D z~y Qcoh(U), since D zny Qcoh(U) is compactly
generated, by induction hypothesis. All such compact A’s are direct factors of objects of the
form j*C with C € Dz Qcoh(X) compact. Therefore, it suffices to show that Dy (j*C, j*E) =0
for all compact C € D zQcoh(X). But Dy (j*C, j*E) = Dx(C,Rj+j*E) = Dx(C,E) = 0. So
J¥E = 0. In view of the isomorphism E = Rj, j* E, we have E = 0. O
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1 Introduction

The purpose of these four lectures is to provide an introduction to the theory of dg-categories.

There are several possible points of view to present the subject, and my choice has been
to emphasised its relations with the localization problem (in the sense of category theory). In
the same way that the notion of complexes can be introduced for the need of derived functors,
dg-categories will be introduced here for the need of a derived version of the localization
construction. The purpose of the first lecture is precisely to recall the notion of the localization
of a category and to try to explain its bad behaviour throught several examples. In the second
part of the first lecture I will introduce the notion of dg-categories and quasi-equivalences, and
explain how they can be used in order to state a refined version of the notion of localization.
The existence and properties of this new localization will be studied in the next lectures.

The second lecture is concerned with reminders about model category theory, and its
applications to the study of dg-categories. The first part is a very brief overview of the basic
notions and results of the theory, and the second part presents the specific model categories
appearing in the context of dg-categories.

Lecture three goes into the heart of the subject and is concerned with the study of the
homotopy category of dg-categories. The key result is a description of the set of morphisms
in this homotopy category as the set of isomorphism classes of certain objects in a derived
category of bi-modules. This result possesses several important consequences, such as the
existence of localizations and of derived internal Homs for dg-categories. The very last part
of this third lecture presents the notion of triangulated dg-categories, which is a refined (and
better) version of the usual notion of triangulated categories.

The last lecture contains a few applications of the general theory explaining how the prob-
lems with localization mentioned in the first lecture are solved when working with dg-categories.
We start to show that triangulated dg-categories have functorial cones, unlike the case of trian-
gulated categories. We also show that many invariants (such as K-theory, Hochschild homology,
...) are invariant of dg-categories, though it is know that they are not invariant of triangulated
categories. We also give a gluing statement, providing a way to glue objects in dg-categories in
a situation where it is not possible to glue objects in derived categories. To finish I will present
the notion of saturated dg-categories and explain how they can be used in order to define a
secondary K-theory.
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readable.

2 Lecture 1: DG-categories and localization

The purpose of this first lecture is to explain one motivation for working with dg-categories
concerned with the localization construction in category theory (in the sense of Gabriel-Zisman,
see below). I will start by presenting some very concrete problems often encountered when
using the localization construction. In a second part I will introduce the homotopy category
of dg-categories, and propose it as a setting in order to define a better behaved localization
construction. This homotopy category of dg-categories will be further studied in the next
lectures.

2.1 The Gabriel-Zisman localization

Let C be a category and S be a subset of the set of morphisms in C !. A localization of C with
respect to S is the data of a category S~'C and a functor

1:.c—s'c
satisfying the following property: for any category D the functor induced by composition with /
I*: Hom(S~'C,D) — Hom(C, D)

is fully faithful and its essential image consists of all functors f : C — D such that f(s) is
an isomorphism in D for any s € S (here Hom(A, B) denotes the category of functors from a
category A to another category B).

Using the definition it is not difficult to show that if a localization exists then it is unique, up
to an equivalence of categories, which is itself unique up to a unique isomorphism. It can also
be proved that a localization always exists. One possible proof of the existence of localizations
is as follows. Let  be the category with two objects 0 and 1 and a unique morphism u : 0 — 1.
In the same way, let I be the category with two objects 0 and 1 and with a unique isomorphism
% :0 — 1. There exists a natural functor / — I sending 0 to 0, 1 to 1 and u to %. Let now C be
a category and S be a set of morphisms in C. For any s € S, with source x € C and target y € C,
we define a functor i; : [ — C sending 0 to x, 1 to y and u to s. We get this way a diagram of
categories and functors

C

]
Uses ! —— L 1.

We consider this as a diagram in the category of categories (objects are categories and mor-
phisms are functors), and we form the push-out

I'In these lectures I will not take into account set theory problems, and will do as if all
categories were small. I warn the ready that, at some point, we will have to consider non-
small categories, and thus that these set theory problems should be solved somehow. On
possible solution is for instance by fixing various Grothendieck universes (see [?, Exp. 1]).
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It is not hard to show that for any category D the category of functors Hom(C', D) is isomorphic
to the full sub-category of Hom(C,D) consiting of all functors sending elements of S to
isomorphisms in D. In particular, the induced functor C — C’ is a localization in the sense we
defined above.

The only non-obvious point with this argument is the fact that the category of categories
possesses push-outs and even all kind of limits and colimits. One possible way to see this is by
noticing that the category of small categories is monadic over the category of (oriented) graphs,
and to use a general result of existence of colimits in monadic categories (see e.g. [EKMM,
II-Prop. 7.4]).

In general localizations are extremely difficult to describe in a useful manner, and the
existence of localizations does not say much in practice (though it is sometimes useful to
know that they exist). The push-out constructions mentioned above can be explicited to give a
description of the localization C’. Explicitly, C’ has the same objects as C itself. Morphisms
between two objects x and y in C’ are represented by strings of arrows in C

X X X X3 “ee Xn ¥

for which all the arrows going backwards are assumed to be in S. To get the right set of
morphisms in C’ we need to say when two such strings define the same morphism (see [G-Z,
81.1.1] for details). This description for the localization is rather concrete, however it is most
often useless in practice.

The following short list of examples show that localized categories are often encountered
and provide interesting categories in general.

Examples:

(a) If all morphisms in S are isomorphisms then the identity functor C — C is a localization.

(b) If S consists of all morphisms in C, then S~!C is the groupoid completion of C. When C
has a unique objet with a monoid M of endomorphisms, then $~1C has unique object with
the group M as automorphisms (M ™ is the group completion of the monoid M).

(c) Let R be aring and C(R) be the category of (unbounded) complexes over R. Its objects are
families of R-modules {E" },,c7 together with maps d” : E" — E"+! such that "+'d" = 0.
Morphisms are simply families of morphisms commuting with the d’s. Finally, for E €
C(R), we can define its n-th cohomology by H"(E) := Ker(d")/Im(d"~"), which is an
R-module. The construction E — H"(E) provides a functor H" from C(R) to R-modules.
A morphism f : E — F in C(R) is called a quasi-isomorphism if for all i € Z the induced
map

H'(f): H'(E) — H'(F)
is an isomorphism. We let S be the set of quasi-isomorphisms in C(R). Then S™'C(R) is
the derived category of R and is denoted by D(R). Understanding the hidden structures of
derived categories is one of the main objectives of dg-category theory.
Any R-module M can be considered as a complex concentrated in degree 0, and thus as
an object in D(R). More generally, if n € Z, we can consider the object M[n] which is
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the complex concentrated in degre —n and with values M. It can be shown that for two
R-modules M and N there exists a natural isomorphism

Hompg)(M,Nn]) ~ Ext"(M,N).

d

=

Let Car be the category of categories: its objects are categories and its morphisms are
functors. We let S be the set of categorical equivalences. The localization category S~ !Cat
is called the homotopy category of categories. It can be shown quite easily that S~!Car
is equivalent to the category whose objetcs are categories and whose morphismes are
isomorphism classes of functors (see exercice 2.1.2).

Let Top be the category of topological spaces and continuous maps. A morphism f :
X — Y is called a weak equivalence if it induces isomorphisms on all homotopy groups
(with respect to all base points). If S denotes the set of weak equivalences then S~ Top is
called the homotopy category of spaces. It can be shown that S~ Top is equivalent to the
category whose objects are CW-complexes and whose morphisms are homotopy classes
of continuous maps.

(e

~

One comment before going on. Let us denote by Ho(Cat) the category S~'Cat considered
in example (4) above. Let C be a category and S be a set of morphisms in C. We define a functor

F :Ho(Cat) — Set

sending a category D to the set of all isomorphism classes of functors C — D sending S to
isomorphisms. The functor F is therefore a sub-functor of the functor 4€ corepresented by C.
Another way to consider localization is by stating that the functor F' is corepresentable by an
object S71C € Ho(Car). This last point of view is a bit less precise as the original notion of
localizations, as the object S~ ! C satisfies a universal property only on the level of isomorphism
classes of functors and not on the level of categories of functors themselves. However, this
point of view is often useful and enough in practice.

Exercise 2.1.1 Let C and D be two categories and S (resp. T') be a set of morphisms in C (resp.
in D) containing the identities.

(a) Prove that the natural functor
CxD— (S7'C)x (T7'D)

is a localization of C x D with respect to the set S X T. In other words localizations
commutes with finite products.
(b) We assume that there exist two functors

f:C—D C—D:g

with f(S) C T and g(T) C S. We also assume that there exists two natural transformations
h:fg=idand k: gf = id such that for any x € C (resp. y € D) the morphism k(y) :
8(f(x)) — x (resp. h(y) : f(g(y)) — y)isin S (resp. in T). Prove that the induced functors

f:s'c—r'p s'lc—r17'D:g

are equivalences inverse to each other.
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(c) If S consists of all morphisms in C and if C has a final or initial object then C — x is a
localization of C with respect to S.

Exercise 2.1.2 Let Car be the category of categories and functors, and let [Cat] be the category
whose objects are categories and whose morphisms are isomorphism classes of functors (i.e.
Homcq)(C,D) is the set of isomorphism classes of objects in Hom(C,D)). Show that the
natural projection

Cat — [Cat]

is a localization of Cat along the subset of equivalences of categories (prove directly that it has
the correct universal property).

2.2 Bad behavior of the Gabriel-Zisman localization

In these lectures we will be mainly interested in localized categories of the type D(R) for some
ring R (or some more general object, see lecture 2). I will therefore explain the bad behaviour of
the localization using examples of derived categories. However, this bad behaviour is a general
fact and also applies to other examples of localized categories.

Though the localization construction is useful to construct interesting new categories, the
resulting localized categories are in general badly behaved. Often, the category to be localized
has some nice properties, such as the existence of limits and colimits or being abelian, but these
properties are lost after localization. Here is a sample of problems often encountered in practice.

(a) The derived category D(R) lacks the standard categorical constructions of limits and
colimits. There exists a non-zero morphism e : Z/2 — Z/2[1] in D(Z), corresponding to
the non-zero element in Ext!(Z/2,7/2) (recall that Ext’(M,N) ~ [M,N[i]], where N[i] is
the complex whose only non-zero part is N in degree —i, and [—, —] denotes the morphisms
in D(R)). Suppose that the morphism e has a kernel, i.e. that a fiber product

X——17)2
l el
0—7Z/2][1]
exists in D(Z). Then, for any integer i, we have a short exact sequence
0 — [2,X[i]] — [2,2/2]]] — [Z,Z/2[i+ 1],

or in other words

0 H(X) H(Z/2) — H1(7,/)2).

This implies that X — Z/2 is a quasi-isomorphism, and thus an isomorphism in D(Z).
In particular e = 0, which is a contradiction.

A consequence of this is that D(R) is not an abelian category, though the category of
complexes itself C(R) is abelian.
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The fact that D(R) has no limits and colimits might not be a problem by itself, as it is
possible to think of interesting categories which do not have limits and colimits (e.g. any
non-trivial groupoid has no final object). However, the case of D(R) is very frustating as it
seems that D(R) is very close to having limits and colimits. For instance it is possbile to
show that D(R) admits homotopy limits and homotopy colimits in the following sense. For
a category I, let C(R)' be the category of functors from  to C(R). A morphism f : F — G
(i.e. a natural transformation between two functors F,G : I — C(R)) is called a levelwise
quasi-isomorphism if for any i € I the induced morphism f(i) : F (i) — G(i) is a quasi-
isomorphism in C(R). We denote by D(R, ) the category C(R)! localized along levelwise
quasi-isomorphisms. The constant diagram functor C(R) — C(R)! is compatibe with
localizations on both sides and provides a functor

¢:D(R) — D(R,I).
It can then been shown that the functor ¢ has a left and a right adjoint denoted by
Hocolim; : D(R,I) — D(R) D(R) < D(R,I) : Holimy,

called the homotopy colimit and the homotopy limit functor. Homotopy limits and colimits
are very good replacement of the notions of limits and colimits, as they are the best possible
approximation of the colimit and limit functors that are compatible with the notion of
quasi-isomorphisms. However, this is quite unsatisfactory as the category D(R,I) depends
on more than the category D(R) alone (note that D(R,I) is not equivalent to D(R)), and
in general it is impossible to recontruct D(R,I) from D(R).

To the ring R are associated several invariants such as its K-theory spectrum, its Hochschild
(resp. cyclic) homology .... It is tempting to think that these invariants can be directly
defined on the level of derived categories, but this is not the case (see [?]). However,
it has been noticed that these invariants only depend on R up to some notion of equiv-
alence that is much weaker than the notion of isomorphism. For instance, any functor
D(R) — D(R') which is induced by a complex of (R,R’)-bi-modules induces a map
on K-theory, Hochschild homology and cyclic homology. However, it is not clear that
every functor D(R) — D(R’) comes from a complex of (R,R’)-bi-modules (there are
counter examples when R and R’ are dg-algebras, see [Du-Sh, 2.5,6.8]). Definitely, the
derived category of complexes of (R, R’)-bi-modules is not equivalent to the category of
functors D(R) — D(R'). This is again an unsatisfactory situation and it is then quite
difficult (if not impossible) to understand the true nature of these invariants (i.e. of which
mathematical structures are they truly invariants ?).

Another important problem with the categories D(R) is their non local nature. To explain
this let P! be the projective line (e.g. over Z). As a scheme P! is the push-out

SpecZ[X,X '] — SpecZ[T]

| |

SpecZ|U] ———— P!,

where 7 is sent to X and U is sent to X ~!. According to the push-out square, the category
of quasi-coherent sheaves on P! can be described as the (2-categorical) pull-back
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QCoh(P') ——— Mod(Z[T))

l |

Mod(Z[U]) — Mod (Z[X,X~')).

In other words, a quasi-coherent module on P! is the same thing as a triple (M, N, u),
where M (resp. N) is a Z[T]-module (resp. Z[U]-module), and u is an isomorphism

u: M@z ZX,X " ~ Nz Z[X, X ']

of Z[X,X ~']-modules. This property is extremely useful in order to reduce problems of
quasi-coherent sheaves on schemes to problems of modules over rings. Unfortunately, this
property is lost when passing to the derived categories. The square

choh(]Pl) — D(Z[TD

| |

D(Z[U]) —— D(Z[X. X)),

is not cartesian (in the 2-categorical sense) anymore (e.g. there exist non zero morphisms
Ox — Ox(—2)[1] that go to zero as a morphism in D(Z[U]) X p(z(x x-1)) D(Z[T])). The
derived categories of the affine pieces of P! do not determine the derived category of
quasi-coherent sheaves on P!.

The list of problems above suggests the existence of a some sort of categorical structure
lying in between the category of complexes C(R) and its derived category D(R), which is
rather close to D(R) (i.e. in which the quasi-isomorphisms are inverted in some sense), but for
which (1) — (4) above are no longer a problem. There exist several possible approaches, and
my purpose is to present one of them using dg-categories.

Exercise 2.2.1 Let I = BN be the category with a unique object x and with the monoid N
of natural numbers as endomorphism of this object. There is a bijection between the set of
functors from I to a category C and the set of pairs (x,h), where x in an object in C and h is an
endomorphism of x.

Let R be a commutative ring.

(a) Show that there is a natural equivalence of categories
D(R,I) ~ D(R[X]),

where D(R,1) is the derived category of I-diagram of complexes of R-modules as described
in example (2) above. Deduce from this that D(R,I) is never an abelian category (unless
R=0).

(b) Prove that D(R) is abelian when R is a field (show that D(R) is equivalent to the category
of Z-graded R-vector spaces).

(¢) Deduce that D(R,I) and D(R)! can not be equivalent in general.

(d) Let now I be the category with two objects 0 and 1 and a unique morphism from 1 to 0.
Using a similar approach as above show that D(R,I) and D(R) are not equivalent in
general.
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2.3 DG-categories and dg-functors

We now fix a base commutative ring k. Unless specified, all the modules and tensor products
will be over k.

2.3.1 DG-categories

We start by recalling that a dg-category T (over k) consists of the following data.

e A set of objects Ob(T), also sometimes denoted by 7 itself.

e For any pair of objects (x,y) € Ob(T)? a complex T (x,y) € C(k).

e For any triple (x,y,z) € Ob(T)? a composition morphism fi : T(x,y) ® T(y,z) —
T(x,z).

e For any object x € Ob(T'), a morphism e, : k — T (x,x).

These data are required to satisty the following associativity and unit conditions.

(a) (Associativity) For any four objects (x,y,z,¢) in T, the following diagram

id®py, .
T(X,y) @ T(y,z) ®T(Z7t) _— T(X7Y) ®T(y7t)

My ®id l l Moy

T(x,2) @T(z,1) T(x,1)

Mozt
commutes.

(b) (Unit) For any (x,y) € Ob(T)? the two morphisms

Rid My
T(x,y) k@ T (x,y) ——> T(x,0) O T(x,y) ——> T (x,y)

id®ey Hayy
T(x,y) =T (x,y) @k —>T(x,y) 9T (y,y) —> T(x,y)
are equal to the identities.

In a more explicit way, a dg-category T can also be described as follows. It has a set of
objects Ob(T). For any two objects x and y, and any n € Z it has a k-module T (x,y)", though
as morphisms of degre n from x to y. For three objects x, y and z, and any integers n and m
there is a composition map

T(x,y)" x T(p2)" — T(x,2)"™"

which is bilinear and associative. For any object x, there is an element e, € T'(x,x)°, which is
a unit for the composition. For any two objects x and y there is a differential d : T'(x,y)" —
T(x, y)"“, such that d2 = 0. And finally, we have the graded Leibnitz rule

d(fog) =d(f)og+(=1)"fod(g),

for f and g two composable morphisms, with f of degree m. Note that this implies that
d(ex) =0, and thus that e, is always a zero cycle in the complex 7 (x,x).
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On a more conceptual side, a dg-category is a C(k)-enriched category in the sense of [Kel],

where C(k) is the symmetric monoidal category of complexes of k-modules. All the basic
notions of dg-categories presented in these notes can be expressed in terms of enriched category
theory, but we will not use this point of view. We, however, encourage the reader to consult [?]
and to (re)consider the definitions of dg-categories, dg-functors, tensor product of dg-categories
...1in the light of enriched category theory.

(@)

(b)

©

(d)

Examples:

A very simple example is the opposite dg-category T°P of a dg-category T. The set of
objects of T°7 is the same as the one of 7', and we set

T (x,y) =T (yx)
together with the obvious composition maps
T(yx)®T(z,y) 2 T(z2,y)@T (y,x) — T(z,%),

where the first isomorphism is the symmetry isomorphism of the monoidal structure on
the category of complexes (see [Bour, §X.4.1] for the signs rule).

A fundamental example of dg-category over k is the one given by considering the category
of complexes over k itself. Indeed, we define a dg-category C(k) by setting its set of
objects to be the set of complexes of k-modules. For two complexes E and F, we define
C(k)(E,F) to be the complex Hom™*(E, F) of morphisms from E to F. Recall, that for any

n € 7 the k-module of elements of degre n in Hom" (E, F) is given by

Hom"(E,F) := [[Hom(E", F"*").
i€Z
The differential
d: Hom"(E,F) — Hom"'(E,F)

sends a family {f'}cz, to the family {do ' — (= 1)"f"*! 0 d},c7. Note that the zero cycles
in Hom*(E, F) are precisely the morphisms of complexes from E to F. The composition
of morphisms induces composition morphisms

Hom"(E,F) x Hom™(E,F) — Hom"""™(E,F).

It is easy to check that these data defines a dg-category C(k).

There is slight generalization of the previous example for the category C(R) of complexes
of (left) R-modules, where R is any associative and unital k-algebra. Indeed, for two
complexes of R-modules E and F, there is a complex Hom"(E,F) defined as in the
previous example. The only difference is that now Hom*(E,F) is only a complex of
k-modules and not of R-modules in general (except when R is commutative). These
complexes define a dg-category C(R) whose objects are complexes of R-modules.

A far reaching generalization of the two previous examples is the case of complexes of
objects in any k-linear Grothendieck category (i.e. an abelian cocomplete category with a
small generator and for which filtered colimits are exact, or equivalently a localization of a
modules category, see [G-P]). Indeed, for such a category .7 and two complexes E and F
of objects in o7, we define a complex of k-modules Hom™*(E, F) as above

Hom"(E,F) := [[Hom(E", F'*"),
i€Z
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with the differential given by the same formula as in example (2). The composition of
morphisms induce morphisms

Hom"(E,F) x Hom" (F,G) — Hom"t"(E,G).

It is easy to check that these data define a dg-category whose objects are complexes in 7.
It will be denoted by C(«7).

From a dg-category 7', we can construct a category ZO(T) of O-cycles as follows. It has
the same objects as 7', and for two such objects x and y the set of morphisms between x
and y in Z0(T) is defined to be the set of O-cycles in 7'(x,y) (i.e. degre zero morphisms
f € T(x,y)? such that d(f) = 0. The Leibniz rule implies that the composition of two
O-cycles is again a O-cycle, and thus we have induced composition maps

2T (x,y)) x Z°(T (.:2)) — Z°(T (x,2)).

These composition maps define the category Z°(T'). The category Z°(T') is often named
the underlying category of T. We observe that Z°(T') is more precisely a k-linear category
(i.e. that Homs sets are endowed with k-module structures such that the composition maps
are bilinear).

For instance, let <7 be a Grothendieck category and C(.7) its associated dg-category of
complexes as defined in example (4) above. The underlying category of C(<7) is then
isomorphic to the usual category C(/) of complexes and morphisms of complexes in &7.
Conversely, if C is a k-linear category we view C as a dg-category in a rather obvious way.
The set of objects is the same of the one of C, and the complex of morphisms from x to y is
simply the complex C(x,y)[0], which is C(x,y) in degre 0 and 0 elsewhere. In the sequel,
every k-linear category will be considered as a dg-category in this obvious way. Note that,
this way the category of k-linear categories and k-linear functors form a full sub-category
of dg-categories and dg-functors (see §1.3.2 below).

A dg-category T with a unique object is essentially the same thing as a dg-algebra. Indeed,
if x is the unique object the composition law on T (x,x) induces a unital and associative dg-
algebra structure on T'(x,x). Conversely, if B is a unital and associative dg-algebra we can
construct a dg-category 7 with a unique object x and with T'(x,x) := B. The multiplication
in B is then used to define the composition on T (x,x).

Here is now a non-trivial example of a dg-category arising from geometry. In this example
k =R. Let X be a differential manifold (say ¢°). Recall that a flat vector bundle on X
consists the data of a smooth (real) vector bundle V on X together with a connexion

v:A'(x,v) —Al(X,V),

(where A"(X,V) is the space of smooth n-forms on X with coefficients in V) such that
V2 = 0. For two such flat bundles (V, Vy) and (W, Vy ) we define a complex A}, (V, W)
by

Apr(V;W)" := A"(X, Hom(V,W)),

where Hom(V,W) is the vector bundle of morphisms from V to W. The differential
d: ADR(V,W) — AL (V, W)

is defined by sending @ ® f to d(@) ® f+ (—1)"@ AV(f). Here, V(f) is the 1-form with
coefficients in Hom(V, W) defined by

V(f):=Vyof—(foid)oVy.
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The fact that V3 = V3, = 0 implies that A}, (V,W) is a complex. Moreover, we define a
composition
Apr(U,V) x APR(V,W) — A (U, W)

for three flat bundles U, V and W by
(0®f).(0'@g):=(0Ad)@(fog).

It is easy to check that these data defines a dg-category Tpg(X) (over R) whose objects
are flat bundles on X, and whose complex of morphisms from (V,Vy) to (W, Vi) are the
complexes Aj,(V,W).
By construction the underlying category of Tpg(X) is the category of flat bundles and flat
maps. By the famous Riemann-Hilbert correspondence (see [De] for the analog statement
in the complex analytic case) this category is thus equivalent to the category of finite
dimensional linear representations of the fundamental group of X, or equivalently of
finite dimensional local systems (i.e. of locally constant sheaves of finite dimensional
C-vector spaces). Moreover, for two flat bundles (V, Vy) and (W, V), corresponding to
two local systems Ly and Ly, the cohomology group H'(Tpr(X)(V,W)) = H (Ajg(V,W))
is isomorphic to the Ext group Ext'(Ly,L,), computed in the category of abelian sheaves
over X. Therefore, we see that even when X is simply connected the dg-category Tpgr(X)
contains interesting informations about the cohomology of X (even though the underlying
category of Tpgr(X) is simply the category of finite dimensional vector spaces).
The previous example has the following complex analog. Now we let k = C, and X be a
complex manifold. We define a dg-category Tp,;(X) in the following way. The objects of
Tpor(X) are the holomorphic complex vector bundles on X. For two such holomorphic
bundles V and W we let

Tpor(X)(V,W) := Az)ol (V.w),

where A}, ,(V,W) is the Dolbeault complex with coefficients in the vector bundle of
morphisms from V to W. Explicitely,

Aji)ol (V7 W) = Ao’q(XL-Iom(V’ W))

is the space of (0,g)-forms on X with coefficients in the holomorphic bundle Hom(V,W)
of morphisms from V to W. The differential

1
AL (VW) — AL (VW)

is the operator 0, sending ® ® f to
d0®f)=d(0)®f+(~1)!ond(f),
where d(f) is defined by
(f)=0wof—(f®id)ody,

with
oy :A'x,V) — A% (x,v) 9w :A'(x, W) — A% (X, W)

being the operators induced by the holomorphic structures on V and W (see [Gr-Ha, Chap
0 §5]). As in the previous example we can define a composition

ABOI(U7V) X A*Dol(V7W) - A*Dol(U7W)
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for three holomorphic bundles U, V and W on X. These data defines a dg-category Tp,; (X)
(over C).
By construction, the underlying category of Tp,;(X) has objects the holomorphic vector
bundles, and the morphisms in this category are the %’**-morphisms of complex vector
bundles f: V — W satisfying 5( f) =0, or equivalently the holomorphic morphisms. Mo-
roever, for two holomorphic vector bundles V and W the cohomology group H'(Tp,; (X))
is isomorphic to Ext%x (¥, #), the i-th ext-group between the associated sheaves of holo-
morphic sections (or equivalently the ext-group in the category of holomorphic coherent
sheaves). For instance, if 1 is the trivial vector bundle of rank 1 and V is any holomorphic
vector bundle, we have ‘ '

HI(TDol(lv V)) = HlDol (X7 V)
the i-th Dolbeault cohomology group of V.
The dg-category Tp,;(X) is important as it provides a rather explicit model for the derived
category of coherent sheaves on X. Indeed, the homotopy category H(Tp,;(X)) (see
definition 2.3.1) is equivalent to the full sub-category of D? i (X), the bounded coherent
derived category of X, whose objects are holomorphic vector bundles. Also, for two such
holomorphic vector bundles V and W and all i we have

Hompy x)(V.WIi]) = H' (Tpot (X)(V,W)) = Extyy, (V' 7).

(j) Here is one last example of a dg-category in the topological context. We construct a
dg-category dgTop, whose set of objects is the set of all topological spaces. For two
topological spaces X and Y, we define a complex of morphisms dgTop(X,Y) in the
following way. We first consider Hom? (X,Y), the simplicial set (see [Ho1] for the notion
of simplicial sets) of continuous maps between X and Y: by definition the set of n-
simplicies in Hom® (X,Y) is the set of continuous maps X x A" — Y, where A" :=
{x €[0,1]"!/¥.x; = 1} is the standard simplex of dimension 7 in R"*!. The face and
degeneracy operators of Hom? (X,Y) are defined using the face embeddings (0 < i < n)

d;: A" ANl
X = (XO,...,Xl‘_],O,Xi,...xn),

and the natural projections (0 <i < n)

it An+l Al

X = (-x07'"7xi+xi+l7xi+27“‘7xn+l)-
Now, for any two topological spaces X and Y we set
dgTop(X,Y) := C.(Hom*(X,Y)),

the homology chain complex of Hom? (X ,¥) with coefficients in k. Explicitly, C,(Hom? (X,Y))
is the free k-module generated by continuous maps f : X X A" — Y. The differential of
such a map is given by the formula

d(f)=Y (=1)di(f),

0<i<n
where d;(f) is the map X x A"~ — Y obtained by composition

idxd; f
Xx ATl ——= X x A" —— Y.
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For three topological spaces X, Y and Z, there exists a composition morphism at the level
of simplicial sets of continuous maps

Hom? (X,Y) x Hom*(Y,Z) — Hom® (X, Z).

This induces a morphism on the level of chain complexes
C.(Hom” (X,Y) x Hom® (Y,Z)) — Cy(Hom” (X, Z)).
Composing this morphism with the famous Eilenberg-MacLane map (see [May, §29])
C.(Hom”(X,Y)) @ Cs(Hom™ (Y,Z)) — C.(Hom? (X,Y) x Hom* (Y, Z))

defines a composition

dgTop(X,Y)®dgTop(Y,Z) — dgTop(X,Z).
The fact that the Eilenberg-MacLane morphisms are associative and unital (they are

moreover commutative, see [May, §29]) implies that this defines a dg-category dgTop.

2.3.2 DG-functors

For two dg-categories T and T’, a morphism of dg-categories (or simply a dg-functor) f :
T — T’ consists of the following data.

e A map of sets f: Ob(T) — Ob(T’).
e For any pair of objects (x,y) € Ob(T)?, a morphism in C(k)

fry:T(xy) — T’(f(x),f(y)).
These data are required to satisty the following associativity and unit conditions.
(a) For any (x,y,z) € Ob(T)? the following diagram

Hayz

T(x,y)@T(y2) T(x,z)

Fey®fyz i lfu

T'(f(x), () @ T'(f (), £(2)) ————T'(f(x),f(2))

7
K .£0).56)

commutes.
(b) For any x € Ob(T), the following diagram

— s T (x,x)

, Srex
€rx)

T'(f(x), f(x))
commutes.

Examples:
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Let T be any dg-category and x € T be an object. We define a dg-functor

f=n:T—C(k)
in the following way (recall that C(k) is the dg-category of complexes over k). The map
on the set of objects sends an object y € T to the complex 7 (x,y). For two objects y and z
in T we define a morphism
Jyz:T(,2) — Ck)(f(y), f(x)) = Hom™ (T (x,y), T (x,2)),

which by definition is the adjoint to the composition morphism
Myyz: T(x,y) T (y,2) — T(x,2).

The associativity and unit condition on composition of morphisms in 7" imply that this
defines a morphism of dg-categories

n T — C(k).

Dually, we can also define a morphism of dg-categories

hy: TP — C(k)
by sending y to T'(y,x).
For any dg-category T there exists a dg-functor
ToT — Clk),

sending a pair of objects (x,y) to the complex T (y,x). Here, T ® T°P denotes the dg-
category whose set of objects is Ob(T) x Ob(T"), and whose complex of morphisms are
given by

(T@TP)((x,y),,y)) :=T(x,X)@T(,y).
We refer to exercise 2.3.4 and §3.2 for more details about the tensor product of dg-
categories.
Let R and S be two associative and unital k-algebras, and f : R — S be a k-morphism.
The morphism f induces two functors

fF:C(R) —C(S) C(R) «— C(9) : f«,

adjoint to each others. The functor f; sends a complex of S-modules to the corresponding
complex of R-modules obtained by restricting the scalars from S to R by the morphism f.
Its left adjoint f* sends a complex of R-modules E to the complex S ®g E. It is not difficult
to show that the functors f, and f* are compatible with the complex of morphisms Hom*
and thus define morphisms of dg-categories
ff:C(R) — C(S) C(R) «— C(S) : f.
More generally, if f : &/ — 2 is any k-linear functor between Grothendieck categories,
there is an induced morphism of dg-categories
f:C() — C(A).
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(d) Let f:X — Y be a €>°-morphism between two differential manifolds. Then, the pull-back
for flat bundles and differential forms defines a morphism of dg-categories constructed in
our example 8
f* : TDR(Y) — TDR(X).
In the same way, if now f is a holomorphic morphism between two complex varieties,
then there is a dg-functor

f* : TDol(Y) I TDol(X)

ontained by pulling-back the holomorphic vector bundles and differential forms.

DG-functors can be composed in an obvious manner, and dg-categories together with
dg-functors form a category denoted by dg — caty (or dg — cat if the base ring k is clear).

For a dg-category T, we define a category H 0(T) in the following way. The set of objects
of HO(T) is the same as the set of objects of T. For two objects x and y the set of morphisms in
HO(T) is defined by

HO(T)(x,y) := H(T (x.y)).

Finally, the composition of morphisms in H(T') is defined using the natural morphisms
HO(T(xay)) ®HO(T(y7Z)) - HO(T(x7y) ® T(y7 Z))
composed with the morphism

HO (eyz) - HO(T (6,3) © T (3,2)) — HO(T (x,2))-
Definition 2.3.1 The category H(T) is called the homotopy category of T.

Examples:

(a) If Cis a k-linear category considered as a dg-category as explained in our example 6 above,
then H°(C) is naturally isomorphic to C itself.

(b) We have H(T°P) = HO(T)°P for any dg-category T.

(c) For a k-algebra R, the homotopy category H(C(R)) is usually denoted by K(R), and

is called the homotopy category of complexes of R-modules. More generally, if o/ is

a Grothendieck category, H?(C(.7)) is denoted by K(.27), and is called the homotopy

category of complexes in .27

If X is a differentiable manifold, then H%(Tpr(X)) coincides with Z0(Tpr(X)) and is

isomorphic to the category of flat bundles and flat maps between them. As we already

mentioned, this last category is equivalent by the Riemann-Hilbert correspondence to the

category of local systems on X.

When X is a complex manifold, we also have that H%(Tp,; (X)) coincides with Z0(Tp,; (X))

and is isomorphic to the category of holomorphic vector bundles and holomorphic maps

between them.

The category H%(dgTop) is the category whose objects are topological spaces and whose

set of morphisms between X and Y is the free k-module over the set of homotopy classes

of maps from X to Y.

d

=

(e

~

One of the most important notions in dg-category theory is the notion of quasi-equivalences,
a mixture in between quasi-isomorphisms and categorical equivalences.



244 Toén Bertrand

Definition 2.3.2 Let f: T — T’ be a dg-functor between dg-categories

(a) The morphism f is quasi-fully faithful if for any two objects x and y in T the morphism
fey : T(x,y) — T'(f(x), f(y)) is a quasi-isomorphism of complexes.

(b) The morphism f is quasi-essentially surjective if the induced functor H(f) : HO(T) —
HO(T") is essentially surjective.

(c¢) The morphism f is a quasi-equivalence if it is quasi-fully faithful and quasi-essentially
surjective.

We will be mainly interested in dg-categories up to quasi-equivalences. We therefore
introduce the following category.

Definition 2.3.3 The homotopy category of dg-categories is the category dg — cat localized
along quasi-equivalences. It is denoted by Ho(dg — cat). Morphisms in Ho(dg — cat) between
two dg-categories T and T' will often be denoted by

[Tv Tl] = HOmHo(dg—cut) (T, T/)‘

Note that the construction 7 — HO(T) provides a functor H°(—) : dg — cat — Cat, which
descends as a functor on homotoy categories

H°(=) : Ho(dg — cat) — Ho(Cat).

Remark 1. In the last section we have seen that the localization construction is not well
behaved, but in the definition above we consider Ho(dg — cat) which is obtained by localization.
Therefore, the category Ho(dg — cat) will not be well behaved itself. In order to get the most
powerful approach the category dg — cat should have been itself localized in a more refined
maner (e.g. as a higher category, see [To2, §2]). We will not need such an evolved approach,
and the category Ho(dg — cat) will be enough for most of our purpose.

Examples:

(a) Let f: T — T’ be a quasi-fully faithful dg-functor. We let T; be the full (i.e. with the
same complexes of morphisms as T') sub-dg-category of T’ consisting of all objects
x € T’ such that x is isomorphic in H%(T") to an object in the image of the induced functor
HO(f): H(T) — HO(T"). Then the induced dg-functor T — T is a quasi-equivalence.
(b) Let f: R — S be a morphism of k-algebras. If the morphism of dg-categories
F*CR) — C(S)
is quasi-fully faithful then the morphism f is an isomorphism. Indeed, if f* is quasi-fully
faithful we have that
Hom"(R,R) — Hom"(S,S)
is a quasi-isomorphism. Evaluating this morphism of complexes at H® we find that the
induced morphism

R~ H°(Hom"(R,R)) — H’(Hom"(S,S)) ~ S

is an isomorphism. This last morphism being f itself, we see that f is an isomorphism.
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Suppose that T is a dg-category such that for all objects x and y we have H(T (x,y)) =0
for all i # 0. We are then going to show that T and H%(T') are isomorphic in Ho(dg — cat).
We first define a dg-category T<( in the following way. The dg-category T<( possesses the
same set of objects as T itself. For two objects x and y we let

Too(xe,y)":=T(x,y)if n<0 T<o(x,y)":=0ifn>0

and
TSU(x7y)0 :ZO(T(xvy)) = Ker(d : T(xay)o - T(xay)l)'

The differential on T<o(x,y) is simply induced by the one on T (x,y). It is not hard to see
that the composition morphisms of 7' induces composition morphisms

T<o(x,y)" X T<o(y,2)" — T<o(x,2)" "

which makes these data into a dg-category T< (this is because the composition of two
0-cocycles is itself a 0-cocycle). Moreover, there is a natural dg-functor

TSO — T
which is the identity on the set of objects and the natural inclusions of complexes

T<o(x,y) C T(x,y)

on the level of morphisms. Now, we consider the natural dg-functor (here, as always, the
k-linear category H O(T) is considered as a dg-category in the obvious way)

Teo — H'(T)
which is the identity on the set of objects and the natural projection
Teo(x,y) — H(T(x,y)) = H'(T<o(x,y)) = T<o(x,)°/Im(T (x,) ™" — T<o(x,)°)

on the level of morphisms. We thus have a diagram of dg-categories and dg-functors
HO(T) ~—Tc)g——T,

which by assumptions on 7 are all quasi-equivalences. This implies that 7 and H 0(T)
becomes isomorphic as objects in Ho(dg — cat).

Suppose that f: X — Y is a ¥ morphism between differentiable manifolds, such that
there exists another 4> morphism g : ¥ — X and two 4> morphisms

h:XxR—X k:YXR—Y

with
hxxgoy =8&fs hxxinn =id  kyxjoy = f8 kyx{1y =1d.
Then the dg-functor
f* : TDR(Y) — TDR(X)
is a quasi-equivalence. Indeed, we know that HO(Tpg (X )) is equivalent to the category
of linear representations of the fundamental group of X. Therefore, as the morphism f

is in particular a homotopy equivalence it induces an isomorphisms on the level of the
fundamental groups, and thus the induced functor
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f5 HY(Tpr(Y)) — HO(Tpg(X))

is an equivalence of categories. The fact that the dg-functor f* is also quasi-fully faithful
follows from the homotopy invariance of de Rham cohomology, and more precisely from
the fact that the projection p : X x R — X induces a quasi-equivalence of dg-categories

p* . TDR(X) — TDR(X X R)

We will not give more details in these notes.
As particular case of the above statement we see that the projection R” — * induces a
quasi-equivalence

TDR(*) — TDR(Rn).
As Tpg(*) is itself isomorphic to the category of finite dimensional real vector spaces, we
see that Tpr(R") is quasi-equivalent to the category of finite dimensional vector spaces.
Let now X be a connected complex manifold and p : X — * be the natural projection.
Then the induced dg-functor

P* : TDal(*) I TDol(X)

is quasi-fully faithful if and only if H(X, Ox) = 0 for all i # 0 (here O is the sheaf of
holomorphic functions on X). Indeed, all the vector bundles are trivial on *. Moreover, for
1" and 1° two trivial vector bundles of rank r and s on * we have

Tpot(X)(p*(17), p" (1)) = Tper (X)(1,1)",

where 1 also denotes the trivial holomorphic bundle on X. Therefore, p* is quasi-fully
faithful if and only if H'(Tp,;(X))(1,1) = 0 for all i # 0. As we have

Hi(TDol(X)(lv 1)) = HB()I(X7 1) = Hi(Xv ﬁX)
this implies the statement. As an example, we see that

Tpoi (*) — Tpor (P")

is quasi-fully faithful (here P" denotes the complex projective space), but

Tpoi (*) — Tpoi (E)

is not for any complex elliptic curve E.
More generally, if f: X — Y is any proper holomorphic morphism between complex
manifolds, then the dg-functor

I Tpo(Y) — Tpor(X)
is quasi-fully faithful if and only if we have
Rif,(Ox)=0Vi>0,

where R f, (0x ) denotes the higher direct images of the coherent sheaf &y of holomorphic
functions on X (see e.g. [Gr-Ha]). We will not prove this statement in these notes. As
a consequence we see that f* is quasi-fully faithful if it is a blow-up along a smooth
complex sub-manifold of Y, or if it is a bundle in complex projective spaces.
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(f) For more quasi-equivalences between dg-categories in the context of non-abelian Hodge
theory see [Si].

Exercise 2.3.4 (a) Let T and T' be two dg-categories. Show how to define a dg-category
T @ T' whose set of objects is the product of the sets of objects of T and T’, and for any
two pairs (x,y) and (x',y)

(T@T')((x,y), () =T (xy)@T'(,y).

(b) Show that the construction (T,T') — T @ T' defines a symmetric monoidal structure on
the category dg — cat.

(c¢) Show that the symmetric monoidal structure ® on dg — cat is closed (i.e. that for any two
dg-categories T and T' there exists a dg-category Hom(T,T') together with functorial
isomorphisms

Hom(T" ,Hom(T,T")) ~ Hom(T" @ T, T").

Exercise 2.3.5 Let k — k' be a morphism of commutative rings, and dg — caty, (resp. dg — caty)
the categories of dg-categories over k (resp. over k').

(a) Show that there exists a forgetful functor
dg —caty — dg — caty,

which consists of seing complexes over k' as complexes over k using the morphism k — k'.

(b) Show that this forgetful functor admits a left adjoint

~

— @k :dg— caty — dg— caty.

(c) Let 1y be the dg-category over k with a single object and with k' as k-algebra of endo-
morphisms of this object. Show that for any dg-category T over k, there exists a natural
isomorphism of dg-categories over k

TRk ~T®1y,

where the tensor product on the right is the one of dg-categories over k as defined in
exercice 2.3.4, and the left hand side is considered as an object in dg — cat throught the
forgetful functor.

(d) Show that the forgetful functor

dg —caty — dg — caty
also possesses a right adjoint
(—)k//k cdg —caty — dg — caty
(show that for any T € dg — caty, the dg-category Hom(1y,T) can be naturally endowed

with a structure of dg-category over k' ).

Exercise 2.3.6 Let T be a dg-category and u € Z°(T(x,y)) a morphism in its underlying
category. Show that the following four conditions are equivalent.

(a) The image of u in HO(T (x,y)) is an isomorphism in HO(T).
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(b) There exists v € Z°(T (y,x)) and two elements h € T (x,x)~ !, k € T(y,y)~! such that
d(h) =vu— e d(k) =uv—e,.
(c) For any object 7 € T, the composition with u
uo—:T(z,x) — T(z,y)

is a quasi-isomorphism of complexes.
(d) For any object z € T, the composition with u

—ou:T(y,z) — T(x,2)

is a quasi-isomorphism of complexes.

Exercise 2.3.7 We denote by B the commutative k-dg-algebra whose underlying graded k-
algebra is a (graded commutative) polynomial algebra in two variables k[X,Y], with X in
degree 0, Y in degree —1 and d(Y) =X 2. We consider B as a dg-category with a unique object.

(a) Show that there exists a natural quasi-equivalence
p:B— k[X]/(X?) =: k[e],

where k(€] is the commutative algebra of dual numbers, considered as a dg-category with
a unique object.

(b) Show that p does not admit a section in dg — cat. Deduce from this that unlike the case
of categories, there are quasi-equivalences T — T' in dg — cat such that the inverse
of f in Ho(dg — cat) can not be represented by a dg-functor T' — T in dg — cat (i.e.
quasi-inverses do not exist in general).

Exercise 2.3.8 Show that two k-linear categories are equivalent (as k-linear categories) if and
only if they are isomorphic in Ho(dg — cat).

2.4 Localizations as a dg-category

For a k-algebra R, the derived category D(R) is defined as a localization of the category C(R),
and thus has a universal property in Ho(Cat). The purpose of this series of lectures is to show
that C(R) can also be localized as a dg-category C(R) in order to get an object L(R) satisfying
a universal property in Ho(dg — car). The two objects L(R) and D(R) will be related by the
formula

HY(L(R)) =~ D(R),
and we will see that the extra information encoded in L(R) is enough in order to solve all the

problems mentioned in §1.2.

Let T be any dg-category, S be a subset of morphisms in the category H°(T'), and let us
define a subfunctor Fr s of the functor [T, —], corepresented by T € Ho(dg — cat). We define

Frs:Ho(dg—cat) — Ho(Cat)

by sending a dg-category 7’ to the subset of morphisms [T, T’] consisting of all morphism f
whose induced functor HO(f) : HO(T) — HO(T") sends morphisms of S to isomorphisms
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in HO(T"). Note that the functor H°(f) is only determined as a morphism in Ho(Cat), or in
other words up to isomorphism. However, the property that H%(f) sends elements of S to
isomorphisms is preserved under isomorphisms of functors, and thus only depends on the class
of HO(f) as a morphism in Ho(Cat).

Definition 2.4.1 For T and S as above, a localization of T along S is a dg-category LsT
corepresenting the functor Fr s.

To state the previous definition in more concrete terms, a localization is the data of a
dg-category LgT and a dg-functor [ : T — LgT, such that for any dg-category T’ the induced
map

I*: [LsT,T') — [T, T']
is injective and identifies the left hand side with the subset Fr (") C [T, T’].

An important first question is the existence of localization as above. We will see that like
localizations of categories they always exist. This, of course, requires to know how to compute
the set [T, 7’] of morphisms in Ho(dg — cat). As the category Ho(dg — cat) is itself defined
by localization this is not an easy problem. We will give a solution to this question in the next
lectures, based on an approach using model category theory.

3 Lecture 2: Model categories and dg-categories

The purpose of this second lecture is to study in more details the category Ho(dg — cat).
Localizations of categories are very difficult to describe in general. The purpose of model
category theory is precisely to provide a general tool to describe localized categories. By
definition, a model category is a category together with three classes of morphisms, fibrations,
cofibrations and (weak) equivalences satisfying some axioms mimicking the topological notions
of Serre fibrations, cofibrations and weak homotopy equivalences. When M is a model category,
with W as equivalences, then the localized category W 1M possesses a very nice description
in terms of homotopy classes of morphisms between objects belonging to a certain class of
nicer objects called fibrant and cofibrant. A typical example is when M = Top is the category
of topological spaces and W is the class of weak equivalences (see example 5 of §2.1). Then
all objects are fibrant, but the cofibrant objects are the retracts of CW-complexes. It is well
known that the category W ! Top is equivalent to the category of CW-complexes and homotopy
classes of continuous maps between them.

In this lecture, I will start by some brief reminders on model categories. I will then explain
how model category structures appear in the context of dg-categories by describing the model
category of dg-categories (due to G. Tabuada, [Tab]) and the model category of dg-modules. We
will also see how model categories can be used in order to construct interesting dg-categories. In
the next lecture these model categories will be used in order to understand maps in Ho(dg — cat),
and to prove the existence of several important constructions such as localization and internal
Homs.
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3.1 Reminders on model categories

In this section we use the conventions of [Ho1] for the notion of model category. We also refer
the reader to this book for the proofs of the statements we will mention.

We let M be a category with arbitrary limits and colimits. Recall that a (closed) model
category structure on M is the data of three classes of morphisms in M, the fibrations Fib, the
cofibrations Cof and the equivalences W, satisfying the following axioms (see [Ho1]).

(a If X #— Y L Z are morphisms in M, then f, g and gf are all in W if and only if
two of them are in W.
(b) The fibrations, cofibrations and equivalences are all stable by retracts.
(c) Let
f

A——

X
B>y

be a commutative square in M with i € Cof and p € Fib. If either i or p is also in W then
there is a morphism 4 : B— X such that ph = g and hi = f.

(d) Any morphism f : X — Y can be factorized in two ways as f = pi and f = ¢qj, with p €
Fib,ic CofNW, g€ FibNW and j € Cof. Moreover, the existence of these factorizations
are required to be functorial in f.

The morphisms in Cof NW are usually called trivial cofibrations and the morphisms in
FibNW trivial fibrations. Objects x such that 0 — x is a cofibration are called cofibrant.
Dually, objects y such that y — * is a fibration are called fibrant. The factorization axiom (4)
implies that for any object x there is a diagram

i p
Ox —x —> Rx,

where i is a trivial fibration, p is a trivial cofibration, Qx is a cofibrant object and Rx is a fibrant
object. Moreover, the functorial caracter of the factorization states that the above diagram can
be, and will always be, chosen to be functorial in x.

Exercise 3.1.1 Let M be a model category and i : A — B a morphism. We assume that for
every commutative square

with p a fibration (resp. a trivial fibration) there is a morphism h : B — X such that ph = g
and hi = f. Then i is a trivial cofibration (resp. a cofibration). (Hint: factor i using axiom (4)
and use the stability of Cof and W by retracts). As a consequence, the class Fib is determined
by W and Cof, and similarly the class Cof is determined by W and Fib.
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By definition, the homotopy category of a model category M is the localized category
Ho(M):=W~'M.

A model category structure is a rather simple notion, but in practice it is never easy to check
that three given classes Fib, Cof and W satisfy the four axioms above. This can be explained by
the fact that the existence of a model category structure on M has a very important consequence
on the localized category W~!M. For this, we introduce the notion of homotopy between
morphisms in M in the following way. Two morphisms f,g : X — Y are called homotopic if
there is a commutative diagram in M

< b
A

Q
X
~

b
\

satisfying the following two properties:

(a) There exists a morphism p : C(X) — X, which belongs to FibN'W, such that pi = pj = id.
(b) The induced morphism
il |j:x| |x —cXx)

is a cofibration.

When X is cofibrant and Y is fibrant in M (i.e. ® — X is a cofibration and Y — x is a
fibration), it can be shown that being homotopic as defined above is an equivalence relation on
the set of morphisms from X to Y. This equivalence relation is shown to be compatible with
composition, which implies the existence of a category M/ / ~, whose objects are cofibrant
and fibrant objects and morphisms are homotopy classes of morphisms.

It is easy to see that if two morphisms f and g are homotopic in M then they are equal in
W~!M. Indeed, in the diagram above defining the notion of being homotopic, the image of p
in Ho(M) is an isomorphism. Therefore, so are the images of i and j. Moreover, the inverses of
the images of i and j in Ho(M) are equal (because equal to the image of p), which implies that
i and j have the same image in Ho(M). This implies that the image of f and of g are also equal.
From this, we deduce that the localization functor

M — Ho(M)
restricted to the sub-category of cofibrant and fibrant objects M</ induces a well defined functor
M| ~—s Ho(M).

The main statement of model category theory is that this last functor is an equivalence of
categories.

Our first main example of a model category will be C(k), the category of complexes over
some base commutative ring k. The fibrations are taken to be the degree-wise surjective mor-
phisms, and the equivalences are taken to be the quasi-isomorphisms. This determines the class
of cofibrations as the morphisms having the correct lifting property. It is an important theorem
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that this defines a model category structure on C(k) (see [Hol]). The homotopy category of
this model category is by definition D(k) the derived category of k. Therefore, maps in D(k)
can be described as homotopy classes of morphisms between fibrant and cofibrant complexes.
As the cofibrant objects in C(k) are essentially the complexes of projective modules (see [Hol]
or exercise 3.1.2 below) and that every object is fibrant, this gives back essentially the usual
way of describing maps in derived categories.

Exercise 3.1.2 (a) Prove that if E is a cofibrant object in C(k) then for any n € Z the k-module
E" is projective.

(b) Prove that if E is a complex which is bounded above (i.e. there is an ngy such that E" =0
for all n > ng), and such that E" is projective for all n, then E is cofibrant.

(c) Contemplate the example in [Hol, Rem. 2.3.7] of a complex of projective modules which
is not a cofibrant object in C(k).

Here are few more examples of model categories.

Examples:

(a

=

The category Top of topological spaces is a model category whose equivalences are
the weak equivalences (i.e. continuous maps inducing isomorphisms on all homotopy
groups) and whose fibrations are the Serre fibrations (see [Hol, Def. 2.3.4]). All objects
are fibrant for this model category, and the typical cofibrant objects are the CW-complexes.
Its homotopy category Ho(Top) is also equivalent to the category of CW-complexes and
homotopy classes of continuous maps between them.

(b) For any model category M and any (small) category I we consider M! the category of
I-diagrams in M (i.e. of functors from I to M). We define a morphism f : F — G in M’ to
be a fibration (resp. an equivalence) if for all i € I the induced morphism f; : F(i) — G(i)
is a fibration (resp. an equivalence) in M. When M satisfies a technical extra condition,
precisely when M is cofibrantly generated (see [Hol, §2.1]), then these notions define a
model category structure on M!. The construction M — M! is very useful as it allows to
construct new model categories from old ones.

Let Cat be the category of categories. We define a morphism in Cat to be an equivalence

(c

~

This defines a model category structure on Cat (see [Jo-Ti]).

(d) Let o be any Grothendieck category and M = C(<7) be its category of complexes. Then
it can be shown that there exists a model category structure on M whose equivalences are
the quasi-isomorphisms and the cofibrations are the monomorphisms (see [Ho2]).

Exercise 3.1.3 Let M be a model category and Mor(M) be the category of morphisms in M
(objects are morphisms and morphisms are commutative squares in M ). We define a morphism

(fig):u—v
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to be an equivalence (resp. a fibration) if both f and g are equivalences (resp. fibrations) in M.
Show that this defines a model category structure on Mor(M). Show moreover that a morphism
(f,8) a cofibration if and only if f is cofibration and the induced morphism
B| |A"— B
A

are cofibrations in M.

Before going back to dg-catgeories we will need a more structured notion of a model
category structure, the notion of a C(k)-model category structure. Suppose that M is a model
category. A C(k)-model category structure on M is the data of a functor

—®@—:Clk)yxM —M
satisfying the following two conditions.

(a) The functor ® above defines a closed C(k)-module structure on M (see [Hol, §4]). In
other words, we are given functorial isomorphisms in M

ER(E®X)~(EQEY®X kX~X

for any E,E’ € C(k) and X € M (satisfying the usual associativity and unit conditions, see
[Hol, §4]). We are also given for two objects X and ¥ in M a complex Hom(X,Y) € C(k),
together with functorial isomorphisms of complexes

Hom(E,Hom(X,Y)) ~ Hom(E®X,Y)

for E € C(k),and X,Y € M.
(b) For any cofibration i : E — E’ in C(k), and any cofibration j : A — B in M, the induced
morphism
E®B| |E'©@A—E @B
E®A
is a cofibration in M, which is moreover an equivalence if i or j is so.

Condition (1) above is a purely categorical stucture, and simply asserts the existence of an
enrichement of M into C(k) in a rather strong sense. The second condition is a compatibility
condition between this enrichement and the model structures on C(k) and M (which is the non
trivial part to check in practice).

Examples:

(a) The category C(k) can be considered as enriched over itself by using the tensor product of
complexes —® — : C(k) x C(k) — C(k). For this tensoring it is a C(k)-model category
(this is another way to state that C(k) is a monoidal model category in the sense of [Hol,
Def. 4.2.6]).

(b) Let X be a topological space. We let Sh(X, k) be the category of sheaves of k-modules
and C(Sh(X,k)) be the category of complexes in Sh(X,k). As Sh(X,k) is a Grothendieck
category, the category C(Sh(X,k)) can be endowed with a model category structure for
which the equivalences are the quasi-isomorphisms and the cofibrations are the mono-
morphisms of complexes. The category Sh(X, k) has a natural tensoring over the category
of k-modules, and this structure extends to a tensoring of C(Sh(X,k)) over the category
C(k). Explicitely, if .7 is any sheaf of complexes of k-modules over X and E € C(k), we
let E®.7 to be the sheaf associated with the presheaf U — E ® .% (U) € C(k). It can be
shown that this tensoring makes C(Sh(X,k)) into a C(k)-model category.
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One main consequence for a model category M to be a C(k)-model category is that its
homotopy category Ho(M) comes equipped with a natural enrichment over D(k) = Ho(C(k)).
Explicitely, for two objects x and y in M we set

RHom(x,y) := Hom(Qx,Ry),

where Qx is a cofibrant replacement of x and Ry is a fibrant replacement of y. The object
RHom(x,y) € D(k) can be seen to define an enrichment of Ho(M) into D(k) (see [Hol, Thm.
4.3.4] for details). A direct consequence of this is the important formula

HO(RiHom(x,y)) = HomHo(M) (X’Y)'

Therefore, we see that if x and y are cofibrant and fibrant, then set of morphisms between x and
yin Ho(M) can be identified with HO(RHom(x,y)).

Exercise 3.1.4 Let f: M — N be a functor between two model categories.

(a) Show that if f preserves cofibrations and trivial cofibrations then it also preserves equiva-
lences between cofibrant objects.

(b) Assume that f preserves cofibrations and trivial cofibrations and that it does admit a right
adjoint g : N — M. Show that g preserves fibrations and trivial fibrations.

(c) Under the same conditions as in (2), define

Lf:Ho(M)— Ho(N)

by sending an object x to f(Qx) where Qx is a cofibrant replacement of x. In the same way,
define

Rg:Ho(M) — Ho(N)
by sending an object y to g(Ry) where Ry is a fibrant replacement of y. Show that Lf and
Rg are adjoint functors.

3.2 Model categories and dg-categories

We start by the model category of dg-categories itself. The equivalences for this model structure
are the quasi-equivalences. The fibrations are defined to be the morphisms f : T — T’
satisfying the following two properties. The cofibrations are then defined to be the morphisms
with the correct lifting property.

(a) For any two objects x and y in T, the induced morphism

fey 1 T(xy) — T'((f(x),£(v))

is a fibration in C(k) (i.e. is surjective).
(b) For any isomorphism ' : x' — y' in H(T"), and any y € H(T) such that f(y) = y/, there
is an isomorphism u : x — y in H(T') such that HO(f)(u) = .

Theorem 3.2.1 (see [Tab]) The above definitions define a model category structure on dg —
cat.
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This is a key statement in the homotopy theory of dg-categories, and many results in the
sequel will depend in an essential way from the existence of this model structure. We will not
try to describe its proof in these notes, this would lead us too far.

The theorem 3.2.1 is of course very useful, even though it is not very easy to find cofibrant
dg-categories and also to describe the homotopy equivalence relation in general. However, we
will see in the next lecture that this theorem implies another statement which provide a very
useful way to described maps in Ho(dg — cat). It is this last description that will be used in
order to check that localizations in the sense of dg-categories (see definition 2.4.1) always exist.

Exercise 3.2.2 (a) Let 1 be the dg-category with a unique object and k as endomorphism of
this object (this is also the unit for the monoidal structure on dg — cat). Show that 1 is a
cofibrant object.

(b) Let A,& be the k-linear category with two objects O and 1 and with (all k’s are here placed
in degree 0)

AL0,00=k  AMO,1)=k AL, =k Al(1,00=0

and obvious compositions ( Akl is the k-linearization of the category with two objects and a
unique non trivial morphism between them). Show that Alg is a cofibrant object.

(¢) Use exercice 2.3.7 in order to show that k[€] is not a cofibrant dg-category (when consid-
ered as a dg-category with a unique object).

(d) Let T be the dg-category with four objects x, X', y and ¥’ and with the following non trivial
complex of morphisms (here we denote by k < x > the rank 1 free k-module with basis x)

T(x,x)=k<f> T(x,y)=k<u> T Y)Y =k<u > T(y,y) ' =k<g>
T(x,y/)0:k<u/f>EBk<gu> T(x,y/)_l:k<h> T(x,y')i:Ofori#O,fl
such that d(h) = u' f — gu. In other words, T is freely generated by four morphisms of degre

0, u, u', f and g, one morphism of degre —1, h, and has a unique relation d(h) = u' f — gu.
Show that there exists a trivial fibration

T — Al®AL

Show moreover that this trivial fibration possesses no section, and conclude that Ak1 ® Akl
is not a cofibrant dg-category.

Let now T be a dg-category. A T-dg-module is the data of a dg-functor F : T — C(k). In
other words a T-dg-module F consists of the data of complexes F, € C(k) for each object x of
T, together with morphisms

E® T(xvy) - F)’
for each objects x and y, satisfying the usual associativity and unit conditions. A morphism
of T-dg-module consists of a natural transformation between dg-functors (i.e. families of
morphisms F, — F commuting with the maps Fx ® T (x,y) — Fy and F{ @ T (x,y) — F)).

We let T — Mod be the category of T-dg-modules. We define a model category structure
on T — Mod by defining equivalences (resp. fibrations) to be the morphisms f : F — F' such
that for all x € T the induced morphism f; : F, — F is an equivalence (resp. a fibration) in
C(k). It is known that this defines a model category structure (see [To1]). This model category
is in a natural way a C(k)-model category, for which the C(k)-enrichment is defined by the
formula (EQF)y :=E®F.
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Definition 3.2.3 The derived category of a dg-category T is

D(T) :=Ho(T —Mod).

The previous definition generalizes the derived categories of rings. Indeed, if R is a k-
algebra it can also be considered as a dg-category, sometimes denoted by BR, with a unique
object and R as endomorphism of this object (considered as a complex of k-modules concen-
trated in degree 0). Then D(BR) ~ D(R). Indeed, a BR-dg-module is simply a complex of
R-modules.

Exercise 3.2.4 Let T be a dg-category.

(a) Let x € T be an object in T and h,. : T°P? — C(k) the T-dg-module represented by x (the
one sending y to T (y,x)). Prove that h, is cofibrant and fibrant as an object in T°P — Mod.
(b) Prove that x — h, defines a functor

H(T) — D(T°P).
(¢) Show that for any F € D(T°P) there is a functorial bijection
Hompgo) (hy, F) = HO(F).
(d) Show that the above functor HO(T) — D(T°P) is fully faithful.
Any morphism of dg-categories f : T — T’ induces an adjunction on the corresponding
model categories of dg-modules
fi:T—Mod — T' —Mod T —Mod «— T' —Mod : f*,

for which the functor f* is defined by composition with f, and f) is its left adjoint. This
adjunction is a Quillen adjunction, i.e. f* preserves fibrations and trivial fibrations, and
therefore can be derived into an adjunction on the level of homotopy categories (see exercice
3.1.4 and [Hol, Lem. 1.3.10])

Lfi:D(T) — D(T")  D(T)«— D(T'): f* =Rf*.

It can be proved that when f is a quasi-equivalence then f* and Lf, are equivalences of
categories inverse to each others (see [Tol, Prop. 3.2]).

Exercise 3.2.5 Let f: T — T’ be a dg-functor. Prove that for any x € T we have
Lfi (i) :hf(x)

in D(T") (recall that It* is the T-dg-module corepresented by x, sending y to T (x,y)).
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For a C(k)-model category M we can also define a notion of T'-dg-modules with coefficients
in M as being dg-functors T — M (where M is considered as a dg-category using its C(k)-
enrichment). This category is denoted by M7 (so that T — Mod = C(k)T). When M satisfies
some mild assumptions (e.g. being cofibrantly generated, see [Hol, §2.1]) we can endow M7
with a model category structure similar to T — Mod, for which equivalences and fibrations are
defined levelwise in M. The existence of model categories as M7 will be used in the sequel to
describe morphisms in Ho — (dg — cat).

Exercise 3.2.6 Let T and T' be two dg-categories. Prove that there is an equivalence of
categories

M(T@T’) ~ (MT)T'_
Show moreover that this equivalence of categories is compatible with the two model category
structures on both sides.

We finish this second lecture by describing a way to construct many examples of dg-
categories using model categories. For this, let M be a C(k)-enriched model category. Using the
C(k)-enrichment M can also be considered as a dg-category whose set of objects is the same as
the set of objects of M and whose complexes of morphisms are Hom(x,y). This dg-category
will sometimes be denoted by M, but it turns out not to be the right dg-category associated to
the C(k)-model category M (at least it is not the one we will be interested in in the sequel).
Instead, we let Inf(M) be the full sub-dg-category of M consisting of fibrant and cofibrant
objects in M. From the general theory of model categories it can be easily seen that the category
HO(Int(M)) is naturally isomorphic to the category of fibrant and cofibrant objects in M and
homotopy classes of morphisms between them. In particular there exists a natural equivalence
of categories

H(Int(M)) ~ Ho(M).
The dg-category Int(M) is therefore a dg-enhancement of the homotopy category Ho(M). Of
course, not every dg-category is of form Int(M). However, we will see that any dg-catgeory
can be, up to a quasi-equivalence, fully embedded into some dg-category of the form Inf(M).
This explains the importance of C(k)-model categories in the study of dg-categories.

Remark 2. The construction M — Int(M) is an ad-hoc construction, and does not seem very
intrinsic (e.g. as it is defined it depends on the choice of fibrations and cofibrations in M, and
not only on equivalences). However, we will see in the next lecture that Int(M) can also be
characterized by as the localization of the dg-category M along the equivalences in M, showing
that it only depends on the dg-category M and the subset W (and not of the classes Fib and
Cof).

Let T be a dg-category. We can consider the C(k)-enriched Yoneda embedding
h_:T—T°—-Mod,

which is a dg-functor when 7°” — Mod is considered as a dg-category using its natural C(k)-
enrichment. It turns out that for any x € T, the T°P-dg-module £, is cofibrant (see exercice
3.2.4) and fibrant (avery T°P-dg-module if fibrant by definition). We therefore get a natural
dg-functor

h:T — Int(T°? —Mod).

It is easy to check that £ is quasi-fully faithful (it even induces isomorphisms on complexes of
morphisms).



258 Toén Bertrand

Definition 3.2.7 For a dg-category T the morphism
h:T — Int(T°? —Mod)

is called the Yoneda embedding of the dg-category 7.

4 Lecture 3: Structure of the homotopy category of dg-categories

In this lecture we will truly start to go into the heart of the subject and describe the category
Ho(dg — cat). I will start by a theorem describing the set of maps between two objects in
Ho(dg — cat). This fundamental result has two important consequences: the existence of
localizations of dg-categories, and the existence of dg-categories of morphisms between two
dg-categories, both characterized by universal properties in Ho(dg — cat). At the end of this
lecture, I will introduce the notion of Morita equivalences and triangulated dg-categories, and
present a refine version of the category Ho(dg — cat), better suited for many pruposes.

4.1 Maps in the homotopy category of dg-categories

We start by computing the set of maps in Ho(dg — car) from a dg-category T to a dg-category
of the form Int(M). As any dg-category can be fully embedded into some Int(M) this will be
enough to compute maps in Ho(dg — cat) between any two objects.

Let M be a C(k)-model category. We assume that M satisfies the following three technical
conditions (they will always be satisfied for the applications we have in mind).

(a) M is cofibrantly generated, and the domain and codomain of the generating cofibrations
are cofibrant objects in M.

(b) For any cofibrant object X in M, and any quasi-isomorphism E — E’ in C(k), the induced
morphism E ® X — E’ ® X is an equivalence.

(c) Infinite sums preserve weak equivalences in M.

Exercise 4.1.1 Let R be a k-algebra considered as a dg-category. Show that the C(k)-model
category R — Mod = C(R) does not satisfy condition (2) above if R is not flat over k.

Condition (1) this is a very mild condition, as almost all model categories encountered
in real life are cofibrantly generated. Condition (2) is more serious, as it states that cofibrant
objects of M are flat in some sense, which is not always the case. For example, to be sure
that the model category T — Mod satisfies (2) we need to impose the condition that all the
complexes T (x,y) are flat (e.g. cofibrant in C(k)). Conditions (3) is also rather mild and is
often satisfied for model categories of algebraic nature. The following proposition is the main
result concerning the description of the set of maps in Ho(dg — cat), and almost all the further
results are consequences of it. Note that it is wrong if condition (2) above is not satisfied.

Proposition 4.1.2 Let T be any dg-category and M be a C(k)-model category satisfying
conditions (1), (2) and (3) above. Then, there exists a natural bijection

[T,Int(M)] ~ Iso(Ho(MT))
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between the set of morphisms from T to Int(M) in Ho(dg — cat) and the set of isomorphism
classes of objects in Ho(MT).

Ideas of proof (see [Tol] for details): Let Q(T) — T be a cofibrant model for 7. The
pull-back functor on dg-modules with coefficients in M induces a functor

Ho(M") — Ho(M2T)).

Condition (2) on M insures that this is an equivalence of categories, as shown by the following
lemma.

Lemma 4.1.3 Let f: T' — T be a quasi-equivalence between dg-categories and M be a C(k)-
model category satisfying conditions (1), (2) and (3) as above. Then the Quillen adjunction

fi:HoM™) — HoM")  HoM"') — HoM"): f*

is a Quillen equivalence.

Idea of a proof of the lemma: We need to show that the two natural transformations
Lfiff =id id= f*Lfi

are isomorphism. For this, we first check that this is the case when evaluated at a certain kind of
objects. Let x € T and X € M be a cofibrant object. We consider the object ¥ @ X € Ho(MT),
sendingy € T to T (x,y) @ X € M. Let x’ € T’ be an object such that f(x’) and x are isomorphic
in H(T"). Because of our condition (2) on M it is not hard to show that * ® X and 1) @ X
are isomorphic in Ho(MT). Therefore, we have

[ eX)~ (K™ ox).

Moreover, f*(h/™) @ X) € Ho(M™") sends an object y € T’ to T(f(x'), f(/)) ® X. Because
f is quasi-fully faithful (and because of our assumption (2) on M) we see that f*(h ") @ x ) is
isomorphic in Ho(M™") to i ® X which sends y/ to T'(x’,y') ® X. Finally, it is not hard to see
that hx’ ® X is a cofibrant object and that

LAK @X) = fi(h" ©X) = n/¥) @X.

Thus, we have ,
LAf (I ©X) ~Lfi(h" ©X) ~ /") o X ~ o X,

or in other words the adjunction morphism
Lfif* (H ©X) — I* ©X

is an isomorphism. In the same way, we can see that for any x’ € T’ the adjunction morphism
B @X — fLAK @X)

is an isomorphism.
To conclude the proof of the lemma we use that the objects 4* ® X generate the category
Ho(MT) be homotopy colimits and that f* and L f; both commute with homotopy colimits.
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To see that i* ® X generates Ho(M' ) by homotopy colimits we use the condition (1), and the
small object argument, which shows that any object is equivalent to a transfinite composition
of push-outs along morphisms #* @ X — I* ®Y for X — Y a cofibration between cofibrant
objects in M. The fact that I f; preserves homotopy colimits is formal and follows from the
general fact that the left derived functor of a left Quillen functor always preserves homotopy
colimits. Finally, the fact that f* preserves homotopy colimits uses the condition (3) (which up
to now has not been used). Indeed, we need to show that f* preserves infinite homotopy sums
and homotopy push-outs. As infinite sums are also infinite homotopy sums in M7 (because of
conditions (3)), the fact that f* preserves infinite homotopy sums follows from the fact that the
functor f* commutes with infinite sums. To show that f* commutes with homotopy push-outs
we use that M7 is a C(k)-model category, and thus a stable model category in the sense of
[Hol, §7]. This implies that homotopy push-outs squares are exactly the homotopy pull-backs
squares. As f* is right Quillen it preserves homotopy pull-backs squares, and thus homotopy
push-outs.
Therefore, we deduce from what we have seen that the adjunction morphism

Lff*(E) —E

is an isomorphism for any E € Ho(M7 ). In the same we way we see that for any E' € Ho(M”")
the adjunction morphism
E/ N f*]Lf' (El)

is an isomorphism. This finishes the proof of the lemma. a

The above lemma imply that we can assume that 7 is a cofibrant dg-catgeory. As all objects
in dg — cat are fibrant [T, Int(M)] is then the quotient of the set of morphisms in dg — cat by the
homotopy relations. In particular, the natural map [T, Int(M)] — Iso(Ho(MT)) is surjective
(this uses that a cofibrant and fibrant object in M7 factors as T — Int(M) — M, i.e. is levelwise
fibrant and cofibrant). To prove injectivity, we start with two morphisms u,v : T — Int(M)
in dg — cat, and we assume that the corresponding objects F, and F, in M7 are equivalent.
Using that any equivalences can be factorized as a composition of trivial cofibrations and
trivial fibrations, we easily reduce the problem to the case where there exists a trivial fibration
F, — F, (the case of cofibration is somehow dual). This morphism can be considered as
a dg-functor T — Int(Mor(M)), where Mor(M) is the model category of morphisms in M
(note that fibrant objects in Mor(M) are fibrations between fibrant objects in M). Moreover,
this dg-functor factors throught T/ C Int(Mor(M)), the full sub-dg-category corresponding to
equivalences in M. We therefore have a commutative diagram in dg — cat

Int(M)

/1N

Int(M).

The two morphisms 7/ — Int(M) are easily seen to be quasi-equivalences, and to possess a
common section Int(M) — T’ sending an object of M to the its identity morphism. Projecting
this diagram in Ho(dg — cat), we see that [u] = [v] in Ho(dg — cat). O
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We will now deduce from proposition 4.1.2 a description of the set of maps [T,7’] between
two objects in Ho(dg — cat). For this we use the C(k)-enriched Yoneda embedding

h:T' — Int((T")°P — Mod),
sending an object x € T’ to the (7”)°P-dg-module defined by
bt (T — (k)

y o= T(y).
The dg-module £ is easily seen to be cofibrant and fibrant in (77)°” — Mod, and thus we have
hy € Int((T")°P — Mod) as required. The enriched version of the Yoneda lemma implies that
is a quasi-fully faithful dg-functor. More precisely, we can show that the induced morphism of
complexes
T'(x,y) — Hom(hy,hy) = Int((T")*” — Mod)((hy. )

is an isomorphims of complexes.

Using the description of maps in Ho(dg — cat) as being homotopy classes of morphisms
between cofibrant objects, we see that the morphism 4 induces a injective map

[T,T'] = [T,Int((T")°P — Mod))

whose image consists of morphisms T — Int((T")°? — Mod) factorizing in Ho(dg — cat)
throught the quasi-essential image of h. We easily get this way the following corollary (see
§3.2 and exercice 2.3.4 for the definition of the tensor product of two dg-categories).

Corollary 1. Let T and T' be two dg-categories, one of them having cofibrant complexes of
morphisms. Then, there exists a natural bijection between [T, T'| and the subset of Iso(Ho(T ®
(T")°P —Mod)) consisting of T ® (T')°P-dg-modules F such that for any x € T, there isy € T'
such that F — and h,, are isomorphic in Ho((T")°? — Mod).

Exercise 4.1.4 Let T be a dg-category.

(a) Show that [1,T] is in bijection with the set of isomorphism classes of objects in the category
HO(T) (recall that 1 is the unit dg-category, with a unique object and k as algebra of
endormorphisms).

(b) Show that [Akl ,T] is in bijection with the set of isomorphism classes of morphisms in the
category HO(T) (recall that Ak1 is the dg-category with two object and freely generated by
a unique non trivial morphism,).

Exercise 4.1.5 Let C and D be two k-linear categories, also considered as dg-categories over
k. Show that there exists a natural bijection between [C,D] and the set of isomorphism classes
of k-linear functors from C to D. Deduce from this that there exists a fully faithful functor

Ho(k—cat) — Ho(dg — caty,),

from the homotopy category of k-linear categories (k-linear categories and isomorphism classes
of k-linear functors) and the homotopy category of dg-categories.

Exercise 4.1.6 Let R be an associative and unital k-algebra, which is also considered as
dg-category with a unique object and R as endomorphisms of this object. Show that there is
a natural bijection between [R,Int(C(k))] and the set of isomorphism classes of the derived
category D(R).
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4.2 Existence of internal Homs

For two dg-catgeories T and T’ we can construct their tensor product 7 ® T’ in the following
way. The set of objects of T ® T’ is the product Ob(T) x Ob(T"). For (x,y) € Ob(T)? and
(¥',y') € Ob(T")? we set

(TRT)((x,x), (1)) :=T(x,y)T(,)),

with the obvious compositions and units. When £ is not a field the functor ® does not preserves
quasi-equivalences. However, it can be derived by the following formula

TeMT :=Q(T)®Q(T"),

where Q is a cofibrant replacement functor on dg — cat. This defines a symmetric monoidal
structure
—®%—:Ho(dg — cat) x Ho(dg — cat) — Ho(dg — cat).

Proposition 4.2.1 The monoidal structure — Q% — is closed. In other words, for two dg-
categories T and T' there is third dg-category RHom(T,T") € Ho(dg — cat), such that for any
third dg-category U there exists a bijection

[U,RHom(T,T")] ~ [U Q" T,T'],
Sfunctorial in U € Ho(dg — cat).
Idea of proof: As for the corollary 1 we can reduce the problem of showing that
RHom(T,Int(M)) exists for a C(k)-model category M satisfying the same conditions as in

proposition 4.1.2. Under the same hypothesis than corollary 1 it can be checked (using proposi-
tion 4.1.2) that RHom(T, Int(M)) exists and is given by Int(MT). O

For two dg-categories T and T’, one of them having cofibrant complexes of mor-
phisms it is possible to show that RHom(T,T') is given by the full sub-dg-category of
Int(T & (T")°P — Mod) consisting of dg-modules satifying the condition of corollary 1.

Finally, note that when M = C(k) we have
RHom(T,Int(C(k))) ~ Int(T —Mod).
In particular, we find a natural equivalence of categories
D(T) ~ HO(RHom (T, Int(C(K))),
which is an important formula.
In the sequel we will use the following notations for a dg-category T
L(T) := Int(T —Mod) ~ RHom(T,Int(C(k)))

T := Int(T°P — Mod) ~ RHom(T?, Int(C(k))).

Note that we have natural equivalences
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HOL(T))~D(T)  HT)~D(TP).

Therefore, L(T) and T are dg-enhancement of the derived categories D(T) and D(T°P). Note
also that the Yoneda embedding of definition 3.2.7 is now a dg-functor

h:T%f

Exercise 4.2.2 (a) Let R be an associative and unital k-algebra which is considered as a
dg-category with a unique object. Show that there is an isomorphism in Ho(dg — cat)

RHom(R,Int(C(k))) ~ L(R).
(b) Show that for any two k-algebras R and R', one of them being flat over k we have

RHom(R,L(R")) ~ L(R®R').

Exercise 4.2.3 Let T be a dg-category. We define the Hochschild cohomology of T by
HH*(T) := H*(RHom(T,T)(id,id)).

Let R be an associative k-algebra, flat over k, and considered as a dg-category with a unique
object. Show that we have
HH*(R) := Extggpor (R,R),

where the right hand side are the ext-groups computed in the derived category of R Q@ R°P-
modules.

4.3 Existence of localizations

Let T be a dg-category and let S be subset of morphisms in H%(T') we would like to invert
in Ho(dg — cat). For this, we will say that a morphism / : T — LgT in Ho(dg — cat) is a
localization of T along S if for any T’ € Ho(dg — cat) the induced morphism

I*: [LsT,T') — [T, T']

is injective and its image consists of all morphisms T — T’ in Ho(dg — cat) whose induced
functor HO(T) — HO(T") sends all morphisms in S to isomorphisms in H(T'). Note that the
functor H(T) — HO(T") is only well defined in Ho(Cat) (i.e. up to isomorphism), but this
is enough for the definition to makes sense as the condition of sending S to isomorphisms is
stable by isomorphism between functors.

Proposition 4.3.1 For any dg-category T and any set of maps S in HO(T), a localization
T — LgT exists in Ho(dg — cat).

Idea of proof (see [Tol] for details): We start by the most simple example of a localization.
We first suppose that 7" := A,} is the dg-category freely generated by two objects, 0 and 1, and a
unique morphism u : 0 — 1. More concretely, 7(0,1) = 7(0,0) = T(1,1) = k and T'(1,0) =0,
together with the obvious compositions and units. We let 1 be the dg-category with a unique
object * and 1(x,*) = k (with the obvious composition). We consider the dg-foncteur 7 — 1
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sending the non trivial morphism of 7 to the identity of * (i.e. k =T(0,1) — 1(*,%) =k is
the identity). We claim that this morphism 7' — 1 is a localization of T along S consisting
of the morphism u : 0 — 1 of T = H°(T). This in fact follows easily from our proposition
4.1.2. Indeed, for a C(k)-model category M the model category M7 is the model category of
morphisms in M. It is then easy to check that the functor Ho(M) — Ho(MT) sending an
object of M to the identity morphism in M is fully faithful and that its essential image consists
of all equivalences in M.

In the general case, let S be a subset of morphisms in H(T') for some dg-category 7. We
can represent the morphisms S by a dg-functor

|_|Akl — T,
S

sending the non trivial morphism of the component s to a representative of s in 7. We define
LgT as being the homotopy push-out (see [Ho1] for this notion)

L
LeT=( |1 || T

S U4y

The fact that each morphism A,g — 1is alocalization and the universal properties of homotopy
push-outs imply that the induced morphism 7" — LgT defined as above is a localization of T
along S. m|

Exercise 4.3.2 Let Akl be the dg-category with two objects and freely generated by a non
trivial morphism u between these two objects. We let S := {u} be the image of u in HO(A}).
Show that LSA,l ~1.

Exercise 4.3.3 Let T and T’ be two dg-categories and S and S' be two sets of morphisms in
HO(T) and H(T") that contain all the identities. Prove that there is a natural isomorphism in
Ho(dg — cat)

LsT ®]L Lg T ~ LS®L5/T ®]L T'.

The following proposition describes Int (M) as a dg-localization of M.

Proposition 4.3.4 Let M be a cofibrantly generated C(k)-model category, considered also as
dg-category M. There exists a natural isomorphism in Ho(dg — cat)

Int(M) ~LyM.

Idea of proof: We consider the natural inclusion dg-functor i : Int(M) — M. This inclusion
factors as

Int(M) *]> Mf *k> M,

where M/ is the full sub-dg-category of M consisting of fibrant objects. Using that M is
cofibrantly generated we can construct dg-functors
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rM— M’ q: M — Int(M)
together with morphisms
jg—id qj —id id—ri id — ir.
Moreover, these morphisms between dg-functors are levelwise in W. This can be seen to imply
that the induced morphisms on localizations
LyInt(M) — LyM/ — LyM
are isomorphisms in Ho(dg — cat). Finally, as morphisms in W are already invertible in

HO(Int(M)) ~ Ho(M), we have Ly Int(M) ~ Int(M). |

Finally, one possible way to understand localizations of dg-categories is by the following
proposition.

Proposition 4.3.5 Let T be a dg-category and S be a subset of morphisms in HO(T). Then, the
localization morphism | : T — LgT induces a fully faithful functor

I*: D(LsT) — D(T)

whose image consists of all T-dg-modules F : T — C(k) sending all morphisms of S to
quasi-isomorphisms in C(k).

Idea of proof: This follows from the existence of internal Homs and localizations, as well
as the formula

D(T) ~ H*(RHom(T,nt(C(K))))  D(LsT) ~ H(RHom(LsT, Int(C(K))).

Indeed, the universal properties of localizations and internal Homs implies that RHom (LT, Int(C(k)))
can be identified full the full sub-dg-category of RHom(T,Int(C(k))) consisting of dg-functors
sending S to quasi-isomorphisms in C(k). O

Exercise 4.3.6 Let | : T — LgT be a localization of a dg-category with respect to set of
morphisms S in HO(T), and let

LI, : D(T°P) — D(LsT®P)

be the induced functor in the corresponding derived categories of modules. Let Wg be the the
subset of morphisms u in D(T°P) such that LIy (u) is an isomorphism in D(LgT°P).

(a) Show that a morphismu: E — F of D(T°P) is in Wy if and only if for any G € D(T°P)
such that Gy — Gy is a quasi-isomorphism for all x — y in S, the induced map

u* : Homprop) (F,G) — Homprop)(E,G)

is bijective.
(b) Show that the induced functor

Wy 'D(TP) — D(LsTF)

is an equivalence of categories.
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4.4 Triangulated dg-categories

In this section we will introduce a class of dg-categories called triangulated. The notion of
being triangulated is the dg-analog of the notion of being Karoubian for linear categories. We
will see that any dg-category has a triangulated hull, and this will allow us to introduce a notion
of Morita equivalences which is a dg-analog of the usual notion of Morita equivalences between
linear categories. The homotopy category of dg-categories up to Morita equivalences will then
be introduced and shown to have better properties than the category Ho(dg — cat). We will see
in the next lecture that many invariants of dg-categories (K-theory, Hochschild homology ...)
factor throught Morita equivalences.

Let T be a dg-category. We recall the existence of the Yoneda embedding (see definition
3.2.7)
T —T=1In(T? —Mod),

which is quasi-fully faithful. Passing to homotopy categories we get a fully faithful morphism
h:HY(T) — D(TP).

An object in the essential image of this functor will be called guasi-representable.
Recall that an object x € D(T°P) is compact if the functor

[x,—]: D(T°P) — k— Mod

commutes with arbitrary direct sums. It is easy to see that any quasi-representable object is
compact (see exercice 3.2.4). The converse is not true and we set the following definition.

Definition 4.4.1 A dg-category T is triangulated if and only if every compact object in D(T°P)
is quasi-representable.

Remark 3. When T is triangulated we have an equivalence of categories H(T) ~ D(TP).,
where D(TP ) is the full sub-category of D(T) of compact objects. The category D(T) has a
natural triangulated structure which restricts to a triangulated structure on compact objects
(see [Ne] for more details on the notion of triangulated categories). Therefore, when T is
triangulated dg-category its homotopy category H 0(T) comes equiped with a natural trian-
gulated structure. This explains the terminology of triangulated dg-category. For more about
the relations between the notions of triangulated dg-categories and the notions of triangulated
categories we refer to [Bo-Ka]. However, it is not necessary to know the theory of triangulated
categories in order to understand triangulated dg-categories, and thus we will not study in
details the precise relations between triangulated dg-categories and triangulated categories.

We let Ho(dg — cat'") C Ho(dg — cat) be the full sub-category of triangulated dg-
categories. Note that the notation Ho(dg — cat'") suggests that this category is the homotopy
category of some model category.We will see that it is, equivalent to, the localization of the
category dg — cat along the class of Morita equivalences, that will be introduced later on in
this section.

Proposition 4.4.2 The natural inclusion
Ho(dg — cat') — Ho(dg — cat)

has a left adjoint. In other words, any dg-category has a triangulated hull.
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Idea of proof: Let T be a dg-category. We consider the Yoneda embedding (see definition
3.2.7) N
h:T—T.

This is a quasi-fully faithful dg-functor. We consider fpe C T, the full sub-dg-category consist-
ing of all objects which are compact in D(7°7) (these objects will simply be called compact).
The dg-category fpe will be called the dg-category of perfect T°P-dg-modules, or equiva-
lently of compact T°P-dg-modules. As any quasi-representable object is compact, the Yoneda
embedding factors as a full embedding

h: T — ?pe.
Let now T be a triangulated dg-category. By definition, the natural morphism
y— pe
is an isomorphism in Ho(dg — cat). We can then consider the induced morphism
[?pevf,pe} — [T, TA’peL

induced by the resytiction along the morphism 7' — fpe. The hard point is to show that this

map in bijective and that fpe is a triangulated dg-category. These two facts can be deduced
from the followin lemma and the proposition 4.1.2.

Lemma 4.4.3 Let T be a dg-category, and h: T — f,,e be the natural inclusion. Let M be a
C(k)-model category which satisfies the conditions (1), (2) and (3) of §3.1. Then the Quillen
adjunction ~ ~

hy Mt — M M7 — M

is a Quillen equivalence.

The proof of the above lemma can be found in [To1l, Lem. 7.5]. It is based on the fundamen-
tal fact that the quasi-representable objects in D(7°7) generate the sub-category of compact
objects by taking a finite number of finite homotopy colimits, shifts and retracts, together with
the fact that Lk, and 7* both preserve these finite homotopy colimits, shifts and retracts. O

The proof of the proposition shows that the left ajoint to the inclusion is given by

—

(=)pe - Ho(dg — cat) — Ho(dg — cat'"),

sending a dg-category T to the full sub-dg-category fpg of T consisting of all compact objects.
For example, if R is a k-algebra, considered as a dg-category with a unique object BR, BR .
is the dg-category of cofibrant and perfect complexes of R-modules. In particular

H°(BRye) = Dparf (R)

is the perfect derived category of R. This follows from the fact that compact objects in D(R) are
precisely the perfect complexes (this is a well known fact which can also be deduced from the
general result [To-Va, Prop. 2.2]). Therefore, we see that the dg-category of perfect complexes
over some ring R is the triangulated hull of R.
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Definition 4.4.4 A morphism T — T' in Ho(dg — cat) is called a Morita equivalence if the
induced morphism in the triangulated hull

is an isomorphism in Ho(dg — cat).

It follows formally from the existence of the left adjoint 7 — fpe that Ho(dg — car'")

is equivalent to the localized category W,,jol,.dg — cat, where W, is the subset of Morita

equivalences in dg — cat as defined above.

Exercise 4.4.5 Prove the above assertion: the functor

—

(=) pe : Ho(dg — cat) — Ho(dg — cat')
induces an equivalence of categories

W\ Ho(dg — cat) ~ Ho(dg — car'").

mor

We can characterize the Morita equivalences in the following equivalent ways.

Proposition 4.4.6 Let f : T — T' be a morphism of dg-categories. The following are equiva-
lent.

(a) The morphism f is a Morita equivalence.
(b) For any triangulated dg-category Ty, the induced map

[T/a TO] — [T7 TO}

is bijective.
(¢) The induced functor
f*:D(T") — D(T)
is an equivalence of categories.
(d) The functor
Lf: D(T) — D(T")

induces an equivalence between the full sub-category of compact objects.
Exercise 4.4.7 Prove the proposition 4.4.6.

We finish this section by a description of morphisms in Ho(dg — cat'") in termes of derived
categories of bi-dg-modules.

Proposition 4.4.8 Let T and T’ be two dg-categories. Then, there exists a natural bijection be-
tween [Tpe, T’ pe) and the subset of Iso(D(T @" (T')°P)) consisting of T @" (T')°P-dg-modules
F such that for any x € T, the (T')°P-dg-module Fy _ is compact.
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Exercise 4.4.9 Give a proof of proposition 4.4.8.

Exercise 4.4.10 (a) Show that the full sub-category Ho(dg — cat'") C Ho(dg — cat) is not
stable by finite coproducts (taken inside Ho(dg — cat)).

(b) Show that the category Ho(dg — cat'") has finite sums and finite products.

(c) Show that in the category Ho(dg — cat'"), the natural morphism

T||T"—TxT,

forany T and T' objects in Ho(dg — cat'"). Note that the symbols | | and x refer here to
the categorical sum and product in the category Ho(dg — cat'").

(d) Deduce from this that the set of morphisms Ho(dg — cat'") are endowed with natural
structure of commutative monoids such that the composition is bilinear. Identify this
monoid structure with the direct sum on the level of bi-dg-modules throught the bijection
of corollary 1.

Exercise 4.4.11 Let T — T’ be a Morita equivalence and Ty be a dg-category. Show that the
induced morphism
T Ty — T' @ T

is again a Morita equivalence (use the lemma 4.4.3).

Exercise 4.4.12 Let T and T’ be two triangulated dg-catgeory, and define
SLot . oL g
TR T :=T&“T pe.

(a) Show that (T,T') — T8 T defines a symmetric monoidal structure on Ho(dg — cat'") in
such a way that the functor

—

(=)pe : Ho(dg — cat) — Ho(dg — cat'")

is a symmetric monoidal functor.
(b) Show that the monoidal structure @)]L is closed on Ho(dg — cat'").

Exercise 4.4.1A3 (a) Let T and T' be two dg-categories. Prove that the Yoneda embedding
h: T — Ty induces an isomorphism in Ho(dg — cat)
RHom(Tpe, T’ pe) — RHom(T,T' ).
(b) Deduce from this that for any dg-category T there is a morphism in Ho(dg — cat)
RHom(T,T) — RHom(Tpe, Tpe)

which is quasi-fully faithful.
(¢) Deduce from this that for any dg-category T there exist isomorphisms

HH*(T) ~ HH* (Tj).
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5 Lecture 4: Some applications

In this last lecture I will present some applications of the homotopy theory of dg-categories. We
will see in particular how the problems mentioned in §1.2 can be solved using dg-categories.
The very last section will be some discussions on the notion of saturated dg-categories and
their use in the definition of a secondary K-theory functor.

5.1 Functorial cones

One of the problem encountered with derived categories is the non existence of functorial cones.
In the context of dg-categories this problem can be solved as follows.

Let T be a triangulated dg-category. We let A,} be the dg-category freely generated by two
objects 0 and 1 and freely generated by one non trivial morphism 0 — y, and 1 be the unit
dg-category (with a unique object and & for its endomorphism). There is a morphism

sending 0 to 0 and 1 to k. We get an induced morphism in Ho(dg — cat)
RHom(1,.,T) — RHom(A},T).
As T is triangulated we have
RHom(1p,,T) ~ RHom(1,T) ~T.
Therefore, we have defined a morphism in Ho(dg — cat)
f:T — RHom(A}!,T) =: Mor(T).

The dg-category Mor(T) is also the full sub-dg-category of Int(Mor(T°? — Mod)) correspond-
ing to quasi-representable dg-modules, and is called the dg-category of morphisms in 7. The
morphism j defined above intuitively sends an object x € T to 0 — x in Mor(T) (note that 0 is
an object in T because T is triangulated).

Proposition 5.1.1 There exists a unique morphism in Ho(dg — cat)
¢:Mor(T)—T
such that the following two (T @ Mor(T)°P)-dg-modules
(zu) = Mor(T)(u, f(2))  (z,u) = T(c(u),2)

are isomorphic in D(T @ Mor(T)°P) (In other words, the morphism f admits a left adjoint).

Idea of proof: We consider the following explicit models for T, Mor(T) and f. We let T’
be the full sub-dg-category of T consisting of quasi-representable objects (or equivalentely
of compact objects as T is triangulated). We let Mor(T)’ be the full sub-dg-category of
Int(Mor(T°P — Mod)) consisting of morphisms between quasi-representable objects (these
are also the compact objects in Ho(Mor(T° — Mod)) because T is triangulated). We note
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that Mor(T)' is the dg-category whose objects are cofibrations between cofibrant and quasi-
representable 7°P-dg-modules. To each compact and cofibrant 7°P-dg-module z we consider
0 — z as an object in T". This defines a dg-functor T’ — Mor(T)" which is a model for f. We
define ¢ as being a C(k)-enriched left adjoint to ¢ (in the most naive sense), sending an object
c:x —yof Mor(T)' to c(u) defined by the push-out in T°7 — Mod

|
0 c(u).

We note that the 7°P-module c(u) is compact and thus belongs to 7”. It is easy to check that c,
as a morphism in Ho(dg — cat) satisfies the property of the proposition.

The unicity of c¢ is proved formally, in the same way that one proves the unicity of adjoints
in usual category theory. a

The morphism ¢ : Mor(T) — T is a functorial cone construction for the triangulated
dg-category T. The important fact here is that there is a natural functor

H®(Mor(T)) — Mor(H*(T)),

which is essentially surjective, full but not faithful in general. The functor
HO(c) : H'(Mor(T)) — H(T)

does not factor in general throught Mor(H(T)).

To finish, proposition 5.1.1 becomes really powerful when combined with the following
fact.

Proposition 5.1.2 Let T be a triangulated dg-category and T' be any dg-category. Then
RHom(T’,T) is triangulated.

Exercise 5.1.3 Deduce proposition 5.1.2 from exercice 4.4.11.

One important feature of triangulated dg-categories is that any dg-functor f : T — T’
between triangulated dg-categories commutes with cones. In other words, the diagram

Mor(T) —~—=T

T

!
MOV(T ) ?T’

commutes in Ho(dg — cat). This has to be understood as a generalization of the fact that any
linear functor between additive categories commutes with finite direct sums. This property
of triangulated dg-categories is very useful in practice, as then any dg-functor T — T’
automatically induces a triangulated functor H%(T) — HO(T").
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Exercise 5.1.4 Prove the above assertion, that

Mor(T) ——=T

o |

!
Mor(T') —— T’

commutes in Ho(dg — cat) (here T and T’ are triangulated dg-categories).

5.2 Some invariants

Another problem mentioned in §1.2 is the fact that the usual invariants, (K-theory, Hochschild
homology and cohomology ... ), are not invariants of derived categories. We will see here that
these invariants can be defined on the level of Ho(dg — cat'"). We will treat the examples of
K-theory and Hochschild cohomology.

(a) Let T be a dg-category. We consider TP — Mod“¢ the full sub-category of compact and
cofibrant 7°P-dg-modules. We can endow TP — Mod““ with a structure of an exact com-
plicial category (see [Sch2]) whose equivalences are quasi-isomorphisms and cofibrations
are the cofibrations of the model category structure on 7°? — Mod. This Waldhausen
category defines a K-theory space K(7T') (see [Sch2]). We note that if T is triangulated we
have

Ko(T) := my(K(T)) ~ Ko (HO(T)),

where the last K-group is the Grothendieck group of the triangulated category H 0(T).
Now, let £ : T — T’ be a morphism between dg-categories. It induces a functor

fi:T°P —Mod — (T")°P — Mod.

This functor preserves cofibrations, compact cofibrant objects and push-outs. Therefore, it
induces a functor between Waldhausen categories

fi: TP —Mod*° — (T")°P — Mod““
and a morphism on the corresponding spaces
fi: K(T) — K(T").

This defines a functor

K:dg—cat — Sp
from dg-categories to spectra. It is possible to show that this functor sends Morita equiva-
lences to stable equivalences, and thus defines a functor

K :Ho(dg — cat") — Ho(Sp).

We see it particular that two dg-categories which are Morita equivalent have the same
K-theory.



(b)
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(See also exercice 4.4.13) Let T be a dg-category. We consider RHom(T,T), the dg-
category of (derived) endomorphisms of 7. The identity gives an object id € RHom(T,T),
and we can set
HH (T) :=RHom(T,T)(id,id),
the Hochschild complex of 7. This is a well defined object in D(k), the derived category
of complexes of k-modules, and the construction T +— HH (T) provides a functor of
groupoids
Ho(dg — cat)™** — D(k)™.

Using the results of §3.2 we can see that
HH*(T) ~ Ext*(T,T),

where the Ext-group is computed in the derived category of T @ T'°P-dg-modules. In
particular, when T is given by an associative flat k-algebra R we find

HH*(T) ~ Extjy,p(R,R),

which is usual Hochschild cohomology. The Yoneda embedding 7 — fpe, provides an
isomorphism in Ho(dg — cat)

]RHom(fpe, T"pe) ~ RHom(T, /T\pe),
and a quasi-fully faithful morphism
RHom(T,T) — RHom(T, fpe).

Therefore, we get a quasi-fully faithful morphism in Ho(dg — cat)

~

RHom(T,T) — RHom(Tpe, Tpe)

sending the identity to the indentity. Therefore, we obtain a natural isomorphism

~

HH (T) ~ HH (T,,).

We get that way that Hochschild cohomology is a Morita invariant.

There also exists an interpretation of Hochschild homology purely in termes of dg-
categories in the following way. We consider two dg-categories T and 7’, and the Yoneda
embedding h: T — T. We obtain an induced functor

hy : RHom(T, f’) — RHom(f,f’).

It is possible to show that this morphism is quasi-fully faithful and that its quasi-essential
image consists of all morphisms 7 — T’ which are continuous (i.e. commute with direct
sums). We refer to [Tol, Thm. 7.2] for more details about this statement. This implies that
there is an isomorphism in Ho(dg — cat)

RHom(T, f/) ~ ]RHom?(f, f’),
where RHom,. denotes the full sub-dg-category of continuous dg-functors.
Let now T be a dg-category and consider the T @ T°P-dg-module sending (x,y) to T'(y, x).
This dg-module can be represented by an object in the dg-category
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L(T ®"“T°P) ~ RHom(T @" T°P 1) ~ RHom, (T @ T°P 1),
and thus by a continuous in Ho(dg — cat)
L(T @~ 1°P) — 1.

The image of 7, considered as a bi-module sending (x,y) to T'(y,x), by this morphism is
denoted by HH.(T) € D(k) ~ H%(1), and is called the Hochschild homology complex of
T.When T is a flat k-algebra R then we have

HH.(T) ~ R®Fqpor R € D(K).

From its definition, it is not hard to show that 7 — HH.(T) is invariant by Morita equiva-
lences.

5.3 Descent

In this section we will see how to solve the non-local nature of derived categories explained in
§1.2. For this, let X be a scheme. We have the Grothendieck category C(Cy ) of (unbounded)
complexes of sheaves of Ox-modules. This category can be endowed with a model category
structure for which the equivalences are the quasi-isomorphisms (of complexes of sheaves) and
the cofibrations are the monomorphisms (see e.g. [Ho2]). Moreover, when X is a k-scheme
then the natural C(k)-enrichment of C(Ox ) makes it into a C(k)-model category. We let

L(Ox) :=Int(C(Ox)),

and we let L,.(X) be the full sub-dg-category consisting of perfect complexes on X. The
K-theory of X can be defined as

K(X) := K(Lpe(X)),

using the definition of K-theory of dg-categories we saw in the last section.
When f: X — Y is a morphism of schemes, it is possible to define two morphisms in
Ho(dg — cat)
Lf*:L(6y) — L(Ox)  L(Oy) < L(Ox) :Rf,,
which are adjoints (according to the model we chose L f* is a bit tricky to define explicitly).
The morphism
Lf*:L(Oy) — L(Ox)

always preserves perfect complexes are induces a morphism
Lf*: Lpe(Y) — LI,E(X).
This construction provides a functor
Lpe : k—Sch®” — Ho(dg — cat'"),

from the (opposite of) category of k-schemes to the category of triangulated dg-categories.
The existence of this functor is the starting point of an extremelly rich source of questions
about its behaviour. Following the philosophy of non-commutative geometry according to M.
Kontsevich, Ho(dg — cat'") can be considered as the category of non-commutative schemes,
and the functor Ly, above is simply passing from the commutative to the non-commutative
setting. Contrary to what this might suggest, at leas as first naive thoughts, the functor L, is
far from being an embedding and its general study leads to very interesting questions.



Lectures on DG-categories 275

(a) A first observation is that two schemes X and ¥ can be such that Ly, (X) =~ Lp.(Y) without

(b

(c

~

~

being isomorphic, as shown by many well known examples of derived equivalences (see
[Ro] for more about this). The fibers of the functor L, that is the set of schemes, up
to isomorphisms, having the same dg-categories of perfect complexes, is expected to be
finite, at least when we restrict to smooth and projective schemes. It is shown in [An-To]
that these fibers are discrete and countable.

The functor Ly, sends direct product of k-schemes into tensor product in Ho(dg — car'"),
at least under reasonable conditions (see [Tol], [Fr-Be-Na]). In other words, L, is a
symmetric monoidal functor, when k — Sch is considered as a symmetric monoidal category
for the direct monoidal structure.

The image of the smooth and proper k-schemes inside Ho(dg — car'") has an explicit
descrition: its objects are smooth and projective k-schemes, and morphisms between two
such schemes X and Y are given by quasi-isomorphism classes of perfect complexes on
X % Y (see 5.3.2 below). This category is very close to the category of Chow motives, for
which morphisms are rather correspondences up to rationnal equivalences. By analogy,
Ho(dg — cat'") can be used in order to define a notion of non-commutative motives (see
[Ko]). Constructing realisations for these non-commutative motives has lead to the notion
of non-commutative Hodge structures (see [Ka-Ko-Pa]), and to the construction of the
non-commutative Gauss-Manin connexion (see [To-Ve]).

We now come back to the descent property. The following proposition will not be proved

in these notes. We refer to [Hir-Si] for more details about the descent for perfect complexes.

Proposition 5.3.1 Let X =U UV, where U and V are two Zariski open subschemes. Then the
following square

Lpe(X) —— Lpe(U)

L

Lpe(V) —— Lp(UNV)

is homotopy cartesian in the model category dg — cat.

Let us also mention the following related statement.

Proposition 5.3.2 Let X and Y be two smooth and proper schemes over Speck. Then, there
exists a natural isomorphism in Ho(dg — cat)

RHom(Lpe(X), Lpe(Y)) = Lpe(X x4 ).

For a proof we refer the reader to [To1]. It should be emphasised here that the corresponding

statement is false on the level of derived categories. More precisely, let E € Dp,,r(X X Y) and

let

0 : Dparf(X) - Dp”rf(Y)
F > R(py)«(E @ p%(F))

be the corresponding functor. The construction E — ¢@f defines a functor

o :Dparf(X XkY) - Funtr(Dparf(X)vDparf(Y))7
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where the right hand side is the category of triangulated functors from D g (X) to Dpgrr(Y).
When X and Y are projective over Speck (and that k is field) then it is known that this functor
is essentially surjective (see [Ro]). In general it is not known if ¢_ is essentially surjective or
not. In any case, even for very simple X and Y the functor ¢_ is not faithful, and thus is not an
equivalence of categories in general. Suppose for instance that X =Y = E and elliptic curve
over k=C, and let A € D 4,r(X % X) be the structure sheaf of the diagonal. The image by ¢
of the objects A and A[2] are respectively the identity functor and the shift by 2 functor. Because
X is of cohomological dimension 1 we have Hom(id,id[2]) = 0, where this hom is computed
in Fun'" (D parf(X),Dpars(X)). However, Hom(A,A[2]) ~ HH*(X) ~ H'(E, O) ~ k.

5.4 Saturated dg-categories and secondary K-theory

We arrive at the last section of these lectures. We have seen that dg-categories can be used
in order to replace derived categories, and that they can be used in order to define K-theory.
In this section we will see that dg-categories can also be considered as coefficients that can
themselves be used in order to define a secondary version of K-theory. For this I will present an
analogy between the categories Ho(dg — cat'") and k — Mod. Throught this analogy projective
k-modules of finite rank correspond to the notion of saturated dg-categories. 1 will then show
how to define secondary K-theory spectrum K @ (k) using saturated dg-categories, and give
some ideas of how to define analogs of the rank and chern character maps in order to see that
this secondary K-theory K2 (k) is non-trivial. I will also mention a relation between K(?) (k)
and the Brauer group, analog to the well known relation between K-theory and the Picard group.

We start by the analogies between the categories k — Mod of k-modules and Ho(dg — car'").
The true analogy is really betwen k — Mod and the homotopy theory of triangulated dg-
categories, e.g. the simplicial category Ldg — cat'" obtained by simplicial localization (see
[To2]). The homotopy category Ho(dg — cat'") is sometimes too coarse to see the analogy. We
will however restrict ourselves with Ho(dg — cat'"), even though some of the facts below about
Ho(dg — cat'") are not completely intrinsic and requires to lift things to the model category of
dg-categories.

(a) The category k—Mod is a closed symmetric monoidal category for the usual tensor product.
In the same way, Ho(dg — car'") has a closed symmetric monoidal structure induced from
the one of Ho(dg — cat) (see §3.2). Explicitly, if T and T’ are two triangulated dg-category
we form T QLT € H o(dg — cat). This is not a triangulated dg-category anymore and we
set -

TR T = (T&ET),, € Ho(dg —car').
The unit of this monoidal structure is the triangulated hull of 1, i.e. the dg-category of
cofibrant and perfect complexes of k-modules. The corresponding internal Homs is the
one of Ho(dg — cat), as we already saw that RHom(T,T’) is triangulated if T and T" are.

(b) The category k — Mod has a zero object and finite sums are also finite products. This is
again true in Ho(dg — cat'"). The zero dg-category (with one object and 0 as endomorphism
ring of this object) is a zero object in Ho(dg — cat'"). Also, for two triangulated dg-
categories T and T’ their sum T| | T’ as dg-categories is not triangulated anymore. Their
direct sum in Ho(dg — cat'") is the triangulated hull of T'| |T’, that is

T|_|T’pe ~ Ty X Tl pe ~T X T'.
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We note that this second remarkable property of Ho(dg — cat'") is not satisfied by Ho(dg —
cat) itself. We can say that Ho(dg — cat'") is semi-additive, which is justififed by the fact
that the Homs in Ho(dg — cat'") are abelian monoids (or abelian semi-groups).
The category k — Mod has arbitrary limits and colimits. The corresponding statement is
not true for Ho(dg — car'"). However, we have homotopy limits and homotopy colimits in
Ho(dg — cat'"), whose existence are insured by the model category structure on dg — cat.
(d) There is a natural notion of short exact sequences in k — Mod. In the same way, there is a
natural notion of short exact sequences in Ho(dg — cat'"). These are the sequences of the
form

(c

~

J P —
To T (T/ TO) pe’
where i is a quasi-fully faithful functor between triangulated dg-categories, and (ﬂ) pe
is the quotient defined as the triangulated hull of the homotopy push-out of dg-categories

To ——T

|

04>T/T0.

These sequences are natural in terms of the homotopy theory of triangulated dg-categories
as it can be shown that quasi-fully faithful dg-functors are precisely the homotopy mono-
morphisms in dg — cat, i.e. the morphsms T — T such that the diagonal map

h
T—TxhT

is a quasi-equivalence (the right hand side is a homotopy pull-back). This defines a dual
notion of homotopy epimorphisms of triangulated dg-categories as being the morphism
T — T’ such that for any triangulated dg-categories T" the induced morphism

RHom(T', T") — RHom(T,T")

is a homotopy monomorphisms (i.e. is quasi-fully faithful). In the exact sequences above j
is a homotopy monomorphism, p is a homotopy epimorphism, p is the cokernel of j and j
is the kernel of p. The situation is therefore really close to the situation in kK — Mod.

If k— Mod and Ho(dg — cat'") are so analoguous then we should be able to say what is the
analog property of being projective of finite rank, and to define a K-group or even a K-theory
spectrum of such objects. It turns that this can be done and that the theory can actually be
pushed rather far. Also, we will see that this new K-theory migt have some geometric and
arithmetic significance.

It is well know that the projective modules of finite rank over k are precisely the dualizable
(also called rigid) objects in the closed monoidal category k — Mod. Recall that any k-module
M has a dual MY := Hom(M k), and that there always exists an evaluation map

MY @M — Hom(M,M).

The k-module M is dualizable if this evaluation map is an isomorphism, and this is known to
be equivalent to the fact that M is projective of finite rank.

We will take this as a definition of projective triangulated dg-categories of finite rank. The
striking fact is that these dg-categories have already been studied for other reasons under the
name of saturated dg-categories, or smooth and proper dg-categories.
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Definition 5.4.1 A triangulated dg-category T is saturated if it is dualizale in Ho(dg — cat'"),
i.e. if the evaluation morphism

RHom(T,1,0)&"T — RHom(T,T)

is an isomorphism in Ho(dg — cat'").

The saturated triangulated dg-categories can be characterized nicely using the notion of
smooth and proper dg-algebras (see [To3, To-Va, Ko-So]). Recall that a dg-algebra B is smooth
if B is a compact object in D(B®L B°P). Recall also that such a dg-algebra is proper if its
underlying complex if perfect (i.e. if B is compact in D(k)). The following proposition can be
deduced from the results of [To-Va]. We omit the proof in these notes (see however [To-Va] for
some statements about saturated dg-categories).

Proposition 5.4.2 A triangulated dg-category is saturated if and only if it is Morita equivalent
to a smooth and proper dg-algebra.

This proposition is interesting as it allows us to show that there are many examples of
saturated dg-categories. The two main examples are the following.

(a) Let X be a smooth and proper k-scheme. Then Ly, (X) is a saturated dg-category (see
[To-Val]).

(b) For any k-algebra, which is projective of finite rank as a k-module and which is of finite
global cohomlogical dimension, the dg-category A pe of perfect complexes of A-modules
is saturated.

The symmetric monoidal category Ho(dg — cat*™) of saturated dg-categories is rigid. Note
that any object T has a dual TV := RM(ije). Moroever, it can be shown that 7V ~ TP
is simply the opposite dg-category (this is only true when T is saturated). In particular, for T
and T’ two saturated dg-categories we have the following important formula

TP&"T' ~ RHom(T, T').

We can now define the secondary K-group. We start by Z[sat], the free abelian group on

isomorphism classes (in Ho(dg — cat'")) of satuared dg-categories. We define Ké2) (k) to be the
quotient of Z[sat] by the relation

[T} = [TO} + [(T/To)pe]
for any full saturated sub-dg-category Tp C T with quotient (?/?0) e

More generally, we can consider a certain Waldhausen category Sat, whose objects are

cofibrant dg-categories T such that Tpe is saturated, whose morphisms are morphisms of dg-
categories, whose equivalences are Morita equivalences, and whose cofibrations are cofibrations
of dg-categories which are also fully faithful. From this we can construct a spectrum, denoted
by K @ (k) by applying Waldhausen’s construction, called the secondary K-theory spectrum of
k. We have

mo(K) (k) ~ Ky (k).

We no finish with some arguments that K @ (k) to show that is non trivial and interesting.
First of all, we have the following two basic properties.
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(@ k— K @ (k) defines a functor from the category of commutative rings to the homotopy
category of spectra. To a map of rings k — k' we associate the base change — ®% K from
saturated dg-categories over k to saturated dg-categories over k', which induces a functor
of Waldhausen categories and thus a morphism on the corresponding K-theory spectra.

(b) If k = colim;k; is a filtered colimit of commutative rings then we have

K@ (k) ~ colimK? (k;).

This follows from the non trivial statement that the homotopy theory of saturated dg-
categories over k is the filtered colimit of the homotopy theories of saturated dg-categories
over the k; (see [To4]).

(c) The monoidal structure on Ho(dg — cat'") induces a commutative ring structure on Kéz) (k).
I guess that this monoidal structure also induces a E..-multiplication on K' @ (k).

Our next task is to prove that K(?) (k) is non zero. For this we construct a rank map
2 2
i K (k) — Ko(k)
which an analog of the usual rank map (also called the trace map)
i’k() : K()(k) E— HH()(k) =k.
Let T be a saturated dg-category. As T is dualizable in Ho(dg — cat'") there exists a trace map

RHom(T,T) ~ TP&"T — 1,

which is the dual of the identity map
id 1 Torg"
id:1p — ® T.
The image of the identity provides a perfect complex of k-modules, and thus an element
k) (T) € Ko(k).

This defines the map
D K (k) — Ko(k).

It can be shown that rk(()2> (T) is in fact HH.(T'), the Hochschild homology complex of 7.

Lemma 5.4.3 For any saturated dg-category T we have
2
k) (T) = [HH.(T)) € Ko (k),

where HH.(T) is the (perfect) complex of Hochschild homology of T.

In particular we see that for X a smooth and proper k-scheme we have
2
k) (Lpe (X)) = [HH.(X)] € Ko (K).

When k = C then HH,(X) can be identified with Hodge cohomology H*(X,Qy), and thus

rk(()z) (Lpe(X)) is then the euler characteristic of X. In other words, we can say that the rank of
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Lpe(X) is x(X). The map rk(()z) shows that Kéz) (k) is non zero.

The usual rank rkq : Ko(k) — HHy(k) = k is only the zero part of a rank map
rky : Ki(k) — HH, (k).
In the same way, it is possible to define a secondary rank map
kP (k) — K.(S' @V k),
where ! @ k is a simplicial ring that can be defined as
St @t k= k@, k.
Note that by definition of Hochschild homology we have
HH.(k) ~ S @V,
so we can also write
k' k® (k) — K. (HH. (k).

Using this map I guess it could be possible to check that the higher K-groups Ki<2) (k) are also
non zero in general. Actually, I think it is possible to construct an analog of the Chern character
Ch: K.(k) — HC (k)

as a map
ch® kP (k) — HCP (k) == K5 (8" @ k),
where the right hand side is the S'-equivariant K-theory of S' @k (note that S' acts on S @ k),

which we take as a definition of secondary cyclic homology (see [To-Vel, To-Ve] for more
details about this construction).

To finish we show that Ké2) (k) has a relation with the Brauer group, analog to the relation
between Ko (k) and the Picard group. For this, we define Br, (k) to be the group of isomorphism
classes of invertible objects (for the monoidal structure) in Ho(dg — car'"). As being invertible
is stronger than being dualizable we have a natural map

2
Bray (k) — Ky (k)
analog to the natural map
PiC(k) — K()(k).
Now, by definition Br, (k) can also be described as the Morita equivalence classes of Azumaya’s
dg-algebras, that is of dg-algebras B satisfying the following two properties
(@
B” @' B — REnd (1 (B)
is a quasi-isomorphism.
(b) The underlying complex of B is a compact generator of D(k).

In particular, a non-dg Azumaya’s algebra over k defines an element in Brg,(k), and we
thus get a map Br(k) — Bryg(k), from the usual Brauer group of k (see [Mi]) to the dg-Brauer
group of k. Composing with the map Brg (k) — ((Jz) (k) we get a map

Br(k) — Ky (k),

from the usual Brauer group to the secondary K-group of £. I do not know if this map is injective
in general, but I guess it should be possible to prove that it is non zero in some examples by
using the Chern character mentioned above.
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