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CHAPTER 1

Introduction

1. Motivation

Many geometric objects associated to a manifold M can be expressed in terms
of an appropriate algebra A of functions on M (measurable, continuous, smooth,
holomorphic, algebraic, ...). Very often those objects can be defined in a way that is
applicable to any algebra A, commutative or not. Study of associative algebras by
means of such constructions of geometric origin is the subject of noncommutative
geometry [I15]. If the invariants in question are of defferential geometric nature,
the theory is called noncommutative differential geometry [111]. The Hochschild
and cyclic (co)homology theory is the part of noncommutative differential geome-
try which generalizes the classical differential and integral calculus. The geometric
objects being generalized to the noncommutative setting are differential forms, den-
sities, multivector fields, etc.

An additional consideration: in classical algebraic geometry, for an algebra
over an algebraicaly closed field k, the maximal spectrum of A is the space of
morphisms from A to K, i.e. of one-dimensional representations of A. When A
is noncommutative, all such representations descend to the Abelianization of A.
One can instead consider the space of d-dimensional representations of A for any
natural number d. This is naturally a scheme over k; we denote it by Repy(A). One
may then look for constructions that reflect, if not completely recover, differential
geometric objects on this scheme. ***Refs

Note that the idea to treat an element of a ring as an operator-valued function of
a space of representations (or ideals) was pursued in various works, both in algebra
(Dixmier, M. Artin) and analysis (Gelfand-Naimark, ...). This subject is farther
away from the methods of this book. Of course considering only finite-dimensional
representations is way too restrictive; many important noncommutative algebras
just do not have any. This problem is dealt with not with including more general
representations but with replacing the algebra by its resolution and passing to the
derived representation scheme.

1.1. Functions and one-forms. As a first example, an element of A can be
viewed as a noncommutative analogue of a function. On the other hand, it does
(tautologically) define a matrix-valued function on the scheme of representations of
A. That gives a linear map

(1.1) A — Mn(O(Repy(A); a @

To get an actual function, one can get the trace of this matrix-valued function. The
map a — tr(a) descends to A/[A, A] which is the quotient of A by the linear span
of commutators (since the trace vanishes on commutators).

9



10 1. INTRODUCTION

Now consider one-forms. An algebraic one-form on an algebraic variety is a
formal combination

(1.2) oc:iajdb]-
j=1
where aj, b; are elements of the algebra A of functions. They satisfy the relations
(1.3) ad(bc) =ca-db+ab-dc
and
(1.4) a-dl =0

We denote this k-module by Q}\ /- This is the module of Kahler differentials of A
over k.

1.1.1. Noncommutative Kihler differentials. Now observe that one can define
the k-module of formal symbols subject to relations and for any
algebra A, commutative or not. Furthermore, each element of this module defines
a one-form on the scheme Repg4(A). Indeed, just take the form

N
(1.5) &:trz ajdg,-
j=1

(this is one way to test that the order of the factors in (1.3)) is correct). We denote
this k-module by Q}\’ﬂ.
We have

Q} 4 — Coker(b: A ® (A/k)®? = A® (A/K));
(16) b((lo@(l] ®(12):(12(10®(11 +a0a1 ®a; —ap ® ayasz
(we identify k with k - 1 inside A). Note also

A/[A,A] = Coker(b: A® (A/k) — A);

(1.7) blap ® a1) = apa; —ajag

One observes that the composition of (|1.6) and (1.7)) is zero. Therefore we have a

complex

(1.8) A= A®(A/K) - A (A/K)®2
We can consider a bigger version that projects onto it:
(1.9) A ARA AgA®?

We recognize the two as the beginning of the two versions of Hochschild chain
complex from classical homological algebra:

(1.10) Co(A) €2 C1(A) 2 Co(A) & ...

where, depending on a version, C,,(A) = A ® (A/k)®™" or C(A) = A ® A®™,
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1.2. De Rham differential and the cyclic symmetry. Note that under
the map
(1.11) ap ® a1 — apday,
the expression ap ® a1 + a1 ® ap (in the middle term of (|1.9) maps to the exact
form d(apaj). Therefore we have a map
(1.12) A®A/m(1—1) = Q) ,./dQY
for a commutative A, as well as

(1.13) A@A/IM(1 1) = Oy (a)/ ARy, (A)

for any algebra A. Here t(ap ® a1) = a3 ® ap. This marks the beginning of the
relation between cyclic symmetry and noncommutative versions of the De Rham
complex.

There is the De Rham differential d : A — Q}\’ﬁ sending a to da = 1- da. One
specific feature of the noncommutative case is that there is also the map b in the
opposite direction sending adb to [a, b]. There composition is equal to zero and we
get a two-periodic complex

(1.14) LAY o) LAY N Yo L

1.3. Vector fields. A noncommutative analogue of a vector field is a deriva-
tion of an algebra A. If we try to include derivations into a complex as we did in
(1.8), we get the following:

(1.15) A -2 Hom(A/k, A) - Hom((A/k)®2, A)
where
(1.16)  da(a;) =aja—aas; (8D)(a1,a2) = a;D(az) — D(ajaz) + D(aj)az

As above, this is the beginning of the Hochschild cochain complex

(1.17) CoA) -2 C(A) -2 Cc2(A) S L.

where, depending on a version, C™(A) = Hom((A/k)®™, A) or C*(A) = Hom(A®™, A).
1.4. Higher forms and multivector fields. The above opens the way to de-
fine noncommutative analogues of forms and multivector fields in terms of Hochschild

complexes. In fact, Hochschild, Kostant and Rosenberg constructed morphisms of
complexes

(1.18) HKR : (Co(A),b) = (QR /4, 0)

(1.19) HKR : (AT x,0) — (C*(A), )

for a commutative algebra A over a field k of characteristic zero. These morphisms
are quasi-isomorphisms when A is regular. Soon after, Rinehart constructed the
cyclic differential

(1.20) B:Cn(A) = Chyi(A)
and showed that
b?=Bb+bB=B*=0
and that the map HKR in (1.18) intertwines b with the De Rham differential d.
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2. Definition and various versions of cyclic homology

2.1. The standard complexes. As we have seen, the action of the cyclic
groups Cn41 = Z/(n+ 1)Z on Hochschild n-chains C,(A) = A®M*1) i related to
noncommutative analogs of De Rham cohomology. Various versions of the cyclic
complex are defined in terms of this action. The original definition was given in
terms of the standard complex CA(A), or rather its linear dual, in [TT11] ***earlier
ref? and [565].

In our exposition, the primary object is the negative cyclic complex

(2.1) CCL (A) = (Co(A)[[ull, b +uB)

where u is a formal variable of homological degree —2. Other complexes, namely
the Hochschild chain complex C,(A) itself, the periodic cyclic complex CC5*"(A),
and the cyclic complex CC,(A), are defined as results of some natural procedure
applied to CC, (A). The cyclic homology is the homology of the cyclic complex
CC,.(A) which in characteristic zero is quasi-isomorphic to C}(A). The study of
this latter complex has a distinctly different flavor, mainly coming from the fact
that it is related to the Lie algebra homology.

The above complexes are noncommutative versions of the space of differential
forms (the Hochschild chain complex) and of the De Rham complex. One also de-
fines the Hochschild cochain complex C®(A, A) which is a noncommutative analogue
of the space of multivector fields.

2.2. Nocommutative forms. Another approach is to generalize the con-
struction Q}\,u in from one-forms to higher forms. This approach, and its
relation to the above, was studied extensively in the works of Connes, Cuntz-
Quillen, Karoubi, and more recently Ginzburg-Schedler. One can indeed define
the noncommutative De Rham complex

d d d
(2.2) QOA,u — Q}\,ﬁ — wa — ...

and compare it to the (b, B) complex. Namely, we show (Theorem and Corol-
lary [2.3.3)) that it is naturally quasi-isomorphic to the Beilinson truncation

t2,CC, (A)

of the negative cyclic complex by the Hodge filtration by powers of u. We present
the theory of noncommutative forms in Chapter

The Hochschild homology has an invariant meaning in terms of the Tor functors
from classical homological algebra. Namely,

(2.3) HH, (A) = TorA®A™ (A, A)
or
(2.4) Co(A) D A@5gpor A

in the derived category of A-bimodules. Here A°P is the algebra opposite to A. The
above approaches to cyclic homology are rather in terms of explicit complexes. If
one wants a more invariant definition, there are (at least) two ways to look for it.
We discuss them next.
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2.3. Cyclic objects. One can interpret the Hochschild and cyclic homology
in terms of Connes’ cyclic objects and their homology (chapter . This approach
is well suited to developing analogies between this homology and De Rham coho-
mology in positive characteristic, and to eventually replacing rings by ring spectra
or by algebras in stable infinity categories. It is also a good framework for studying
the circle action on the Hochschild compler which is the major feature of cyclic
theory.

2.4. Derived functors. Another important tool in Hochschild and cyclic the-
ory is to replace the algebra A by its (semi-) free resolution, which is a differential
graded (or simplicial, or more generally a derived ring). This is an application of
Quillen’s homotopical algebra. This approach was used by Feigin and the second
author, and in another form by Cuntz and Quillen. For example, one shows that
various versions of the standard complex are non-Abelian derived functors of var-
ious versions of the two-periodic De Rham complex . In characteristic zero,
the reduced cyclic homology is the derived functor of A — A/([A, Al +k). In other
words:

Cyclic cohomology of an algebra is, up to some modification, the derived space
of traces on this algebra.

2.5. More general notions of a noncommutative space. In more recent
developments, starting roughly from the nineties, it became clear that the notion
of a "noncommutative space” should be significantly more general than that of a
ring. The first step is to include differential graded (DG) categories. Those can be
viewed as DG algebras with many objects. The Hochschild complex of a small DG
category A is

. . Alxo,x1) © Alx1,%2) @ ... ® Alxn, x0)[n]

n>0xg,...,xn €EOb(A)

The differentials b and B are defined by the same formulas as for algebras, with
correct signs; the differential d 4 is part of the total differential.

The need to replace algebras with categories arises from the very beginning of
noncommutative calculus. For example, as we will see in [f] if we want to compute
the index of an operator acting from one space to another, it is natural to work
with cyclic homology of the category of vector spaces rather than of the algebra of
operators on one space. Relatedly, the very first attempts to construct characteristic
classes (cf. show that it is natural to work not with a ring, variety, etc. but
rather with a category of modules, sheaves of modules, etc. over it.

More generally, working with geometry of a variety in terms of a category of
sheaves of modules, so that the definitions and constructions work for any DG
category, is the subject of noncommutative algebraic geometry ***Ref.

Once one is working with DG categories, it is natural and necessary to extend
the theory to A, categories. Roughly, this is because this is the structure that
transfers well by quasi-isomorphisms. Noncommutative geometry of DG and A
categories is treated in [429], [423], [548], [394], [399], and other works.

More general notions of a noncommutative space include ringed spectra, al-
gebras in a symmetric monoidal stable infinity category, derived rings ****more
refs***. The scope of this book is within linear algebra and does not reach beyond
DG and A, categories. We try, however, to align it with recent developments in
more general contexts. Also, in the spirit of Loday’s book and of Kaledin’s words
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”a calculus, not a theory”, we do not use triangulated categories, model categories,
and infinity categories, as well as operads. (Nor are we mentioning Fréchet algebras
or C* algebras, for that matter). There are many excellent sources on those, and
our exposition is often closely motivated by these concepts and aims at providing
building blocks for statements involving them (as for example in Chapters |§|,

22 9.

3. Algebraic structure on Hochschild and cyclic complexes

In much of the book we study rather systematically various algebraic structures
on the Hochschild and cyclic complexes. These structures are supposed to generalize
the classical algebraic structures arising in calculus, namely: products on forms and
multivectors; action of vector and, more generall, multi-vector fields on forms by
Lie derivative and contraction; action of forms on multi-vectors by contraction.

3.1. The Cartan calculus. In classical calculus on manifolds, a vector field
X acts on differential forms in two ways: by Lie derivative Lx and by contraction
tx of degree —1.The following relations are satisfied:

(3.1) [Lx, Lyl = Lix,vi; [Lx, byl = tx,v; txty + tytx =0
and
(3.2) dix + 1xd = Lx

("the Cartan magic formula”). Gelfand and Dorfman stressed the importance of
these relations, and of the observation that all of them are written in terms of
graded commutators [a,b] = ab — (—1)I*’lba, They called a Lie algebra a acting
on a graded space Q in a way described by , an (a,d) system.

The contraction operators can be defined for higher multi-vector fields (which
form a graded Lie algebra with the Schouten bracket). The relations still hold, with
a change in signs.

Much of the book deals with the analogue of the above relations in the non-
commutative case. See for example Chapter [[3] Let us outline the picture.

3.1.1. Operations on cohomology. First of all, the HKR isomorphism for reg-
ular commutative algebras suggests an answer: the noncommutative analogue of
forms, resp. multi-vector fields, is the Hochschild (co)homology. Rinehart defined
the contraction operators and proved the relations , for the operators
Lx and tx on HH4(A) for any algebra A, X being a derivation of A. This was ex-
tended by Daletsky, Gelfand, and the second author [248] to the case when X is a
Hochschild cohomology class of A. (The differential graded Lie algebra structure
on the Hochschild cochain complex was discovered by Gerstenhaber).

So, in a more naive sense, even at the first level of noncommutative calculus
we already achieve our goal: to generalize the basic definitions and structures of
calculus to the noncommutative setting. But this generalization is not very inter-
esting when the algebra becomes noncommutative. For example, for the algebra
of differential operators on R™ both the spaces of “noncommutative forms” and
“noncommutative multivectors” are one-dimensional.

3.1.2. Operations on complexes. To make noncommutative calculus useful for
applications, one has to pass to the second level of complexity. Namely, one tries
to reproduce more of the standard algebraic structure from the classical calculus
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not at the level of cohomology but rather at the level of complexes. Note that in
noncommutative calculus we always have two different questions:

(1) Can an algebraic structure be generalized from classical to noncommuta-
tive calculus?

(2) When our algebra is commutative, does the noncommutative construction
give the same as the classical one?

For Cartan calculus, we study these questions in Chapter There, we already see
a common feature in noncommutative calculus. Namely: the structures described
by (3.1), do exist on Hochschild (co)chains. But they exist in a (strongly)
homotopical sense; they exist not in their most expected version, but with some
corrections; one can get rid of these corrections, at a price of introducing nontrivial
operators, not unlike the Todd class in the index theorem or the ] factor in the
Duflo theorem.

We give a positive answer to question [I] above, subject to all the caveats we
mentioned. As to question [2| the answer is yes for the Lie algebra of derivations
(and, importantly, for a bigger algebra of derivations of A extended by A). The
answer to question [2| (in the smooth case) is provided by the formality theorem of
Kontsevich and its extension to Hochschild chains. These structures are only part
of what one could expect from the classical calculus. Their advantage is that they
are defined by more or less explicit and canonical constructions (Chapters [7| and
13). They are also adequate for some applications, namely for the index theorems
for symplectic deformations.

3.2. Products. All of the above was the ”Lie part” of noncommutative cal-
culus. We were dealing with various graded Lie algebra and Lie module structures
on Hochschild (co)chains. Of course in classial calculus there is the wedge product
on forms, as well as on multivectors. Our first experience with noncommutative
forms tells us that the space of ”zero-forms” is HHo(A) = A/[A, A], and it does
not carry any natural product. Still, the noncommutative analogue of the exterior
product

(3.3) Ce(A) @ Co(B) = Co(A®B)

exists. We study it in Chapter [ The subtleties that we mention in [3.1.2] are all
present here. Some of them, e.g. a more recent work of Moulinos, Robalo, and
Toén [456], are outside the scope of this book.

On the other hand, the space of ”zero-vectors” is HHO(A) which is the center
of A. And indeed, Hochschild cochains form a differential graded algebra which is
commutative at the level of cohomology. In classical calculus, the following relations
are satisfied:

(3.4) [a,bc] = [a,blc + (=1)1e=DPlpla ¢l Loy = Laty + (—1)/ oLy

for multi-vectors a and b.

We can define operations L, and t, on the Hochschild chain complex for any
Hochschild cochains a and b. All the relations , (with correct signs) and
(3.4) are true at the level of (co)homology. To what extent they are true at the
level of complexes is a much more difficult question that we are not addressing in
the book but briefly discuss below.
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3.3. Operadic methods. In order to construct on Hochschild chains and
cochains a richer algebraic structure that generalizes a fuller version of the classical
calculus, one has to go to a different level of complexity. The work in this direc-
tion was started by Tamarkin in [643] and then continued in [428], [190], [540],
[541], [188], [5693], [592], and others. These methods are outside the scope of this
book. They provide a considerable refinement of the results of Chapters [7] and
but there is no canonical and explicit construction anymore. The “noncomutative
differential calculus” can be constructed using some inexplicit formulas; a choice
of coefficients in these formulas depends on a choice of a Drinfeld associator [543],
[?]. In particular, the Grothendieck-Teichmiiller group acts on the space of all such
calculi. This version of noncommutative calculus allows one to generalize the index
theorem from symplectic deformations to arbitrary deformations.

Note that in [115], [134],[133],[132] a different, though perhaps related, ver-
sion of noncommutative calculus is used. In particular, there the renormalization
group appears as a hidden group of symmetries of the calculus, whereas in our con-
struction the Grothendieck-Teichmiiller group acts on the space of universal formu-
las defining a calculus. This group is closely related to the Galois group Gal(Q/Q).
Note that finding a unified symmetry group incorporating both the renormalization
group and the Galois group of Q is one of the important aims of Connes’ noncom-
mutative geometry program. In light of this, it seems to be an interesting problem
to find a unified framework to the two approaches to noncommutative calculus (the
second author would like to thank Alain Connes for his remarks on this subject).

3.4. What do categories form? The key to constructing noncommutative
differential calculus is an answer to Drinfeld’s question ”What do DG categories
form?” [538]. It is well-known that rings form not only a category but a two-
category, bimodules playing the role of one-morphisms and morphisms of bimodules
the role of two-morphisms. (In addition, tensor product of rings makes this a
monoidal two-category, or a three-category with one object). The crucial point for
us is being able to say this correctly for DG categories, in the derived context. Our
construction here is intended to serve as a bridge between the theory of Lurie and
the constructions that are more traditional in the operadic approach to formality
theorems. It is, essentially, based on a specialized and simplified version of Lurie’s
definitions (chapter [L9).

4. Characteristic classes and K-theory

A noncommutative analogue of a vector bundle is a finitely generated projective
module over an algebra A. To describe characteristic classes of a vector bundle in
terms that work in the noncommutative case, represent the module as the image of
an idempotent e in M, (A). We get a class [e] in HHp(A) represented by the O-cycle

(4.1) tr(e) = ) e

This class depends only on the isomorphism class of the module. Indeed, consider
two idempotents e and f whose images are isomorphic. Then there are x and y
such that

fx =ye; yxe = eyx = yx; xyf = fxy = xy.
Then the Hochschild differential b of the one-chain

(4.2) tr(yf @ x) = Z(Uf)jk ® Xij
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is equal to tr(e) — tr(f). We get a morphism
(4.3) ch: Ko(A) — HHg(A)

When A is the algebra of functions on a manifold, ch(E) = rk(E) which is a locally
constant, therefore De Rham-closed, function. In the noncommutative case, one
sees easily that dtr(e) =0 in Qk’ﬁ. which is the Hattori-Stallings trace map. We
also get, for e = f =1 € M (A) and x =y = g € GL,(A), the Hochschild
one-cycle

(4.4) ch(g) =tr(g”' @ g)

If we use the language of noncommutative differential forms, we recognize the Chern
character form

(4.5) ch(g) = tr(g™' dg)
An easy computation shows that dch(g) =0 in Q%\,ﬁ' This follows from

(46) dtelg"dg) + Slirlg ™" dg), trlg " dg)] =0

in the universal algebra of noncommutative forms of A, as we will see in Chapter
Lol

This, and the connection that we promised between noncommutative forms and
cyclic theory, suggests that and extend to a Chern character with values
in periodic cyclic homology. Indeed, Connes and Karoubi showed that the above
extends to the Chern character

(4.7) ch: Kn(A) = HC;(A)

This also extends the previously known Dennis trace map with values in HH,, (A).

A good way to see that lifts from Hochschild to negative cyclic homology
is to use the Morita invariance of both theories. Actually for any differential graded
category one defines the Chern character of any object x by

(4.8) ch(x) = 15 € A°(x,x) C CCq (A)

We will see that
HC, (A) = HC, (Proj(A))

where Proj(A) is the category of finitely generated projective modules. It still
requires some work to show that the class of is invariant under isomorphism,
and of course to extend the Chern character to higher K theory.

4.0.1. Higher Chern character for DG categories. The Chern character
uses Quillen’s definition of K, in terms of the plus construction. To extend it to
DG categories, one uses Waldhausen’s S construction ***Ref.

4.1. Regulators. Note that there is a discrepancy, or a shift by one, between
(4.7) and the discussion after (6.2). The reason is the following. In the language of
noncommutative forms, the Chern character

Ki(A) = Q) ,

involves g~'dg which is a) completely algebraic and b) well defined. A Chern
character

Ki(A) = Q%



18 1. INTRODUCTION

would involve log(g) which is neither: it a) needs some topology to be defined, b)
is defined up to 27iZ, and c) is only defined in characteristic zero, at least if one
does not make an extra effort. This suggests that a Chern chracter

(4.9) ch: Kn(A) = HCp_1(A)

could be defined a) for a topological algebra A, b) only up to some discrete subgroup
of the right hand side, and ¢) in characteristic zero. This is indeed the case, realized
by the Karoubi regulator. The discrete subgroup, roughly speaking, is the image
of the topological K theory of A.

When A is (pro)nilpotent, or more generally for relative K theory of a (pro)nilpotent
ideal in characteristic zero, there is an actual regulator map K,, — HC,,_; con-
structed by Goodwillie who showed that it is an isomorphism.

Over the p-adics, there is Beilinson’s regulator map [25].

5. Relation to index theory

Index theory was one of the main motivations for cyclic (co)homology from the
very beginning [11T]. Let us explain the reason. Consider a Fredholm operator

(5.1) A:Hy - H_
Tautologically,
(52) lnd(A) = ’I‘I‘(PKcr(A)) - T‘I‘(PCokcr(A))

(where Py stands for a projection onto V. Now observe that Tr is a (periodic)
cyclic zero-cocycle, and an idempotent P extends to a periodic zero-cycle ch(P) of
the algebra of operators of finite rank (say, on Hy @ H_). We now upgrade (5.2) to

(53) lnd(A) = <T\I‘, Ch(PKer(A])> - <T\I‘, Ch(PCoker(A))>

Now we can try to replace Tr by a cohomologous cocycle, and the Chern character
by a homologous cycle; we know that the answer will not change. Perhaps we will
include the algebra of operators of finite rank into a bigger algebra of operators on
which trace is still defined.

Relatedly, let B : H_ — H, be an operator inverse to A modulo operators of
finite rank (a parametrix of A). Then

(5.4) ind(A) = Tr(1 — BA) — Tr(1 — AB)

Note that B ® A = ch(A) is a Hochschild one-cycle of the quotient of the algebra
L of all operators by the algebra F of operators of finite rank; we know from [
that it extends to a periodic cyclic one-cycle. (Note: this discussion is literally true
when H; = H_; more generally, it is better to work with Hochschild and cyclic
complexes of the category of vector spaces). Formula gives an impression of
the following;:

(5.5) ind(A) = (Tr, dch(A))

where 0 : HCY*'(£/F) — HCF™(F) is a boundary map in a homological exact
sequence. This is indeed the case because of Wodzicki’s excision theorem (Section
; so we can apply the same argument as above.

As an example, let us prove a simplified version of Noether’s index theorem.
Let H=C[t,t "IN; H. = H_ = C[t]N; P: H — H, be the projection sending t™
to t™ for n > 0 and to zero otherwise. Let g € GLn(C). Then
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THEOREM 5.0.1. The operator
Ty = PgP
is Fredholm, and
ind(Ty) = —resi_o(tr(g~"'dg))
PROOF. We observe that Pg~'P is a parametrix of PgP. By ,
ind(Ty) = Tr(1 — Pg~'PgP) — Tr(1 — PgPg~'P)
A simple calculation reduces that to
ind(Ty) = —Tr(g*] [P, g])

(Note: we are using the fact that Tr([a, b]) is zero if a or b is finite rank).
But in this expression, we can decouple g and g~ and observe that

(56) d)(a0>a1) :’I\r(GO[P> Cl]])
is a cyclic one-cocycle of the algebra A = Matry (C[t,t']). Indeed, it vanishes on
the image of both b and 1 — T as in Alternatively, the map

apday — ¢(ao, ar)

is well defined on Q}\’u/dA. Moreover, it sends g~'dg to —ind(Tg). We have

(5.7) ind(Tg) = —(¢, ch(g))
But
HC;(A) = HC(Clt, t7']) & C,
the basis element being the class of 7! ® t. This follows from the HKR theorem

mentioned above, and from Morita invariance of cyclic homology. Therefore it is
enough to check the formula in case N =1 and g =t. O

5.1. Fredholm modules. Formula (5.6]) gives rise to a more general algebraic
method. Replace P by F = 2P — 1; then F~ = 1. For a suitable operator F, there is
a close relation between the algebraic properties of

(5.8) Tr(ao[F ail...[F anl)
and

(5.9) d(apday...dan)
where

¢: Q% ,/d0x, —C
(cf. (2.2)). This was used in [I11] and became a principal motivation for cyclic
homology.
In applications to index theorems, often the expression is finite only when
n is big enough. A variation on it gives a cyclic cocycle ch(F). One constructs such
an Fp from an elliptic operator D and proves

(5.10) ind(D) = (ch(Fp), 1)

Instead of ch(Fp), one can use other cocycles that have better convergence prop-
erties, such as the JLO cocycle [113], [326], [276] or the cocycle in the Connes-
Moscovici index formula [132], [320], as well as Perrot’s cocycle [479].



20 1. INTRODUCTION

5.2. Deforming the projection. The approach based on formula was
developed in [206], [461], [465], [463], [62]. Let us give a quick outline. We start
with an operator between two Hilbert spaces D : H, — H_ and define a family of
projections Pyp on H, & H_ so that

. PKer(D 0
5.11 lim{ 4o PiD = er(D)
( ) t tD O 1 — PKer(D*]

Since
PipPipPin = (1 —Pip)Pin(1 —Pip) =0
and therefore

iTI‘(PtD) = 0»

dt
we have
(5.12) ind(D) = lim{_,oTr(Pip — Po)
where
0 0
P=lo )

We therefore arrive at the following problem. (Let us switch our notation from t
to T when we study asymptotics at t = 0).

5.2.1. Trace of a projection in an algebra of asymptotic expressions. Assume
that we succeeded in defining an algebra A of asymptotic families ay, of operators,
so that the product on A describes the asymptotic of composition of operators.
Assume that A is defined over the algebra K of asymptotic families of scalars.
Assume that 7 is an ideal of A and that there is a trace

(5.13) Tr: Z/[A, 7] — K

describing asymptotics of the operator trace. Given two idempotents P and Q in
A such that P — Q € Z: compute Tr(P — Q).

5.3. Index theory and deformation quantization. For pseudodifferential
operators, an algebra A as above does exist; it is the matrix algebra over a de-
formation quantization of the algebra C*(T*X). For such an algebra, the problem
from can be studied regardless of the index theoretical motivation. This is
what we do in Chapter[I2] We prove several closely related versions of the algebraic
index theorem for deformation quantizations of symplectic manifolds, for example
Theorem The solution to the problem from follows. This is the index
theorem for deformation quantization first proven by Fedosov in [225].

REMARK 5.3.1. Algebraic index theorem for deformation quantizations extends
from the symplectic case to the general Poisson case. The proof uses the operadic
methods that we discussed in namely the results of [?], [428], [541], [592],
[593], We briefly sketch the proof in [9]

In particular, whenever we have an asymptotic calculus described by an algebra
A as in [.2.3] we get an index theorem. It would be interesting to see if index
theorems for quantum groups from [117], [118] can be obtained by this approach.
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5.4. Index theorems and noncommutative Cartan calculus. As we
have mentioned earlier, the advantage of representing the index as the result of
pairing between a cycle and a cocycle is that we now can replace the (co)cycle
with a (co)homologous one. This is done by using some version of noncommutative
Cartan calculus discussed in (3| For example, formula explicitly involves the
contraction operator by the derivation ad(F).

REMARK 5.4.1. A key motivation for Connes was the algebraic analogy between
da and [F, a]. Manin’s remark that perhaps the space of differentials should be of
dimension more than one was one early motivation in developing noncommutative
calculus.

5.5. Index theorem for elliptic pairs. A far reaching generalization of the
Atiyah-Singer index theorem was proven in [5603], [504], [69], [67]. We refer the
reader to Section [I1] of Chapter [I2 for a quick review. Very broadly speaking, the
proof follows the scheme outlined above. Namely, [503] establishes the finiteness
(or Fredholmness) property; [604] reduces the index problem to a higher version
of [69], [67] finish the proof using algebraic index theorem for deformation
quantization.

That said, the proof in [603] does not look too close to the methods of
and It would be instructive to bring the two together. This could be probably
carried out using the approach of Feigin-Losev-Schoikhet and Engeli-Felder (cf. [?]
and [219]). The method used there, topological quantum mechanics, is based on a
a physics-motivated homotopy perturbation formula of a special kind. The latter
is an explicit formula for an A,.-morphism

(5.14) L(M®) = L(H®)

from linear operators on a complex to linear operators on its cohomology. In the
spirit of , it involves an embedding of H® to M*® and a projection P onto the
image. The formula involves integration over cubes of which the interval [0, oo] in
seems to be a first step. The method seems also to fit with Quillen’s approach
to the JLO cocycle ([492], cf. also[2.2.3)).

6. Other topics

6.1. Relation to Lie algebra homology. It had been known since the late
60s that the expression

(6.1) VP(a,b) =resi—otr(adb)

(the Gelfand-Fuks cocycle) represents a two-cohomology class of the Lie algebra
gl (Clt,t"]) for any n. The fact that Lie algebra cohomology encodes the geom-
etry of the circle was a principal motivation for [565]. It was shown there, and
independently in [443], that, in characteristic zero,

(6.2) Ha(gl(A)) = Sym(HC,—1(A))

Here gl(A) is the Lie algebra of infinite matrices over A that have finitely many
nonzero entries.

This provides an analogy between cyclic homology and algebraic K theory.
Indeed, if one replaces gl by the group GL, over the rationals HC,_1 gets replaced
by Ke(A)g. This is the reason why cyclic homology (shifted by one) was called
additive K theory in [233].
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6.2. Positive characteristic. Much of the above requires the characteristic
of the ground ring to be zero. However, Hochschild and cyclic theory of algebras
over a field of characteristic p > 0 is a rich and subtle subject. Here are a few
points that we address in the book.

6.2.1. Homology over Fy,. First option is just to repeat all the definitions, both
classical and noncommutative, taking a field of characteristic p as our ground field.
The HKR homomorphism does exist and is an isomorphism in the regular case;
but now it identifies the space of forms with the Hochschild homology, not the
Hochschild chain complex:

(6.3) HKR : Q%  — HH,(A)

There is no natural HKR map at the level of complexes. In fact, it is shown in [15]
that there is a smooth projective variety X for which the spectral sequence

(6.4) EZ ¢ =H°(X,HH{(Ox)) = H*"(X,C_.(Ox))

does not degenerate in the E? term. Now, recall that De Rham cohomology in
characteristic p behaves very differently from characteristic zero: in the smooth
case, it is isomorphic to the forms themselves. For example, for A = F[t]

(6.5) Ker(d: Q% /e — Qp ) = Fplt?];

(6.6) Coker(d: Qf jp — Qp p ) = tPFp[tPldt

The inverse to this isomorphism is called the Cartier isomorphism. Its noncommu-
tative version was constructed by Kaledin [336], [?]. The construction rests on the
following. For a vector space V over Fp, there is an additive isomorphism

(6.7) V5 (VEP)Cr: y iy y@P

Here for any representation M of the cyclic group C, of order p with a generator
0—)

(6.8) MCr =M /Im(1+0+...+ 07 1)

Kaledin applies this to M = A®(™*+1) for any n. This maps the simplicial (actually
cyclic) vector space computing HHg(A) to the Tate cohomology of C,, with coeffi-
cients in the simplicial space computing the Hochschild homology HH, (A®P,, A®P)
which is the twisted Hochschild homology of the algebra A®P. But the latter is iso-
morphic to HHe(A). This produces a noncommutative analogue of the Cartier
isomorphism.

REMARK 6.2.1. The Frobenius map is not easy to generalize from indi-
vidual vector spaces to complexes. To resolve this difficulty, one turns to more
sophisticated methods of dealing with cyclotomic objects, including a passage to
ring spectra. ***Explain better

We discuss these topics in Chapters [23] and 22]

6.2.2. Homology over Z,,. For an algebraic variety over F,, apart from working
over the ground field, one can also develop differential calculus and cohomology
theory with coefficients in Z,. More generally, for a finitely generated commutative
algebra A over a perfect field k of characteristic p, one constructs the De Rham-Witt
complex over the ring W(k) of Witt vectors of k.

To construct a noncommutative analogue of this, one works with various ways
of lifting the algebra and its Hochschild and cyclic complexes from k to W(k). This
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is accomplished by Kaledin’s theory of noncommutative Witt vectors. Those are
defined for a vector space over k rather than for an algebra (as in the classical case)
in a functorial way; moreover, they define a trace functor from k-vector spaces to
W (k)-modules. Apply this functor to the cyclic object associated to an algebra,
then twist the cyclic structure using the trace functor; this is Kaledin’s definition
of Hochschld-Witt and cyclic Witt homology [349], [348]. When one deals with
periodic cyclic homology, there are other approaches: one is due to Petrov, Vaintrob,
and Vologodsky [480], [?]; another is based on the Gauss-Manin connection from
Chapter

The importance of the cyclic theory in positive characteristic was pointed out
early on by Wodzicki. It would be interesting to apply the methods of this book
to the examples he considered in [611], [598]. Also, we do not know of any work
on the contents of section [3| for the invariants discussed here, in particular for
Hochschild-Witt chains.

6.3. Smooth, proper, and CY DG categories. We now turn to discussing
a program pursued by Kontsevich and his several groups of co-authors ***Refs. We
present this program in the second half of Chapter [I7]

Once we have established the principle that a noncommutative analogue of a
variety is a differential graded category, we can ask what is the analogue of a smooth
and/or proper algebraic variety. The answer lies in certain cohomological finiteness
properties of Hochschild (co)homology. Furthermore, one can ask what is an ana-
logue of a Calabi-Yau variety or, in the C* case, of being a compact manifold with
a non-vanishing volume form. Note that for such a manifold the algebraic structure
on forms and multivectors becomes more extensive. It now includes integration of
a function over the volume form, the star operator (identification of k-forms with
(n — k)-multivectors) and the divergence operator of degree —1 on multivectors.
The noncommutative amalogues of this extended algebraic structure are the sub-
ject of multiple works, including string topology of Chas and Sullivan. We review
some of this work in present in the first half of Chapter [[7] There are multiple
nontrivial interactions between the contents of the two halves, as well as between
the contents of each half.

REMARK 6.3.1. As we have seen in Section [l there are two ways to build
noncommutative geometry. One is to start with an algebra A and construct an
object that, when A is the ring of functions on X, becomes a classical geometric
object on X. Another is to start with A and construct an object that, for any
A, produces a classical geometric object on the representation scheme Repg(A).
When our classical object is, for example, a differential formthen the two ways are
very much parallel, as we saw in But with CY structures this is different.
As we have seen, a volume form identifies forms and multivectors. But what it
produces on the derived representation scheme is a (shifted) symplectic structure,
i.e. an identification of one-forms and one-vectors. The reason is the following. To
construct the derived representation scheme, we replace A by a semi-free resolution.
But noncommutative one-forms of the resolution are a noncommutative analogue
of all forms; this is because the Hochschild homology a) is the derived finctor of
Qlu and b) is isomorphic by HKR to the space of all forms when A is smooth
commutative. Similarly with Hochschild cohomology and one-vectors.
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6.4. Matrix factorizations.

6.4.1. Matriz factorizations and the singularity category. Let k be of charac-
teristic zero. For a commutative algebra A over k and an element W of A, a matrix
factorization is a Z/2-graded finitely generated A-module E with an odd A-linear
endomorphism D such that D? = W. Assume that W is not a zero divisor. Note
that, given two matrix factorizations E and F, their morphisms over A carry an odd
operator of square zero:

@ — Drp — (—1)?oDg
Therefore matrix factorizations form a differential Z/2-graded category.
There is a close link between matrix factorizations and A/WA-modules that

are perfect as A-modules. ***Ref. Here is one reason. Replace A/WA by a quasi-
isomorphic DG algebra A[£], Wa%q Note that & is a free commutative variable, i.e.

&2 =0.If (M, dpm) is a DG module over this DG algebra, then
(6.9) (dm+ &) =W

We can construct a complex of A-projective modules which is a DG module over
AlE], W% which is quasi-isomorphic to M. This could for example be the standard
bar resolution over this DG algebra. When M is A-perfect, i.e. quasi-isomorphic
to a bounded complex E of finitely generated projective modules, we cannot quite
transfer the module structure to E. We can in fact transfer the action of another,
bigger algebra quasi-isomorphic to it, namely

(6.10)  k(&1,&2,...); [Enl=2n—T1; A&+ & +.. )+ (1 + & +...) =W
The latter means:

A& =W; A&y + &7 =0; dés + &18 + 82871 =0;...
Now we can put

D=d+&+&+...
on E (the latter is viewed as a Z/2-graded module).

REMARK 6.4.1. In noncommutative Cartan calculus (cf. and Chapter [13)
the same relations appear, along with their twisted version

(6.11) A&+ &+ )+ (Er+&+..) =V 1

Here W is the Lie derivative Lp for a derivation D, &; is contraction by D, and &,
are higher contractions.

Conversely, given a matrix factorization E, start with its two-periodic Z-graded
version

E=(.. 5 E 5E 5E ..
and turn it into an acyclic complex

- d

Then truncate it from above at any place. We get an A-perfect bounded from
above DG module over (A[E},Waa—&) defined up to DG modules that are perfect
over (A[E,],W%).
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6.4.2. Cyclic homology of matrix factorizations. The HKR theorem extends to
matrix factorizations from the case W = 0. The role of the De Rham complex
is played by the Z/2-graded twisted De Rham complex (Q¢®(X)[[u]],dW + ud).
Various versions of this result are due to Efimov, Preygel, Shklyarov, [204], [483],
[610]***More refs. A more general comparison between categorical invariants of
the category of matrix factorizations and vanishing cycles of W can be found in
[40] .

7. The contents of the book

In chapter [2| we give the main definitions, both of the standard chain and
cochain complexes, in the generality of A, algebras. We also introduce, following
Wodzicki, the notion of an H-unital algebra and prove excision for H-unital ideals.

In chapter [3] we study the other definition of the cyclic homology, namely, via
the complex C). It gives the same result as above when the ground ring contains
Q. We prove the theorem relating cyclic homology of A to Lie algebra homology of
matrices over A.

In chapter [f] we start the study of operations on Hochschild and cyclic com-
plexes. We define and study the Eilenberg Zilber product, the Alexander-Whitney
coproduct, and the pairings between chains and cochains. All these are classi-
cal operations of homological algebra that are extended from Hochschild to cyclic
chains when appropriate. We present first applications of operations, namely, to
the simplest cases of Morita equivalence and of homotopy invariance of periodic
cyclic homology.

In chapter [5] we explain how Hochschild and cyclic homology can be defined
using Quillen’s language of non-Abelian derived functors.

In chapter [ we express the Hochschild and cyclic homology of an algebra in
terms of its bar construction. We essentially follow Cuntz and Quillen and [?].

In chapter [7] we advance our study of operations. Roughly speaking, we intro-
duce the algebra (let us call it U here) of operations on the negative cyclic complex
and define by explicit formulas a pairing of complezes U @ CC, (A) — CC, (A).
Using this, we prove Goodwillie’s rigidity theorem for periodic cyclic homology.
We prove a more elaborate version later on. We also prove Cuntz and Quillen’s
excision theroem for periodic cyclic homology. In chapter 8| we give an exposition
of Connes’ theory of cyclic objects. We explain there relation to spaces with an
S! action. Following Kaledin, we develop various tools needed for noncommutative
geometry in positive characteristic, in particular the Frobenius morphism and an
introductory version of the cyclotomic structure.

In chapter 9] we study the relation between cyclic objects and circle actions. The
phenomenon was discovered by Connes and studied by Loday, Besser, and Drinfeld.
More recently it was studied in a more general setting by Nikolaus-Scholze, Hoyois,
Toén-Vezzosi, and others, in relation with the arithmetic applications ot topological
Hochschild and cyclic homology. We construct a cyclic realisation of a cyclic object
in topological spaces and show that it coincides with the geometric realization of
the underlying simplicial topological space. This cyclic realisation carries an action
of the circle. We give an analog of this construction for cyclic objects in more
general categories; the action of the standard circle is replaced by the action of the
simplicial group BZ. We relate various versions of cyclic homology of algebras to
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homotpoy (co)limits and the Tate construction for the circle action on the cyclic
realization.

In chapter we provide various examples of computations of the Hochschild
and cyclic homology. The examples that we choose in this presentation revolve
mostly around several related classes of algebras: functions on manifolds or on
algebraic varieties; operators on functions; deformed algebras of functions; group
algebras. *** Not included yet)*** The second class of examples is relevant to
representation theory of quivers and other topics (preprojective algebras, CY al-
gebras). Many interesting examples, in particular the ones related to algebraic
topology, are not considered here.

In chapter we study characteristic classes in noncommutative geometry.
We start with the Chern character of Connes and Karoubi and then define the
Karoubi regulator for topological algebras. As a version of that, we get a Goodwillie
morphism from relative K theory to relative cyclic homology of a nilpotent ideal
over the rationals, as well as a version of a more refined Beilinson morphism over
the p-adics. Then we extend the Chern character Ko from projective modules over
an algebra to perfect complexes over a sheaf of algebras

Some of the topics outside the scope of the book are: Chern character on K
theory of DG categories, Karoubi regulator on DG categories over C using Blanc’s
topological K theory.

In chapter [12] we introduce an important generalization of a sheaf of algebras,
namely, an algebroid stack. Algebroid stacks are concrete and explicit realizations
of sheaves of categories. They are used, in particular, in deformation quantization.
The constructions of cyclic and negative cyclic complexes, perfect complexes, and
the Chern character generalize to this context.

In chapter [I3] we use the results of [] to advance our study of operations. We
construct two A, algebras and prove that they act on the negative cyclic complex.
One has a motivation in classical calculus on manifolds. Namely, recall that mul-
tivector fields act on forms in two ways: by contraction tx and by Lie derivative
Lx = [d,wx]. if gm is the graded Lie algebra of multivector fields on a manifold
M with the Schouten bracket, construct a new graded Lie algebra over C[[u]] gen-
erated by operators tx and Lx for X € gm. This algebra acts on Qf,[[ul]. Take
the universal enveloping algebra, and equip it with the differential induced by the
commutator with udpgr. The result is an associative algebra over C[[u]] that can
be defined starting with any differential graded Lie algebra g. Apply this construc-
tion to ga, the algebra of Hochschild cochains on A. This is our first algebra of
operations on CC, (A). The other, larger A, algebra of operations on the same
complex is the negative cyclic complex of the associative differential graded algebra
of Hochschild cochains. The fact that it is an algebra, and that it acts on CC, (A),
is explained later in chapter

In chapter [I4) we use the above results to prove the rigidity property of periodic
cyclic homology and to construct the Gauss Manin connection on the periodic
cyclic complex of a family of algebras. We generalize the theorems, respectively, of
Goodwillie and Getzler. Our results are true over p-adic integers, not the rationals,
and at the level of complexes, not homologies.

In chapter [15| we study the approach to cyclic homology via noncommutative
differential forms. We follow Cuntz-Quillen, Karoubi, and Ginzburg-Schedler. In
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particular, we show that the standard HKR map, previously defined for commu-
tative algebras, generalizes to any algebra if we use noncommutative forms. This
HKR morphism maps Hochschild chains Co(A) to noncommutative forms Q. It
intertwines the cyclic differential B with the De Rham differential d. and the
Hochschild differential b with the Ginzburg-Schedler differential 1o. We interpret
ta as a homotopy between id and f* for any homomorphism f, in case when f = ida.
(In other words: noncommutative De Rham cohomology is trivial for any algebra
A; in particular, any morphism of algebras acts trivially on this cohomology; con-
struct a homotopy for it, and then evaluate it on ida; we get a new differential
that automatically commutes with d). In conclusion, we show how this can be used
to generalize quantum moment map and quantum Hamiltonian reduction from Lie
algebra actions on associative algebras to Hopf algebra actions.

In chapter we systematically develop the theory of Hochschild and cyclic
complexes for DG categories. The new elements, as compared to the case of DG
algebras, are as follows. First of all, the notion of (weak) equivalence becomes
more delicate. Second, there is a notion of a quotient by a full subcategory, due
to Drinfeld. We prove Keller’s excision theorem stating that a categorical quotient
gives rise to a homotopy fibre sequence of Hochschild and cyclic complexes, as well
as other invariance properties, such as invariance under week equivalence and a form
of Morita invariance, also essentially due to Keller. We extend our constructions
to A, categories.

In chapter [I7] we study Frobenius algebras and their generalizations. A Frobe-
nius algebra is an algebra with a trace T such that the pairing (a,b) = t(ab) is
nondegenerate. Frobenius algebras have several interconnected generalizations in
the context of DG categories and A, categories. ***MORE*** Homotopy BV alge-
bra; also oh Hochschild-Tate complexes, Rivera-Wang... relation to representation
schemes...

In chapter [I8) we compute the Hochschild and cyclic homology of the Drinfeld
quotient of the DG category of perfect complexes by the full DG subcategory of
acyclic complexes.

In chapter we show that DG categories form a category up to homotopy
in DG categories, in the sense of Leinster. The DG category C®(A, B) for two
DG categories A and B is defined already in chapter the main ingredient in
the definition is the brace structure on Hochschild cochains. Then we extend the
structure of a category up to homotopy to Hochschild chains. We show that, taken
together, Hochschild cochains and chains form a category up to homotopy with
a trace functor. Trace functors are central to Kaledin’s work on noncommutative
generalization of Witt vectors and De Rham-Witt complexes.

REMARK 7.0.1. It looks like the correct answer to the question: What do DG
categories form? should unify the construction above with the constructions in
as well as in This should be a structure on all Hochschild chains and cochains of
A1 R®...QA, with coefficients in bimodules B; ®...®B,; the bimodule structure is
given by morphisms fj : Aj — Bj and gj : Aj = Bjy1, 1 >j > n (and By = By).
The constructions of chapter should correspond to the case n = 1; the full
structure should incorporate the Frobenius and the cyclotomic structure of [§ as
well as the pre-CY structures of Kontsevich-Vlassopoulos discussed in

In chapter 20] we study the link between Hochschild and cyclic homology of
an algebra A and various versions of the representation scheme of A. Note that,
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similarly to defining the maximal spectrum of a commutative algebra over C as the
space of its one-dimensional representations, one can develop parts of noncommu-
tative geometry by studying spaces of representations of a noncommutative algebra
A. Cyclic homology theory initially took a different road, namely it defined various
invariants as complexes of forms on an imaginary non-existent space that could be
thought of as a noncommutative spectrum of our algebra A. It was later that con-
nections were established between these invariants and actual functions and forms
on the algebraic variety of finite dimensional representations of A. The approach
with noncommutative forms (cf. is related to these developments. We study
both the usual and derived versions of representation varieties.

In chapter we discuss noncommutative Hodge theory. The idea, due to
Kontsevich-Soibelman and Katzarkov-Kontsevich-Pantev, is as follows. De Rham
cohomology of a smooth and proper algebraic variety carries a Hodge structure.
Noncommutative analogues of smooth proper varieties are smooth proper DG cat-
egories (chapter . A noncommutative analogue of De Rham cohomology is pe-
riodic cyclic homology. What is a noncommutative analogue of a Hodge structure?
A possible answer: the definition of a Hodge structure contains two parts: the in-
tegrl structure and the Hodge filtration. As in the classical case, a candidate for a
rational lattice is the image of some version of K theory under the Chern character.
The Hodge filtration is the filtration by eigenvalues of a version of the Gauss-Manin
connection.

In chapter 22] we study cyclic homology of algebras in characteristic p > 0.
The first observation is that the theory becomes more adequate if we work over
the p-adics; that is, we pass to a DG resolution of or F,-algebra which is flat
over Z,. We compute the basic example A = F,, and observe that the result is
still not quite satisfactory. There are several ideas to improve the construction.
One was already exhibited in chapter Another approach is Kaledin’s theory
of noncommutative Witt vectors. Combined with his notion of a trace functor, it
yields a noncommutative version of De Rham-Witt cohomology.

In chapter |23| we discuss Kaledin’s coperiodic cyclic homology. This construc-
tion is suitable for algebras in positive characteristic. This homology the conjugate
filtration which is a noncommutative analogue of a key construction in differential
calculus in characteristic p. Chapters 22] and 23] together with chapter [§] provide
prerequisites for Kaledin’s degeneration theorem.

A more powerful tool for noncommutative differential geometry in positive and
mixed characteristic is topological Hochschild and cyclic homology. We hope that
our book gives a gateway to this theory.

In chapterwe discuss Hochschild and cyclic (co)homology of the second kind.
The notion is due to Possitselsky and Polishchuk. We have already encountered
it once, in the dual context of coalgebras (chapter |§| ). Cyclic cohomology of the
second kind of the coalgebra U(g) where g is a DG Lie algebra is central in our
studies of operations on the negative cyclic complex. ***MORE***

In chapter we study Hochschild and cyclic homology of the DG category
which is the Drinfeld quotient of the category of (bounded from above) complexes
of A-modules by the full subcategory of perfect complexes. We establish that it
is (weakly) equivalent to the category of matrix factorizations, and then prove
Efimov’s theorem about their Hochschild and cyclic homology. Complexes of the
second kind are used.
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In chapter [26] we study the category of singularities and its relation to matrix
factorizations. In the commutative case, the category of singularities was studied
by Eisenbud, Buchweitz, and Orlov. More recently, Efimov, Keller, and others put
it into the framework of noncommutative geometry of DG categories.

Many key aspects of cyclic theory did not make it into this book. One is ana-
lytic, local, or entire cyclic cohomology of Connes, Mayer, and Puschnigg. Another
is topological Hochschild and cylic homology of Bockstedt and Madsen. The third is
cyclic homology of Hopf algebras developed by Connes and Moscovici. As we have
already mentioned, the operadic aspect of cyclic theory is missing, in particular the
works of Costello, Kontsevich-Soibelman, Tamarkin, and Willwacher.

7.1. Conventions and notation. An algebra, DG category, etc. A over a
commutative unital ring k is always assumed flat over k.

7.2. The current state of the book. Most sections are about ninety per
cent finished. References are far from finished. Assumptions in sections may be
missing/incomplete.

7.3. Acknowledgements. We are grateful to Anton Alekseev, Ben Antieau,
Sasha Beilinson, Bhargav Bhatt, Paul Bressler, Guillermo Cortinas, Joachim Cuntz,
Sasha Efimov, Ezra Getzler, Victor Ginzburg, Paul Goerss, Sasha Gorokhovsky,
Lars Hesselholt, Nigel Higson, Marc Hoyois, Mamuka Jibladze, Dima Kaledin, Max
Karoubi, Ralph Kaufmann, Bernhard Keller, Masoud Khalkhali, Maxim Kont-
sevich, Kirill Magidson, Zhouhang Mao, Nikita Markarian, Ralph Mayer, Flo-
rian Naef, Irakli Pachkoria, Sasha Petrov, Leonid Positselski, Michael Puschnigg,
Manuel Rivera, Nick Rozenblyum, Alex Takeda, Dima Tamarkin, Vadim Vologod-
sky, Nathalie Wahl, Ben Ward, Mariusz Wodzicki, Waikit Yeung for many fruitful
discussions and for their kind and patient explanations of many aspects of cyclic
theory and related topics.






CHAPTER 2

Hochschild and cyclic homology of algebras

1. Basic homological complexes

Let k denote a commutative unital ring and let A be a flat k-algebra with unit,
not necessarily commutative. Let A = A/k -1, and let

DEFINITION 1.0.1.

Cp(A) &'

A R A®kp-
Cp(A) L A @ A7F.

We call elements of 6. non-normalized and the elements of Co normalized Hochschild
chains of A.

DEFINITION 1.0.2. Define

(1.1) b:A®A®P - A@A%P]
aWw® - ®ap, = (—1Papa®---®@ap-1+
p—1
Z(_])la0®"'®aiai+1®"'®C1p
i=0

12) B:A®A" o AgA~T'

P
QW - Qap +— Z(—])pﬂ®ai®-~-®ap®ao®--~®ai_1
i=0

LEMMA 1.0.3. The map b descends to the map
b:Ce(A) = Coq(A)
ProrosiTiON 1.0.4. The maps
b:Ce(A) = Coe_1(A) and B : C4(A) — Cyup1(A).
satisfy the identities b> = B2 = bB + Bb =0
Proor. We will leave the proof of this claim to the reader. ****OR...**** [

DEFINITION 1.0.5. The complex (Cq(A),b) is called the (normalized) standard
Hochschild complex of A and its homology is denoted by He(A,A) or by HH4(A).
We sometimes write Cq (A, A) instead of Cq(A).

REMARK 1.0.6. For any algebra A we will use A°P to denote the opposite
algebra, i. e.
(1.3) A°P ={a°|a € A} as a k-module
’ a°b° = (ba)°.

31
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We will set
(1.4) A¢ =AQ®A°P.

In particular, an A®-module is the same as an A-bimodule. Suppose that A is
unital. The Hochschild complex (Cq(A), b) is just the tensor product A®ae Be(A),
where

(1.5) Bo(A) =A@ A”"

is the standard free resolution of A as an A®-module. In particular, He(A, A) is
the same as the the left derived tensor product A ®';\® Aop A in the category of

A-bimodules. More precisely, if we identify P, with A ® A ® A via
(ap®api1)®a;...0an — a0 ®...® Ang1,
then the differential is as follows:
n
(1.6) b(a®...®an1) =) (1) ®...®ajaj11 ®...an¢1
j=0

j
We have

He(A,A) = Torl®A"" (A, A).
The identity Bb 4+ bB means that the map B induces a morphism of complexes
B: (Ce(A),b) = (Ca(A)[-1],—D) .
LEMMA 1.0.7. The morphism of complexes
(A®A®"b) o (A2A"" D)

induces an isomorphism on homology.

ProOF. Let (B(A),b) be the free resolution of A given by
B.(A) = A® @ A®*,

where b is given by the formula Then the quotient map A — A/k1 induces a
morphism of resolutions of A:

(Ba(A),b) = (Bu(A), b).
In particular, the induced map
A @ac Bo(A) = A @pc Bo(A)
induces an isomorphism in homology. |

DEFINITION 1.0.8. For i,j,p € Z let

cc,(A) = [ «w
izp
i=p mod 2
ccrra) = [ )
i=p mod 2
A= P
i:pigrflodz

The associated complexes are:
(1) the negative cyclic complex (CC, (A),B +b);
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(2) the periodic cyclic complez (CCL¢T(A),B +b) and

(3) the cyclic complex (CCq(A),b + B)
The homology of these complexes is denoted by HC, (A), respectively by HCET(A),
respectively by HCq(A).

In what follows we will use the notation of Getzler and Jones ([270]). Let u
denote a variable of degree —2. Then the negative and periodic cyclic complexes
are described by the following formulas:

(1.7) CCo(A) = (Co(A)[[ul],b+uB)
(1.8) CCPer(A) (Co(A)[u,u~"], b +uB)
(1.9) CCu(A) = (Cu(A)[u,u']/uCe(A)[[u]],b+ uB)

REMARK 1.0.9. Here and in the future we will always consider the algebra of
formal power series k[[u]] in its u-adic topology.

The following is a good picture to keep in mind:

LLZC()(A) E——
uB

. uCo(A) —=u?Cy(A) ——

Co(A) —=uCi(A) —= W Co(A) —

u ?Co(A) —=u'Ci(A) —= C2(A) —=uC3(A) —=1u?Cq(A) —

As immediately seen from the picture, there are inclusions of complexes

(1.10) CC, (A)[-2] = CC, (A) — CCPT(A)
and short exact sequences:
(1.11) 0 — CCo(A)[=2] > CCy(A) = Co(A) = 0

(1.12) 0 — Co(A) — CCo(A) > CCo(A)[2] — 0
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and
(1.13) 0 — CC,(A) = CCPe"(A) — CC,(A)2] — 0.
The periodicity map map S is just the multiplication by u.

REMARK 1.0.10. The long exact sequence of homology induced by the short
exact sequence of complexes has the form

voo—=Hi (A A) — = HCy (A) —>> HC_2(A) —2> Hy 1 (A, A) 1 ..

and is sometimes called the Connes-Gysin eract sequence. More generally, let F,
be the to horisontal filtration of the double complex CCq4(A):

Fp(CCuA)) = P u*Ci(A).

1—k=p
The associated spectral sequence has the E?-term
(1.14) E2, =Hp_q(AA)
and converges to HCp,4 4(A).

PROPOSITION 1.0.11. The quotient map CCR"(A) — CCn(A) induces a short
exact sequence

0 — lim'HC4(A) — HCPe"(A) — lim HC,(A)

PROOF. The claim follows immediately from the fact that

CCPeT(A) = lim CC.(A).

REMARK 1.0.12.
All the three complexes can be just as well thought of as covariant functors from
the category of unital algebras over k to the category of complexes of vector spaces
over k.

ExAMPLE 1.0.13. Suppose that A = k. Then
k n=0
Cn(k) =
n(k) {o n>0
and hence
HC, (k) = k[u™']; HCPe"(k) = k[u~",u]] and HC; (k) = k[[u]].
with the grading given by |[u| = —2.

PROPOSITION 1.0.14. Suppose that Ay and A, are unital algebras over k. Then
the inclusion

(Ce(A1),b) @ (Ca(A2),b) = (Co(Ar & A2),b)

s a quasiisomorphism of complexes.
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PRrROOF. Since A; and A are unital, A{@AS is a projective (A1 ®A;)°-module
(see for the notation) and hence

Be = (AY* @ AS®) @k (A @ AS)
is a subcomplex of (Be (A7 P Az)¢,b) contractible in positive degrees and such that
each term is again a projective (A7 ® Az)¢-module. Hence the inclusion
(Beyb) = (Bo(A1 & A2),b)
is a quasiisomorphism. As a corollary, the inclusion t of complexes
Co(A1) @ Ca(A2) =Ba @(a,0A,)c (A1 B A) —
(Ba(A1 ©A2) ®(A10A,) (A1 D A2) = Co(A1 D A2)

is a quasiisomorphism. O

(1.15)

COROLLARY 1.0.15. Hochschild, cyclic, negative cyclic and periodic homologies
are additive, i.e. HC#(/M DA = HC#(AQ D HC#(AZ) whenever A and B are
unital algebras (where # stands for cyclic, negative and resp. periodic homology).

PROOF. The part of the claim about the Hochschild homology follows from the
above proposition.
Let e; denote the unit of A; and e, denote the unit if A,. Set

c/ (A1):{A1’ forn=0

(A1 @ kez) ® A?n for n > 0.
and similarly for C,(Az). Then
Co(A1) ® Cy(A2)
is a subcomplex of C4(A) invariant under B. The summands ke; ® AY® and ke; ®
A?' are both contractible, the contracting homotopies given by
2RAR...0a, 2 €e2®e1 a1 X...0 an
and
IRAR...0an, 2 e2®ex2®a1 ®...0 an
respectively. Together with the lemma [T.0.7] this implies that, say,
CLAN ", ull @ CL(A2)u",ull,b+uB) — (CCP"(A), b + uB)

is a morphism of double complexes which induces quasiisomorphism on the columns
and hence is a quasiiomorphism of double complexes. This proves the claimed result
for the periodic cyclic homology. The other two versions of the claim follow from
the same argument (replacing Laurent series in u™' by polynomials in u~" and
formal power series in u respectively). ([l

2. The (b,b’,1 —1,N) double complex
Let A be any algebra, not necessarily unital. Let T = T, denote the endomor-
phism of A®x(P+1) given by the formula
(2.1) T(a0®-'-®ap):(—1)pap®ao~~®ap,1
Define
N:C,(A) — Cp_i1(A)
N=id+t+...7°""
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One has
(2.2) b(id —1) = (id —1)b’; b'N = Nb,
where b’ : A®® — A®*1 is given by

n—1

b(a®a®...0ay) =) (-1 ®...® a1 @ a1 ® ... ® an.
k=0

Suppose now that A is unital and set

(2.3) Bo(a1 ®...0an) =10 a1 ®...® an.
Note that
(2.4) [Bo,b’] =id

and therefore
LEMMA 2.0.1. For a unital algebra A, the complex (A®*+1).b’) is acyclic.

DEFINITION 2.0.2. Let A be an associative algebra. Define CC4(A) to be the
total complex of the double complex

b b’ b b’ b

1—7 N 1—7 N 11—t
A®3 A®3 A®3 A®3 A®3
b b’ b b’ b

T1—t N T1—t N 11—t
A®2 A®2 A®2 A®Z AZ
b b’ b b’ b

Put also
[ ] 17 L]
C.(A) = Cone((A®*T1 b") == ((A®(+1) b))

(the total complex of the double complex consisting of the right two columns).

For any associative algebra A set AT = A + k-1, where both A and k-1 are
subalgebras and

VaeAa-l=a=1a
LEMMA 2.0.3. There are isomorphisms of complexes
C.(A) = Ker(Co(AT) = Co(A))
CC,(A) = Ker(CCe(AT) — CC(A))
PRrROOF. The inverse map acts as follows. On the b columns,

AWR...0 A — A0 ... R An;
on the b’ columns,
WR..0aAn—1l®a®...®¥a
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LEMMA 2.0.4. Let A be unital. There is a natural quasi-isomorphism
C.(A) — Cu(A)
CC,.(A) — CC.(A)

PROOF. The morphism is induced by the morphism of algebras AT — A which
sends A to itself and 1 to the unit of A. It is a quasi-isomorphism because the b’
columns are acyclic. [

Therefore we can define the Hochschild and cyclic homology of any algebra,
unital or not, using the complexes C, and CC,. Similarly for negative and periodic
cyclic homology.

3. H-unitality and excision

Suppose that A is a non-unital algebra. We set

(3.1) b :Cp(A) — Cp_i(A)
p—1

(3.2) W® - ®a, = Y (-1)a® - ®aai ® - ®ap
i=0

DEFINITION 3.0.1. A is H-unital if the complex (C4(A),b’) is acyclic.

THEOREM 3.0.2 (Excision in Hochschild homology). Given a short exact se-
quence

0 I—=A—T"5A/I 0,
where 1 is H-unital, there exists a long exact sequence
(3.3)

e — 2 H (D) L A — T H(A/T) —2 Hie o (D) e G (A) s

% Ho (M) M H (A) — T Ho(A/T) —— 0

SKETCH OF THE PROOF. The standard way of proving this kind of result con-
sists of proving that the map
Co(I) = Ker (Hq(m))

induced by t is a quasiisomorphism. Instead we will sketch the construction of the
boundary map 9. A complete proof of the exactness of the sequence (3.3|) follows
the same pattern.

Construction of the boundary map

Let Bo be the contracting homotopy for the complex (Co(I),b’). The boundary
map is given by the following recipe.

Letx=3 ap®...an be ab-cycle in C(A/I). Let X =3 Ao ®...0an be its lift to
a chain in Co(A). Then, provided that we can choose X so that bx € Cn_1(I),

o(x) = bx.
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So suppose that we have an x € C,,(A/I) satisfying bx = 0 and let x be a lift of x
to C¢(A). Since bx =0,
bxe P AaloA®l
k+1l=n—1

Using By on the I factor, we get an element

Xi € ( b A®k®I®I®A®‘> @ (IeA®™ Tal)
k+l=n—1

such that, if we set X1 =X — Xy,

n(%1) =x and b(¥1) € < P A2 ®A®‘> o (I0A®2gI).
k+1=n—2

One checks readily that b{, i. e. b’ used on the 1%2 factor, kills b(X;) where, in
the last summand, we will order the I-factors as i1 ® a1 ® ...an_2 ® ip. It implies
that, if we again use By on the I®2 factor in bX;, we get an X, in

@ A®K ® ®3 ® ASL
k+l=n—1
and such that x, = X7 — X, satisfies
m(x) =xand b(Xz) € P AR A
k+1l=n—-3

An obvious induction on the number of succesive I factors on bx, completes the
construction.

For the details of the proof we will refer the reader to the original paper [605]. O
COROLLARY 3.0.3. Given a short exact sequence

0 I—=A—"5A/1 0,

where 1 is H-unital, there exists a long exact sequence
(3.4)

HC# (0, HC#(n)

# L # 7T
e (a) " et (A 2 Het () P Y et (AT

. —%HCE(D)

# L # 7T
— et B et (a) B et (A 0

where HC# stands for cyclic and negative cyclic homology. The corresponding two
periodic version in cyclic periodic homology has the form of an exact triangle

(3.5) HCL™ (1) HCI"(A)

i /

HCY"(A/])

SKETCH OF THE PROOF. Follows essentially from the act that, according to
the above theorem, the inclusion of complexes

(Ce(I),b) — (Ker Hq(m), b)
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is a quasiisomorphism, hence the same holds for the inclusion of the double com-
plexes computing cyclic homologies. ([

REMARK 3.0.4. We will see later that the excision in periodic cyclic homology
holds without the H-unitality assumption on the ideal.

4. Homology of differential graded algebras

One can easily generalize all the above constructions to the case when A is a
differential graded algebra (DGA). For future reference we will recall the definition.

DEFINITION 4.0.1. A differential graded algebra (DGA) is a pair (A,d), where
A is a Z-graded algebra and d is a derivation of degree 1 such that d* = 0.

So suppose that (A,d) is a DGA. The action of d extends to an action on
Hochschild chains of A by the Leibnitz rule:

P
dlag® - ® ap) :Z(_])Zk<i(\ak|+1)+1(ao®,..®5ai®...®ap)

i=1
The maps b and B are modified to include signs:
p—1
k
(41)  blag®...®ay) =) (-NZ=elelFHa, @ aa1®...q,
k=0
H(=1)lerhtlap D TG (e g q, ® ... ® ap_

P
(42) Blag®...® ap) = Z(_1)Zi§k(\ai|+1]Zizk(|ai\+1)] ® A1 D .. ® Ap®
k=0
Rag ... R ax
The complex Cq4(A) now becomes the total complex of the double complex with
the differential b + d. In other words:

43)  Cu(A)=(PA®A®",d+b); Cu(A) = (PARA™",d+b)
n>0 n>0

The cyclic, negative cyclic, and the periodic cyclic complexes are defined as before
using the new definition of C4(A).

5. Cyclic cohomology

. R Maybe a bit more***** The definitions of cyclic, negative cyclic and
cyclic periodic cohomology follow the usual pattern of replacing the associated com-
plexes with their linear duals and the boundary maps b and B with their transpose.

Note however that, since

Homy (k[[u]], k) =~ ku™"],

the cocycles are given by finite sums of cochains. So, for example, the complex
computing periodic cyclic cohomology of a unital algebra A becomes the complex
of continuos cochains, i. e.

(Homy (CCo(A), k)[u™",ul, bt +u~'B).
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6. The Hochschild cochain complex

As usual, for any graded k-module E, E[1]P = EP*! for all p; for any two graded
k-modules E and F,

(6.1) HomP (E,F) = | | Homy (E™, F**P)
nez
(6.2) (EaFP =PE @ PP
nezZ

DEFINITION 6.0.1. Let A = ©neczA™ be a graded module over a commutative
unital ring k. The k-module of (non-normalized) Hochschild cochains of A is by
definition

C*(A, A) = ] [ Hom(AN]®™, A)
n>0
If 1 is a chosen element of A° then the k-module of (normalized) Hochschild
cochains of A is

C*(A,A) = [ [ Hom(A[1]®™, A)

n>0

where A = A/k - 1.
We will often shorten the notation and write 6'(A) or C*(A) .

DEFINITION 6.0.2. Suppose that D and E are homogeneous cochains on A. Set
DoE)(as,...,0a+e-1) = Z(_1 )(‘EH” 1o (el )D(C11 yeroy @y E(Qj 4150y Qige)y e et )
j=0
and
D, E]=DoE— (_1)(\D\+1)(\EI+1JE oD.
The above bracket is called the Gerstenhaber bracket.

PROPOSITION 6.0.3. Let A = ®neczAn be a graded module over a commutative
unital ring k. Then

(S VILINEN)
is a graded Lie algebra.

Suppose moreover that A is a differential graded algebra. Define a non-normalized
Hochschild 2-cochain m by

m=my +my; mi(ar) = dar; ma(ar,ax) = (—1)

aaz;
my, vanishes on A[1]¥9 with n =1, 2 and q # p.
LEMMA 6.0.4. One has
mom =20
LEMMA 6.0.5. The maps
d:C*(A) — C**'(A); dD = [m4, D]

and N N
5:C*(A) = C*T1(A); 8D = [m,, D]

descend to the k-module of normalized cochains C*(A).
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LEMMA 6.0.6.
(C*(A)11,[, 1,d+6) is a differential graded Lie algebra.

DEFINITION 6.0.7. The cohomology of the complex (C®(A), d+ 8) is called the
Hochschild cohomology of the differential graded algebra A with coefficients in the
A-bimodule A and will be denoted by H®(A, A).

REMARK 6.0.8. Explicitly, one has

(8D)(a1y...,aqy1) = (=)@ IPHPHTqD(ay, ..., aq 1)+

+Zjd:] (_])‘D‘+1+Z!‘:] (laiH_”D(ah- <y 45 A541, .. -)ad+1)
d

+(=1)PIZiz (et D ay, ... ag)aa

and

P
(dD)(a1,...,ad):dD(a1,...,ad)—ZejD(a1,...,daj,...,ad)
j=1

where €5 = (f1)Zp<,»(|ap|+n‘
In the case when A is an ordinary unital algebra, H®(A,A) coincides with
Exth gaon (A, A).

DEFINITION 6.0.9. Suppose that A is a graded associative algebra. For homo-
geneous cochains D and E from C*(A, A) we set

(D — E)(a, ..., aare) = (~1)/F Zi=alle D (a), . aa)E(@as, ooy Qase)-
Extending this by linearity to all of C*(A) we get the cup product
—:CH{A) x C(A) = CH(A)

PROPOSITION 6.0.10. Let A be a graded associative algebra. Then (C*(A,A) ,—
,d+ ) is a differential graded associative algebra.

PROOF. Since the proof is a pure bookkeeping just like in the case of the
previous proposition, we will refer the reader to the standard references [101] and
[249]). O

REMARK 6.0.11. Under the isomorphism H® (A, A) ~ Exth o a0

product induces the Yoneda product on Hochshild cohomology.

(A, A), the cup

7. Braces
The following definition is essentially due to Gerstenhaber (see [249],[262]).
DEFINITION 7.0.1 (Braces). Suppose that A is graded k-module and
Di,1=0,...,m

are Hochschild cochains on A. The following formula defines a new Hochschild
cochain on A:

Do{D1,...,Dm}as,...,an) =

Zil,...,im €i, ,...,imDO(CH yeoeyQigy D] (ai1+1 y . ')) ey Dm(aim—H g -)) ) an)
where the sign is given by
— (—1)p Drer, (axl DD, 1)

€i—1 yeeorlm T



42 2. HOCHSCHILD AND CYCLIC HOMOLOGY OF ALGEBRAS

PROPOSITION 7.0.2. One has
(D{Es, - BiFay .y Fi) = 3 (1) 2mesip IR

XD{F])---)El{FiHrh---)})---)Ek{FikJr]»---a})---a}

PROOF. The proof of the statement reduces immediately to the question of
bookkeeping and is left as an exercise to the reader. ***OR: in terms of NC diff
ops... ¥** O

The above proposition can be restated as follows.

PRrROPOSITION 7.0.3. Suppose that A is an associative algebra and endow both
C*(A) and C*(C*(A)) with the differential graded algebra structure induced by the
cup product. For a cochain D on A let D) be the following k-cochain on C*(A):

D™ (Dy,...,Dyx) = D{D1,..., Dy}

Then the map
C*(A) = C*(C*(A))

D Y DX

k>0

given by

is a morphism of differential graded algebras.

7.1. Hochschild cochains as coderivations. Let V be a (Z-)graded k-
module. The tensor algebra
TV = Bn>1 yen
has the structure of the universal counital coalgebra (co-)generated by V. We give
TV the standard grading, i. e.

‘\1] ®...®Vn| :Z‘Vﬂ.
k

The reduced tensor algebra
TV = Bn>1 ven
is the quotient of TV by the image of the counit.
For any graded coalgebra B we denote by Coder(B) the graded Lie algebra of
its coderivations.

LEMMA 7.1.1. For a graded k-module A there is an isomorphism of differential
graded Lie algebras

C*(A)[1] = Coder(T(A[1]))

PROOF. Recall that the universal coalgebra generated by a vector space V is
a coalgebra C(V) together with a linear map 7 : C(V) — V such that, given any
coalgebra C, every linear map ¢ : C — V has a unique extension to a coalgebra
morphism ¢ : C — C(V) such that ¢ = 7o ¢. By universality, a coderivation D of
T(A[1]) is uniquely determined by the composition

m:T(AN) 2 T(A)] — All],

where the second map is the projection of the tensor coalgebra on its first direct
summand. It is straightforward that the Gerstenhaber Lie bracket from Definition
6.0.2] corresponds to commutator of coderivations. ([
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8. A, algebras and their Hochschild complexes

DEFINITION 8.0.1. An A -algebra structure on A is a degree 1 coderivation D
of T¢(A[1]) satisfying D? = 0.

DEFINITION 8.0.2. For an Ao algebra A, the DG coalgebra (T(A), D) is called
the bar construction of A and denoted by Bar(A).

Let us record the following alternative definition.

LEMMA 8.0.3. An A, structure on a graded k-module V is given by a Hochschild
cochain m on V of degree 2 satisfying the identity
mom =0.

PRrOOF. Follows from Lemma A little bit more precisely, the D? = 0
condition is easily seen to be equivalent to the associativity condition mom =0. O

REMARK 8.0.4. A Hochschild cochain as in the lemma above has the form of
infinite sum
m=mj;+m;+m3—+...,

where
m, € Homj, (V[1]®P, V[1]) = 11 Hom(V™ @...V™ V")
ny+...4+np—n=p—2
We set

d= my
and, for homogeneous elements a; and a, of V,
m(ar,az) = (—1)*m;y(ar, az).
Then
e d is a differential of degree one on V;
e m is a graded bilinear product on V which is associative up to homotopy
determined by m3 and such that [d,m] =0 ;
e M3 satisfies, up to homotopy my4, the pentagonal identity
ma(ms(aq, az,a3),as) £ ma(ay, mz(az, az,as)) =
ms(mz(ai, az), as, as) = ms(ar, mz(az, az), as) £ mz(ar, az, mz(as, as)) =0,
etc.
In particular, the following holds:
PRrROPOSITION 8.0.5 (Quillen). ****Are we sure it is Quillen?**** An Aoo-

structure on a graded vector space V of the form m = my + m, is the same as the
structure of a differential graded algebra (V,m,d) (in the notation above).

Once we have description of an A, structure in the terms of the lemma [8.0.3
the following definition is quite natural.

DEFINITION 8.0.6. An As-module over an A algebra (A, ma) is a graded
k-module M and a degree one element
mm € Hom(M[1] ® T¢(A[1]), M[1])

satisfying
mmpm om =0,
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where the right hand m stands for ma or map depending on whether its arguments
include an element of M.

Before continuing we need a bit of notation.

DEFINITION 8.0.7. Let A be a graded vector space and D a Hochschild cochain
on A. We set

[p(ag®...®an) =D(ag...,aq) ®agi1 @... An+
Z'kl%(;jekao®...®D(ak+1,...,ak+d)®...®an+
Zk:n+1_dnkD(ak+1,...,(ln,(lo,...)®...®Clk,

where the second sum in the above formula is taken over all cyclic permutations
such that ag is inside D. The signs are given by

€y = (_])(IDHU Follail+1)

and

Nk = (71)|D|+1+Zi§k(\ail+1)Zizk(lai\ﬂ)
ProrosITION 8.0.8.

[LD,LE] = I—[D,E] and [LD,B} =0.

PRrROOF. We will leave the proof as an exercise for the reader. (I

DEFINITION 8.0.9. Suppose that (A, m) is an Ao -algebra. Then

(1) The non-normalized Hochschild chain complex of A is
(Ce(A), Lin),

(2) The non-normalized Hochschild cochain complex of A is
(C*(A), [m, ).

DEeFINITION 8.0.10. Let (A,m) is a unital A, algebra, i.e. assume there is
an element 1 € A satisfying m»(1,a) = (—=1)/%m;,(a, 1) = a for all homogeneous
a € A and my(...,1,...) = 0. Then the differential [m, ] descends to C4(A). We
define the (normalized) Hochschild cochain, resp. chain, complex of A to be

(C*(A), [m, 1),resp.(Co(A), Lin).

Let u be an element of degree —2. Then [L,,, B] = 0 and the negative cyclic complex
of A is defined by

and similarly for the periodic cyclic and cyclic complexes.

A simple modification (using full and not reduced Hochschild complexes) can
be given for non-unital A, algebras.
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8.1. A, morphisms. Given two A, algebras A and B, an A, morphism
T:A — B is a morphism of differential graded coalgebras

(T(A[D),DA) — (T¢(B]), De)

As in the proof of Lemma any morphism of graded coalgebras is determined
by its composition with the projection T¢B[1] — B[1] which amounts to a collection
of

(8.1) Fo:A®™ 5 A
of degree 1 —n, n > 1. Intertwining ma with mg is equivalent to the relation
(8.2)
Z ieijnfk(al yoo. ,m((lj+1 Yooy ajJrk)» LEES) an)+
jk
Z Mnyyeemp 1 Myp (Fny(@r,.oy@ng)yeey an (anpq H1y--0,an)) =0
'P21§Tl],...,11p7]

where the signs are ****** Clearly, for two A, morphisms A — B — C, their
composition A — C is defined.

8.1.1. A morphisms acting on Hochschild and cyclic complexes. For an A
morphism F: A — B, define

(8.3) F*:ao®...®anHZiFno(Ao)®...®an(Ap)

where (Ao, ..., Ap) run through all subdivisions of some cyclic permutation (aj1,...

into p 4+ 1 segments so that Ao contains ap. The sign is
(= 1) T ol +1) Doy (a4 1)
PROPOSITION 8.1.1. Formula (8.3)) defines a morphism of Hochschild complexes
F.: 6.(A) - 6,(8)
commuting with the cyclic differential B.

PROOF. This can be done by direct computation or using the interpretation of
the Hochschild complexes given in [6] O

PROPOSITION 8.1.2. Assume that F is an A. morphism such that Fy is a
quasi-isomorphism. Then F, is a quasi-isomorphism.

PRrooF. Indeed, F, preserves the filtration

(8.4) Fo=P A A®™
m<n
and induces a quasi-isomorphism on differential graded quotients. O

If A and B are A, algebras with unit then an A., morphism F is called unital
if F1(1) =1 and F(...,1,...) =0 for n > 2. It is easy to see that in this case F,
descends to a morphism

An analogue of Proposition [8.1.2]is true in this case.
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REMARK 8.1.3. The projection 6.(/—\) — Co(A) is a quasi-isomorphism. In-
deed, consider the spectral sequence associated to the filtration . Its E1 term
is E.(H*(A)), resp.

P H (A) @ H (A)E"

n>0
If the above were Cq(H*(A)), the projection would be an isomorphism of the E;
terms and we would be done, but.. }¥*¥¥¥k*

8.2. The bialgebra structure on Bar(C®*(A,A)). Let us first recall the
product on the bar construction Bar(C®(A,A)) where C*(A,A) is the algebra of
Hochschild cochains of an algebra A with coefficients in A (cf. [269], [260]). For
cochains D; and Ej, define

(Dy]... D) @ (Eql...[En) = ) £(o..Di{e. . Dfe. )

Here the space denoned by ... inside the braces contains Ej,1, ..., Ey; outside the
braces, it contains Ej1]...|Ex. The factor Di{Ej11,..., Ex}is the brace operation as
in Section [7l The sum is taken over all possible combinations for which the natural
order of Ej’s is preserved. The signs are computed as follows: a transposition of D;
and E; introduces a sign (—1)(Pt+DUEHT Tn other words, the right hand side
is the sum over all tensor products of Di{Ej41,...,Ex}, k > j, and E,, so that the
natural orders of Di’s and of E;’s are preserved. For example,

(D) & (E) = (DIE) + (1) P IIEFD(ED) + D{E}
PROPOSITION 8.2.1. The product e together with the comultiplication A make
Bar(C*®(A, A)) an associative bialgebra.
9. Homotopy and homotopy equivalence

9.1. The case of DG algebras. Let C*(A') be the algebra of (nondegen-
erate) cochains with coefficients in k of the one-simplex A' with the standard
triangulation. Explicitly, this algebra has the basis eg, €1, & where

leol = le1| = 0; [€] = 1; deo = & = —der; ef = eo; € = e;
eoer =ejep =0; e, =&e1 = e =8&ep =0
There are two DGA morphisms
evo, evy : C*(AT) = k
given by evi(e;) = 6{ and evi(§) = 0.

DEFINITION 9.1.1. Two morphisms of DG algebras fo, f1 : A — B are ho-
motopic if there exists a morphism f: A — B ® C*(A') such that evjof =fj for
j =0, 1. A homotopy equivalence between A and B is a pair of morphismsf: A — B
and g: B — A such that gf is homotopic to ida and fg is homotopic to idp.

Explicitly, a homotopy between A and B is a k-linear map A — B of degree
one satisfying

(9-1) D(ab) = D(a)g(b) + (=1)'*'f(a)D(b);

(9.2) [d,D] = fo —fi.
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Indeed, D satisfies the two equalities above if and only if
f(a) =fo(a)eo +fi(a)e; + D(a)§
is a DGA morphism.

9.2. The case of A, algebras. We start by rewriting the definition of two
homotopic morphisms of DG algebras from in a way that works for A., mor-
phisms of Ajnfty algebras. First note that a pair of Ao, morphisms f,g: A — B
turn B into an Ao, bimodule ¢Bg. If B is unital, then one has a zero-cochain 1 in
C*(A,¢Bg) given by

(9.3) flg =1€B°
One has
(9.4) ‘Sm(flg) =f—g

DEFINITION 9.2.1. A homotopy between two Ao morphisms fo, f1 : A — B is
a cochain D of total degree one in C*(A,¢, By, ) that is supported on the product of
terms with n > 1 (9.1) and satisfies

(9.5) 5mD = fo — f1

In other words, if B is unital, a homotopy between fo and 1 is an extension ¢, ls,
of t,1¢, to a Hochschild cocycle.

LEMMA 9.2.2. Being homotopic is an equivalence relation on Ao, morphisms
A — B.

PROOF. Start with B being a unital DG algebra. In terms of Definition
we can define
tolto = toltos folts = tolty Uty leas #1180 = (£ol8y)7"

(the inverse is with respect to the cup product). If there is no unit then we can
formally attach it. If B is A, then nothing changes: the cup product is still defined
exactly as before in terms of m, (now it is not associative but is a part of an A
structure, in particular a morphism of complexes which is enough for us). [

DEFINITION 9.2.3. An A, homotopy equivalence between A and B is a pair
F:A — B and G: B — A such that gf is homotopic to ida and fg is homotopic to
idp.

We also say that each fo and f; is an A, homotopy equivalence.
LEMMA 9.2.4. Being homotopy equivalent is an equivalence relation.

PrOOF. The relation is obviously reflexive and symmetric. As for transitivity,
observe that, given

A—f.p— >c "D
T

We claim that if go is homotopic to g7 then hgof is homotopic to hgif. Indeed,
we can put

. *
hgoflhgof = h,f 90'91
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Now assume that we are given

fo go
—\ =
A B C
~— @ ~
fq g1

such that f1fp is homotopic to Ida and g1go is homotopic to Idg. Then f1g7gofo is
homotopic to f1fo which is homotopic to Ida. Similarly in the opposite direction.
|

If we use the e product ***REF*** we can prove more:

LEMMA 9.2.5. For A algebras and Ao, morphisms as shown on the diagram
below, assume that fo is homotopic to f1 and go s homotopic to gi. Then gofy is
homotopic to g1fy.

PRrOOF. In fact, we can put

90f0|91f1 = fo|f1 hd go|91



CHAPTER 3

The cyclic complex C)

In this chapter we assume Q C k.

1. Introduction
2. Definition
Recall the original definition of the cyclic complex from [111], [?]. As in (2.1)),

put

Tao®---®ap)=(—1Pap®ap - ®ap_1
Let
(2.1) CH(A) = AT /Im(id —7) .

Because of formulas ([2.2), the differential b descends to a map
b:CHA) = Ch_(A) .
PROPOSITION 2.0.1. The complex C}(A) is quasi-isomorphic to the complex

CC,(A) (Definition .

SKETCH OF THE PROOF. Consider the diagram

b b’ b b’ b b
1—7 N 1—7 N T—7
A®3 A®3 A®3 A®3 A®3 = = N C;‘(A)
b b’ b b’ b b
1—7

Since the rows are acyclic in positive dimensions, the stipled arrows give a quasi-
isomorphism from the total complex to the (C)(A),b) complex.
O

3. The reduced cyclic complex

Now let A be unital.
Let A = A/k and let

(3.1) CHA) = A" /Im(id —1) .

49
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It is easy to see that the diferential b descends to ET(A). We denote the homology

of the complex Ei\(/\) by HC.(A).
The following is the reduced analogue of the proposition [2.0.1

PROPOSITION 3.0.1. The complex (Cf(/—\), b) is quasiisomorphic to the complex

Co(A) given by the cokernel of the inclusion of complexes
CCq(k) = CC4(A).

PROOF. CC,(A) has the form

A
A
A ~AgAT T
A ~AgAZT ~AQA"
A
K >A®K®(T‘——1)4)A®K®ﬂ4>A®K®(ﬂ+”
A

|

A= AA ™ A AT s AA™T L AgA

o

where, for simplicity of the grafical representation, we did not include the powers
of u. We will filter it by subcomplexes of the form

n—1) ®(n+2)

Fn = A
A
K >A®K®(ﬂ—”
A SAQAT s A@AT"
A
K >A®K®(n71) A®K®n .I ®K®n+1
A
SAAYMY AR gAY )

> 3|
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The corresponding spectral sequence collapses so that E2 = E* and, as immediately
. 2 _& _
seen, EBp+q:n ES g = Cn(A) and d2 = b. |

ProrosSITION 3.0.2. There is an exact triangle
(3.2) CM (k) = CX(A) = Th(A) = QK] .

PROOF. Since by the proposition C* and CC complexes are quasiisomor-
phic, the claim is just the formulation of the fact that, by the definition of CC, we
have the short exact sequence of complexes

0 — CCq(k) — CCu(A) = CCe(A) = 0
(Il
REMARK 3.0.3. The above proposition could also be deduced from the Hochschild-
Serre spectral sequence associated to the inclusion gl(k) — gl(A) with the E?-term
Epq = Hp(al(A), gl(k)) © Hq(gl(k))
which converges to Hy (gl(A)) and from theorem {4.0.2)).

4. Relation to Lie algebra homology
Let us start by recalling some standard notions from Lie algebra (co-)homology.

DEFINITION 4.0.1. Let (g,d) be a DGLA. The standard Chevalley-Eilenberg

complex of chains of g with coefficients in the trivial module k has the form
Ca(g) = (A®gll], olte + d),
where the Lie boundary operator is defines by
Xy AL AXR) =) Xy XIAXT AXIALLAX AL A X,
i<j
Here ™ means that the corresponding element of the product should be omitted, and
the sign rule is
cij = (=1 )(\Xi|+1 ) i XD+ UX514H1) 3 g o et (X[ T)

Let b be a DG-subalgebra of g acting reductively on g. The complz of coinvariants
of Ce(g) with respect to the adjoint action of b will be denoted by

Ca(9)p
and

Co(Q» h) = A(g/h)h

denotes the complex of relative chains.
For any DG algebra (A, ) over k let gl(A) = limgl,, (A), where the imbeddings

gl (A) = gl 1(A) are of the form

X 0
X— < 0 0 ) .
gl(A) can be thought of as the Lie algebra of N x N-matrices Mo, (A) with finitely
many non-zero coefficients in A. Note that gl(k) is a DG Lie subalgebra of gl(A).

Theorem [£.0.2] below identifies the cyclic complex of A, resp. the relative cyclic
complex of A, with the subcomplex of primitive elements of the DG coalgebra of
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coinvariants Cq(gl(A))gi(k), resp. Ca(gl(A), gl(k)). Note that these complexes have
naturally the structure of Hopf algebras, with the product induced by the diagonal
block inclusion

gl(A) x gl(A) — gl(A) & gl(A) — gl(A).
It is associative since we work with coinvariants (resp. relative complex). The
coproduct is induced by the diagonal map

A:gl(A)ax 5 xdx e gllA) @gl(A)
using the canonical identification
A*(gl(A) @ gl(A)) = A*(gl(A)) @ A®(gl(A)).

Let ES, denote the elementary matrix with (qu)pq = a and other entries equal
to zero.

THEOREM 4.0.2. The map
A®P+ /\p+1g[(A)
aQ®---®ap — EgAEY A"'AEEL,O
induces isomorphisms of complezes
CJ}A) — Prim Ca(gl(A))gi)[1]
Co(A) = Prim Ca(gl(A), gl(Kk))[1]

SKETCH OF THE PROOF. The basic part of the proof is the identification of the
primitive part of the, say, complex

Co(gl(A))g1(x)-
gl(A) acts reductively on gl(A) and, by basic invariant theory,
(Moo (k)™ )gik) = KIZnl.
Let o denote the sign representation of the symmetric group £,,. Then
A (IR @A) g1y = (gl @A) @5, 0)gi) = (gH(K) i) @A) ®1,, 0) = (KIZ @A™ )@y s, 10

In the left-most term, the symmetric group acts on itself by conjugation. It is now
an exercise to check that action of the coproduct on the terms on the right hand
side translates into an expression of the form

@ (M®Q®...ap) = ) (1 ©a)e (1) © aq)),

where the sum is over all partitions {1,2,...,n} = [ U] which are invariant under
the action of the permutation 7t and, if

I={i,... 4y C{1,2,...,n}
then
ar = Qp(i;) ® ... ® Ar(k)-
In particular, the primitive part of
(k[Zn] ® A®™) @y(s,) O
is given by the conjugacy class of the cyclic permutation T € X,,, i.e.

Prim Co(gl(A)) gii)[1] = A®™/(1 —1) = Ch_,4
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Let # denote the trace map
(Moo (k) @ A)E® — A®®
given by
Mea)®(Mhea)®... (Thea)—» Tr(TTh...Th)a1 ®a ®...Q an.
One checks that # implements the above identification and intertwines the bound-
ary maps completing the proof. (Il
5. The connecting morphism

Here we give an explicit formula for the connecting morphism 0 of the exact
triangle from Proposition Suppose that (A, 8) is a DGA. Let j be a k-linear
map A — k satisfying j(1) = 1. The splitting j induces the splitting

p:gl(A) — gl(k)
of the inclusion gl(k) < gl(A). We set the curvature of p to be equal to
(5.1)

R(p) = (2" + 8)p + 5 [p, 6] € Hom.(gl(A) 1}, g1(k)) & Hom(A%gH{A) 1], gi(K)

1
Let P,, denote the invariant polynomial X — EtT(X“) on gl(k). Set

cn = Pn(R(p)).

Then ¢, € Cﬂle(g[(A);g[(k))) is a relative Lie algebra cocycle and, by the theorem
defines a linear map

—A
(5.2) chn(p): Coniq(A) = k
which descends to homology. We will set
(5.3) 1D — nim 4 1192 e (k)

PROPOSITION 5.0.1. The morphism Br” :fi\(A) — CM(X)[1] given by
B = Z chn(p)1MHD)
n

represents the connecting morphism in the triangle (3.2).

5.1. Explicit formula for the product HC, ® HCy; — HC,,441. Here
we give an explicit formula for the product x from Theorem in one of the
realizations of the cyclic complex. Note first that, because of , the map N
induces an isomorphism

(5.4) CMA) ~ (Ker(id —1),b")

where in the right hand side id —t is considered as an operator on A®(*+1),

PROPOSITION 5.1.1. Suppose that A and C are unital algebras. We will identify
them as aubalgebras of A ® C using the imbeddings

A2a—-a®1eARCandCac—T®ceARC.
After identifiyng C) with the right hand side of , then the shuffle product

(a0 ®...®ap) X (co®...®cq) =shpy1,g+1(a0,...ap,C0y...,Cq)
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is a morphism of complexes
(5.5) x:CMA)®CA(C) = Cl1(A®C)
which induces on homology the X product from Theorem|[1.0.5,

By the same construction one defines the product
% :Co(A)®Ca(C) = Cr(A®C)

on the reduced cyclic homology.

6. Adams operations

6.1. Euler decomposition. Suppose that (H,u,A) is a Hopf algebra over
a field k of characteristic zero, with the product p, coproduct A, unit € and the
counit (. The linear space

Homy (H, H)

has an associative product given by the convolution:
(6.1) fxg=u(f®g)A.

Assume now that H is graded commutative, with Hyx = 0 for k < 0 and Ho = k.
For any

f € Homu (H, H), [fl =0, £(1) =0,

f*S vanishes on H, for n < s. Moreover the composition € o 1 is the unit of the
graded ring (Homy (#, H), *) and hence the series

1
(1) _ _ _1\n+1 *TL
e (f) =log(eon+f) néo( 1) nf

makes sense and is a degree zero endomorphism of .

DEFINITION 6.1.1. Suppose that H is a graded commutative Hopf algebra as
above. We set
el = %(em(ld —eop))**
and
eilk) = e“‘)mn.
The following is the basic fact about the e’s.

PROPOSITION 6.1.2.

(1) eglk), k=1,...,n are pairwise othogonal idempotents;

(2) 1d* |, = X1 kielt).

ABOUT THE PROOF. The statement reduces to relatively straightforward iden-
tities relating the exponential and logarithmic power series and we refere for it to
the original papers of Gerstenhaber, Schack and Loday.

O
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6.2. A operations. If A is a vector space, the (non-connected) tensor algebra
TA = @nZOA®n
has a structure of a graded commutative Hopf algebra, with the product
a1 ®...®ap,Ap41 @ ... @ Apiq) = Z sgn(o)ag(1) ® ... ® Ag(p+q)
pq shuffles «

and the coproduct
mn
A1 ®...9a6) =) 1®...0a® a1 D... 0 an.
i=0

DEFINITION 6.2.1. The Ay, operations on A®™ are defined by
AN = (=1 Id"™ M Aen.
The Adams operations are given by
by = (=D AL
THEOREM 6.2.2. Suppose that A is a commutative unital algebra. The A oper-
ations descend to Hochschild homology.

ProOOF. Note first that
[d*% = uk o A¥
where we, as usual, we use the notation
A = (A®1d®* o (A®id®*2)o...0A
and the similar (dual) definition of u*. The identity now implies easily that
A*b = bAk,
O

The behaviour of cyclic complexes under the A operations is controlled by the
following result of combinatorial nature.
PROPOSITION 6.2.3. Suppose that A is a commutative unital algebra. Then
AKB = kBAK_,
and

k1
Bell) = e£1+] )B,

where e are the Euler idempotents (see the definition (6.1.1) ).

Since the proof is entirely combinatorial, we will omit it here (see f. ex.[?]).
The following is the main (and easy) corollary.

THEOREM 6.2.4. Suppose that A is a commutative unital algebra. The cyclic
(negative) complex CCq of A splits into a direct sum of subcomplexes:

CCn(A)™) = Pu ey 2 Coai(A).
i

In particular, the cyclic homology of A has the decomposition

HCA(A) = P HCH(A)M
k

which is called the A-decomposition.
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CHAPTER 4

Operations on Hochschild and cyclic complexes, 1

We start our analysis of operations with the classical Eilenberg-Zilber and
Alexander-Whitney exterior products and coproducts that we extend from sim-
plicial to cyclic situation. We will later show that both the product and (dual
version of ) the coproduct are parts of a more general operation.

0.1. The Eilenberg-Zilber exterior product on Hochschild complexes.

DEFINITION 0.1.1. For two algebras Ay and Ay define the shuffle product

(01) sh: CP(A1) X Cq(Az) — Cerq(A] X Az)
as follows.
(0.2)

1 2 N (2 1 2
(a(() ]®...®a](,”)®(aé )®...®£]2)) — a(() )aé )®shpq(ag ),...,a](j”, ag ) ...,aff))
where
(0.3) shpq(X1y. .0y Xpiq) = Z sgn(0)Xg11 ® ... ® Xg1(piq)

oeSh(p,q)

and

Sh(p,q) ={c € Iy qlol <...<op;o(p+1)<...<o(p+q)}

(We identify ajm with a]m ®1 and a](Z) with 1® a§2)).
In the graded case, sgn(o) gets replaced by the sign computed by the following rule:
in all transpositions, the parity of a; is equal to |ai| + 1 if 1 > 0, and similarly for
ci. A transposition contributes a product of parities.

Put also

mugz(c1,¢2) = (=1)"sh(cr ® ¢2)
THEOREM 0.1.2. For two unital algebras Ay and A,
mez : Co(A1) ® Ca(A2) = Co(A1 @A)
is a quasi-isomorphism.

SKETCH OF THE PROOF.

Recall the free bimodule resolution Be(A) — A of an algebra A as an A-
bimodule given by . Let us recall their construction from [101]. For any
algebra C, let Bo(C) be the bar resolution for C. We use the notation

Co®... R Cpgp1 = coler...cplepin
For any two algebras A and B, define
(0.4) EZ: Bo(A1) ® Ba(A2) — Ba(A1 ® A3)

57
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to be the A1 ® Az-bimodule morphism such that

1 2 1 2
[a{"]..lai @ af?]...laP] = shp g (i @1,...,aV e 10d, ..., 10 a)

This gives a quasi-isomorphism of complexes of free A7 ® A,-bimodules
P Bu(A) @ Bi(A;) = Bo(A1 ® A)
k+1l=e
Both sides are free resolutions of the bimodule A1 ®A ;. In particular, after tensoring
with A1 ® Ay, we get a quasiisomorphism of complexes
P Bu(A1) @ Bi(A2)) ®aspas A1 @ Az — Bo(A1 @ Az) @aseas A1 @A,
k+l=e
The right hand side computes Hochschild homology of A; ® A,. The obvious
spectral sequence identifies the homology of the left hand side complex with
Co(A1) @ Ca(A2) = €D Cu(A1) ® Ci(A2)
k+1l=e
and, in particular, we get a quasi-isomorphism

P CulA) @ CiAL) = Co(A1 ®@ Ag).

k+l=e
We leave it to the reader to check that the shuffle product satisfies
(0.5) b(sh(x x y)) = sh(bx x y) 4+ (—=1)*sh(x x by)
PRrROOF. We leave this to the reader. O
and implements the quasi-isomorphism in question. (I

LEMMA 0.1.3. The shuffle product is associative.

1. The Hood-Jones exterior product on negative cyclic complexes

For any n unital algebras Aq,...,An, n > 2, we will construct a k[[u]]-linear
map of degree n —2

(1.1) m(Aq,...,AN): CCy (A1) ®x[w]- - -Rk[u)] CCq (AN) — CC, (A1®...QAN)
such that m(A;) = b+ uB and the following A, relation holds:

(1.2) Z Tm(A1, . AR 1R ®AK Ly ey An)om(Akity ey Axyl) =0
k>1,k+1<n

(compare to ??). In particular, for a commutative algebra A, CC, (A) is an Ay
algebra over k[[u]]. We will later substantially enlarge the class of algebras A for
which this is the case.

DEFINITION 1.0.1. Let A be an algebra. The map
(1.3) shy, : Cp, (A1) ®@...® Cp, (An) = Cphhpran(A1 ® ... ® Ay)
as follows. Consider the embeddings
A 2A1®...0AL A 1®...0¢®...0 1.
Identify algebras A with their images under these embeddings. Denote

1
(X1 ey Xng s py) :(a(() ),...,agﬂ,...,aéw,...,a&))
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For c; =ql) ®...®agl), 1<j<n, set
sh! (c1y...ycn) =1 ®ngn(c)ng1m ® et @ X1 (¥ pyin)

where o runs through the set Sh’(p1 +1,...,pn + 1) of all permutations such that:
a) the cyclic order of every group (a(()”, ceey agj)) is preserved;
b) if j < k then aé)) appears to the left of aék).
In the graded case, the sign rule is as follows: any a?) has parity \a?)l + 1.
DEFINITION 1.0.2.
m; =b+ uB;
m(cryc2) = (=1)"(sh(cr, c2) +ush’(c1, ¢2));
mn(c1,c2) = (—1)***ush’(cq,...,cn)), 1> 2.
THEOREM 1.0.3. The above my, satisfy the Ao relations (1.2)).
PROOF. O
THEOREM 1.0.4. The map sh + ush’ defines a k[[ul]-linear, (u)-adically con-
tinuous quasi-isomorphisms of complexes
Co(A1) @ Co(C2))[[u]] — CCy (A7 ® Az),
(Co(A1) ® Co(A2))u" ', ull = CCE™ (A1 @ Ay)
and
(Cal(A1) @ Co(A2)) ", wll/u(CalAr) @ Co(A2)) W] = CCo(Ar ® A2).
The differentials on the left hand sides are equal to
b®1+1®b+uB®1+1®B).

SKETCH OF THE PROOF. We already know that sh +ush’ is (up to a sign) a
morphism of total complexes. If we think of the left hand side as a double complex
with the vertical boundary map b® 1+ 1® b, Theorem [0.1.2] implies that all three
morphisms of double complexes are quasiisomorphisms on the columns and hence
are quasiisomorphisms on the total complexes. ([l

As a corollary we get the following Kiinneth formula for the cyclic homology.

THEOREM 1.0.5 (Kiinneth Theorem). ***Under the assumption™** There is
a long exact sequence

X SHCL (A ® QA*>EBp+q:n HCp(A1) @ HCq(A,) S®R1-1®S

Dy qon_2 HCp (A1) @ HCq(A2)——=HCn_1 (A7 ® Ag) 2 -
where A is induced by the diagonal embedding
uPeec »u'®@l+lou Peec.

SKETCH OF THE PROOF. One checks that A is an embedding whose cokernel
is the kernel of the multiplication by u® 1 — 1 ® u which, in turn, is the same as
the kernel of S®1—1® S ( Sis as in (1.12)). O
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2. The Alexander-Whitney exterior coproduct on the Hochschild
complex

For two algebras A; and A, define
(2.1) Aaw : Co(A1 ® Az) — Co(A1) ® Co(A2)

aé”aéz) ®...®ag)af] =

1 1 1 2 2 2 2
Y. aVeai e eal) e (@ dPa ®d @, 0 a?)
j=0
Similarly to EZ, the morphism AW is induced by a morphism of bar resolutions.
Namely, define

m
(2 1 1y (1 2 2)p (2
[ag )a% . alD a2)) |—>Z[ag )I...Iaj( )]aj(+)1 ...a%p@ag )...alg )[a]-(+)1|...|a$i)}
j=0
This gives a morphism
(2.2) Be(A1 @ Az2) = Be(A1) ®@ Be(A2)

THEOREM 2.0.1. Aaw is a quasi-isomorphism of complexes. It is homotopy
inverse to Mgy, from Theorem [0.1.3

PROOF. One checks that EZ o AW = id.
LEMMA 2.0.2. Let

1) (2 1) (2 1) _(2), (1 1 2
t(lal”a!?].. eV a?)]) :ZZi[a% Ja )I...Iajg )aj( ]|a§+)l ...ali)ICjk]anﬁ] caly)
j k>j
where
1 2 2
Cix =sh(lal )] 1al"], [} . o).

Then t is a homotopy between id and AW o EZ.

The proof is a direct computation and we leave it to the reader ***OR NOT?***
The homotopy t is the one constructed by Eilenberg and Zilber in [?]. O

3. Exterior coproduct on CC,

THEOREM 3.0.1. For any n algebras Aq,...,An, N > 2, there is a natural
kl[ull-linear map of degree n — 2
(3.1) A(Aq,...,AN): CCL(A1®...@AN) = CC (A1) @k (- - - ki CC4 (AN)
such that

a)
A(A7) =b+uB; A(A,A2) =nAaw mod u
where n(aM @ a?) = (=1)lela() g a(2);
b) the following dual A relation is satisfied

D EFAAk A 0 AAL L A @ @ Aty An) =0
k>1,k+1<n

(again, compare to ??). In particular, for a bialgebra A, CC, (A) is an A coal-
gebra over k[[u]].
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PROOF. Denote by A([m],[n]) the set of all natural operations A®(m+1)
A®(M+1) for a unital monoid A that are compositions of:
a) A ®...0an — Ao D ... QR Ap;
b))y ®...0an 2 1Ra®...Q an;
) ®...0 a1 A1 ®...® an ® ap.
For any such operations
7\()) . A®(m+1) - A®(n)’+1)
and using notation
AG) (V) (G)) — o0 4)
G)( ®...0a)) =cg ®...0cq,
define an (odometer-like) operation

(3.2)  Op(A(1),...,AN)): C(A1 ®...® AN) = Cny (A1) ® ... ® Coy (AND);

33) alV..aV e .@al . al o (e e, .o, .0Ve...0cN)
Denote the k-linear span of these operations by P([ml]; [n],...,[nn]). Put

N
34)  PM(mh)=( @  Plmhl...,;n), b= (3 baj)o.)
j=1

ny+...+tnn=e

We also denote Pf])([m]) by Pe(Im]).

We claim (cf. also ??) that the homology of (P,,b) is concentrated in degrees
zero and one only, and is of rank 1 over k. It is easy to write the morphisms of
complexes

P
(3.5) Pml_ (k2K

together with s : Pe[m] — Pe1([m]) such that pi = id, ip = [s, b]. Explicilly:

Denote the generators of degree zero and one of k Ok by o and &7 respec-
tively. Then

m

(3.6) o) =ag...am; () = Z Q41 ...05—1 @ qj
j=0

(3.7) Plaj41...05) = xo; P(@j41 ... Ak @ Axg1 ... 05) = 043

if ap is a factor of a1 ...a; and zero otherwise; p = 0 on Py ([ml]) for n > 2;

n
(3.8) S((lj+1 ...(1]') = Z Ag41 ... 0K—71 @ Ax;
k=j+1

for n > 0,
k
(39) s(ro®TM1 ®...QTy) = Zroa]- e Qp 1 ®Ap D Apy e Q] @ 0T Ty
P=j
where 1; are monomials, i.e. products of consecutive a; in the cyclic order, and

T1 =aj...aks1. (Note that vy is also understood as a product in the cyclic order,
i.e. it may contain ap as a factor).
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For every N there are homotopy equivalences

pEN
(3.10) PN M T (kS KeN
i®@N
One has
pEN®N —id; id — i®Np®N = [p, s(N)]
where
(3.11) s(N) :Z(_])]p(@(]*]) ® s ®id®MN-)

j—1

We will write Ay instead of A(Aq,...,An). We want to construct
o0
An =Y uFAy
k=0

Start with A;O). Define it as the AW coproduct from [2| Now compute [B,Aéo)}. It
is equal to zero on Py:

0 1 2 0 1 2
AYB(aag) =AY (1@ afaf?) =

1 2 1 2 0 1 2
(@M e @)+ ®a)® (o) =BAY (afaf?)

Furthermore, it sends P, n > 0, to ker(p ® p). Indeed, this is enough to check for
the component P; — P; ® P, in which case there are four terms of [B, Ago)] :

1 1 2 2 1 1 2 2
(a) ®@a")® (@ @a?); (V@ ad) @ (o] @ al?);

IBNe! 2 2 1 1 2) (2
(1®aé)ag ))®(aé)®a% )); (aé)®ag J)®(1®a% )aé))

But p only detects terms in Cy that have a factor ap on the right, and none of the
four terms have that in both tensor factors.

Therefore there is Ag” such that [b, Aé] N+ (B, Ago)] = 0. By degree considera-
tions, its commutator with B lands in ker(p®p), etc. We construct A, by recursion.
Now we have to construct A;J) starting with j = 1 (because Ago) is coassociative).

We proceed by recursion, on every step finding A](\j,) from the condition that its
commutator with b is a given morphism P, — ker(p®N).

LEMMA 3.0.2. There are no nonzero components of A¥ (Aq,...,An) of the
form
Cm(A1®...®@ AN) = Cn,y (A1) @ ... ® Cpy (AN)

with any of the n; being equal to zero, unless N =2 and k = 0.

PROOF. Let A](\]f) (m) be the restriction of A](\lf)(/h yer s AN) O C(A1®...®

An). Recall how the construction of A](\]f] (m) goes. We assume that Al(\]f,/) (m’) are
constructed for

a) all N’ < N and all k’,m/;

b) N’ =N, k/ <k, all m’;

c) N"=N, k' =k, m' <m.

Then one constructs a particular linear combination of terms of the form

1) A (m') 0 AR (m);
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2) Al (m—1)0b;

3) A (m+1)0B;

1) Bo AL " (m).

We obtain Agf )(m) by applying to this expression the homotopy s(N). By the
induction hypothesis, among all these terms, only 1) may contain terms with some
ny =0, and only when k" =0, N"=2ork—k’ =0, N—-N’'+1=2.

When k/ = 0 and m’ = 2, we get the operation AX (A, ..., AjRA 41, AN)

Cm(A1 ®®AN) — Cn](A1)®...®Cnm+1(A]‘ ®Aj+1)®---®CnN(AN)
followed by
AP (A5, A1) Cry o (A) @ Ajir) = Coy (A7) @ Coy s (Ayin).

Consider the terms with either nj = 0 or nj1 = 0 (by the inductive hypothesis
it cannot be both). When we apply s(N) these terms can be hit by either s or p.
But s increases the degree n;. And applying p transforms such a term into

(3.12) ad . al)

where j* =j or j + 1. So applying p to the position j’ is the same as computing
(3.13) AN (AL LA AN)

and then inserting the tensor factor (3.12)) in the j’th position. Applying to this the

terms of s(N) that hit an/ with p becomes the same as applying s(N=1) to (3.12)

and then inserting the tensor factor. But (3.12) is itself in the image of s(N=1),
therefore the result is zero.
Now consider the case k —k/ = 0 and N — N’ + 1 = 2. Then we get the

composition of Aéo)(/M ... 9AN_1,AN)
Cm(A1®...0 AN) = Cn(A1 ®...@ AN_1) @ Cny (AN)

composed with A (A;, ..., AN_1). By the induction hypothesis, the only possibly
nonzero terms with n; = 0 occur when j = N. Applying s(N) to them is the same
as applying stN=1) to A (A;,...,An_1) and then tensoring by aON ... a,&‘I”. This
is zero because AN (Aq,...,An_1) is in the image of stN~1) Similarly for A; and
Ar®...QAN. O

REMARK 3.0.3. We chose to avoid mentioning cyclic modules in the above
proof, not only to make it self-sufficient but because we needed an extra degree of
explicitness. Here we would like to relate our construction to Chapter |8} Recall the
complex of cocyclic k-modules

(3.14) Po([m]) = A(lm], [o]); A= bA; b= (=1)d; onPy
j=0

from . For any N > 1, define the complexes
(3.15) PIN[W([m]) = (Po([m])®N[[u]], b + uB)

(We use the tensor product of complexes combined with the diagonal tensor product
of cocyclic modules). Note that, when tensored by k[[u,u=']/k[[u]] over k[[u]], all
of them become resolutions of the constant cocyclic module k4. In particular there is
a chain map between them over ky. What is a little more subtle is the question of its
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linearity over k[[u]]. What we have proven is that there are k[[u]]-linear morphisms
of complexes of cocyclic modules

(3.16) An: Pollul]l = PEN[[u]]

from which the above follows, and that the following is true:

(3.17) [b+uB, ANl =) £(id** @ Al @id® ™ V)0 An_i4g
k1

We identify morpisms in

(3.18) Hompor (PnyPr; ® ... @ Pny)
with k-linear natural maps
(3.19) Ca(A1®...@AN) = Cn (A1) ®...® Cry (AN)

For example, when N = 2, the map from

aobo ® a1by @ azby = (aza0 ®@ a1) @ (bo ® 1 ®b1bz)
corresponds to the only morphism P, — P; ® P, for which

(id € A([2],[2])) = do @ s1dy € A([2], [1]) @ A([2], [3]).

4. Multiplication on cochains of a coalgebra

Now let Cy,...,Cy be coalgebras. Let C*(Cj) be the Hochschild cochain com-
plex. Dually to
(4.1) m(Cqy...,Cn):C*(C1)®...0C*(CN) = Ce(C1 ®...0 Cn) U]

such that m(Cq7) = b 4+ uB and the A, relation holds.

For a bialgebra H the compositions of the above maps (when C; = ... =
Cn = H) with the morphism of complexes induced by the product on H define a
k[[u]]-linear continuous A algebra structure on C®(H)[[u]]. Modulo u, it is an
associative graded algebra with the product

(4.2)
(X0®...0%p)R(Yo®...®Yq) = x(()o)y([)p+1 )®xé1 )y1 .. .®xéq)yq®my§ '®.. -®Xpy<[)p]

where we use the notation
Adxy = Zxéo) ®...®xéq); APyo = Zyé” ®...®y(()p+”

In general, the A, structure involves the following operations.

Consider all operations H®(P+1) — H®(a+1) that are compositions of:

a) X0 ®...0% — Y x\VexP oxi ®...0x;

b) X0 ® ... ®Xp = €(X0)X1 @ ... @ Xp;
C) X0 ®...@Xp = X1 ®...®Xp ®Xo.
Consider a collection of elements

x(j) =x0(j) ®...®@xp;(j) € CPI(H), j=1,...,N.
For any collection of operations
7\(]) . H®(Pj+1) N H®(q+1J
as above, and using notation

AG)(x0(j) @ ... @xp; () =Yo(j) ® ... ®Yq(j),
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define
(4.3) Op(A(1),...,A(N)):CP"H) ®...® CPN(H) — CI(H);
(4.4) x(N®...0x(N) = yo(1)...yo(N) ®...®yq(1)...yq(N)

The construction in [3] implies that the A, operations are linear combinations of
[E4). We get

LEMMA 4.0.1. Let H be a cocommutative bialgebra. Then

1) The Ao operations are linear combinations of .

2) H=C°(H) is a DG subalgebra with respect to m;.

3) The my multiplication by H from left and right is the standard left and right
action of H on tensor powers of H via comultiplication.

4) The Ao operations my are H-bimodule maps

mn: C*(H) ®p ... 01 C*(H) — C*(H)[[ull.
5) Substituting x € H into my gives 0 when N > 3.

PROOF. 2) is true because of the formulas (4.2]) for the product and because
b:C% — C' is the cocommutator. 3) follows from (4.2)). 4) follows from (4.4]), and
5) from Lemma [3.0.2] O

4.1. CC*(H) for cocommutative Hopf algebras. Let H be a cocommuta-
tive Hopf algebra. Let

(4.5) H = ker(e)
Use the normalized Hochschild complex
CY"H)=HaH"

It is an Ao, algebra (clearly the structure on the full complex descends to it). Also,
the embedding into the full complex is a quasi-isomorphism.

4.2. The DG algebra H x Cobar(H). For a bialgebra H and an algebra A,
an action of H on A is a linear map H® A — A, x ® a — p(x)a, such that

p(xy) = p(x)p(y); p(x)(ab) = Y p(xV)(a)p(x!?)(b)

If H is a Hopf algebra acting on A then one can define a cross product

(4.6) HxA=A@H;(a@x)(b@y) =apx'")b e sx?y
Let A = Cobar(H). Put
(4.7) p) (X1l ) = ) (xS Mx, S(x2))

where S is the antipode. The action commutes with the differential on Cobar(H)
(which we denote by b), and we get a DG algebra H x Cobar(H).

REMARK 4.2.1. Note that the comultiplication on H is given by

Ax:Zx(”@Jx(z)—] x—x® 1
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In other words, H x Cobar(H) is the DG algebra generated by a subalgebra H
and by elements (x), linear in x € H[1], subject to

48)  x-(y) =) xMysx®))-x®; bx=0; b(x) =) (x")(x?)
This DG algebra admits a derivation B determined by
Bx =0, x € H; B(x) =x, x € H[1].
It is easy to see that B is well defined and commutes with b. Of course, if H is a DG

Hopf algebra, then its differential d induces an extra differential on H x Cobar(H).

We state the next result in the generality that we will need later. Recall that
the Hochschild complex of the second kind Cj;(H) of a DG coalgebra (H,d) is
defined as the totalization of the (b, d) double complex where one uses direct sums,
not products. For an ordinary coalgebra this is just the usual Hochschild complex.
The cyclic complex of the second kind is defined by

(4.9) CCri(H) = (Cp(H), b+ uB)

PROPOSITION 4.2.2. For a cocommutative DG Hopf algebra H,
1) there is an isomorphism of DG algebras

CP(H) = (H x Cobar(H),b + d);
2) there are natural k[[ull-linear (\)-adically continuous Ao ***ISO? morphism
CCH(H) = ((H x Cobar(H))[[ull,b + d + uB)

PROOF. Let us prove 1). Note that the product on Hochschild cochains is as
follows:

(410) (19X ®...0%)(1Q0Y1 ®...0Yn) =21 QY1 ©...0Yn ®X] @...DXn

Therefore, if we denote 1®x by (x), the k-submodule generated by 1®x1 ®...®@xn
for x € H is a DG subalgebra isomorphic to Cobar(H). Combining this with the
formulas for left and right multiplication by H, we get 1).

Now let us prove 2). Let us start with an observation: while B(x) = x which is
compatible with 2), the action of B on Cobar(H) in general does not agree for the
algebras in the two sides of 2). In fact, on the right hand side we have

B“ XX Q... ®Xn) = iB((Xn)(X])) = Zi(xn) ...(X]'Jr])Xj(Xj,])...(X])) =
Y 1 @x40 @ .. 0%’

ij(m ®x]mx1 Q... ®x§j7])
whereas on the left hand side we have the usual

B(1®x1®...®xn)=Zixj®...®xj_1

]®X§1)X] ®...®X]§j71)Xj,1) =

()
Xj—1 ®X]‘+1Xj

®...®xnx§n7”

For n =1 the two expressions are equal. For n = 2 they are not but the difference
is cohomologous to zero. In fact, it is equal to the value of the map

T®x ®X2 QX3 — X2 ® X3X1

at b(1 ® x1 ® x2). Our aim is to extend this calculation.
More precisely, we will prove 2) by constructing a universal A, morphism
comprised of the following expressions. Let us write

(4.11) ximl = 3« xm
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for x € H and m > 0 (in particular, x[0] = 1). Consider maps Cobar™(H) — C{i(H)
of the form

Frnoy il tyn) = yam@1 g mi™ @ @ ynm( Py Im]
)

defined for any collection (m}k)), m]gk] > 0, such that kaj(k) > 0 for any j and
Z]. mgk] > 0 for any k. Now define the composition

Cobar™ (H) @ ... ® Cobar™? (H) — Cobar™ ™" (H) — Cf(H)

where the first map is the product in the opposite order and the second is F(m(k))
j
for some collection as above.

Extend these maps to H-bi-invariant linear maps
(H x Cobar(H)) ®y ... ®n (H x Cobar(H)) — Cf;(H)

Because of 1), they and their linear combinations can be viewed as Hochschild
cochains of Hx Cobar(H). We will see next that they form a subcomplex, meaning,
the differential preserves this class of cochains.

Every (homogeneous) cochain gives rise to three numbers: ¢, —p, and —n where
n =mnj +...+n,. The total differential is the sum of three differentials:

a) the differential _ob’ (induced by the differential in Cobar(H)) is of tri-degree
(0,0,1); B

b) the differential dcopar (determined by the multiplication in Cobar(H)) is the
sum of components of tri-degree (k,1,—k) for k > 0;

¢) the differential bo_ (induced by the differential in C*(H)) is of degree (1,0, 0).

The component of the total complex that has total degree m is the direct
product of components of tri-degree q,—p,—n with ¢ —p —n = m. The spectral
sequence that converges to the cohomology of the total complex starts with the
double complex where q is fixed. For every fixed n, the cohomology of this double
complex can be computed by the spectral sequence where the cohomology of cobar
is computed first. For any fixed n, the 0copar complex is the product of the linear
span of all operations corresponding to (m§k)),1 <j<n, 1<k <q,and the
complex whose basis is formed by partitions (ni,...,np), n = ng + ... + n,,
n; > 0, with the differential

p—1
(N1yeeymp) = Y (1) My T, ).
i=1

The cohomology of the latter complex is zero when n > 1. So the first term of the
spectral sequence has the basis formed by operations corresponding to (m(*)),0 <
k<q, m) > 0 for k > 0. Note that Ax[m] = x[m]®x[m]. Therefore the differential
b o _ computes the Hochschild cohomology of the coalgebra has basis {[m], m > 0}
over k, subject to A[m] = [m] ® [m]. The basis of the cohomology is {[m], m > 0}.
(In other words, cohomology vanishes for q > 0).

For m > 0, consider the composition

Cobar(H) — H — C°(H)
where the first map is the projection and the second is given by (x) — x[m]. This

map is a restriction to to Cobar' (H) of a cocycle of the total complex that is defined
uniquely up to a coboundary. We conclude that the total complex has cohomology
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whose basis are such cocycles. For m =1 we get the derivation B. A FEW MORE
WORDS O
5. Pairings between chains and cochains
DEFINITION 5.0.1. Let a A be a graded algebra. For D € C4(A,A) we set
(5.1) ip(ao®...®an) = (—1)|D|Ziéd“““+1)aoD(m,...,ad) ®aA4+1®...® an
The following identities are straightforward.

PRrOPOSITION 5.0.2.
[b,ip] =1sp

tote = (—1)PIFe
Recall also the L-operations as defined in (8.0.7)). The following holds

PRrROPOSITION 5.0.3.

(5.2) (Lo, Lel = Lipey; [b,Lpl+Lsp =0 and [Lp, B] = 0.
Now let us extend the above operations to the cyclic complex. Define
(5.3) Splao®@...@an) = )  Erl@a1®...00 ...
j>0; k>j+d
D(aj41y-+50j1a) ®... @ ax

(The sum is taken over all cyclic permutations; ap appears to the left of D). The
signs are as follows:

€k = (_])\D\(Iao|+Z{‘:1 Uadl =1 +UDHD T (ad+ D+ o lail+1) s (lail+1)

As we will see later, all the above operations are partial cases of a unified

algebraic structure for chains and cochains; the sign rule for this unified construction
will be explained in 122}

ProOPOSITION 5.0.4. ([?])
[b+uB,p +uSp] —isp —uSsp =ulp

LEMMA 5.0.5.
(Lo, te +uSg] = yp g] +uSp g
if D € CST(AJA).
For a general cochain D the above is true up to homotopy:

PROPOSITION 5.0.6. ([248]) There exists a linear transformation T(D,E) of
the Hochschild chain complex, bilinear in D, E € C*(A,A), such that

[b+uB, T(D,E)] — T(6D,E) — (—1)'PIT(D, 8E) =

= [Lp, te + uSe] — (—=1)PH 1 (1p g+ uSip )
‘We use the notation

(54) Ip =w +uSp
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6. Basic invariance properties of Hochschild and cyclic homology
6.1. Morita invariance.

THEOREM 6.1.1. The trace map
#:Co(Mn (k) ® A) = Co(A)
given by
Mea)(Mhea)®...(Th@a) —»Tr(Mh.. T ®a ®...Q dn.

descends is a quasiisomorphism of cyclic(resp. periodic and negative periodic) com-
plezxes.

PrOOF. By the Kiinneth formula it is sufficient to check the claim for A =k,
and we will leave as an exercise for the reader. O

6.2. Homotopy invariance.

THEOREM 6.2.1. Supppose that
t—¢(t):A—B

is a one parameter family of homomorphisms depending polynomially on t € R.
Then the induced family of morphisms of complexes ¢(t), : CCET(A) — CCE°"(B)
is constant up to homotopy.

PrOOF. ¢(t) induces a homomorphism of algebras

A — B®Kk[t]
and, by Kiinneth formula, it is sufficient to show that the evaluation homomorphism
klt] > P— P(a) €k

induces a map on periodic cyclic homology which is independent of the choice of a.
We will see later that the map

Chlk[th 2fr®...®fy — fodfy...df, € Q™(R)
induces a quasiisomorphism of the periodic cyclic complex of k[t] with the de Rham
complex of R with coefficients in k[t] and the Poincare lemma finishes the proof.
An alternative proof can e given using the Cartan formula from the proposition

[6.0.4] in the next section applied to the operator Ly, acting on the cyclic periodic
complex of B[0OT]. O

7. Bibliographical notes






CHAPTER 5

Hochschild and cyclic homology as non-Abelian
derived functors

1. Homology of free algebras

Let V be a free k-module and A = T(V) the free algebra over k generated by
V.

PRrROPOSITION 1.0.1. The embedding of the subcomplex
(1.1) TV)eV - T(V)
located in degrees 1 and 0 into Co(V) is a homotopy equivalence.

ProoOF. Indeed, the subcomplex T(V) @V @ T(V) — T(V) ® T(V) of the bar
resolution Be (T(V)) = T(V) ®T(V)®. ®T(V) is a free bimodule resolution of V. The
proof follows from applying the functor ®v1(v)gT(v)er T(V) to this resolution. ([l

The subcomplex V can be defined more invariantly as a quotient rather that a
subcomplex: for any algebra A, put

(1.2) Co(A)™ = (C1(A)/bC2(A) == Co(A))

To see that (1.1)) and (1.2]) are the same for A = T(V), observe that the former
maps to the latter; denote this map by i. Now construct the map P in the opposite
direction as follows: in degree zero it is the identity; in degree one,

n
(1.3) r®v1...vnn—>Zv]-+1...vnr\n...vj,]®v]-
j=1
for r € T(V) and vi € V. We have P oi = id whereas
(1.4) ([d—ioP)(r@vi...va) =b ) Vi...Vj 1 @V ®Vi41...Vn

COROLLARY 1.0.2. For A =T(V), the projection C4(A) — Co(A)*! is a homo-
topy equivalence.

PRrROOF. It is immediate that for A = T(V) the above projection comes from a
map of bimodule resolutions, and the statement follows from standard homological
algebra. It is easy to write an explicit homotopy, and we will do so in order to use it
later in various cases, instead of referring to more general statements of homological
algebra. In fact our homotopy directly generalizes .

71
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Put
(1.5)

n—1

R(To@V1 ... Vn ®T2@...@Tn) =To ) Vi...Vj 1 @V @Vj1...vn ®T2@... @ Ty
j=1

for ¢ € T(V) and v{ € V.

LEMMA 1.0.3. Let P : Co(T(V)) — Co(T (V)™ be the projection; leti: Co(T(V))P —
Co(T(V)) be the embedding equal to the identity on T(V) and sending r@v to @V
forr e T(V) andv € V. Then

Poi=id; id —ioP = [b,h]
where h is as in (L.5]).

The proof is straightforward. O

REMARK 1.0.4. Formula (|1.5) for h can be generalized to the graded case. The
sign of the jth term in the sum becomes (—1 JIrol+2p <5 Ivel,

1.1. Cyclic complexes of a free algebra. For any algebra we have well-
defined
(1.6) Co(A)? 25 Ci(AP? 25 Co(A)™
satisfying bB = 0; Bb = 0. We can therefore form short versions of the negative
and other cyclic complexes; for example, put
(1.7) CC, (AP = (Co(A)*P[[u]], b 4 uB)

PROPOSITION 1.1.1. The projection CC, (T(V)) — CC, (T(V))*" is a homotopy
equivalence, and similarly for CCo and for CCY®".

PRrROOF. Follows from the fact that the projection preserves the filtration by
powers of u and is a homotopy equivalence on associated graded quotients. O

REMARK 1.1.2. For any algebra A one has C;(A)" = Q'(A)/[A,QV(A)] =
DR'(A) in the language of Under this identification, (1.6)) becomes

(1.8) A-LDR'A) A

This justifies calling the short cyclic complexes like (1.7) two-periodic De Rham
complezes of A.

COROLLARY 1.1.3. The reduced cyclic complex CC4(T(V))/CCq(k) is homotopy
equivalent to
Pr... ven 25T yen I yen)
n>1
where t is the cyclic permutation of cyclic factors and N =1+t 4 ...+t 1,
When k contains Q, then

HC,(T(V)) =0

form>0;
HCo(T(V)) = T(V)/([T(V), T(V)] + k).

PRrOOF. The embedding i identifies both Co(T(V))*® and C;(T(V))*" with
®n>1V®™. Under this identification, b becomes T —t and B becomes N. O
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2. Semi-free algebras

DEFINITION 2.0.1. A differential graded algebra R is semi-free over k if

(1) as a graded algebra, it is equal to T(V) where V is a free graded k-module;
(2) V has a filtration 0 =V_1 C Vo C Vy C...C Vy C... such that dV, is
contained in the subalgebra gemerated by Vi1 for all n.

If R is concentrated in non-positive degrees then the second condition is redun-
dant as we can take Vi = @j<n V7.

PROPOSITION 2.0.2. For any DG algebra A there exists a semi-free DG algebra
R together with a surjective quasi-isomorphism R — A.

PROOF. Choose a k-module V that generates A as an algebra. Let Ry = TV,
with zero differential. Consider the epimorphism **¥###ttk |

A DG algebra R such as in Proposition [2.0.2]is called a semi-free resolution of
A.

PROPOSITION 2.0.3. Let R be a semi-free resolution of R =2 A and S =% B
a semi-free resolution of B. For a morphism f : A — B there exists a morphism
F:R — S such that mgF = frta. Any two such morphisms F are homotopic.

R—+0Q

A—"oB

Any two semi-free resolutions of a DG algebra A are homotopy equivalent.

Proor. We construct F, as well as D, on V,, inductively in n. ***A bit
more?*** O

LEMMA 2.0.4. Let A be semi-free. Then being homotopic is an equivalence
relation on morphisms A — B.

PROOF. As shown in [0 being homotopic is an equivalence relation on As
morphisms A — B. But such an A, morphism is a DG algebra morphism

CobarBar(A) — B.
Let ma be the projection of CobarBar(A) to A. If A is semi-free then there is
a morphism of DG algebras q suct tat qma = ida. For any fo,f1 : A — B, a

homotopy f between forta and f1ma leads to a homotopy f = fq between fo and
fy.

CobarBar(A)
[
q YN
A T > BwCr(A")

O

REMARK 2.0.5. If we replace morphisms of DG algebras by morphisms of com-
plexes then we arrive at the usual definition of chain homotopic maps.
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3. Hochschild and cyclic homology and semi-free resolutions

3.1. Hochschild and cyclic complexes of semi-free algebras. Let us
start by observing that complexes Co(A)*" are defined for DG algebras (now they
are double complexes with two columns). Also, the complexes CC, (R)*", etc. are
defined.

LEMMA 3.1.1. For a semi-free DG algebra R, the projections
Ce(R) — Co(R)™; CC, (R) — CC, (R)*
CC4(R) = CC4(R)™; CCE(R) — CCPeT(R)h
are homotopy equivalences of complexes.

PROOF. Let h be the homotopy as in Remark [1.0.4] Define
(3.1) H=h+ > (-1)"(hd)"h; I=) (-1)*(hd)™
n>1 n>0

These are infinite sums but [h, d] is locally nilpotent because the algebra is semi-
free. We have

(3.2) Pol=id;id—IoP=[b+d,H]
Indeed,
[b, (hd)™h] = (hd)™ + (dh)™ — (hd)™iP
(which follows from Ph = 0);
[d, (hd)™h] = (hd)™*" + (dh)™*!

Formulas (3.2)) show that the projection of the long Hochschild complex to
the short is a homotopy equivalence. Therefore the same is true for all the cyclic
complexes. Explicitly, one can modify H and I from (3.1)) replacing d by d+uB. O

PRrROPOSITION 3.1.2. Let R be a semi-free resolution of a DG algebra A. Then

(1) the complex Co(R)*™ computes the Hochschild homology of A,
(2) the complex CC, (R)*" computes the negative cyclic homology of A;
(3) similarly for cyclic and periodic cyclic homologies.

PRrROOF. In fact both morphisms
(3.3) Ce(R)™ ¢— Co(R) — Co(A)
are quasi-isomorphisms. Same for cyclic complexes of all types. O

PROPOSITION 3.1.3. Let k contain Q. Let R be a semi-free resolution of A.The
complex R/([R,R] + k) computes the reduced cyclic homology HC4(A).

Proor. Indeed, both morphisms

(3.4) R/(IRyR] + k) ¢+— CC,4(R) — CCq(A)
are quasi-isomorphisms. [l

REMARK 3.1.4. Because of Remark [2.0.5], it is clear that all complexes defined
above in terms of a quasi-free resolution are well-defined up to chain homotopy
equivalence of complexes.
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3.2. The relative version. Consider two DG algebras A and R. We say that
R is semi-free over A if R is freely generated over A as a graded algebra, V has a
filtration 0 =V_1 C Vo C V; C ..., dV,, is inside the subalgebra generated by A
and V;,_1, and d|A is the differential of the DGA A.

Let A - Bisa morphism of DG algebras. Let R be a DG algebra semi-free
over A. A morphism R — B is a morphism over A if its restriction to A is f. A
homotopy between two such morphisms is a homotopy over A if its restriction to
A is the composition A — B — B ® C*(A').

LEMMA 3.2.1. Being homotopic over A is an equivalence relation on morphisms
R — A dver A.

PRroOF. The proof is exactly as in the absolute case, except we use the relative
Hochschild cochain complex

(3.5) C*(R/A,B) = H Homy o por (R®A ... @4 R, B)
n=0

O

Let f: A — B be a morphism of DG algebras. A semi-free resolution of B over
A is a semi-free DG algebra over A together with a surjective quasi-isomorphism
7: R — B whose restriction to A is f.

R

A

Any two such resolutions of the same B are homotopy equivalent over A.
Now define Q;{/A to be the DG bimodule generated by symbols dr, r € R, that

are k-linear in v and of degree j + 1 for r € RJ, subject to relations

(3.6) d(rim2) = drira + (=)l dry; da =0,a € A.
Put

(3.7) DR'(R/A) = Qg a /R, Qg /0 ];

define

(3.8) DR'(R/A) -2 (R/A)/IA,R/A] - DR (R/A)
by

b(rodriTa) = (=Dl (ry] + [ra| + 1)[r1, 270); Br = dr

PrOPOSITION 3.2.2. Letf: A — B be a morphism of DGA. Let R be a resolution
of B which is quasi-free over A. Then the complex

(3.9) DR'(R/A) -2 (R/A)/IA, R/A]
is quasi-isomorphic to Cone(Cq4(A) LN Co(B)); the complex
... 2 DR'(R/A) -2 (R/A)/IA, R/A] -2 DR (R/A) -2 (R/A)/[A, R/A]

is quasi-isomorphic to Cone(CC,4(A) L CC,(B)); and similarly for the negative
and periodic cyclic complexes.
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ProoF. Consider resolutions Q of A and R of B such that the following dia-
gram is commutative and R is semi-free over Q.

Q>R
-
A—fo
LEMMA 3.2.3. Proposz'tion is true with replaced by
(3.10) DR'(R/Q) = (R/Q)/IQ,R/Q]

where Q and R are as above.
PrOOF. For a DG algebra D and a DG bimodule M we will write
(3.11) Mg p = M/[D,M] =M ®@pgper D
Consider the diagram
0 ——(Qf ®q R)t,o — (Qp)tr — (Qg o )t,R —>0
J{b lb ib

0 ——Q+I[QRJ R (R/Q)t,q —0

We observe that its rows are exact. Now, the left column of this diagram fits into
its own diagram with short exact rows:

0 —(Qg{)1,q — (Qf ®q R)j,q — (Qg ®q (R/Q))s,q —0

| i i

0 Q Q+I[Q,Rl ——— = [Q,R/Q ————0

We claim that the right column is an acyclic complex. In fact, the complex

(Q4 ®q (R/Q))go — R

is quasi-isomorphic to the Hochschild complex Co(Q, R/Q). Because R/Q is a semi-
free bimodule over Q, the projection

Ce(Q,R/Q) — (R/Q)/IQ,R/Q]

is a quasi-isomorphism, whence the claim. ([l

Now consider a diagram

- R

e

TTA

N

-

>

B

i
i
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It remains to compare the column complexes

(3.12) (—O—h/Q)ﬁ,R - (QJQ/A)ﬁ»R
(R/Q)z,q (R/A)g,A

We claim that the horizontal maps induce their quasi-isomorphism. Indeed, for
a morphism of algebras D — E and for an E-bimodule M, define the relative
Hochschild complex Co4(E/D, M) by

Cn(E/D,M) = (M ®@p (E/D)®p ... ®p (E/D))s,D

where there are n factors E/D; the Hochschild differential b is given by the usual
formula. We claim that the projections of C4(R/A,R) to the left column and of
C.(R/Q, R) to the left column of (3.12)) are quasi-isomorphisms. This is easily seen,
for example, by observing that Le holds for a D-free algebra E = D*T(V)
for any algebra D, with the identical proof. Consequently, Proposition [3.1.1] also
admits generalization to the case of semi-free DGA over a DGA D. Finally, observe
that
Co(R/Q,R) = C.(R/A,R)

is a quasi-isomorphism. (Il






CHAPTER 6

Hochschild and cyclic homology and the bar
construction

1. Hochschild and cyclic (co)homology of coalgebras

Just as we constructed the Hochschild and cyclic complexes for differential
graded algebras, we can in a dual way construct analogous complexes for differential
graded coalgebras. For a DG coalgebra C with coproduct A, differential d and
counit €, let

(1.1) c)=JJcece
n>0

(1.2) cr(=J]cec™
n>0

where C = kere. The following is a construction dual to the one for algebras. Put

. (1)
Fleo®...cn) = (- ZrvslH5 0. oo @ 9 ®.. e,
0<j<n+1;
n (1)
dn+1(co ® -~-®Cn) — (71)(219:1 |cp\+\c(1)|)\col C(()Z) ®RC1R...@cCn ®C(()1);

S(Co®...Qcn) = (—1)sz1 |°i|co®...cje(cj+1) ®Cj42 ® ... ® Cn,
—“1<j<my
tCo®...@cn) = (=1l Xp=0lrle; ... ®cn ® co

Note that & and sJ with j > 0 define a cosimplicial structure module structure
] — C2M+1): together with t they define a cocyclic module structure. We put

n+1 o n )
(1.3) b=) (-1)Jd;r=(-)"tEN=) 7
j=0 j=0
on C @ C®™,
(1.4) B=Ns_(1—1)

As in the case of algebras, b and B descend to C*(B) and satisfy
b> =B =bB+Bb=0

Now define the Hochschild complex of C to be

(1.5) (C*(C),d+Db)

79
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Define also

(1.6) CC*(C) = (C*(C)[[ull, b+ d + uB)

where u is a formal parameter of cohomological degree -2;

(1.7) CC3..(C) = (C*(O)[u,u '], b+ d +uB)

and

(1.8) CC* (C) = (C*(O)[[u,u"T/uC*(C)[[wl],b + d +uB)

1.1. Complexes of the second kind. The above definition is dual to the one
we used for DG algebras. An important feature of both is that they are invariant
with respect to quasi-isomorphisms of DG (co)algebras. In this chapter, however,
we are going to consider the example C = Bar(A) where A is a DG algebra. Since
C is contractible when A has a unit, we cannot get anything meaningful using the
complexes above. We can, however, define the Hochschild complex of the second
kind

(1.9) no=@coc™
n>0
with the differential b + d. Define also
(1.10) CC(C) = (C(O)[ull, b+ d + uB)

and similarly for the negative and periodic complexes as in (1.7)), (1.8).

1.2. Two-periodic De Rham complex. Define for a DG counital coalgebra

C

(1.11) DR;(C) =ker(b: C®C — C® C ),

Let C*(C)sn be the total complex

(1.12) C -2 DR4(C)

(with the differential d + b). Define also

(1.13) CC*(C)yh = (C*(C)a[full, b+ uB)

where v is a formal parameter of cohomological degree -2;

(1.14) CCe(Chsh = (C*(Clanllu,v='1, b + uB)

and

(1.15) CC* (C)sh = (C*(Clan[lv, v~ '1/vC* (C)an[[u], b + uB)

PRrROPOSITION 1.2.1. For any DG algebra A, the embedding
C* (Bar(A))g, — Ciy(Bar(A))

L]
per*

18 a homotopy equivalence. Same if one replaces C* by CC*, CC*, or CC

PROOF. Since Bar(A) is cofree as a graded coalgebra, we cal construct P, I,
and H by formulas dual to (3.1]). O
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2. Homology of an algebra in terms of the homology of its bar
construction

We will now apply the above to the DG coalgebra C = Bar(A) for a DG

algebra A. To avoid confusion, we will use boldface for C B, DR4(C) b, C, while
reserving the symbols b and B for the differentials on the Hochschild complex of A.

PROPOSITION 2.0.1. There are isomorphisms of complexes
Bar(A)) — (A®*,b’); DRy (Bar(A)) = C4(A,A)
These isomorphisms intertwine B with N and b with id —t.

PROOF. **¥xxx d

Therefore we can express the (b,b’,id —1, N) double complex computing the
cyclic homology of A as

(2.1) ... 2 Bar(A) % DRy (Bar(A))

Because of Proposition the above computes the negative cyclic homology of
Bar(A). Similarly, the negative cyclic complex of A gets identified with

(2.2) Bar(A) - DR, (Bar(A)) — ...
which computes the cyclic homology of Bar(A). We obtain
THEOREM 2.0.2.
HC,(A) = HCZ*;(Bar(A)); HC (A) — HC{*(Bar(A))
PRrOOF. O

2.1. Action of A, morphisms on Hochschild and cyclic complexes.
Since an A, morphism is by definition a morphism of DG coalgebras Bar(A) —
Bar(B) and the short complexes C®(C)g, CC®(C)gp, ete. are functorial in C, The-
orem [2.0.2] implies that an A, morphism induces morphisms of Hochschild and
cyclic complexes. It is easy tho see that these are the same morphisms as in .

3. Bibliographical notes
Quillen, Cuntz-Quillen






CHAPTER 7

Operations on Hochschild and cyclic complexes, 11

1. Introduction

Our motivation is the following. Recall that for an algebra A we denote by
g% the DG algebra C**1(A) with the Gerstenhaber bracket. When A = C®(M)
then HC, (A) is isomorphic to the cohomology of the complex (Q®(M)[[ul]l, ud);
the cohomology of g% is the graded Lie algebra g}, of multivector fields on M;
one can define an action of g%, [e][u] on HC, (A): for two multivector fields X, Y
the action of X 4 €Y is given by Lx + ty where iy is the contraction operator and
LX = [d, Lx}.

We would like to have a noncommutative analog of the above action. In fact,
because of Theorem we know that there is an Lo, action of g [€]lu] on
CC, (A), i.e., a DGLA which is quasi-isomorphic to the former acts on a complex
quasi-isomorphic to the latter. However, the proof of Theorem is inexplicit,
and we need explicit operations for applications. The earliest and easiest such
formulas express not the operations themselves but their compositions with a trace
on our algebra (recall that such a trace is a (periodic, negative) cyclic cocycle). We
discuss this in section [2| Later ***where? we provide an explicit formula for an
action of the complex U (g% [e])[u] on CC, (A). It is still relatively explicit, unlike
the action of the algebra provided by Theorem

The difficulty is due to the following. In the classical situation, the multiplica-
tive structure (wedge product on multi-vectors and the action on forms by contrac-
tion) and the Lie structure (the Schouten bracket on multi-vectors and their action
on forms by Lie derivative) are compatible. In the noncommutative case this turns
out to be true but is way harder to prove (and is beyond the scope of this book).

2. Operations composed with traces

We use the pairing and Proposition to carry out our first construc-
tions in the spirit outlined in the introduction I More precisely, we observe that,
if we apply the pairing to a Hochschild cochain obtained by cup product from
Hochschild cochains of degree < 1 and follow this with a trace, the result will be a

cochain with good properties. We give two versions of this construction. The first
is due to Quillen ***Ref, the second is from ***NT ref

2.1. The characteristic map. Let A be a graded associative algebra. A[1] x
Der(A) is a DG Lie subalgebra of g% . Let £ be a DG Lie subalgebra of A[1] xDer(.A)
and K a graded space on which £ acts so that elements of A[1] act by zero. Let
tr: A — K is an L-equivariant trace. We extend it by zero to the entire Hochschild
complex C_,(A).

83
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Given the Xy,...,X;, € £, and for a Hochschild chain c, we set
1
(2.1) XXy Xn)(e) = — D (g ) - X ) €
" o€eSn

The operations tp are the ones from the definition and the sign is computed
as follows: a permutation of X; and Xj introduces a sign (—1 Y IXal T IX51+1)

PROPOSITION 2.1.1. (cf. [461], [463]). x defines a cocycle of the complex
C*(L,Hom(C_q(A), K)[[ul]

with the differential b+uB + 0+ udyrie; the action of L on Hom(C_,,K) is induced
by the action on K. In other words,

XXty X ) (b4 uB)(€)) = (Y (X, 8y Xo )+

W XX, Xl ooy Xy ooy Xy ooy X )

U XXX X Xn))(€)

PROOF. O

Explicitly, x is defined as follows. Let ¢ = ap ® ... ® an. Let D be an odd
derivation and x an even element of A. Then
nIN!
X(D™XMN)(c) = ——— > tr(apx™D(ar)xN' ... D(an)x"")
(N +n)!
No+Nj+...+N,=N
Assume now that A is an element of total degree one in L. Define an improper (i.e.
infinite) periodic cyclic cochain of A, or more precisely an element of

(22) Homk[u](CO(A)[u})K[u»uiw))
by
(2.3) xa(c) = tr(exp(2)(c))

u

Recall that a Maurer-Cartan (MC) element of a DG Lie algebra (L, [,],8) is an
element A of degree one such that

(2.4) S\ -+ %D\, Al =0

LEMMA 2.1.2. Let A be an MC element of L.

xa((b+uB)c) = Axalc))

PRrROOF. Follows from Proposition [2.1.1 O
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2.1.1. JLO cocycle via the characteristic map. Let A be a graded algebra and
let D be an element of A of degree one. Put

(2.5) Ap = 8D — D?
This is an element of total degree two in C*(A,A) : the first summand is a one-
cochain of degree one and the second a zero-cochain of degree two. We have
1
(2.6) SAp + E[AD,)\D] =0
Given a trace tr on A, put

(2.7) ¢ = x(exp(Ap))

Using the Duhamel formula for the exponential, we compute the components of the
cocycle ¢(tr,0p) :

(28) d)Zn(aO)"*»aZn) =

J tr(age™t° D? D, ajle” " D* D, aznle t2n D? Jdty ... dtyn.
AZn

where A¥ is the standard simplex

A% ={(toy.. ., ti) [to+ ...+t =1; £, > 0,1 =0,...,k.}
It follows from Lemma R.1.2] that
(2.9) bdon + Bboni2 =0

n applications, the exponential factors e~ D? regularize the expression under the

integral sign so that the total cocycle can be evaluated on non-trivial classes in the
periodic cyclic homology of A

REMARK 2.1.3. The MC equation (2.6 can be formally written as
(2.10) (64+Ap)2 =0

Therefore Ap plays the role of a flat connection. In fact it gauge equivalent to the
trivial flat connection, namely:

(2.11) 5+ Ap = exp(ad(D))(d)
where D is viewed as a zero-cochain of degree one.

2.2. Quillen’s cochain construction.
2.2.1. Quillen’s infinite periodic cyclic cycle. Let (A,0) be a DG algebra and
let © be an element of A'. Put

(2.12) Q=1090+0°
One has the Bianchi identity

(2.13) 00+106,Q]=0
Define the element of C$P(A)((u™"))

I
n
o
2

gk

Q
3

Q
(2.14) (1+4do) exp(;)
LEMMA 2.2.1.

(0+b+uB)((1 +d9)exp(%)) =0
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PrOOF. Follows from:

(2.15) a(%) =6, %k
(2.16) d(%)= (nm—;)'
(2.17) a(de(fi;)!) = (T?i]])!
(2.18) b(do o ) =16, o ]

O

Next, given algebras A and L together with a trace tr : L — K, consider the
morphism
(2.19) try : CP(A®L) — CPA) @K
defines as follows:
a®{— a®tr(l);
(a®¢)db — adb ® tr({);
(a®0dt; — 0

for a,b € A, {,£; € L. It is easy to see that (2.19) is well defined and commutes
with b and with B. Let us (slightly) generalize this construction as follows: let B be
a DG coalgebra, L an algebra, tr : L — K a trace on L. Then there is a morphism

(2.20) try C3h(Hom(B,L)) — Hom(Cg,(B),K)

commuting with b and B.
Now let A and L be two algebras. Take B to be Bar(A). We write

(2.21) C*(A,L) = Hom(B,L)

By Proposition [2.0.1} given a K-valued trace on L and an element 0 of degree one
in C*(A, L), we get an émproper (or infinite) periodic cyclic cocycle

=)

(2.22) try (T + dO) exp(—

of A with values in K. More precisely, we get a formal series

(2.23) ¢(tr,0) = Z bn; Pn: AP K
n=0
(2.24) bdon + Nboni1 =0 b'dony1 + (1 —T)pang2 =0

More generally, we may allow L to be a graded algebra and assume that tr is of
degree zero.

We consider the following examples.

2.2.2. Quillen’s definition of Connes’ Chern character of Fredholm modules.
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2.2.3. Quillen’s JLO cocycle. Let p: A — L be a morphism of algebras.
We have

(2:25) peCH(A,L); 9p+p® =0
For any D € L', let
(2.26) Op=p+D

This is an element of total degree one in C*(A,L).
As in 7?7 by the Duhamel formula for the exponential, we have

(227) d)Zn(aOa”')aZn) =
J tr(p(ao)e P M, p(ar)le 1P’ ... D, plazn]))e 2n P dt; ... dtsy.
AZn

(2'28) d)2n+1 (a0>"-)a2n+1) =

J . tr(e P [D, p(ao)le ' P ...[D, p(aznl))e t2n+1 P dty ... dton 1.
A n-+

In fact more than ([2.24)) is true, namely

(2.29) bdon +Bdoni2 =0
To see that, ***FINISH; do the odd case***

REMARK 2.2.2. We have constructed (an algebraic version of) the JLO cochain
using MC the same element that plays two different roles. Here we viewed
it as an element of degree two and treated it as the curvature of a connection a
connection 0+ 0 where 0 is as in . In we treated it as a flat connection
and exhibited the gauge transformation that makes it trivial. It would be interesting
to understand this better. One is reminded of the relation between differential forms
on a manifold and on ils loop space.

3. Action of the Lie algebra cochain complex of C**'(A;A)

DEFINITION 3.0.1.  Set
ga denotes the differential graded Lie algebra (C*+1(A),[, 1,8).

galel = ga +gae, €2 =0, e[ =1.
Let U(galel) denote the universal enveloping algebra of galel and let u be a formal
parameter of degree 2. We will give

U(galel)ul
a differential graded algebra structure with the differential

0
c—+6
uae-i-,

where & denotes the total differential in ga .

THEOREM 3.0.2. Consider the action of U(ga) on CC™ (A) where D € ga acts
as the Lp operation (see the formula (8.0.7))).

Then there is a morphism of complexes of k[[ull-modules that extends this ac-
tion:

U(galeD) [ul] @u(ga)iun CCo (A) —  CCJ(A)
U(gale) " ull ®ugaymu—11 CCE7(A) —  CCE(A)
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The signs € are computed according to the rule under which the parity of any Dy
is IDi| + 1. We will also use the notation 1(Dy,..., D)o for the left hand side of
the above equation.

3.0.1. Proof of Theorem[3.0.3 Let us start by introducing some notation.

NoTATION 3.0.3. Let A be an associative unital algebra.
e Ea denotes the differential graded algebra (C*(A),U,d);

Recall that, for a differential graded algebra A, we constructed in the subsection
7?7 the following structures.

An Ao structure on Cq(Ea)[[U]]

(3.1) m +um?) neN,
where mg” +umgz) =b+0+uB.

An Ago-module structure over Co(Ea)[[U]] on Co(A)[[ul]
(3.2) ug] +uu](12), neN.

DEFINITION 3.0.4.
Let A be a unital associative (differential graded) algebra.

(1) *: Co(Ea)[Iu] x Co(Ea)[lul] = Co(E)(lul]

denotes the binary operation (product) on Ce(Ea)U] given by restricting the cor-
responding binary operation

axb= (—1)‘a|(m§1)(a,b) +um(22)(a,b))
constructed on Cq(Ea))[U]] in the theorem to the subspace
Ce(Ea)[u]] = Co(CO(EA)) U] C Co(C*(EA)) ([l

(2) o: Co(A)[[u]] x Co(Ea)[ful] = CCo(A)[[ul]

denotes the binary pairing part of the Aoo-module structure of Co(Ea)lU] over
Co(C*(EA)) W], u;” —I—uuéz], constructed in the theorem restricted to

Co(A)[W] x Co(E) W] = Co(EANN W] X Co(CO(EA)) ],

Now, the formula

(eDq- - €Dy )eor = (1)1 X% “Di'“)% Y €qao(Dg, (Do, (.. #Dg,, ) . -)

: OEX

gives the morphism in the statement of Theorem The proof follows immedi-
ately from the fact that, in the A structures constructed in the theorems[f.2.1]and
[4:22] the total boundary map commutes with the total binary product structure
and

(Lo, I(D1,..., D)l = Y (=1)IPHFI et PD(D,, (D, D], Dig1y.eny Din).
i

***Move/reconcile ***The following observation will be useful later
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COROLLARY 3.0.5. Let T be a tracial functional on an algebra A and suppose
that

O1y.ueyOn
is a family of commuting derivations of A satisfying
Toéi:O, 121,...,T1
Then
1
QW®...R0 a, — - Z sgn(o)t(aodg(ry(ar)...dgm)lan))

' (SN
defines a cyclic cocycle on A.

PrOOF. Let U, denote the ideal generated by the derivations {di}i—1,.. . n in
U(galel)[[ul]l. Under our assumptions,

[1(81,...,8n),b+uB] € Uy,

hence, since T vanishes on Uy, To I[(81,...,0n) is a cyclic cocycle. It is easy to
check that

1

1(61 Yooy én)(ao X...Q0 an) = . Z Sgn(ﬁ)aoécu)(m ) IR 56(11)(‘171))
n!
OEL,
hence the claimed result holds. [l
Skkoksk

COROLLARY 3.0.6. Suppose that A is an odd element of g% satisfying the
Maurer-Cartan equation

(3.3) SA+ %[7\, Al =o.

Set

(3.4) XN = Texp(25) : CoAI ] = CulAN "l
Then

(3.5) [b +uB,x(A)] = Lax(A).

ProOOF. By Theorem [3.0.2] given Dy,...,Dy in ga,
[b+uB,I(DieA...ADnel =) +Lp I(DjeA...ADiA...ADy)+

1
) £I(IDi,Djle ADje...Die...Dje... ADye)
i<j
where the hat D means that the corresponding term is omitted from the argument

of I. The signs are explained in the statement of the theorem The claimed
identity follows immediately. O

The complex (Co(AM])[u™",ul, b+uB) is contractible but, in many situations,
X(A) extends to a large subcomplex of the periodic cyclic complex of A and gives
interesting maps.
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3.1. The characteristic map, II. Here we restrict the action of U(ga[e, ul
to the subalgebra of cochains of degree < 1. We obtain an action of the cyclic

complex on the negative cyclic complex. ***We do not use this anymore for the
index theorem

Let u be a formal parameter of degree two. Consider the differential graded
algebra Aln] = A + An, degn = —1, n2 = 0 with the differential %. Consider the

complex éi\(A[n])[ | with the differential - G b.

THEOREM 3.1.1. There exist natural pairings of k[[ul]l-modules

o:C_ (A ® CC—,(A) = CC,(A)

«: T (AN, u"] ® CCPT(A) — CCPI(A)

such that:
(1) T]®m 7= ﬁ]d fOT’ m > 0.
(2) Forxi € A the operation (x1 ® --- ®@xp) ®? sends Cn(A) to
Zi‘jzo CN—‘p+i(A)uJ-

(3) The component of (X1 ® --- @ xp) ® (a0 ®--- ® an) in Cn_pl[ul] is equal
to

12
mp Z Dagki, arllxir2, a2l - [xi, ap] ® ap1 ® -+ @ an

@) x@--@x)el =37 (=N @x 11 @xi2®- - O X,
PrOOF. First note that we have a natural the morphism of DGLA:
gl(Aln]) — gl(An @ gl(A)/k = C* (M (A)),
where gl(A)n is identified with C®(My.(A)) and
gl(A)/k =Im(8|co(m.(a)) C C' (Moo(A)).
The theorem [3.0.2| provides us with a morphism of complexes:
(3.6)  e:U(gl(AM, el))[ul]l ®u(gik)) CCq (Moo(A)) = CCJ (Moo(A))

(in the negative cyclic case). Let M(A ) denote the algebra of N x N-matrices with
entries in A and only finitely non-zero diagonals. Set

t:A>a—a-1eM(A)

and
(3.7) # Mx(A) =M (C)@A>T®a— Tr(T)a € A.
It is easy to check that the composition

#e(id® )
is well defined and induces a morphism of complexes
k Rgi(kMm]) u(g[(A[TI) 6}))[[1@} Rgi(kle]) k — ET‘Ld(CC:(A))

A composition of morphisms of complexes:

Co (Al — CL*(gl(AMD), gl(k); k)] — k@giemn UlalAN, €D) [l ©giken k
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completes the costruction. Here the first morphism comes from the theorem [4.0.2]
while the second one can be constructed using the observation that the quotient
morphism

k ®g[(k[n]) U(g[(A[T]» 6])) ®g[(k[€]) k — k®g[(A[1’|]] U(g[(A[ﬂ, 6])) ®g[(k[€]) k

is in fact a quasiisomorphism (this follows from the fact that knl/k — Anl/k is a
quis). O

REMARK 3.1.2. Note that the formula (4) above defines the map from EZ\(A) to
Ker(B : Co(A) = Cot1(A)) (one can show that this map is a quasi-isomorphism).
Clearly, the kernel above embeds into CC, (A). The above theorem shows that this
embedding extends to a pairing e.

The complex 62\71 (AmD[[u]] is very simple at the level of homology; it is quasi-
isomorphic to k[[u]]. Therefore the pairing e does not define any new homological
operations. It is, however, very important at the level of chains, as one sees in [69].
To give some applications, let us suppose that T is a trace on the algebra A and
hence the operations on the cyclic periodic complex constructed in the theorem

produce a map #1=(tT®1id)oe:
#: OO (A) [l — HC;

per

(A).
A few of the examples:

(1) #1m*™) = ﬁ'ﬂ
(2) Suppose that ) x; ® --- ® xp is a reduced cyclic cycle. then

)
#T(Z X1®: - @xp)(A0y ...y Qp) = ;,Z Z(*1)i(p7”’f(ao[xi+1>(11}[Xi+2» az]---[xi, apl)
’ i=1

is a cyclic periodic cocycle in the same class a a multiple of T determined
by the class of }_ %1 ®@ -+ @ Xp.

(3) Suppose that F is an odd element of A satisfying F> = 1. Then FA(n+1)
is a reduced cyclic cycle and

#T(FA(nJr]))(aO) ceey Cln) = T(FQO[F, (1]} e [F) anD

is a cyclic cocycle representing T in the periodic cyclic cohomology.
4. Rigidity of periodic cyclic homology
4.1. Nilpotent extensions.

THEOREM 4.1.1. (Goodwillie) Let (A, m) be an associative algebra over a ring

k of characteristic zero and let 1 be a two-sided nilpotent ideal of A. The natural
per

map CCL (A) — CCR*"(A/I) is a quasi-isomorphism.
ProoOF. Using exact sequences
0——=I/I"! — A/ — s A/I" ——0
the claim reduces to the case I = 0. Fix a k-linear isomorphism
b:A~A/lB]

which reduces to identity modulo I. The pull back of the product from A/I® I by
¢ defines on A an associative product, say m;. Set A = m —my. This is a Maurer
Cartan element of the Hochschild cohomological complex of (A, m)). since 12 =0,
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the infinite series X(A) converges an, by the corollary provides an isomorphism
of the cyclic periodic complexes of (A, m) and (A, m;). But, by additivity of cyclic
periodic homology,

CCPe"(A) ~ CCReT(A/I) @ CCHe™(I) ~ CCEeT(A/T).
O

4.2. Completed Hochschild and cyclic complexes. Let A be an algebra
and I an ideal in A. Each tensor power of A has a filtration

FII\I(A®(p+1]): Z "®...I"

no+...np >N+1

The differential b preserves the filtration. We denote the induced filtration on
Hochschild chains by FYCp, (A). Put

Ca(A)1 =1im Co(A)/FY' C(A)

—. per o~
CC, (A)1 = (Ce(A)1((w)),b+uB)

THEOREM 4.2.1. Suppose that my and m;, are two associative products on

A with the same unit. Suppose moreover that 1 is an ideal with respect to my and

mi(ay,az)—ma(aq,az) €1 forall ay, az in A. Then there is a natural isomorphism

of complezes
per

(/jao (A> m])l ~ @fer(A) mZ)I

PROOF. Set A = m; — my. Then x(A) the infinite series converges x(A) and
produces a quasiisomorphism of the respective cyclic periodic complexes. O

THEOREM 4.2.2. The projection
CCL™ (A)r — COE (A/)
1S a quasi-isomorphism.

PrOOF. Choose a linear section A/l — A of the projection. This allows to
identify A with A/I x I as k-modules. Consider two products on A : the original
one and the one coming from this identification, with the product on A/I being
the product in the quotient algebra and the product on I being zero. These two
products satisfy the conditions of Theorem So we have to prove that the
projection is a quasi-isomorphism for the second product, which follows from the
Kiinneth formula and the fact that the algebra with zero multiplication has periodic
cyclic homology equal to zero. (I

Another corollary is the following.

COROLLARY 4.2.3. Let (A, m) be an associative algebra, TA the tensor algebra
over A and J(A) the ideal in TA generated by

{a®@b—m(a,b) | a,be A}

Then

== (A)
)

CCPe™(TA ~ CCPe(A).
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PROOF. The claim follows from the fact that, by the theorem 77, for n > m
the quotient maps

T(A)/TA)™ = T(A)/J(A)™

induce isomorphism on periodic cyclic homology. O

5. Excision in periodic cyclic homology

Recall the following notion of smoothness for non-commutative algebras, due
to Cuntz and Quillen (see [?]).

DEFINITION 5.0.1. A unital algebra A is called quasi-free if H?>(A, M) = 0 for
all A bimodules M.

REMARK 5.0.2. For future reference note that free algebras are quasifree.

PRrROPOSITION 5.0.3. Suppose that A is a unital quasifree algebra.

o Q'(A), the kernel of the multiplication map A ® A — A, is a projective
A-bimodule;

e A is hereditary, i. e. any right (resp. left) submodule of a projective
A-module is right (resp. left) projective.

PRroOF. To prove the first statement, look at the exact sequence of A-bimodules:
(5.1) 0——=QNA) —=ARKA—>A——=0.

Since A @y A is free A-bimodule, applying the functor RHom”" (-, M) to it shows
that

Exth.(Q'(A),M) = Ext{ (A, M).

Since A is quasifree, Exth.(Q'(A),M) = 0 for every A-bimodule M and Q'(A) is
projective as an A-bimodule.

For the second claim, suppose that M is a, say, left A module. Tensoring the
split exact sequence [5.1] with M from the right, we get an exact sequence of left
A-modules

(5.2) 0—=0Q'A) @AM —=AxM —>M ——=0.

Since Q'(A) is projective as an A-bimodule, Q'(A) ®a M is projective as a left
A-module and the claim follows. a

Let us start by defining H-unitality in the context of pro-algebras.

DEFINITION 5.0.4. Let A be an algebra over a field of characteristic zero and
let---C A C AM 1 C .. C A% C A be the filtration of A by its increasing powers.
A is approximately H-unital if the complex

(h—1limC,(A¥),b")
k
s acyclic. In the following we set Cq(A*®) =h — lim Co(AM)).
k

The following lemma gives a useful criterion for approximate H-unitality.
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LEMMA 5.0.5. Let A be an algebra and let us denote by m : A® A — A the
multiplication map on A. Assume that there is a kK > 1 and a left A-module map
map ¢ : A¥ — A ® A which is a section of m, i. e.

mo d(x) =x for all x € A¥.
Then A is approximately H-unital.

PRrROOF. For every q thereisap > q and a A-linear splitting : AP - AT®QAM
of the multiplication m : A9 ® A9 — A29, which is obtained by iterating ¢ and
then multiplying the last q variables together. Set

Y(aog,...,an) = (ao,...,Plan)).

Y is a contracting homotopy of the complex (Cq(A>), b). |

COROLLARY 5.0.6. A left ideal | in a unital quasi-free algebra P is approzi-
mately H-unital.

Proor. By the second clause in the proposition ] is a projective left
R-module and hence there exists an R-linear lift ¢ : ] — R® ] for the multiplication
map m: R® ] — J. The restriction of ¢ to J? satisfies the conditions of the above
lemma. O

The basic property of the approximate H-unitality is the following result.
THEOREM 5.0.7. Let
0 )i A A/] 0

be an exact sequence of algebras with A unital and ] approximately H-unital. Set
K = Ker {CCE‘”(A) ud CCT,’”(A/]“)},
where Tty is induced by the quotient map A — A/J™. The morphism of complezxes
Rlim CCE"(J") — Rlim KX
n n
induced by the inclusion CCYT(J™) — KU is a quasi-isomorphism.
PROOF. Set

K = Ker {(Ca(A),0) ™ (C.(A/]™), D)},

Using the approximate H-unitality of it is straightforward to adapt the proof of the
theorem to the proof of the following statement.

LEMMA 5.0.8. Given k and n, there exists an m > n such that the following
holds.

Im {Hi (K™, b) = Hi (K™, 1) } € Im {Hi((Ca(]™), b) = Hi(K™, b)}
COROLLARY 5.0.9.

Rlim Cone {C.(I“) 5 (kr,b)} —0.
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PROOF. Let C* denote the cone of the morphism {C.(]“) — (f(’},b)}. The

statement of the corollary is equivalent to the acyclicity of the following complex:

Cit Ct——> ... c3 C2 cl
c*+1\ c,l ...... c3 C2 cl.

But this follows from the above lemma by a straightforward diagram chasing. [

To complete the proof of the theorem, filter the mapping cone C of R Hm Cceeergm —

RliHmn KI* by the powers of u. The associated spectral sequence has the E'-term
equal to zero, hence C is quasiisomorphic to zero. (I

As the corollary, we get the following result.

THEOREM 5.0.10. Let

0 ] A A/] 0
be an exact sequence of algebras with A unital and | approrimately H-unital. Then
CCT(]) = CCTT(A) — CCTT(A/])
is an exact triangle in the derived category of complexes of vector spaces.
Proor. By the theorem the following triangle is exact:

R1im CCP®"(J™) — Jim CCE®"(A) — lim CCE*"(A/™).

Using Goodwilli theorem [4.1.1
lim CCET(A/]") = CCE*T(A/]) and Jim CCET(]") = CCE ()

The claimed result follows. O

THEOREM 5.0.11. (Cuntz-Quillen) Suppose that

0 I—=A—T"5A/I 0.

is a short exact sequence of algebras over a field k of characteristic cero. Then there
is an induced exact triangle

(5.3) HCPe™ (1) e HCPe"(A)

1] /

HCY" (A/T)

PRrROOF. Let T(A) denote the unital tensor algebra of A and let I[(A) denote the
kernel of the natural quotient map T(A) — A. and let I(A/])) denote the kernel of
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the composition T(A) - A — A/]. We have the following commuting diagram of

short exact sequences.

I(A/])C A/]
i \
J A

Since both I(A) and I(A/]) are ideals in the free algebra T(A), the theorem [5.0.10
produces the following commuting diagram of morphisms of complexes with rows
given by exact triangles.

cerer () —— . cerer(1(A) CCEe(I(A/)))

| | |

CCPeT(A) CCReT(I(A)) CCR'(T(A
L
CCET(A/]) ———= CCE"(I(A/])) CCE(T(A
It follows immediately that the rightmost column is an exact triangle, and the claim
of the theorem is the long exact homology sequence associated to it. ([l

6. Bibliographical notes



CHAPTER 8
Cyclic objects

1. Introduction
2. Some standard categorical constructions

2.1. The adjunction yoga. Let B and C be two small categories. Given a
pair of functors
F:B—Cand G:C — B,

F is left adjoint to G and G is right adjoint to F if, for any X € Obj(B) and
Y € Obj(C), there exists a bijection
Home (F(X),Y) —— Homz(X, G(Y))

which is natural in X and Y. We will say that the pair of functors (F, G) is an
adjunction. Given such an adjunction pair, the associated natural bijection

Homg(GF(X), GF(X)) ——= Hom¢(FGF(X), F(X))
applied to the identity functor idg gives a natural transformation
FGF——F.

Using this, the functor GF becomes a monoidal endofunctor on B with the compo-
sition given by
GF o GF = G(FGF) —— GF.

2.2. Grothendieck six functor formalism. We will fix a commutative uni-
tal ring k and denote by Mod(k) the category of k — modules.

DEFINITION 2.2.1. Let C be a small category. A C-module N is a functor
N :C — Mod(k).
A morphism between two C-modules is a natural transformation between the corre-

sponding functors.

To spell it out, a C-module N is a collection of k-modules N, ¢ € Ob(C) and
k-linear morphisms N(y) : N — Ng for any v € C(c, d) such that

N(y1v2)(m) = N(y1)(N(y2)(m)).

As a matter of notation, we will write y instead of N(y) and, given a set X, we will
use k < X > to denote the free k-module with basis X. For future reference lat us
state the following observation.

PROPOSITION 2.2.2. Let C be a small category, k a commutative unital ring
and let Mod¢ denote the category of C-modules. The structure of abelian category
on the category Mod(k) induces the structure of abelian category on Mode.

97
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PROOF. Let N;,M € Mod¢ and let ® : N — M be a natural transformation.
The kernel (resp. cokernel) of @ is the C-module defined to be given by

(Ker @), = Ker(d.) resp. (Coker(®). = Coker(D.).

It is straightforward to give Ker(®) and Coker(®) a structure of C-modules and
check that these have the properties in the definition of abelian category. (]

DEFINITION 2.2.3. Let f: B — D be a functor between small categories.
(1) The pullback functor f*: Modp — Modg is given by the restriction

f*N =Nof: B — mod(k).
(2) the direct image functor f;: Modg — Modp functor has the form
(fiM)a = (@veobr)k < D(f(b),d) > @xMq/K
where K is the k-submodule generated by terms of the form
{yf(B)@m—y®@pm|B € B(br,b2), v € T(f(b2),d), m € My,}

The D-module structure is defined by yo(y ® m) = (yoy) ® m.
(3) The pushforward functor f, : Modg — Modp is defined as follows.
Given d € Ob(D),

f.(M)a = {{Tj}jeons) | Tj € Homy(k < D(d, f(j)) >, M;)}
such that, for any B € B(j, k), the following diagram commutes.

T.
k < D(d,f(j)) > —— M;

Of(ﬁ)i J{B

k < D(d,f(k)) > My

k

The D-module structure is defined by (voT);(v) = Tj(vyvo).

REMARK 2.2.4. Let * denote the point category with single object and single
morphism and
p:C— x
the unique functor from a small category C. Then, for a C-module M, there exists
a (functorial) isomorphism

pi(M) = colimeM.
DEFINITION 2.2.5. Let C be a small category, M € Mod¢ and N € Modcor .
(1) The tensor product N ®c M is the k-module of the form
(®veobic)Mp @k Np) /K
where K is the k-submodule generated by all elements of the form
nfom-nefm
where 1 € Ny, f € C(j, k), and m € M;.
REMARK 2.2.6. Let k4 be the constant C°P-module. Then

(2.1) ks ®@c M = colimc (M)
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REMARK 2.2.7. In terms similar to construction of tensor product over cate-
gory, one defines a fibered product over a category. Let M and N be respectively
modules over B°P and B. Then the fibered product

M XB N
is the k-module of the form
(2.2) M x5 N = H My x Ny /A(x,8y) ~ (x8,y) | 6 € Homgp(x,y)}.
x,yeObj(B)
We will use the notation Xz, ®p3, and Q5 interchangeably.

LEMMA 2.2.8. The following holds.
(1) The functor f, is left adjoint to *;
(2) the functor f. is right adjoint to f*;
(3) the functor f, is right exact;
(4) the bifunctor — xp — is right exact in both variables.

PRrROOF. We will leave the proof as an exercise in linear algebra. ([l

DEFINITION 2.2.9. Let C be a small category and M an C-module. The homology
of Leolime (M) is denoted by He(C,M). Here, as usual, L denotes the left derived

functor.

REMARK 2.2.10. By above remarks and the homology H.(C,M)
coincides with the homology of the two functors
M — Lpi(M)

and
M — kg ®5 M.

REMARK 2.2.11. The general the ”six functor formalism” of Grothendieck in-
volves the proper pull back functor f' which is right adjoint to f, and which in the
case of C-modules coincides with f*.

3. The simplicial and cyclic categories

3.1. Simplicial and polycyclic categories. Let X denote a monoid with a
neutral element 1 and an automorphism o« of order 1. One can define the following
operations on powers of X.

(1) dj: X" 5 XM 0<n,0<j<n

dj(x0y - oy Xn) = (X0y+ o oy XjXj41y oy Xn )5
(2) dp : XM 5 XM >0

dn(X0y -« vyXn) = (X(Xn)X0, X1y« ey Xn—1);
(3) sj: X" 5 X" n>00<j<n

8i(X0y+ ey Xn) = (X0y .o X5, 1y ey Xn);

(4) T: XM 5 X n>0

T(XO)XU- . ')XTL) = ((X(Xn))XO) .. ')an”-
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DEFINITION 3.1.1.

(1)

(2)

3)

A°P s the category with objects [n], n € NU{0}, whose set of morphisms
A°P([n], [m]) is the set of natural (in X) operations X™*1 — X™+1 that
can be obtained from d; and s; by composing them;

A{P is the category with objects n], n € NU{0}, whose set of morphisms
A¢([n], [m]) is the set of natural operations

XTL+1 Xm+1

that can be obtained from dj, sj, and T by composing them;

(A")°P s the subcategory of AYY with the same objects and morphisms
given by all morphisms in A ([n], [m]) for which the order of Xo,...,Xn
s preserved.

REMARK 3.1.2. The category (A°P) is opposite to the usual symplectic category
A. Similarly, Ay? is opposite to the polycyclic category A¢. In the special case when
{ =1, Ay is denoted by A and called the cyclic category.

REMARK 3.1.3.

(1)

(4)

Alternative description of A is as follows. The objects of A are sets

m] ={0,1,...,n}, n > 0 with their standard order, and morphisms are

nondecreasing maps. A morphism in A can be written as a composition

of the following:

(a) Face maps are embeddings 8; : n] =5 m+1],0<i<n+1 (iis not
in the image of 6;);

(b) degeneracy maps o; : [n+ 1] = [n], 0 <1< n (iis the image of two
succesive points under oy, all other [i’] have exactly one pre-image).

A°P([n], [m]) is the set of maps X1 — X™*1 of the form

(X0y -+ oy Xm) = (X]gy ey X))

where each xj, is the product x;...x, for some j and p so that any x;
enters exactly one xj, and the cyclic order of the factors x; is preserved.
The product of zero factors x; is by definition equal to 1.

More generally, A{P ([n],[m]) is has the same description but now x; =
XjXp where, for some integer 1, X; = o' (x;) if X; is strictly to the right
from X and X; = a"(x;) otherwise. The subcategory A° consists of those
morphisms for which xj, contains xo as a factor.

A morphism from A°P([n],[m]) is in (A’)°P if, when we denote by r the
smallest index for which xj_# 1, then X¢ is the leftmost factor in xj, .

LEMMA 3.1.4.

(1)
(2)

3)

The group Autp,([nl) is cyclic of order £(n+1) and generated by <.
any morphism A € Ag([nl, [m]) has a unique representation of the form

A =cd,

where ¢ € Autp, ([n]) and 8’ € A'([nl], [ml]);
any morphism A € Ag([nl, [m]) has a unique representation of the form

A =dc,
where ¢ € Auta, ([n]) and & € A’([n], [ml]).

Proor. Follows immediately from the remark above. [l
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We will have occasion to use the following extension of A.

DEFINITION 3.1.5. The category Apiqg is as follows.

(1) The objects of Apig are linearly ordered finite sets:
(2) the morphisms are given by non-decreasing maps.

3.2. Self-duality of A,.
PROPOSITION 3.2.1. AyPis isomorphic to Ay for all € € N .

ProoOF. Consider all unital monoids X with an automorphism « such that
ol =id and with an «-trace with values in a set K, i.e. with a map tr : X — K such
that tr(xy) = tr(a(y)x) for all x, y. For every n > 0 define a pairing

XM XM 5K (x,y) = (x,y)
by
(3'1) <(XO) ey Xn )y (Yo - - - )Un)> =tr(xoYo..-XnYn)

It is an elementary exercise to check that, for every A € AP ([n], [m]) there is unique
AR € A¢([n], [m]) such that for all X, «, tr and for all A, x € X"+ y € Xm+!

(3.2) (Ax,y) = (x, ARY>
The map A — AR defines as isomorphism as in the statement of the proposition. O
REMARK 3.2.2. The above isomorphism A" — A identifies A°P C AP with

A’ C Aq. Note also that, since the pairing (, ) is not symmetric, the isomorphism
A — AR is not an involution. For example, the isomorphism sends A’ C AP to
another subcategory of A isomorphic to (A°P)°P, the one for which

do(Yos-++rYn) = (Y1, -, yn& ' (Yo);

dj(yo)---ayn) = (H%"')Uj*]U)’)---)yn)»]’ > 1;
$i(Yoy--»Yn) = (Yoy-++» 1, Yjy-- -y Yn)

The two embeddings of A°? into Ay can be explained in terms of Hochschild
complexes. Recall that B, denotes the standard bar resolution of A which is a
simplicial bimodule (see below for the notion of symplicial object). The Hochschild
complex is by definition Bs ® agacr A. There are two ways to identify this with
AP+ (1941 ®...0a,®1)®a may g0 to AQa ®...Qan Or t0 a1 . ..Qdya.

4. Simplicial and cyclic objects
4.1. Simplicial objects.
DEFINITION 4.1.1. A simplicial object in a category C is a functor
X:A°? — C.

A simplicial object of C can be equivalently described as a collection of objects
Xn of C, m > 0, together with morphisms

(4.1) di : X1 2 X, 0<1<n+1
(4.2) si: Xn = Xns1, 0<i<n
subject to

(4.3) didj = dj_1di, 1<)
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(44) Si8j = $j+1Si, 1<)

(4.5) disj = ij]dj, 1< j; disi = di+1si = id; diSj = deifh i> J + 1.

ExXAMPLE 4.1.2. For a topological space X define Sing, (X) to be the set of
singular simplices of X. Then Sing(X) has a natural structure of a simplicial set.

EXAMPLE 4.1.3. Let A be a graded algebra. Put A% = A®(M+1) Define
(46) di(ao R...Q an+1) = (—])Zl’gi ‘ap‘ao ®...0i0i41 Q... Q An41
fori<n

(4.7)  dns1(a0 ® ... @ any1) = (=)0 Zpenlla ap @ a1 ®... @ an

(4.8) si(a0®...0an) = (—)Xrs!vg®.. . a;®1®...®an
for i < n.

Let us record the following simple observation.

PROPOSITION 4.1.4. The formulas (&.6), (&.7) and {A.8) give A® the structure

of a simplicial graded vector space.

ExAMPLE 4.1.5. Suppose that C is a small category. Its nerve N4C is the
simplicial set, where the set of O-simplices coincides with the set of objects of C
and, for n > 0, the set of n-simplices N;;C in NC coincides with the set of n-tuples
of composable morphisms in C. Face maps are given by composition (or omission,
in the case of do and dn ), do,d1 : N7C — NoC are the target and source maps and
degeneracy maps are given by inserting identity arrows.

EXAMPLE 4.1.6. For future reference, a particular case of the nerve of the
category is N4[n] which we will, whenever it does not lead to ambiguity, denote
again by [n].

4.2. Cyclic objects.

DEFINITION 4.2.1. Let £ > 1. An {-cyclic object of a category C is a functor
/\;’p — C. A 1-cyclic object is called cyclic.

Explicitly, it is a simplicial object X in C together with morphisms T: X;; — Xy
for all n > 0 such that the following identities hold.

(4.9) dit=17dg; dot="7ds; ...;dnT=7Tdn_1; doT = dn
(4.10) $1T =TS0} S2T =TS] ...;SnT = TSn_1; SoT = T°Sn
(4.11) it —id,

EXAMPLE 4.2.2. For a graded algebra A with an automorphism o such that
al =1id, put
Tao®a; ®...0 an) = (=) Zicn 2 (q, @ x(ag) ® ... @ an_1).
Set
(ocAn)n = A®(n+”-

The above formula for T, together with (4.6), [£.7), [£.8), makes 4A® a cyclic graded
k-module. For { =1 and « = id we write A? instead of 4A".
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EXAMPLE 4.2.3. The assignment
] = Autpor[nl
extends to a cyclic object Aut(A°P).
PRrROOF. Any element ¢ € Hompor ([n], [m]) has unique representations
(4.12) b =ald)oB(d)=B'(d) o ().

where o, &’ € Homaor ([n],[m]) and f and B’ belong to the corresponding auto-
morphism groups. Given ¢ € Homper ([n], [m]) define its action on Aut}P,

AutyP (¢) : Autpoer (In]) — Aut por ([m]),
by
Auty? () (o) = B'(d)B' (' (d)o).

It is easily seen that the uniqueness of the representation (4.12]) implies that this
defines an action of A°P. O

EXAMPLE 4.2.4. Let ™ denote the standard (geometric) n-simplex, i. e.
"=t <. <t <P,

Vertices of ™ are the extreme points in lexicographic ordering, so the jth vertex is
the point

Putting vertex j in correspondence to the morphism [0] — [n] in A that sends 0 to
j, we identify vertices of ™ with A([0], [n]). This implies that the collection

{vertices of ™,m € N}

forms a cosimplicial set. Since the simplex ™ can be identified with the formal con-
vex hull of A([0], [n]), the collection of n-simplices forms a cosimplicial topological
space that we denote by °.

For future reference, let us record the following observation.
LEMMA 4.2.5. * is a cocyclic space.

ProoOF. This follows immediately from the fact that A([0], [n]) = A([0], n]).
[l

PROPOSITION 4.2.6. Let j be the forgetful functor from cyclic to simplicial ob-
jects. It has the left adjoint functorj, given by the following construction. Let X be
a simplial object. Then X XA /A is the cyclic object given by

(4.13) 31 (X)n =X xa Aln], [-]).
with the obvious action of A°P. We will also use the notation
jil(X) =X xa A

PROOF. The proof is a straightforward consequence of the definitions. O
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4.3. Cyclic complexes. For an {-cyclic k-module M define

n
(4.14) b:Mn = Mpo15b=) (1) t=(=1)"""1: My = My;

i=0

en+1)—T
(4.15) N= > t5B:Mn—Muy; B=(1—-1t)sN
i=0

where
(4.16) s =7TSn : My — Mui
(s represents the morphism (Xg,...,%Xn) — (1,X0,...,%Xn)). As in the case of alge-

bras, the following holds.
ProroSITION 4.3.1.
b* =bB+Bb=B*=0
DEFINITION 4.3.2. For an {-cyclic k-module put
C.(M) = (M.,b)
CCy (M) = (Me[[u]], b + uB)
CCe(M) = (Ma[u™", ull/uMa[full, b+ uB)
CCr" (M) = (Mo[u ", ull,b + uB)
where w is a formal parameter of degree —2.

4.4. Hochschild and cyclic homology as derived functors.

THEOREM 4.4.1. One has, for an integer £ > 1 and an L-cyclic k-module M,
HHq{ (M) = Ho (AP, M)
HC.(M) = HO(/\Z) M)
PROOF. Asabove, let ky be the constant A- or Ag-module. By the remark|{2.2.10
the right hand side is the homology of k; ®5 M where B is either A°P or Aj.
We will construct a projective resolution of the B°P-module k4 in both cases. By

lemma[3.1.4] a free Ag-module is also free as a A°P-module, hence it is sufficient to
construct the resolution of kx over Ay.

Resolution of ku over A,.
Define the complex of A°P-modules P, by
n
(4.17) Pa(lm]) =< A¢([m],[n]) >; b: Py — Pnq; BA= D (=1 djA.
j=0

Recall that do as an operation in Ag([m], [m — 1]) is given by

(4.18) do : (X0y+evyXm) > (X0X1yX2y« ey Xm)
Set
(m+1)e—1
(4.19) Km= Y dgv't
j=0

where t is the signed cyclic permutation, see (4.14)).
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Claim: For every m > 0

k[d§] for «=0
H.(P(Im]) = ¢ k[km] for*=1
0 for x > 1

PROOF OF THE CLAIM. Let F,, denote the free algebra with generators od (x;)
where 0 <i<mand 0 <j < { Let a be the automorphism of F;,, defined on the
generators by

od (x3) > ot (xi), ot (xi) =%
for 0 <i<mand0 <j<{ The complex P,([m]) is the direct summand of the
Hochschild complex C,(F,x F), k-linearly generated by expressions of the form

Wo QW1 ®V...R Wk

where w*s are words in the generators of Fy,, such that, for each 0 <1i < m, there
is exactly one factor of the form o (x;). Let Vi, denote the k-linear span of the
generators {od (xi)} of Fim. The Koszul resolution of the free algebra F, has the
form

(4.20) i Fn® Vi ® Fon —2 Fin @ Fiy —2 > Py

where, in the notation of (4.14), b’ = Z;’T!o] dj. The complex
K ®.7—'§l cx]:m

is a subcomplex of the full Hochschild complex C, of F, with coefficients in oFm )
and moreover, the inclusion

/C@]—‘Te“ oc]:mt_>c

is a quasiisomorphism. Hence the homology of P([m]) can be computed as the
homology of the intersection

P([m]) nK ®]—'§1 «Fm.

This subcomplex the following structure.

(1) The basis of zero-chains is of the form{dJ*t/|0 <j < &(m + 1)}

(2) the basis of one-chains is of the form {dg“qtjlo <j<fm+ 1)}

(3) the differential b acts by

dg- 'Y = AT (1 —t).

Hence, as claimed, b has kernel and cokernel both of rank one, with free generators
Km and dg*. U
Claim.
(4.21) (P (fm]) (W) /uPy([m])[[w], b +uB), B: A+ AB

is a resolution of ky.

PROOF OF THE CLAIM. Indeed, since P, ([m]) is a cyclic module, (b+uB)? =0
and it is straightforward to check that, on the level of homology, B sends the
generator dg* to Km. The spectral sequence computing the homology of the double
complex (4.21] - ) degenerates at the Ej-level and, for all m, the homology of -
is concentated in degree zero, where it is isomorphic to k[dg'].
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Since k; ®k _ coincides with the homology of P, @5 _ (for B equal to A°P or Ay)
applied to a cyclic object, we get the statement of the theorem - the explicit check
that the resulting complexes indeed coincide with the corresponding complexes
defining Hochschild and cyclic homology will be left as an exercise for the reader. [

COROLLARY 4.4.2. One has, for an associative algebra A,
HH,.(A) = Hq (A%, A)
HC.(A) = Ho (A, AF)
4.4.1. Other versions of the cyclic complex. For an {-cyclic object M, define

n—1
(4.22) b Mp 5 Mno1; b= (=1)d

j=0
Note that the complex (M,, b’) is contractible, s from (4.16) being the homotopy).
Define also

en+1)-1
(4.23) T=(=1)":Mp — Mp; N= Z )
j=0
LEMMA 4.4.3.
b(1—1)=(1—1)b; ’N=Nb; (1 —1t)N=N(1—-71)=0

Therefore the sequence of complexes

(4.24) o (M., - S (ML, ) S (M., —bY) 5 (M., b)

is a double complex. We will denote it by (/JEJ.(M); it is a generalization of éf).(A)
from (?7).

LEMMA 4.4.4. The homology of the total complex of(?@.(M) computes HC4(M).
PROOF. The same argument as in the proof of Theorem shows that
] = (. = (Pa(ln]), =b') =5 (Pu([n)), b))

is a projective resolution of k. Alternatively, one can compare the two double
complexes directly. ~
To do that, denote by Co(M) the total complex of the double complex

(4.25) (Ca(M),~b") =5 (Co(M), b)
Define the map
(4.26) p:Co(M) = Co(M)
as follows:
p(m) =m

if m is in the b column, and

p(m)=(1—1)sm
if m is in the —b’ column. Define also
(4.27) B:Ce(M) = Cosr(M)

as follows: if m is in the —b’ column then Bm = 0; if m is in the b column then
Bm = Nm which is located in the —b’ column. A straightforward check shows
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that p is a1 morphism of complexes gnd B anti-commutes with the differential. The
complex CCq(M) is isomorphic to Co(M)[[u,u™']/u""Cq(M)[[u]], and p defines a
morphism

(4.28) CCe(M) = CCo(M)
This morphism is a quasi-isomorphism for columns, therefore a quasi-isomorphism
of total complexes. O

DEFINITION 4.4.5. For an integer £ > 1 and for an L-cyclic k-module M put
C) (M) = (M4 /im(1 — 1), b)

COROLLARY 4.4.6. Assume that either Q C k or each My, is free as a Z/{(n+
1)Z-module. Then the projection to the rightmost column induces a quasi-isomorphism

CC.(M) = CL(M)
Indeed, it is a quasi-isomorphism of row complexes. (See also Proposition[2.0.1)).
5. Functors between various cyclic and simplicial categories

5.1. The functors j; and j;. For any ¢, let

(5.1) o A% 5 Ay
and
(52) ]é . A/ — /\g

be the embeddings of the subcategories from

5.2. The functors ;. Let
(5.3) LOBWAVIE AN
be the functor which is identical on objects, sends d; to dj, s; to sj, and T to Tt
(and therefore o = t™*1 € A¢(n], n]) to the identity).

5.3. The functors i;. Observe first that for any monoid X and any { there is
a monoid X! with an automorphism
(5.4) X1y eeeyXe) = (Xgy X1y 00y Xo—1)

Identify (XY)™*! with X'+ via

1 ¢ 1 L
(5.5) (x5 xd) e D x By s (T x X x(9)

yXy Ly (!
Under this identification, any morphism A from Ag([n], [m]) defines a map i¢(A) :
Xtn+1) y X8m+1) | Tet us observe that i¢(A) is defined by a unique morphism in
A(i¢[nl, i¢[m]) where

(5.6) i) =Ln+1)—1
We have constructed a functor
(5.7) ie : /\@ — A

Example: the morphism dg : [4] — [3] in A; is mapped by i; to dods : [9] — [7] in
A.
Indeed:

. 1 1 1 2 2 1 2 1 2
ia(do) s (xS xS xS ) s (S x5, T K )) =
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1)_( 2) (2 1 2 1)_( 1 2) (2 2
((x(() )xg ],x(() )xg )),...,(xg ),xg ))) — ((x(() ]xg ],...,xfl ),X(() )Xg ),...,Xg ))

1 Q0 1 (2 2
dod5((x((> ),xg ],...,xg ],x(() ),...,xf‘ )
More generally, the restriction of i to A°P defines a functor
(5.8) 1|A%P =1¢ 1 AP — AP

If we identify A°P with the opposite of the standard A, then r, is the subdivision
functor: it sends the totally ordered set [n] = {0,...,n} to the set n] x {1,...,¢}
with the lexicographic order.

The functor i; also preserves the subcategory A’.

5.4. Cyclic homology of (A®!, «). For any algebra A, consider the algebra
A®? with the automorphism «(a; ®...®@ ap) =a;® a; & ...ai_;. By definition,

(5.9) CC.(A®Y o) 5 CC,(ifA%)

PROPOSITION 5.4.1. For any cyclic k-module M, there are natural quasi-isomorphisms
of complezes
Ce(itM) = Co(M); CC4(ifM) — CCo(M)

PROOF. Let us start with the Hochschild complex C, and the case M = Al
for an asociative unital algebra A. Let B, be the bar resolution of the bimodule A.
We view it as a simplicial A-bimodule. Consider the tensor product of simplicial
k-modules with the diagonal simplicial structure

BY =B, Xy ... Xy B,

(¢ times). (We used the symbol ® in the proof above but are using X here to

avoid confusion with the tensor product of complexes). Note that BE” is the bar
resolution of A®¢, One has

oc(A®e) ®Ax"‘®(A‘Z5)°D BED ;> A ®A®Aop (B. lXA e IXA B.)

But Be Ka ... X B, is a free A-bimodule resolution of A. Therefore the right
hand side is quasi-isomorphic to the Hochschild complex C4(A). To construct the
quasi-isomorphism of the right hand side and C4(A, A), all is needed is a bimodule
morphism of complexes

(510) F:B.‘ZA...gAB.—)B.

(together with a morphism G in the opposite direction and homotopies for id — FG
and id — GF). We will get a homotopy equivalence

(5.11) (if AL, (b)) & (A%, D)
Choose, for example, the composition of the Alexander-Whitney morphism
AW : B XA ... XA Be — Be @A ... R4 Be
with
ERA .. €...®AId: By QA ... A Be — Be @A A...RA A =B,
where € : B, — A is the augmentation. We get
d"o...odVe...ed’®..0dV —da)...a V" 2d"®...0a¥
This is clearly given by a morphism
(5.12) Fo € A%(ig[n], n]).
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Furthermore, the morphism F, as well as the homotopies, are also given by ***MORE***
This implies the homotopy equivalence(i;(M)a,i¢(b)) — (M, b) for an arbitrary
cyclic object M.

Now we need to pass from Hochschild to cyclic complexes. For this, consider
complexes of A°P-modules (cf. also (£.21))

(5.13) R = (Po((1))/uPslull,b+uB); R = (PLV((w)) /uPlY [[ul], igb +uicB)

Here P, and 73.(2) are cyclic objects in the category of complexes; they put in
correspondance to an object [m] of A the normalization (i.e. quotient by degenerate
chains) of the complexes

(5.14) (KA([m], [e]), b); (KA([m],ic[e]),i¢(b))
We have
M®A Re = CCo(M); M@ RY = CCu(ieM)

It remains to construct a morphism of complexes of A°P-modules
(5.15) F=Fo+u'Fi+...:RY = R,

where Fy is the composition from the left with the morphism from .

There is precisely one obstruction for constructing Fy, F2, etc. Indeed, we
know that the homology of P, is nonzero only in degrees O and 1. So, as soon as
we check that BFy — Foi¢B : 1¢[0] — [1] is zero in Hj (P, ), we will have no non-zero
obstructions: we will know that BFy — Foig(B) is homotopic to zero, F; will be a
homotopy, etc. But

BFo:al @...@al = Ba{"...al=124q{"...a}",

whereas
¢
Foie(B):ay' ®@...0a! » (Y (1®...01) @ (0" @...0aV) =

i1
z . . .
> alV T e al!
i=1
and therefore
1
—BFo+Foie(B):al” ®...0al" = b()_ aVd eV el Ll
im1
O

6. The Kaledin resolution of a cyclic object

Here we will construct a resolution of any cyclic module M. It will not be
projective but its value at any object [n] will be free as a C,, = Z/(n+1)Z-module.
As a result, we can compute HCo(M) by applying to this resolution the generalized
construction of the cyclic complex C? from The result is the double complex
CCe(M) from

Let us start with the case M = kf. Note that the category A can be interpreted
as follows. Objects are homotopy classes of triangulations of the circle S'; the object
[n] corresponds to the triangulation by points 0, 1,...,n located counterclockwise.
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Morphisms are homotopy classes of maps S' — S! that are of degree one and map
triangulation to triangulation. Explicitly, the morphism

(6.1) (X0y -+ ey Xn) = (Xoy vy Xy )

in A([n],[m]) corresponds to the counterclockwise-nondecreasing continuous map
that sends the vertex i to the vertex k if x; is a factor in xy, . Let

Ci(S",In)) -2 Co(S, n))

be the chain complex of the triangulation corresponding to [n]. It is a cyclic object
in the category of chain complexes, as well as a length two extension of cyclic
modules

(6.2) 0k = Ci(SY, 1) -2 Co(S", ) =k =0
which we also denote by
(6.3) 0ok 5K -5 Ko = kf =0
We also define the map Ky L Ky to be the composition Ky — kf — K;. We get a
resolution of kf:
N ) N d "
(6.4) . — Ky — Kyg — Ky — Ky —= k=0
Now define for any cyclic module M
Ki(M)n = (Ki)n ® My
with the diagonal action of morphisms in A. We get the resolution of M
(6.5) S K (M) -5 KoM S Ky (M) =25 Ko(M) — M — 0
LEMMA 6.0.1. One has
Ko(M) =3jii™™; Ki(M) = j;j"M
PROOF. Start with M = k!. Identify j,j*k* with C°(S',[n]) as follows: t} ® 1
corresponds to the vertex j for all j. Now look at the unique decomposition of
any morphism in A into A = t'5 where § € A°P, ¢f. Lemma Observe that,
when A is identified with the corresponding triangulated map S' — S', j = A(0).
Consequently, if Atk = t96 for A € A([n1],m]) and & € A°P([nq], [n]), then j = A(k).
Therefore the action of A on t* ® 1 € (j,j*kF)n,) agrees with the action of the

corresponding map on the kth vertex of the triangulation [mnq].
Now identify Cq(S',m]) with (j.j*k*), as follows. By definition, the edge e,

from p — 1 to p will correspond to the collection ¢P) = {(p]gp)} defined by
(p)@) S(0tTF) - 615

for any k and any &' € A’([j], [n]). (Here n+1 = 0, and 61; is the Kronecker symbol).
Let us look at the decomposition A = §’t™P from Lemma Let A correspond

to the map (xo,...,%Xn) — (Xj,,...,%],. ). Let v be the smallest index for which
xj, # 1. Then the leftmost factor in xj,_ is x,. More generally, assume
(6.6) t*A=03/tP

Let k' be the smallest index k’ > k (in the cyclic order) for which xj,_, # 1. Then
the leftmost factor in xj, , is xp.
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Consequently, the action of A on j/j*k? sends @P) to the sum of all @ *) with
given k' as above (this sum may be empty). In the language of triangulated maps,
A sends the edge e, to the sum of all ey that are contained in A(ep).

For a general M, note that j;j*M — M ®7j,j*kf and M ®j’j"”*k* = j’j”*M The
first isomorphism sends 00 ® M = 0 ® dm to 0 ® cdm where & is a morphism in
A® and o is a power of t. The second sends m® (@;) to (@;) defined by @;(5’0) =
©(0)8’0~"m. Here &' is a morphism in A’ and o is a power of t. ** ELABORATE***

O

LEMMA 6.0.2. There are isomorphisms of double complezes
(CA (K1 (M) -2 CH(Ko(M))) = ((Ma, ') =% (M4, b))
(CA(Ko(M)) 5 CM(K1 (M) = ((Ma, b) 5 (Mo, b))

PRrOOF. Identify C}(Ko(M)), resp. C>(K;(M)), with M, by choosing Z/(n +
1)Z-free generators of the nth component of Ko(M), resp. of K; (M), to be t° @M,

resp. (<p§o)) ® My, (cf. the proof above). As we saw in this proof, dj act on 0

by identity for all j; on (¢@(©), dj act by identity if j < n and by zero for j = n.
Indeed, dn : (X0y...yXn) — (XnX0y...,Xn_1) and therefore x¢ is not a leftmost
factor of any monomial xy, . Now, 0 sends (@@ to(t*—t Heom=t"® (1 —1)m
in the quotient by the image of 1 — 1 (here T acts diagonally). As for N, the map
Ko(k)n — k sends all ¥ ® 1 to 1, and the map k — K;(k) sends 1 to the sum
of all @(©). After tensoring with M the composition of the two maps becomes the
following: for every q,t9 @ m > 3 (@) eom =90 g >, Tm modulo the
image of 1 — 1. O

REMARK 6.0.3. It is straightforward that both factors in the composition
ji3*M — M — jLj™*M are the standard adjunction maps.

6.1. The case of an {-cyclic module. The above can be easily generalized
to the following

PROPOSITION 6.1.1. Let £ be an integer > 1. For an {-cyclic k-module M define
(6.7) Ko(M) =jejiM; Ki(M) =3¢".j" "M
There are morphisms 0, and N of L-cyclic objects such that
(6.8) K M) =S Ko (M) S K (M) —X Ko (M) — M — 0

is an acyclic complex of {-modules. For every object In], both Ko(M)y and Kq (M),
are free Z/8(n + 1)Z-modules. The sequence of complexes

6.9 ... 5 MK (M) -5 CA(Ko(M)) 5 CX Ky (M) =25 C) (Ko (M)
is isomorphic to
o MG b)) S (ML, ) S (M., bY) S (M, b)

PROOF. Let us start with interpreting A in terms of triangulations. Let [n]y be
the triangulation of S! with vertices j(P) =j+pn+1),0<j <n, 0 <p < { going
counterclockwise. In other words, [n]; = i¢[n] = [{(n + 1) — 1]. Then A¢([n], [m])
can be identified with homotopy classes of triangulated maps (S', [n]¢) — (S', [mle)
which are:
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(1) non-decreasing in counterclockwise order;
(2) of degree one;
(3) commuting with the shift o : [j]?) — [[J®*1) for all j and p (where

i = j(O)).
The identification is as follows. Start with a triangulated map (S', [n]¢) — (S', [mle)
and construct a morphism in Ag represented by (xo,...,%n) — (Xj5,...,X7,,) as in

(2). First, for every 0 <j < m, X; will be a factor in xj, if the map sends j0) to
some k(P), Second, if the map sends 01°) to (™), then Xo = " (xo). As for other Xj
we put X; = o™ 1(x;) for all j < n such that j*=1) is mapped to the same point
i as 000 and Xj = o' (xj) otherwise. This determines A uniquely.

For example, there are four morphisms in A3 ([1], [0]). They are represented my
maps sending (xg,x1) to:

1) (xox1); 2) (ec(x1)y%0); 3) (ee(x0)y x(x1)); 4) (x1, x(x0)).

The triangulations [1]> and [0], are, respectively, the four points 0(©), 1(0) 0(1) 1(1)
and 00°), 001 located counterclockwise. The four morphisms above correspond to
the four triangulated maps (S',[1]2) — (S', [0]) as follows:

])0(0)’](0) — 0(0]; 0(1))](1) — oM
2) ](1))0(0) — 0(0); 0(1)’](0) — oM
3)0(0)’](0) — 0(1]; 0(1))](1) — 00

4) ](1)’0(0) — 0(1); 0(1)’](0) — 000

After these identifications, the above proof for A works for Ay without any change.
O

REMARK 6.1.2. We have identified A¢([n], [m]) with those morphisms in A(i¢[n], i¢[m])
that commute with o = "1, This identification is the functor i, from (5.7).

7. Cyclotomic objects

7.1. **Naive? Toy?** cyclotomic modules. As we saw in the cyclic
vector space Af of an algebra over a perfect field of characteristic p > 0 carries
an additional structure. Namely, the zeroth Tate cohomology of C, = Z/pZ with
values in i;‘,Aﬁ is F-linearly isomorphic to A¥.

**Give a definition for iterations of iy, and also over Z for all integer p?

_ To what extent can one replace the zeroth cohomology HO by the full complex
C*?

In many respects the answer turns out to be easier if one passes from algebras to
ring spectras. In fact, C,-equivariant spectra happen to admit both an analog of the
full Cech complex (denoted by X +— X*Cr together with a diagonal morphism X —
(APX)tCr. As soon as basic properties if these two constructions are established,
we get a full analog of what was defined in We do this below in ??. The
category of algebras, esecially differential graded algebras, makes carrying out such
a construction more complicated (for example, the Frobenius map x — x®P does
not commute with the differential). Nevertheless, a theory of cyclotomic modules
exists; it is due to Kaledin. We outline in partially in 77.
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CHAPTER 9

Cyclic objects and the circle

1. Introduction
2. The action of T

2.1. Realisation of cyclic spaces. Put

(2.1) E™ = {Z — equivariant nondecreasing maps Z—-R}/Z

n+1
This is a cocyclic object in the category of topological spaces with an action of
T = R/Z (the topology is ***). We have the functor

(2.2) X—= Xlgye =X XA E
from cyclic spaces to spaces with an action of T

LEMMA 2.1.1. For a cyclic topological space X, |Xleye s homeomorphic to the
geometric realisation of the underlying simplicial space j*X.

PROOF. O

3. The action of BZ

Let E,Z =Z™" n > 0. We write As usual, we write

(3.1) dj(mo, My .oy mpn) = (M, ooy my +Myjg1,..,Mp), 1)< —1;
for 0 <j <m

(32) dn(mO)mh---)mn) = (TTL],...,TTLn,])

(3.3) $j(Moy ...y Mp) = (Mo,...,mj,0,...,my), 0<j<n

We get a simplicial Abelian group that we denote by EZ. The group Z acts on EZ
freely by

(3.4) (moy,mq...,mn) — (Mo +a,mq,...,my)

for a € Z. Define

(3.5) BZ =EZ/Z

We have B,Z — Z™, n > 0. As usual, we write

(36) dO(mh-'-»mn) = (mZ)-"amn);

(3.7) dy(ma,.coyman) =My, My + M1y, M), 1< <n—1;
(3.8) dn(mq,...,mp) = (Mg,...,Mn_1)

(3.9) si(miyy...,mp) = (My,...,mj_1,0,mj,...,mMp), 0<j<n

115
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3.1. Realisation of cyclic objects. Define

(3.10) ET ={Z — equivariant maps Z—>EnZ}/Z

n+1
This is a cocyclic object in simplicial sets with an action of BZ. Let C be a category
with colimits. As above, we have a functor

(3.11) X = [ Xlleye =X xa E
from cyclic objects to simplicial objects with an action of BZ.

3.2. The action on hocolim,sr. Now consider the category Ao. Recall that

Z is in the center of it. For any j > 0, denote by t™ the morphism in A ([jl, [j])
corresponding to an integer m. Let X be a cyclic object of C, i.e. a functor A — C
that sends all t™ to identity morphisms. Define

(3.12) BZ x hocolim por X — hocolim yor X

(3.13) (M, ey mn) X (A7, .o Ar) = (Xt A7, o 2™ AL)
Here, as usual,
hocolimpgp X = X ><]/1\oo pt
Note that
(3.14) hocolimaer X — hocolim per X

K Explain
The above is a partial case of the construction used in the proof of Proposition
B5in [?] .

3.3. Comparison of and [3.2]
3.4. Comparison of 2.1 and

4. Mixed complexes

A mixed complex is a DG module over the DG algebra kle] where |e] = —1 (if
we use cohomological grading).

4.1. From cyclic modules to mixed complexes.
4.1.1. The (b, B) mized complex of a cyclic Abelian group. For a cyclic object
E in Abelian groups, we define a mixed complex (Eo,b) on which € acts by B.

4.2. From simplicial modules over B,Z to mixed complexes. Given a
simplicial module E over the simplicial group k[BZ], we pass to the DG module
over the DG algebra k[BZ] by the Eilenberg-Zilber transformation (***ref). The
generator 'y of Hy(k[BZ]) is represented by the cycle
(4.1) y=(1)€Z=8(2)

We claim that the square of this one-chain with respect to the EZ product is zero.
Indeed, ***

PROPOSITION 4.2.1. For a cyclic object E in Abelian groups, there is a natural
equivalence of mixzed complexes (***improve)

(hOCOhm/\gg’ (E))Y) — (E., b) B)
This is Theorem 2.3 from [?].
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PROOF. O

5. Cyclic homologies and the circle action

5.1. Functors (__)nt and (__)"T.
5.1.1. For mized complexes. For a DG module M over k[e], define

(5.1) Mpt = k @fre) M MM = RHomyg e (k, M)

5.1.2. For simplicial objects with an action of BZ. A more general construction
in the context of oo categories: BT = B(BZ) is an oo category; a T-equivapiant
object of an oo category C is a functor X : BT — C; when (co)limits exist, define

(5.2) Xnt = colimpr(%); X" = limp7(X)

More concrete versions: simplicial Abelian groups/spaces/spectra/othogonal
spectra X with an action of T = BZ : Some variation on the (co)simplicial objects

(5.3) ET xt X
and
(5.4) Maps(ET, X)

(***What is a standard reference?)

THEOREM 5.1.1. For a DG category A, let A* be the corresponding cyclic object
in the category of complexes and let ||/-Uj||Cyc be its realisation (3.11). Then

CC. (A) Q (||Aﬁ||cyc)hBZ
CC, (A) 5 (A leye) B4
PRrROOF. O

5.2. The Tate construction.
5.2.1. For mized complezes. For a DG module M over k[e], there is a morphism

(5.5) k ®xe] M — Homy 1 (k, M) [—1]

which is given by multiplication by €. Now consider the composition

(5.6)  k®pe M = k®ye M — Homye) (k, M)[—1] — RHomy (¢ (k, M) [-1]
which becomes

(5.7) v :Mpt — MM[-1]

sk [ore H*
5.2.2. For objects with an action of T, etc. ***The Tate construction is
defined in Chapter I of [?].
OR: one paragraph in [?] (before Defintion 1.3).***
Along these lines:
Start with a finite group G acting on an Abelian group E.
First, observe that for the diagonal functor

(5.8) 5:BG —» BG x BG
there is a functorial isomorphism

(5.9) 5E 5 8,F
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Indeed,
0 E = (G x GdiagE
and its elements have a unique presentation
(5.10) D (9,1) xxg, xg € E
geG

On the other hand
0+E = Mapsy;,, g(G X G, E)

and its elements have a unique presentation

(5.11) (hg,h) — hy(g), y(g) € E.
The map
(5.12) (xg) = (y(g) =x4-1)

intertwines the actions of G x G and just defines an isomorphism ({5.9).
Now let po,p1 : BG x BG — BG be the two projections. Also, we write
f:BG — pt. If we write

(5.13) Eng = f1E; ENC =1,E

then ***Finish following Construction I.1.7 of Nikolaus and Scholze***
Let us assume that 8, — 8.[—k] ( so far k = 0). Then we get a morphism

Py — 8.8" =8, = &kl = 8,6"pi [kl — pilk]
which leads to
(5.14) id = po.Po — Po.pilkl

Also, there is an isomorphism ***Explain, draw diagram***

(5.15) f*fu = Po.P}

Therefore we get

(5.16) id — *f, [k

or by adjunction

(5.17) Nmy : f; — f.[k]

When we replace G with T : more or less tautological (X is for suspension):
(5.18) 8 E=TxE — ZIMaps(T, E)

with the actions of T... Use/reconcile with: [?] and p. 29-33 of [?].

(generality: T =BZ; E...).

Next: we want to generalize this argument to the situation when we have a
functor

(5.19) X:BG —C.

What should the properties of C be? First, since f, is based on coproducts and f,
on products, any comparison between them requires the two being the same, as in
is for Abelian groups. Also suspension plays a role. The appropriate context for it
is a stable co category.
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THEOREM 5.2.1. For a DG category A, let A* be the corresponding cyclic object
in the category of complexes and let ||/-\ﬁ||Cyc be its realisation (3.11). Then

CCE(A) = (A leye) P2

PROOF. O

6. Appendix. Cyclic homology and factorization homology

Cyclic homology of an associative algebra is a partial case of the following
general construction. Let X be a framed manifold, i.e. an n-dimensional manifold
with a trivialization of the tangent bundle. Let A be an algebra over the operad of
little n-discs (see ***REF). Then one can define the complex [, A. The homology
of this complex is called factorization homology ***REF. Algebras over the operad
of little intervals (or little 1-discs) are essentially the same as Ao, algebras. When
X = T', we recover a complex computing the cyclic homology of an A, algebra.
We outline the construction and the comparison below.

Recall that an operad O in a symmetric monoidal category (C,®) is:

(1) a collection of objects O(n), n > 1, with an action of the symmetric group
X, on O(n) on O(n) for all n;
(2) morphisms

OkK)@0M)®...©0My) = O(ng + ...+ 1)

subject to the condition of associativity and compatibility with the sym-
metrc group actions;

(3) A morphism e : k — O(1) (where k is the terminal object of C) subject
to the unitality condition.

A morphism O7 — O, of operads is a collection of morphisms O7(n) — O, (n)
which is compatible with the action of X, the composition, and the unit. For an
object V, End¢(V) is an operad in Sets if one puts Ende(V)(n) = Mor(V®™, V)
and the image of e is idy. For an object V; a structure of an O-algebra on V is a
morphism O — End¢ (V).

If O is an operad in Top then C_o(O,k) is an operad in dgmod(k) for any
commutative unital ring k.

The operad Ass in Sets is defined as follows: Ass(n) = X,; we view this
as the set of natural maps A*™ — A for a monoid A. Namely: we interpret a
permutation o as an operation (aj,...,an) — Qg1...0gn. This explains how to
define compositions.

The operad of little discs Discy in Top is defined as follows. A point of the
space Discy (1) is an ordered n-tuple of disjoint subdiscs {|x —xj| < 7j}, 1 <j <n,
in the standard disc {|x| < 1} in R*. In other words, Discy is the suboperad of the
operad EndTop(BkU)) where B*(1) = {|x| < 1} in R*; points of the space Disc (n)
are maps | [,, B¥(1) — B¥(1) whose restriction to any component B¥(1) is dilation
at the center followed by the standard embedding of a disc to a larger disc.

There is a morphism of operads in Top Disc; — Ass. It acts as follows. Take
a configuration of n intervals and number them as Sy,...,S, where the interval
Sy is to the left of S; for i < j. Then, for some permutation o, the segment S; is
labeled by the number oj for all j. The morphism sends such a configuration to o.
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Given any operad O in C, define the category Py enriched in C as follows.
Objects of Py are natural numbers n > 1. Define the morphisms as follows:

(6.1) Po(n,m) = ®¢>1 Bs,y,...,5, OUS1) @ ... ® O(ISel)

The sum is taken over all subdivisions

4
{1, =1Ts;
1

where all S; are nonempty.

In other words (when C is Sets or Tops): Po(n, m) consists of natural oper-
ations A®™ — A®™ for any O-algebra A. This explains the rule of composition of
morphisms. Tautologically, for an algebra A over O, Af(n) = A®™ defines a left
module over Ppo.

Now let M be an m-dimensional manifold with a framing. For simplicity, let
us assume first that M. = T™. In this case, define

(6.2) M#(n) ={j: [ [B™(1) = M|j is standard}
1

Here j is called standard if its restriction to every component B™(1) is standard
(i.e. is a composition of dilation at the center and a standard embedding of a disc
into the flat torus). This defines a right action of Ppjsc,, on ME. Now for every
Disc,-algebra A define

(6.3) JM A=M! X B AP

Let us look at the case m =1 and M = T'. Then we have a functor
PDisc1 — PAss

As for modules, put

7. Bibliographical notes

Connes; Besser, Drinfeld; Loday; Nikolaus-Scholze; Kaledin; Ben-Zvi-Francis—
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Examples

1. Introduction

2. Polynomial algebras

2.1. Hochschild homology of algebras of polynomials. Let A = k[x1,...,Xn

Let Bo be the bar resolution of the A-bimodule A. One has

(2.1) By=A®A T ®A

with the differential b’ as in . Let KCq be the Koszul resolution. By definition,
Ko =ARANV®A

where V = @]Tl:]k -xj. The differential, that we also denote by b’, acts as follows:

P
(22) b(@a@ (Wi A AV ®b) =D (1) Tay; @ (Vi AL AT AL AV @D
j—1

fZ 1Y*Pa® (vi A.. AV LA V) @ Vib

This is a complex of A-bimodules (A acts on it by left and right multiplication).
Moreover, it is a free bimodule resolution of A. One can see this, for example, by
observing that the complex K4 is the nth tensor power of Iq(1), the latter being
the Koszul resolution for n =1.

There is an embedding Ky — B, given by

(2.3) la@ (Vi AV, ®D) = Z (=1)2*() a4 @ (voq ®...QVsp)®D
[P

For any commutative k-algebra A, let Q}\ /x be the module of Kéhler differentials
of A. Denote

(2.4) Q% = ARQh

A/k

The exterior product makes Q% /@ graded commutative algebra. There is unique

graded derivation d of degree one that sends a to da and da to zero for every a in
A.

PROPOSITION 2.1.1. The embedding (2.3) induces an isomorphism

QE[x, el — HH, (k[x1,...,xn])

PRrROOF. Follows from the isomorphism K ®agaor A — Q.A/k O

121

.
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2.2. The HKR map. For any commutative algebra A, define the map [?]
IHKR : C.(A) — Q;\/k
by

1
(2.5) IHKR:ao®...®apHaaodm...@dap

LEMMA 2.2.1. The above map is a morphism of complezes (Co(A),b) — (Q/‘,_\/k, 0).
One has Iygkr o B = d o Igkr.

This is verified by a direct computation. For A = k[xq,...,xn], the HKR
map is a left inverse to the map induced by 1 as in . Therefore, when A is a
polynomial algebra, the HKR map is a is a quasi-isomorphism of complexes. We
will later specified by which morphism of free resolutions it is induced.

2.3. More details on the Hochschild homology of polynomial alge-
bras. The standard procedure of homological algebra provides morphisms of res-
olutions B, — Ko over A which are homotopy inverse. In this subsection we will
construct them explicitly, together with the homotopies and with the maps induced
by them on the Hochschild complex and on Kéhler differentials. This will be used
later to establish analogues of Proposition (2.1.1).

Start with observing that A = k[x1,...,%n] — A?n where A7 = k[x]. So start
with the case n = 1. Let Bo(1) and Ko(1) be the bar and Koszul resolutions for
n = 1. We have the map j : Bo(1) — Ko(1) given by j(ap ® a1) = ap ® ar;

m—1
(2.6) jlap @x™ ® az) = Z ax* @ x @ x™ 1 kay;

k=0
j =0 on By(1) for p = 1. In other words, if we identify B;(1) with k[x,y,z] and
K1 (1) with k[x, z] ® ky, then

f —f
)- . f(x,y,z) — (X)X)Z) (X) Z) Z) ®
X—z
We have j oi=1id, whereas ioj = [b’,s] where s : B, (1) — Bp1(1) can be chosen
as follows. Let us use the notation

(2.7) f(x))(:;(y) — Zfﬂ)(x)f(l)(y)

Define
s(@®...0ap1) =(-1)P ) a®...0q 10a)@x®aa,

for p > 0 and s(ap ® a;) = 0. The fact that s is indeed a homotopy for ioj —id
follows from the identities

Z(a“)x@)a(z)—am@xa(z)) =a®1-1®aq

Y (@)@ (@a)? =Y adwd? +Y o wdae

For general n, as we mentioned before, Ko — Ko(1)®™. There are two standard
morphisms of resolutions (0.4)), (2.2)
EZ: Bo(1)®™ — By; AW : B, (1)®™ — B,.
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Both morphisms EZ and AW are associative in the obvious sense. This allows
us to define

EZ: @1 Ba(A;j) — Bo(®]21A5)
and
AW 1 @71 Be(Aj) ¢ Bo(®511A5)
One has AW o EZ = id; in Lemma [2.0.2| we constructed an explicit homotopy t for

id —EZ o AW for n = 2. We can easily extend it to the case of any n. All that we
need to know here is that the element

tlar ®...0anla; ®...@a)l...]

is given by an algebraic expression involving taking elements aj, a]-’ , etc. from one
position to another and multiplying them with some other elements.

Note that while EZ is commutative in the obvious sense, AW is not. For o € X,
let AW® be the map AW constructed for the product Ag1 ®...® Ag, Put

sym 1 o
(2.8) AW = — > AW

The same argument as above allows to construct a homotopy t for AWS™, of
the same algebraic nature as discussed above. Now apply this to the case when
A1 =...= A, = k[x]. We have morphisms

EZ: Bo(1)®™ — By AW™™ : B, (1)®™ «— B,,
as well as
9Ny — Bo(1)®™ §9M 1 ICy +— Bo(1)%M.

The homotopy for id —i®™ o j®™ can be easily constructed from the one for id —ij
for n =1, for example one can take

n

s =3 (id—i)** Veseid® "
k=1
Observe that
1=1i®" 6 EZ;
define
j = AW o O
we have
ij = i®"EZ o AWSY™O — (@O _{@N[h/ 1]i®™ — _[b/ s®"] —i®M[b/, t]j®"

therefore we can chose the homotopy for id —ij to be

ho= —s®n _{@ngen
Note also that the map Co(A) — Q3 )i induced by j is Inkg.
DEFINITION 2.3.1. Set
Cp(n) =kix{¥|1 <j<m;0 <k <pl

A generalized differential operator is a linear map Cp(n) — Cq(n) that is a linear
combination of compositions of the following maps:

1) T;(k, 1) that substitutes x]-(k) in place of x]m
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2) The map
Tj (k, l)f — Tj (k, m)f

D;(k;1, m)f =

3) partial derivatives.

More generally, if a generalized differential operator sends a subspace L to a
subspace L', the induced operator on quotients will be also called a generalized dif-
ferential operator.

Let us identify Cp,(k[x1,...,%xn]) with the quotient of C,(n). Recall the HKR
map ([2.5). Put

. iono |
(29) 1(dej1 e deP) = (—1 )mgncﬁ Z f® Xje1 @ .ot @Xjyp
b o€,
PROPOSITION 2.3.2. There is a generalized differential operator h: Cq(k[x1,...,knl) —

Cer1(klx1y...,knl) such that
id—io IHKR = [b, h]

2.4. Completed Hochschild complexes of commutative algebras. Now
consider an ideal I in any commutative algebra P. Consider the embeddings iy : P —
peM+) 0 <k <m,givenbya—1®...0a®...® 1. For every m > 0, let Ia
be the ideal in P®™*1 generated by ix(a) —ii(a),a € P, and by ix(a), a € I, for
all possible k and L. Denote by éﬁ(P)A,I the completion of P+ with respect to

IA.

We write
(2.10) di(ap®...0a,) = a0 ®...0{0111 Q... R Anyq
for i < mn;
(2.11) dn(@0®...0aAns11) = An@o®a] ®...® dn_1;
(2.12) 5i(A0®...0an) =00 ®...a;RT®...Q0 an

for i < n. One has
n
b=> (-1)d

j=0
Note that all dj and s; are algebra homomorphisms preserving I. Therefore they
all extend to CW(P)a,1. We denote the quotient by the sum of images of all s; by
Cm(P)a,1-

PROPOSITION 2.4.1. Let P =K[x1,...,xn]. Then lgkr induces a quasi-isomorphism
(Cn(P)a,s, ) = (O 1, 0)

where the Tight hand side stands for the 1-adic completion.

PROOF. In fact, any map from 1), Definition is a ring homomorphism
preserving In. Any map D from 2) satisfies D(fg) = S(f)D(g) + D(f)T(g) where S
and T are as in 1). Therefore D sends IZ‘H to IN. We see that any generalized
differential operator extends to the completed complex, and the statement follows
from Proposition |2.3.2 (]
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For a commutative algebra A, denote by 6.(A) the complex 6.(%\) A,0 defined
before Proposition 2.4.1] (i.e. the case I =0).

PROPOSITION 2.4.2. For a Noetherian commutative algebra A, the inclusion
Ca(A) = Cu(A)
18 a quasi-isomorphism.

PROOF. For any algebra P, any P-module M, and any ideal I of P, denote by
M the I-adic completion of M.

LEMMA 2.4.3. Let P a Noetherian algebra and let Jo C ] be two ideals of P.
Then the map
P;/ToPy — (P/T0)1/16

is an tsomorphism.

Proor. To prove that the map is injective, note that the right hand side is

the same as (P/Jo);j and that completion is right exact (actually exact) on finitely
generated modules. To prove injectivity, let (pn € P/JN*1)IN > 0 be an element
of the kernel, such that po = 0. Then pn € Jo/Jo N JN*'. Lift pn to elements pn
of Jo. Then pn —Pne1 € JoNJN. By Artin-Rees lemma [?], there exists d > 0 such
that Jo N JN = JN=4(Jo N J9). Let x1,...,%m be generators of Jo. Then

m
~ ~ (N)
Pner—PN =) a4 x
=1

where a].(N) is in JN—¢, Put

N
Clj: E (lj .
N=1
Then

o) m
D (pns1—PN) =) gy
=1

N=1
|

Let By, be the completion of A®(M+2) by the ideal J5 generated by all iy (a) —
ii(a) for 0 < k,1 < m+ 1. Let Js be the ideal generated by all ip(a) — im41(a).
Apply the lemma to Ja instead of Jo and Ja instead of J. We see that

B @ac A = CU(A).
We have ring morphisms
A®A—A®RME2) B

(the one to the left given by ip ® 1™ ®1i,,). Each algebra to the right is flat
over its neighbor on the left [?]. Therefore B is flat over A ® A. Endowed with
the differential b’, it is a flat resolution of A over A€ because the usual homotopy
QW®R... = 1®ay ®... extends to it. We conclude that 6‘.‘“(A), and therefore
(Af.(A), computes the Hochschild homology of A. a
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3. Periodic cyclic homology of finitely generated commutative algebras

For a finitely generated commutative algebra A, choose an algebra of polyno-
mials P = k[x1,...,%xs] and an epimorphism P — A with the kernel I. Put

— per ~

CC, (P)a,1 = (Ce(P)a,1((u)),b+uB)

~

CCW(A) = (Co(A)((1)),b + uB)
(Q} )1 =1im Q3 /TN Q}
THEOREM 3.0.1. Both morphisms
er e ~Per e
CCP(A) — CCe(A) «— CC,  (P)a,r — ((Qp 4 )1((w)), ud)
are quasi-isomorphisms.
PROOF. The first map is a quasi-isomorphism by Proposition [2:4.2] the second
by Theorem [4.2.2] and the third by Proposition |2.4.1 (I
4. Smooth Noetherian algebras

By definition, a commutative Noetherian k-algebra A is smooth if, for any k-
algebra C and any ideal I of C such that I = 0, the map Hom(A, C) — Hom(A, C/I)
is surjective. The class of smooth algebras includes the class of coordinate rings of
nonsingular affine varieties over k.

THEOREM 4.0.1. (see [?], [?]) The HKR map from|[2.9 defines quasi-isomorphisms
of complezes
Ce(A) = (Q} 1, 0)

CCL(A) = (Q i [full, ud)
CCo(A) — (Q;\/k[u’1,u]]/uf)_;\/k[[u]],ud)
CCP(A) — (Q;\/k[ufl,u]],ud)

Proor. We will need a few standard results from commutative algebra.

(1) Let m be a maximal ideal in A. Since A is smooth, its localization Ay, at
m is a regular local ring and a basis x1, ... %, for m/m? over k is a regular
generating sequence for the ideal mA,, in Ay,.

(2) A morphism of two A-modules is an isomorphism if its localisations at all
maximal ideals are isomorphisms.

(3) Suppose that x1,...xn is a regular sequence generating an ideal I C A.
The associated Koszul complex is a free A-resolution of A/I of the form
(4.1) (AX(AT),d),
where

d:ZLi@)Xi)
i

(1 is the contraction with the i’th standard basis vector in k™). In par-
ticular,
Tor (A/T,A/1) = A} 1 (1/17)

as algebras over A.
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The proof procedes as follows. Let n: A ® A — A denote the multiplication in
A and suppose that m is a maximal ideal in A. Applying the Koszul complex
computation to the ideal ' (m)(A ® A1 (m) C AR A) 1 (m), We get

ARA) _
Tor, MW (AL AR) ~ A (m/m?).

Since the Hochshild complex computes the Tor-functor, the fact that the map
(Ce(A),b) = (QF ), 0)

given by (2.5) is a quasiisomorphism of complexes follows now from the isomor-

phisms

(AQA), —1 ()

TorA®N (A, A) ¢ Tor, (Amy Am) = Qi e = (Qa 1 )m

To deal with cyclic complexes one notices that the B-boundary map becomes the de
Rham differential on Q% P As the result we get a morphism of double complexes,
say for negative cyclic complex,

(Q3 i[lull,ud) — (CCL(A)[[ul], b+ uB)
which, by above Hochschild homology case, is a quasiisomorphism on the rows and

hence quasiisomorphism of double complexes. The claimed result follows. (I

5. Finitely generated commutative algebras

For a finitely generated commutative algebra A over k, choose a surjective
homomorphism f : P — A where P is a ring of polynomials. Let I be the kernel of
f. Consider the complexes

(5.1) 0P/ 40l ol S S as /108, 5o

A/k;n) Denote by H®. (A/k)
the cohomology of the complex (Qf, /0 d), the I-adic completion of the De Rham

complex of P. It is well known that the cohomologies above are independent of a
choice of P and f.

for all n > 0. Denote their cohomologies by H

cris ( cris (

THEOREM 5.0.1. (cf. [234]). 1. There exists the canonical morphism
w:HCn(A) = EPHL A/Kn —1);

Cris
i>0
if A is smooth then W is induced by the map from Theorem|4.0.1]
2. If A is a locally complete intersection then w is an isomorphism.
3. There is the canonical isomorphism

i HCR (A) — HE,;

cris

(A/Kk)
PRrROOF. O

5.1. Free commutative resolutions. For a commutative algebra morphism
A — B, a free commutative resolution of B over A is a differential graded A-algebra
R, with the differential 0 : R, — Re_7 together with a morphism of DGAs R, 5B
such that:

(1) R is concentrated in nonnegative degrees;
(2) as a graded algebra, Ry is free commutative over A;
(3) the morphism e is a surjective quasi-isomorphism.
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Here we view B as a DGA concentrated in degree zero. A morphism of two resolu-
tions (R,, €) and (R}, €’) is a morphism f of DGA over A such that €'f = €. Two
morphisms f, g : (R, €) — (R., €’) are homotopic if **** The following facts about
resolutions are standard.

PROPOSITION 5.1.1. (1) A free resolution of B over A always exists;
(2) for every two free resolutions of B over A there is a quasi-isomorphism
from one to another;
(3) every two morphisms between two resolutions are homotopic.

PROOF. O

5.2. Holomorphic functions. Let M be a complex manifold with the struc-
ture sheaf Op and the sheaf of holomorphic forms Q3,. If one uses one of the
following definitions of the tensor product, then Co(Onz), etc. are complexes of
sheaves:

(5.2) O = germsp Om»;

(5.3) O™ = jetsy Omn
where A is the diagonal.

THEOREM 5.2.1. The map

L:fo@fi1®...0f = %fodﬁ ...dfy
defines a quasi-isomorphism of complezes of sheaves
Ce(OM) = (O}, 0)
and a Cl[u]]-linear, (u)-adically quasi-isomorphism of complexes of sheaves
CC, (Om) — (O [[u]l,ud)
Similarly for the complexes CCq and CCP®".

6. Group rings
Let G be a discrete group. Given x € G we will use Z, to denote its centralizer
Z, ={g € G| gx =xg}

< x > to denote the cyclic subgroup of Z, generated by x and k(x) will denote
denote the ring of ”trigonometric series” k[x,x~']. Let G/Ad(G) denote the con-
jugacy classes in G. We will use notation x to denote the conjugacy class of x € G
and, in this section, we will fix the choice of representative x for each conjugacy
class of G.

THEOREM 6.0.1. [89] Let G be a discrete group.

(1) Both Hochschild and cyclic homology splits into direct sum over conjugacy
classes of G,

HH, (k[G]) = Dxcg/aa(s) HHa (k[G])x
HC, (k[G]) = Diecg aa(c) HCa(kIG]x

and the splitting is compatible with the Connes-Gysin long exact sequence;



6. GROUP RINGS 129

(2) the components of the Hochschild homology of G are given by
HH.(k[GDx~ €D Hu(Zuk)

*€G/Ad(G)

(3) for an elliptic conjugacy class x, B vanishes on HHq(k[G])x and

HC, (k[G])x = P Hn-21(Z4, k)
(4) for a non-elliptic conjugacy class x,
HC (KIG)x = P Hn-2i(2x/ < x >,K)

i

Proor. We will work with the non-normalised Hochschild chains E.(A). To
begin with note that the both Hochschield and cyclic complexes of k[G] split into

a direct sum of complexes
= P C.(klGD)s,
X

where én(k[G})k is the subspace of én(k[G]) with k-linear basis given by:

go®g1...®9gn, 9gogi---9gn € X.
In particular, the first statement of the theorem is obvious. Let B, (G) denote the

free k[G]-module with generators

{lg1lgzl...lgnl I g1,...,9n € G}

We will use the notation x9 = g~!

T: Ca(k[G]) — Bn(G)
(Qo® g1 ®®...®gn) — g192...9nGolg1192]. .. Ign].
Note the following identities.

xg, X,g € G. Set

(6.1)

TdoT ' (x90g1lg2!. .. Ignl) = x99"[gal...Ign],

TdiT~ " (x%1g1lg2l. .. Ign]) = x91g1lgal. .. 1gigi11l...lgn); O <i<m,
(6.2)  TdnT '(x9g1lg2l...Ignl) —xg[g1|gz| Agn1l;

Tsi T~ (x90g1lgzl. .. Ign]) = x9 91| el lgnl; 0<i<m,

TtT 1 (x90g11ga2l ... Ign]) = x99 97 [(g1 ... gn) 'X9]...Ign—1].
We will denote by B¥(G) the simplicial set Bo(G) endowed with the following struc-
ture.

ds(glgilgzl...lgnl) = ggi1lg2l...Ignl;
( [g1lg2l...1gn]) = glgilgzl...1gigis1l...Ign];0 <i<m;
(6.3) dr’l(xg[g]Igzl colgnl) = glgrlgzl ... lgn-—1];
s'i(glgilgal...lgn]) = glgil...lel...Ign];
'(glgilgzl...lgn]) = 991 ... gnl(g1 ... gn) "X . [gn_1].

Ad. 1 Hochschild homology
Note that, by the equations (6.2]) and .,
A(T)(Ca(KIG])x,b) = (k @z, BI(G), d)

where d = ) ;(—1)"d;. Since (BXG, d) is the bar complex of G, the right hand side
computes Hq(Zy, k), as claimed.
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Ad. 2 Cyclic homology.
The elliptic case

Recall that (k®z, B¥,b) computes the x- component of the Hochschild homol-
ogy of k[G]. But this factorises via (k ®y(x) B5,b), which computes homology of
< x >. Since the cyclic subgroup < x > of G is finite and k has characteristic zero,

k forqg=0
Hq(<">>k)_{ 0 forg 0.
As the result, B = 0. Hence

S u Pk forq=0
PRX
v Bq(G)H{ 0 for q # 0.
is a quasiisomorphism and
(k @ (x) BXlu™", ul]/uk[ul, b + uB)

is a free resolution of k[u™',u)]/uk[u] over Z,/(x). As B = 0, the Connes-Gysin
exact sequence splits into short exact sequences of the form

0 —— H,(G,k) ——= HC, (k[G])¢ —— HC,,_2(k[G])e —= 0,
and the x-component of the cyclic homology is as claimed.
The non-elliptic case

In this case the Hochschild homology of k(x) has one generator in dimension
zero and one in dimension one. The generator in degree zero is 1, while the generator
in degree one is the class of (x) € B}. By (6.3), B1 = (x), hence

B : HHo(k(x)) — HH; (k(x))
is an isomorphism. But this means that the map

k forp=0and q=0

—ppx
u Bq(G) H{ 0 otherwise

defines a quasiisomorphism
(k ®k(x) BE™,ull/ukful, b +uB) — k

of Z/(x)-modules, i. e. (k ®y(x) BXu~',ull/uk[ul,b + uB) is a free resolution of
k over Z,/ < x >.
~ Since the x-component of cyclic homology of k[G] is computed by (k ®z,
BXu~',ull/uk[ul,b +uB), we get
HC(k[G])x ~ (k ®z, By[u',ull/uk[ul,b + uB)
~k®z, /x> (K ®kx) Bolu™' ull/ukful, b +uB))
~ k@5 o\ kuT ull/uklul.
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6.1. Cyclic homology of group rings and group homology, II. Here
we give another proof that the group homology with trivial coefficients is a direct
summand of the (negative, periodic) cyclic homology of the group algebra. In other
words, we prove again part (3|) of Theoremfor the case of the conjugacy class of
the identity. We use the derived functor/Cuntz-Quillen approach from ***FT***,

Recall that for any algebra A C$®(A) = C;(A)/bC%(A); CF(A) = Co(A);
C?h(A) =0 forj>T,

(6.4) CC.™M(A) = CSM(A)[[u]], b +uB)

as before, we denote the image of ap ® a; in C?h(A) by apdaj. *¥**Ref***
For any group I' and for any yo, y1 € I define

(6.5) YoDv1 =7 vodys
in C5"(k[). Then the differentials in the short De Rham complex become
(6.6) b(yoDy1) = —vo +Ad; ] (vo); B(vo) =v5' Dyo

For any group T, let (Co(T,k[*4),b) be the standard chain complex of T with
coefficients in k[I'l on which T acts by adjoint representation. (In the notation of
the proof of Theorem m it is the direct sum of all k[B¥(I')] for all conjugacy
classes x). Put

(6.7) Cih (L K[MAY) = Cq (L kITAY) /b Ca (T KITAY);

(6.8) COM(LKIMAY) = Co(RkIMAY); CM(LKMA) = 0,5 > 1.

We denote the class of yolyi] in the right hand side of (6.7) by yoDy: We have
identified CC, " (k[I']) with

(6.9) (CMMKMAD [[]], b + uB)

with b and B given by .
When ' has a normal subgroup I'/, the double complex has a direct
summand (CSP (T kT4 [[u]], b + uB). Finally, when T is free,

(6.10) (CM(nK)[[wl], b) — (CP (kAN [[ul], b 4+ uB)
is a quasi-isomorphism.
Let 7t be a discrete group. Consider a free simplicial resolution Iy — 7t. Let

Il = Ker(e). Let
0=> (-1)g
j=0
be the simplicial differential on k[I].
We have quasi-isomorphisms
(6.11)
OC; (k[n]) ¢— CC{ (kIT]) — CCP (kIT]) = (C™ (e, kINJAY) [[wl], 0 + b + uB),

the projection
(6.12)  (C3H(Ty, kIMJAY ], + b +uB) — (CS (T, kT4 [[u]], d + b 4 uB)

and the quasi-isomorphisms
(6.13)
(Co(Te, K)[[W],d+b) — (CIM(Te, k) [[Wl], d+b) — (C (T, k(A9 [w]], 0 +b+uB)
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as well as
(6.14) (Co(m, k) [[ullyb) ¢ (Cq(Te, k) [[u]], 0 + b)
Therefore, up to quasi-isomorphism, (C, (71, k)[[u]], b) is a direct summand of CC, (k[n]).

REMARK 6.1.1. It may be worth mentioning that there also is a double complex
(6.15) C (R kM) [[u]l, b +uB

Here I’ = I'//['",T'] is the Abelianization. If T is free then I'’ is a free group,
and I''2P is a free Abelian group. One can choose a set of free generators as follows.
Choose a system of free generators of I. Then '’ is the group of based loops on the
Cayley graph of 71 =T/T. Choose a spanning tree on this graph; there is a system
of free generators of I'’ indexed by edges not on the tree. Denote them by y. where
e is such an edge. Also denote the free generators of I by x;.
Note that
C(LKIM)) = &;k(M*"1Dx;

The operator B is well defined but its Dx; components are not differential operators
on k[yZ']. Rather, they are differential-difference (or integro-differential) operatos.
In fact, they are of the form

L(e)
d
(6.16) >y iAdyeykyea

e k=1
Here e i are elements of ' representing the paths on the spanning tree that are
parts of the loop ye.

This is worth bearing in mind when one tries to replace k[T, k[I"’], and k[I"’2]
by topological completions. In case of the latter, one would need a certain ring (or
space) of smooth (generalized) functions on the infinite dimensional torus, and one
would need to take extra care to be sure that the differential B of the form
extends to this completion.

6.2. Periodic cyclic homology of the group algebra of a free group.
Here we compute the periodic cyclic homology of C[I'] when T is a free group. We
use a general argument due to J. Cuntz. This argument extends to other functors;
in particular, it might allow to compute periodic cyclic homology of certainC*
completions of the group algebra.

PROPOSITION 6.2.1. Let T be a free group with free generators xj. Let C[Xr] be
the algebra generated by invertible x; subject to relations

(xj —Dxxk—1)=0
for all j # k. Then the projection
CCE(CI]) — CCE (CIXr])
is a quasi-isomorphism.

PrOOF. We may assume I' to be finitely generated. Let d be the number of
free generators x;. In addition to the obvious projection p : C[I'l — C[Xr], consider
the morphism

q : C[Xr] — Mq4(C[I')

that sends x; to the diagonal matrix Zk# Exx + x;Ej5. Extend pq and gp to
pq : M(CIXr]) — M(CIXr])
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and
qp : M(CI[T']) — M(CIT'])
Both are homotopic to identity with a polynomial homotopy. ***Ref*** There-
fore they induce chain homotopic morphisms of periodic cyclic complexes. The
statement now follows from Morita invariance. O
COROLLARY 6.2.2. Let T" be a free group. Then
(CM(C)((w), b +uB) — CCP™*(CIT)

is a quasi-isomorphism.
7. Rings of differential operators

For a C* manifold X of dimension n let D(X) be the ring of differential oper-
ators on X. We use the tensor products defined analogously to (11.2)), (11.3).
THEOREM 7.0.1. ([86], [?]). There is a quasi-isormorphism
Co(D(X)) = (Q**(T*X),d)
which extends to a C[[ul]l-linear, (u)-adically continuous quasi-isomorphism

CC, (D(X)) — (Q*™*(T*X)[[wl], d)

As in one also has analogous statements for the cyclic and periodic cyclic
complexes.

7.1. Holomorphic differential operators. Let X be a complex manifold of
complex dimension n. For the sheaf Dx of holomorphic differential operators, define
the Hochschild, cyclic, etc. complexes of sheaves using tensor products analogous
to those in Let t: T*X — X be the projection.

THEOREM 7.1.1. [8Q] There exists an isomorphism
7' Ce(Dx) — (Q%.x[2n],d)
in the derived category of the category of sheaves on T*X, which extends to a C[[u]]-
linear, (W)-adically continuous isomorphism in the derived category
7 'CC, (Dx) — (Q%.x2n][[ul], d)

As in similar isomorphisms exist for the cyclic and periodic cyclic com-
plexes.

8. Rings of complete symbols

For a compact smooth manifold X, let CL(X) be the algebra of classical pseudo-
differential operators. By Lo (X) denote the algebra of smoothing operators (i.e.
integral operators with smooth kernel), and put

CS(X) = CL(X)/Loo(X).
We use the projective tensor products.
For any manifold M, denote by ﬁ*(M x S1) the space of power series
N
Z o, cztdz€
e=0, 1; i=—o0

where o are forms on M. Denote by S*X the cosphere bundle of X.
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THEOREM 8.0.1. [?] There exists a quasi-isomorphism
Co(CS(X)) = (QX™*(S*X x S1), d)
which extends to a C[[u]]-linear, (u)-adically continuous quasi-isomorphism

CCL(CS(X)) — (Q?™*($*X x S]], d)
Similarly for CC,, CCS®". In particular:
COROLLARY 8.0.2.

HH, (CS(X)) = HTP(S*X x S)
HC,(CS(X)) = P H™ PH2Hs*X x ST)
i>0

Combined with the pairing with the fundamental class of S*X x S', the first of
the above isomorphisms gives an isomorphism

(8.1) HHo(CS(X)) = CS(X)/[CS(X), CS(X)] — C

This isomorphism is given by the Wodzicki-Guillemin residue [?]. The above theo-
rem has also a holomorphic version where the ring of complete symbols is replaced
by the sheaf of microdifferential operators [67].

9. Rings of pseudodifferential operators

THEOREM 9.0.1.

HHo (Loo (X)) = C; HHp (Lo (X)) =0, p > 0;

HCop (Loo (X)) = C; HCap41(Lao(X)) =0
THEOREM 9.0.2. [?]
HH,, (CL(X)) ~ HH, (CS(X)) forp # T,
there is an exact sequence
0 — HH;(CL(X)) —» HH;(CS(X)) = C — 0
THEOREM 9.0.3. For allp >0
HC2, (CL(X)) ~ HC2, (CS(X))
and there is an exact sequence
0 = HC2p11(CL(X)) = HC2p41(CS(X)) = HC2,(C) — 0

Theorems[0.0.2] and 0.0.3] follow from Theorem [0.0.7and from Wodzicki excision
theorem [3.0.21

The results of the two previous subsections were extended to more general rings
of symbols and of pseudodifferential operators by Melrose-Nistor and Benameur-
Nistor ([?], [?]). A survey of these results can be found in [?].
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10. Noncommutative tori

Let {exp 27ifi;}i,; be a n X n matrix representing a class w in H2(Z™,T). In
particular, 0;; = —0;; € R.

DEFINITION 10.0.1. Q(Tg) denote the x-algebra over C with unitary generators
u,...,Uy subject to relations relation

(101) U.iu]' = exp Znieijujui

We will call Q(Tg) the algebra of rational functions on the non-commutative n-torus
(Ty) and will let Z denote its center.

THEOREM 10.0.2. [I15), ?] Let (f1,...,Tn) be the standard orthonormal basis
of C™. The formula
UWRAW U RFi Aw
extends uniquely to a derivation d : Q(T§) ® A®C™ — Q(Ty) ® A*F1C™. The
following holds.
(1) Ho(Q(TF)) ~ 2@ A*C™
) ~ AFC™, fork<n
(2) HE(Q(T)) { Z@ANCY, fork=n
(3) HC,(Q(Tg)) ~ Z®/\'C“[[ I, ud).
(4) HCpeT(Q( 8)) =~ (A*C™u T, ull,ud).

ProOOF. For o ={atq,...,0n} € Z™, we set
u* =uf ud and wiuSug ! =< i o> u®.

For simplicity, we will denote the algebra Q(Tg) by A. It is easy to check that a
free resolution of A as an A-bimodule has a form

(10.2) (A° @ A°C™ 1) S A,

where e(ag) = ab and

n

tlew) =Y (1-wi) ") euf)w.
i=1
Here t, denotes contraction with the vector v.€ C™. Set vy = ) (1— <i]a >)fy.

Tensoring the resolution (|10.2) with A over A°¢ produces a direct sum of complexes
parametrised by o € Z™:

(10.3) P (cuxeACch1eu,).
xezn
But, since
WVAW) + VA (Lw) = |v[Pw

for all w € AC™, the complex is contractible precisely when vy # 0 or,
equivalently, when u® ¢ Z. The first statement, about Hochschild homology of A,
follows.

The quasi-isomorphism

(10.4) o :PCu* @A CT1@1,,) — (Cu(A),b)

ux
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is given by

u"‘®fi1 A.. -/\fik — u* Z (—1 )sgn(d) (uim ) Wig g )71 ®uim ) X.. .®uic(k) .
oeSy

Restricted to the components with u* € Z, the Connes-Gysin spectral sequence

degenerates at the Ez-term, under the quasi-isomorphism (10.4]) d; becomes iden-

tified with d and the rest of the proof is the same as the proof of the theorem
031 O

11. Topological algebras

Let us start with some introductory remarks. Suppose that A is a topological
algebra with locally convex topology. By fiat, the modules over A will be rquired to
have locally convex topology such that the action A x M — M of A on M is jointly
continuos, i.e. extends to a continuous map from the projective tensor product

A®@rM — M.

A morphism of A-modules is a continuous map ¢ : M — N of A-modules admitting
a continuous linear section o : N — M.

All the standard methods of homological algebra work in this case and, in
particular, the Hochshild homology coincides with the Tor-functor and can be com-
puted using any projective resolution of A as A-bimodule. An example is the bar
resolution

(A @ A°P) @r (A/K)97*,d") — A
with the standard boundary maps. The reason for the choice of the projective tensor
product is to ensure that the boundary maps are continuous. The easiest case is
that of nuclear algebras, when projective and injective tensor products coincide.
Below some examples.

11.1. H-unitality. A consequence of the choice above is that, in the topolog-
ical situation, the homology of a complex (C,, d) is defined by the quotients of the
form

Ker(d)/Im(d),
where the closure is taken in the toplogy on the space of chains. In this context,
a Frechet algebra is H-unital, if the complex (C.(A),b’) is contractible, i. e. the
closure of the range of b’ coincides with its kernel. Given this definition, it is not
difficult to check that the proof of the excision theorem for Hochschild and cyclic
homology extends to this case. As a useful source of examples, let us give the
following result.

PROPOSITION 11.1.1. Suppose that A is a Frechet algebra admitting a two-sided
approximate unit, i. e. a sequence of W, € A such that, for all a € A

limnp oo Una =limy oo au,, = a .
Then A is H-unital
PROOF. In fact, it is easy to check that
B (a1 ®...an) =un® a1 ®...an
satisfies

lim [B},b']=1id

n—oo
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d

11.2. Smooth non-commutative torus. Let S(Z™) denote the Schwartz
space of functions a : Z™ — C satisfying

prn(a) = Y [aMaql < oo for all N € N

xezZn

where, as usual, |&| = } | |o|. S(Z™) with the locally convex topology given by
the collection of seminorms pn, N € N is a nuclear Frechet algebra.

DEFINITION 11.2.1. Let uy,...u, satisfy the relations in the definition [10.0.1
The smooth non-commutative torus is the C*(Tg) is the completion of Q(T§) in
the topology induced by the seminorms pn above.

A convenient way of representing the elements of C*°(T§) is as the sums of the
form

> aqu®, {au} € S(ZM).
xeZn
THEOREM 11.2.2. In the notation of the theorem[10.0.3
(1) Hochschild homology of C*®(Tg) is equal to the direct sum of the spaces
Z® A°C™ and
(cat € S(ZM) 1u* ¢ 2) / ({cad [ {Ivall"2cal & S(Z™)) @ AC™.

(2) In the case when {||va||~"} is a multiplier of S(Z™), Hochschild, cyclic and
periodic cyclic homologies of C*(Ty) coincide and are equal to H g (T™).
This holds in particular when © is generic, i. e. if

dist(e?™ 00 A | AR =1}) = 0(%), Lj=1...,n.
(3) For general © the cyclic periodic homology of C*°(Ty) is equal to H5x (T™).

ProOF. The first two parts of the theorem follow immediately from the fact
that the projective resolution of the algebraic torus QTg constructed in the proof
of the theorem lifts to a projective resolution of the smooth torus.

The rest of the computation requires an explicit choice of the homotopy inverse
H of the the quasiisomorphism @ in[10.4] Instead of the general explicit formulas, let
us describe the algorithm giving H. Let us write the elements of the A = C*(Tg)-

bimodules A€ ® %" in the form

A A% @ A
The construction the A bimodule map is on the induction in k of the terms of the
form

T@weu* @u*+ @...Qu* @1, where w € AKC™
It proceeds as follows. Let o = {t1,...,tn}.
(1) Replace u*x by

n
t tp—1. g tp—q tp+1 t
E E wlowuy @f, 9w’ Teoul !
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for tq > 0 and by

—Z Z T t‘“ Tl @ f, @ uy q®u;‘f1‘ couy
p=1q=t,—1
for t, < 0.
(2) Replace an expression of the form

Tfy, Noo.Afi  Af,@B)@u™™ ' @...eu* ®1
by
Al @fy, A Afy Afp U™ @..@u™ @ 1) (W . u®) T Bu®+ . u™
A direct computation shows that this procedure produces the homotopy inverse
H: (A2 A ® Ab) = (AR A'C" @ A, t).

to @. In particular, in the spectral (b,B) sequrnce computing cyclic periodic ho-
mology, the second differential d, = HB has the form

dz(u“®w):u°‘®<ZZu“ X kHu I_IU.O‘l kf)/\w,

i k=0 1>i l<i

hence is given by exterior product with the sequence of vectors

w:{w“}:{ZZu_“ X kHu Huo“ kf} .
xezZn

i k=0 1>1i 1<i
Note that, since bB + Bb =0, v, L wy. We will need the following two results.

LEMMA 11.2.3.

(1) For a# (0,...,0), [[vall + wall = 2 (Z1; loac?) ™
(2) Suppose that X y € §(Z™, AC™) satisfy

wAx =1,y and tyx =0.
Then there exist x1 and x2 in S(Z™, AC™) such that
X =WAX] + LyX2.

Given lemma, let us complete the proof of the theorem. It will be enough
to show that the component of the Hochschild homology (see the theorem [11.2.2))
given by
(e} € 8(ZM) [u* ¢ 2)/ ({ca) HIVall?eo) & S(ZM) © AC™

does not contribute to the (b,B)- spectral sequence computing periodic cyclic ho-
mology. But it follows immediately from the second part of the lemma (it gets
killed at the third page of the spectral sequence). (Il

PROOF OF THE LEMMA [T1.2.3] This is essentially due to Alain Connes [111].
Set Ax = []; ?\]‘f; Then
7\0‘k
[Vell> = Z 1 —Af? and [well* = Z| |2
K

If we write A = ' then either
T—Ag"
1T— A

| > 1
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or -
o0 —=, =
KOk & | 2 2]
Since in the second case 0y > ﬁ and hence |1 — Ay | > ﬁ, the inequality in
the first part of the lemma follows. We will leave the second part as an exercise for
the reader. |

11.3. Smooth functions. For a compact smooth manifold M one can com-
pute the Hochschild and cyclic homology of the algebra C°°(M) where the tensor
product in the definition of the Hochschild complex is one of the following three:

(11.1) C®(M)®™ = C®(M");
(11.2) C®(M)®™ = germs, C®(M™);
(11.3) C®(M)®™ = jets, C°(M™)

where A is the diagonal.

THEOREM 11.3.1. The map

1

L:fo®fi®...0f — gfodﬁ ...dfy

defines a quasi-isomorphism of complexes
Ce(C*(M)) = (Q*(M),0)
and a C[[u]]-linear, (u)-adically continuous quasi-isomorphism
CC, (€M) = (Q*(M)[[u]}, ud)
Localizing with respect to w, we also get quasi-isomorphisms
CCo(C®(M)) = (Q*(M)[u™", ul]/uQ*(M)[[u]], ud)
CCR(C>®(M)) — (Q*(M)u~ ", ull,ud)
PrOOF. The statement for the Hochschild complex for tensor products (11.2]

, follows from Proposition Indeed, this proposition implies that the
homotopy h extends to these tensor products. For the first tensor product, the fol-
lowing construction, due to Alain Connes (see [?]), provides a resolution of C*°(M)
which can be used to prove that p is a quasi-isomorphism. Suppose first that x(M)
is zero and hence there exists an everywhere non-zero vector field V on M. Fix

a metric on M and define a vector field W in a geodesic neighbourhood U of the
diagonal A C M x M by

(expy (tV),y) = expy (tV).(tV) & 0 € Tiexp. (tv),y) (M x M).

Let Wj be a vector field on M x M which vanishes on a neighbourhogd U7 of the
diagonal and such that [[W7]| > 1 on M x M\ U, hence, in particular, U; C U. Let

mT:MxM-—-M
be the projection onto the first factor. The complex
(TM x M, (A*T*"M ® C), twriw, )

is quasiisomorphic to the complex of (C*(M x M x M*®),b) of C®(M x M)-
modules and one easily concludes that p is a quasi-isomorphism. In the case when
x(M) # 0, one replaces M by M x T' and uses Kiinneth formula.
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The claim of the theorem for the cyclic complexes follows from the Hochschild-
to cyclic spectral sequence. In fact, the HKR map is a quasi-isomorphism at the
level of Eq and therefore is a quasi-isomorphism. O

COROLLARY 11.3.2. Let S(R™) be the algebra of functions on R* satisfying
pn(f) =sup(1+[x*)T Y [9%f| < oo, n€N.
lx|<n
Then
HCP¢"(S(R™)) ~ C[n].
PRrROOF. This follows immediately from the short exact sequence
0——=8(R") ——=S(R™) ——=Cl[x1y...,xn]] —=0,

since S(R™) is unital, HCP¢"(S(R™)) ~ Hpgr(S™) and the formal power series alge-
bra Cl[[x1,...,Xn]] is homotopic to C. O

For completeness, let us add the following, topological version of Morita invari-
ance of periodic cyclic homology.

THEOREM 11.3.3. Let K*° denote the Frechet algebra of smoothing operators on
R™, i. e. integral operators with kernels in S(RZ™). Then, for any Frechet algebra

A,
HCPET(A @ K*°) ~ HCPET(A).
PRrROOF. Note first that K> is nuclear, hence no distinction between projective

and injective tensor products. Let e € K* be a rank one idempotent in > and
let

Tr:K*® —>C
denote the standard trace on K. Since the flip of the two factors in the tensor
product K®(R™) ® K*®(R™) ~ K*(R?™") is homotopic to the identity, the two
homomorphisms
AGK® AT HA@TOec AK® @KL
and
ARK®2ART HA®Re®TEARK® @K™

are also homotopic. Since homotopic homomorphisms define the same map on
periodic cyclic homology,

1d#Troi, = id#Tr 0 j,.

Since the first map is the identity on A ® K and the range of the second map is
equal to the subspace HCP¢"(A ® Ce) = HCP¢"(A), the claimed result follows. [

12. Algebroid stacks
12.1. Introduction.
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12.2. Definition and basic properties. Let M be a smooth manifold (C*
or complex). In by a descent datum for an algebroid stack on M we will mean the
following data:

1) an open cover M = Ul;

2) a sheaf of rings A? on every U;;

3) an isomorphism of sheaves of rings Gij : A;|(Uy N U;) — Ail(U; N'U;) for
every i, j;

4) an invertible element cij € Ai(Uy NU; N Uy) for every i, j, k satisfying
(12.1) GijGjk = Ad(cijr)Gik
such that, for every 1i, j, k, 1,

(12.2) cijkCikt = Gyjlcjri)eij

If two such descent data (U, A{, Gjj, c{;) and (U, A{, G§j, c{5,) are given

on M, an isomorphism between them is an open cover M = UU; refining both {U{}

and {U{'} together with isomorphisms H; : A{ — A{" on U; and invertible elements
by; of A!(U; N'Uj) such that

(12.3) G{j = HiAd(by;)G{jH; '
and
(12.4) Hi ' (effi) = by G (bji)egjibyy!

A descent datum for a gerbe is a descent datum for an algebroid stack for which
Ai = Oy, and Gy =1id. In this case cijx form a two-cocycle in Z%(M, Ox1)-

12.3. Categorical interpretation. A datum defined as above gives rise to
the following categorical data:
(1) A sheaf of categories C; on U; for every i;
(2) an invertible functor Gyj : C;|(U; NU;) — Cil(Uy N'Uy) for every 1, j;
(3) an invertible natural transformation
Cijk : GijG,-kl(Ui N Uj N Uy) 5 Giul(Ui N Uj N Uy)

such that, for any 1, j, k, 1, the two natural transformations from
Gi;GjkGx1 to Gy that one can obtain from the ciji’s are the same on
U Ny N U N UL
If two such categorical data (U{, C{, Gjj, cij) and (U, C{’, Gjj, cijy) are
given on M, an isomorphism between them is an open cover M = UU; refining both
{U{} and {U}"}, together with invertible functors H; : C{ = C{’ on U; and invertible
natural transformations by; : HiG{j\(Ui nu;) — Gl’; H;|(U; N'Uj) such that, on any
U; NU; N Uy, the two natural transformations HiGi/jGj/k 5 Gi’ng’{QHk that can be
obtained using Hi’s, byi;’s, and cijx’s are the same. More precisely:

(12.5) ((effi) ™ "TH) (ba) (Hiclj) = (G{bji) (by; Gy
The above categorical data are defined from (A, Gij, cijk) as follows:

1) C; is the sheaf of categories of Af-modules;

2) given an Af-module M, the Aj'-module Gij(M) is the sheaf M on which
a € A? acts via G; (a);

3) the natural transformation cijx between GijGjx(M) and Gji (M) is given
by multiplication by Gz, (C;L)
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From the categorical data defined above, one defines a sheaf of categories on
M as follows. For an open V in M, an object of C(V) is a collection of objects X;
of C;(U; N'V), together with isomorphisms gij : Gij(Xj) — X; on every UiNU;NV,
such that

9ijGij(gjx) = gixCijk

on every Ui NUj NUxNV. A morphism between objects (X{, g{;) and (X{’, g{;) is a
collection of morphisms f; : X{ — X!’ (defined for some common refinement of the
covers), such that fig{j = g{gGi]-(fj).

12.4. Algebras associated to a stack, the smooth case. The basic ex-
ample of the categorical interpretation is a gerbe, where the categories C; coincide
with the category of *-representations of the algebra K of compact operators on a
separable Hilbert space H. Recall that all irreducible representations of X are uni-
tarily equivalent. The definition above reduces in this case to a bundle of compact
operators on M.

K £

|

M.
The associated descent data has the following form.

(1) A finite open cover {U;}ic of M;
(2) A family of continuous maps

u; N U]- — Gij S U(H),

where U(H) is the unitary group of H,
(3) the cocycle condition - on Ui N Uj N Uy

Ad(Us;)Ad(Up)Ad(Uy;) = id.
(4) Since the center of U(H) coincides with the unit circle, the collection
{Ui5 Ui Ui}, 5,1

defines a cocycle cijx in Z2(M, O%y).

DEFINITION 12.4.1. In principle, the corresponding cocycle has values in C(M)*,
but it is not difficult to check that it is homotopic to one with values in C*(M)*
and that the corresponding cohomology class is independent of the choices made.
The image of cijik under the boundary map

5 :H2(M, 03) — H3(M, 2)
is the Dixmier-Douady class of the gerbe.

The associative algebra I'(M, &)of smooth sections of £ has a Morita equivalent
representation of the following form. Set

Matiw (A) ={m € M;j(C>*(M)) | supp(my; C Uz NU5)}
with the matrix product twisted by the cocycle c, i.e. of the form
Myj - Mjx = CijkMijMyk.
The support condition in this definition restricts usefullness of this construction to
the smooth case, hence the following version.
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12.5. Matroid algebras. Suppose that (Ui, Ai, Gij, cijx) is a descent da-
tum of an algebroid stack. Denote by 91 the nerve of the covering {U;} of M and,
for any simplex o = (ig,...,1p) of D set

Ie = {io,...,ip} and Ug = [) Us.
i€l
DEFINITION 12.5.1. For o € 91, Maty,, (A) is the slgebra of finite sums
i’?jEIU
where aij € Ai(Ug), {eq;}, 1,j € I are the matrix units and the product is defined
by
aijeij - briext = 85k aijGij(bji)cijkeik.
An inclusion of simplexes t: ¢ — T induces a (non unital) homomorphism
L : Matg,, (A) — Matf, (A)
given by
{te(a)}i,; = 8. (1)10 (1) Akt

The collection Matf,,(A), o € 9 is easily seen to admit pullback over refinements,
hence the following definition makes sense.

DEFINITION 12.5.2. Given an algebroid stack A, set

CC, (A) = | lim [T cc, Matrl? (A),b+uB+2d

4 o0pCo1C...Cop

where o; run through simplices of N (L) and
p—1
aSUo---Up = Z (_])kscro...&\k...(r,, + (_])‘p icrpqcfp (560---01771) .
k=0

Note that CC, (A) is a complex of sheaves on M.
The definition of the Hochschild, cyclic, and periodic cyclic complexes are sim-
ilar.

THEOREM 12.5.3. If A is a gerbe on a smooth manifold M, the cyclic periodic
cohomology of A is isomorphic to the twisted de Rham cohomology

(Q*(M), d + HA),

where H is a representative of the image of the Dixmier Douady class under the
map
H3(M,Z) — H*(M,R) = H, g (M).

SKETCH OF THE PROOF. Suppose that the cover {Ui}ier of M is good (all in-
tersections of Uy’s are contractible). Then the cocycle cijklu, is a coboundary, i.e.
there exists a T- valued two cochain dij such that

1
cijklu, = dijdjiedy -

The map
Matrg, 3 {Ty} — {Tyd;j} € My (C*(Ug))



144 10. EXAMPLES

is an isomorphism of algebras and hence
(C. (Matr? (A)) ™, wll,b4+uB) ~ (Co(M(C=(Ug)))u™ ", ull, b+uB) ~ (Q*

u
We will leave it as an exercise for the reader to work out the rest of the (b +uB, 0)
spectral sequence. O

o)u”T ul], b+uB).

13. Bibliographical notes



CHAPTER 11

Characteristic classes

1. Introduction
2. Chern character on Kj

Let A be an associative algebra, as usual over a commutative unital ring k. Re-
call that the abelian group Ko (A) is defined as the universal abelian group generated
by the stable isomorphism classes of idempotents in M, (A) under the addition
given by direct sum.

DEFINITION 2.0.1. Let p be an idempotent in My (A). The chern character
ch(p) of p is the image of the class of 1 in CCy (k) under the composition

CCy (k) ~ CCy(Mp(k)) = CCy(Mn(A)) = CCy(A)
where the middle map is induced by the homomorphism
(2.1) bp kDA = Ap € My (A).
It is easy to see that it extends to a homomorphism
ch:Ko(A) = CCy(A).
An easy computation gives the following formula

PROPOSITION 2.0.2. Let p € Mu(A) be an idempotent. Then

ch(p) = (p +) (=n"

PROOF. It is easy to check directly that the above formula does indeed define
a class in CCy (A). To see that it is indeed the image of the class of 1 € CCy(k),
it is enough to check that our formula is true in the case when A = kp @& k(1 — p).
This is easily seen using the splitting exact sequence of negative cyclic homology
associated to the split exact sequence

2n)!
Enzl))z u(p— 2) ® P®2n>

0k A _x—o.

3. Chern character on higher algebraic K-theory of algebras
The starting point is a simple observation.
LEMMA 3.0.1. The map
G™ 3 (g1,---»9n) = (9192+..9n) ' @ g1...® gn € Cn(Kk[G)])

extends to a morphism of complexes

Ce(BG,Z) = Co(k[G])<e>,

145
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where the left hand side stands for the singular chain complex of the standard sim-
plicial model of BG and the right hand side stands for the part of the Hochschild
complezx of the group ring k[G] localised at the cojugacy class of the unit e € G.

Let us apply it to the case of discrete group G = GL,,(A), where A is an
associative algebra. Let

(3.1) T:k[GLL(A)] = My (A)
be the homomorphism of rings induced by the inclusion GL,,(A) C M, (A).

PROPOSITION 3.0.2. The composition

(32)  Cn(BGLy(A),Z) — Ca(KIGLk(A)])ex 5 Cu(Mic(A)) 75 Cu(A),
where # 1is the trace map , extends to a morphism of complezxes
Ce(BGLk(A),Z) = CJ(A).

PRrROOF. Recall that, by the remark ??, B vanishes on the image of Hy, (K[GLi (A)]) <e.
Another way of formulating this is thet the map

Co(kK[GLk(A)])<e> — CCo(K[GLk(A)]) <e>

is injective on homology. So suppose that x,, is a cycle representing a class in
Hn (K[GLi(A)]) <e>. Then uBx,, is zero cycle in cyclic homology, hence it is zero in
Hochschild homology, i. e. uBx,, = buyn41 for some uy, 1. Set xn12 = Byn41-
Then —u?xn 42 is a cycle in Hochschild homology which vanishes in cyclic homology
(in fact it is the boundary of —uyn1 + Xn ), hence X2 = byn43 for some yn 3.
By induction we get a sequence (xn2x, k > 0) and

7~<rn = Z ukxn+2k
k>0
is a class in negative cyclic homology extending x,,. It is easy to see that the class of

Xn in CC;, (k[GLy (A)]) is independent of the choices made in this construction. [

Before formulating the definition below, recall that algebraic K-theory of a ring
R is defined as follows. One constructs the space BGly,(A)* by adding a few cells
to BGLyo (A) - essentially by killing the commutator subgroup of GL,,(A) - so that

(1) He(BGLw(A),Z) — He(BGLy(A)T,Z) is an isomorphism;
(2) K{Y(A) = mi(BGLo(A)F).

DEFINITION 3.0.3. The Chern character
ch, : K&9(A) — CC, (A)
form > 1 is given by the composition

KR'9(A) = 70 (BGLoo (A)4) = Hn (BGLoo(A)F) =
~ Hp(BGLo(A)) — CCyr (A).

Here the first arrow is the Hurewicz homomorphism and the second arrow is con-
structed in the proposition |3.0.4 above.

The particular case of Ky deserves a separate formulation.
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PROPOSITION 3.0.4. Let U € GL(A). Then
ad (k+1D! 1
= E k2l 1 ok k|
chq(U) #(ko( ) (2k+])l(u U (U '@ W% u

HEKQHAK

PRrROOF. Given an invertible element U of GL,,(A), the associated Hochschild
cycle is of the form U™! ® U and it has an extension (unique) to a negative cyclic
homology class, easily seen to be of the claimed form.

REMARK 3.0.5. An alternative construction of the chern character follows from
the following simple observation.

PropPOSITION 3.0.6. The map

t:(goyee-ygn) > ((Go-+Gn) 191+ Gny g1 -y gn_1)

gives the simplicial model of BGL(A) above the structure of a cyclic module and the
Dennis map from the lemma|3.0.1] is a morphism of cyclic objects.

O

4. The Chern character in topological and relative K-theory

In this section we will work with a topological algebra A over a field k of
characteristic zero. The (mild) assumptions that we make will be listed below.

4.1. The topological and the relative K-theory. Recall that the topolog-
ical K-theory K'°P(A) of A is given by the homotopy groups of BGL.,(A)'°P, where
GLoo (A)tP is considered as a topological group. We assume that the commutator
subgroup of GLs (A)°P is in the connected component of identity. Then there is
a homotopy fibration

(4.1) BGLoo(A)" — BGLy(A)'°P.

DEFINITION 4.1.1. The relative K-theory KI€Y(A) of A is given by the homotopy
groups of the fiber of the fibration (4.1)). In particular there exists a boundary map

5
Ko (A) ——=KIfHA) | k> 1
and the relative K-theory fits into a long exact sequence:
> KIEHA) ——= K9 (A) ——=K[°P (A))
C — > KJeY(A) —= K{'9(A) ——= K{°P(A) — 0.

In what follows, we will define the completed (negative, periodic) cyclic homol-
ogy HC,(A) and the Chern character on the topological K-theory is the map
—per

ch:KI°P(A) - HC, (A)
We will prove the following
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THEOREM 4.1.2. The restriction of the Chern character from to the
image of the relative K-theory in the algebraic K-theory factors through a map
KIeY(A) — HC,_1(A) and the following diagram is commutative

oo KIFHA) —= K9 (A) ——= KPP (A) ——= K[ (A) —— ...

| | | |

—pe

...—>HCy_1(A) —=HC, (A) —=HC} (A) —= HCy_2(A) —> ...

The bottom exact sequence here is induced by (the completed version of) the short

exact sequence of complezes .

The rest of this section is devoted to constructing the Chern characters from
K®P and from K'*P and to proving the theorem.

4.2. The Dold-Kan correspondence. One can pass from complexes of Abelian
groups to simplicial Abelian groups as follows. Let D be the category whose ob-
jects are [m], m € Z, and the only morphisms are multiples iof the units and of
d: [m] — [m — 1] such that d> = 0. In other words, D-modules are complexes
of Abelian groups. Consider the (D,ZA)-bimodule Cq(A*) or, in other words, the
cosimplicial object in complexes whose value at [n] is the normalized chain complex
of the n-simplex.

This is precisely the complex of cosimplicial Abelian groups

(4.2) coe —2 AP([o], [1]) —2> A°P([o], [0])
with b = Z?ZO(—l)jd]— that we used in ??. One has
Co(A*) KzaA A, = (Ao»b)$

the standard chain complex of a simplicial Abelian group A.. Now we would like
to use the same bimodule to pass from complexes to simplicial Abelian groups:

(43) |Celpk = HOHID(C.(A*), C.)
We have
(44) HomComplexes ( (A*) b)) Co) ;> HomZAUP (A., |Co |DK)

4.3. Chern character in topological K theory. For a topological algebra
A, let A(A™) denote ***the space of appropriate™™ functions A™ — A. We get a
simplicial algebra A(A™). The Chern character provides a morphism of bisimplicial
Abelian groups

(4.5) ZBGL(A(A")) — [CCy (A(A"))Ipk
and therefore

(4.6) ZBGLoo(A(A)) = [CCI™ (A(A™))Ipk
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4.3.1. The morphism CC:(K(A*)) — C/\Cfcr(A). We assume that there are:

1) completions A®(M+1) 5 AB(M+1).

2) sheaves Cf{ﬁ(A@‘H) of A®"+1_yalued functions on R™ such that:

3) C3n contains all polynomial A®"+1_valued functions.

We assume that all the maps between A®M™ [ty ... t,,] that are induced by
a)-f) below extend to C™ :

a) partial derivatives a%j;

b) affine maps L: R™ — R™';

¢) maps A®™T 5 AN HT that are compositions of :
d) permutations of tensor factors;
e)
£)

WRAR®...h AT R®...; AWRAR...m 1RAWRA ®...;
for a bounded polytope K in R¥, the map

fHJ fdthr] ...dtn+k:k[t],...,tn+k] Hk[t],...,tn]
K

We denote by C*(K) the space of restrictions to k of functions from of C™;
by 0%, (K), € (K) @ A*(dt,..., dtm); we denote d = ) 5%-dt;.

We assume all the usual relations to be satisfied, namely: the map L* as in b)
commutes with d; d?> = 0; the maps c), d), e) commute with d and with f); the
Stokes formula is true for f) and d; the usual relationship between L* and f) holds;

d(fc) = df - ¢ + fdc for a polynomial f.

We will write

(4.7) Co(A) = (A®(HD) 1), CC, (A) = (Ca(A)[[u]l, b + uB,

etc.
For any algebra A and a commutative algebra B, consider the composition of
the comultiplication ?? with the HKR map

CC, (A®B) = CC, (A) @y CC, (B) — CC™ (A) @k (QF /1, ud)

Under the above assumptions,when B = k[to,...,tn]/(to+...+t,—1), this extends
to a morphism

(4.8) CCy (A(A%) = (Q2,(A%,CC, (A)),b + uB +ud)
where
(4.9) A(A™) = CS™(A™ A)

Now consider the map
[ 03,0, (a) - deL )

sending a form w on A™ tou™™" fAn w. This is a map preserving the degree (because
an n-form on A™ contributes homological degree 2n and u is of degree —2n. It also
preserves the differential because of the Stokes formula. Composing (4.9)) with this
map, we get a morphism of complexes

(4.10) CC, (A(A%) — CC, (A)

Now denote

(4.11) K'P(A) = BGLoo(A(A%))
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(4.12) K38(A) = BGLy (A)"

We get the Chern cahracter in topological K theory given by
(4.13) ZBGLo(A(AY)) — CCh (A)

or

(4.14) ch: K'P(A) — [CCL (A)lpx

4.4. The Karoubi regulator. ***When K'*P(A) is an H-space,*** by uni-
versality of the + construction, there is the natural morphism

K38(A) = BGL(A)" — BGLOO(R(A*)) =K'"P(A)
and the natural commutative diagram

(4.15) KAlE(A) — > K'P(A)

i —. per

ICC, (A)lpk —ICC, (A)lpxk

or

(4.16) K*8(A) = |CCT (A)lpk X gaee (o) e K (A)
as well as

(4.17) K*(A) — |CCu(A)[TIpk

(indeed, if we replace CC™ by CC  in the bottom left corner of (4.15) then the
fiber of the bottom line becomes the right hand side of (?7)

5. Karoubi-Villamayor K theory

Recall the definition of the Karoubi-Villamayor K theory of a ring A. For n > 0,
define

(5.1) AIA™ = Alto,... tnl/(to + .+ tn — 1)

These rings form a simplicial ring in the usual way: informally, the action of mor-
phisms from A°P is induced from the action A on simplices A™. More precisely, all
d;j and s; act by identity on A; on the generators ty they act by

(52) djltkHtk,k<j; tj»—>0; tk — t—1, k> 3;
(5.3) S)'Ztkl—>tk,k<j; tjl—)tj+tj+1;tkl—)tk+],k>]'.
Define

(5.4) KEV(A) = BGL(A[AY])

Since the above is an H-space, there is no need for the plus construction. By the
universal property of the plus construction, there is a natural morphism

(5.5) Ka2(A) — KKV (A)
We get the following version of (4.17)
(5.6) fiber(K*8(A) — KKV(A)) — [CC.(A)[1]Ipk
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5.1. Karoubi-Villamayor K theory of a filtered ring. Given a filtered
ring A with an decreasing filtration Fkj, k > 0, one can define a refinement of the
above definitions as follows. Choose 0 <j < n. Put

AlAME ={) tFI¥A} C AlA™]

where « = (ko,...,lzj,...,kn), ™ = (tgo,...t}(j,...,tl‘l“), and o] = 3 1 ki It is

easy to see that A[A™]r is a subring of A[A™] that does not depend on j. We define
(5.7) KXV-F(A) = BGL(A[A])*
5.2. Relative Karoubi-Villamayor K theory of an ideal. Let R be a ring
with an ideal J, and let F™ = J™ be the filtration by powers of J. Let
(5.8) KEVI(R) = KEVF(R)
with respect to this filtration. Define
(5.9) KEY(R, ]) = fiber(KSY>?(R) — K*'8(R/]))
***4Seems true: this is the same as
(5.10) KXV(R,]) = fiber(BGL(R[A*]f) — BGL(R/]))

where, as above, F is the filtration by powers of J.

6. Relative K theory and relative cyclic homology of a nilpotent ideal
Let | be a nilpotent ideal in a ring R.
LEMMA 6.0.1. The simplicial set K&V (R,]) is contractible.
PROOF. Define simplicial subsets

Xm =Matr({ > J'*t*}) N Ker(GL(R[A*]¢) — GL(R/]))
[x]<m
We have
XN = Ker(GL(R[A™]¢) — GL(R/]))
if JN = 0. Also, there are fibrations **EXPAND*** for m > 0
Xm—1 = X — Ym

where Y, = Matr({zwjm J™t*}) with the simplicial structure that we will de-
scribe next.

Observe that formulas and define a simplicial structure on W, =
Zto+ ...+ Zty,. Let

Ch=t+...+ts
All the morphisms in A°P sent c, to c.. Let
Va =Wy /ch.

The Wy, resp. Vi, n > 0, form a simplicial Z-module W,, resp.V,.
Identify {Z“Xl:m J™t*} with Sym™ (W, ) ®z]™. This gives rise to the simplicial
structure on Y.
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It remains to show that all Y;, with m > 2 are contractible, as is Xj. In fact,
W, is contractible, and V, has one nonzero homotopy group 77 — Z. Therefore by
Kiinneth formula

e (Sym™ (Vi) = Sym™7; (Vi) = Sym™Z[1] =0

for m > 1. ***Improve*** O
Define

(6.1) K*2(R,]) = fiber(K*&(R) — K*2(R/]))

(6.2) CC,(R,]) = fiber(CCq(R) — CC,4(R/]))

and similarly for other types of cyclic complexes.
We get a commutative diagram

Kalg(Ra ]) - KKV(R) I)

| l

ICC, (R, ])Ibxk —— ICC, (R[A]+)Ipk

(Here, again, F is the filtration by powers of ).

7. The characteristic classes of Goodwillie and Beilinson

*** Double check Now, for any ring R with an ideal ], we have the analog of
@10)

(7.1) CC, (RIAlF) — CC.” (R, ])q
where the completion on the right is the J-adic completion.

DEFINITION 7.0.1. Let v be a positive integer. An ideal | of a ring R is a r-pd
ideal if

1) the J-adic completion R®™ has no Z-torsion, and

2) for any n there is m such that the J-adic completion T®“ is inside n!TT®m,
and m — o0 as . — oo.

LEMMA 7.0.2. Let | be a 2-pd ideal. The map (7.1)) factors through
(7.2) CCL (RIAlF) — CC.7 (R, ])

PrROOF. The map is the sum of maps of the following form. Fix n and
recall that t = (to,...,tj,...,tn) for some j. Start with a Hochschild chain agt®° ®
...Qant*N where ay € ]‘“k‘ and at least one ay is in J. Subdivide the monomials
t* into n + 1 groups and then multiply the members of each group. We get
monomials tBe ... tPr where lej:o loge| = Z{L:o |B1]. Then compute

(7.3) J tPodthr . dthr,

Then subdivide the ayx into segments in cyclic order; multiply elements of each
segment. We get a new Hochschild chain by ® ... ® by, with bj € J% and ) 7 >
> |otk|. Multiply this chain by (7.3). We obtain the general form of a component

of .
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Let us assume that t = (to,...,tn—1). The integral (7.3) is of the form

1 mo!...mn,ﬂ
7.4 too Lt dty . dty o = —
(74) Jn 0 n—1 0 T W (Mot M !

where Z?;o] (my +1) = ZE:O los| and my > 0 for all j. Therefore it is an integer
. 1
P0eS T Tagyee =

As a consequence, we have

K*#(R, J) ——lim  KKV(R/JN, J/TN)

| |

ICCy (R, ])lpxk ——1CCL (R, Jalbk
for any R and J, and

K#5(R, J) —— lim KKV (R/JN, ]/JN)

| |

ICCy (R, Nlpk —— ICCL (R, Nlpk

when J is a 2-pd ideal. Note that the top right corners are contractible ***a few
more words***. After completing the bottom left corners, we get the characteristic
classes of Goodwillie

(7.5) K*8(R,J) = ICCo1 (R, Nalbic
for any R and J, and of Beilinson

(7.6) K™% (R, ) — ICCa-1 (R, )Ipk
for any R and any 2-pd ideal J.

8. K-homology cycles and pairing to topological K-theory

This section is mainly for the notation and we refere the reader to the textbooks
on the subject for analytic details. All the way through this section we will work
with will unital, Z72Z-graded C*-algebra.

8.1. K-homology.

DEFINITION 8.1.1. Let A be unital, Z/2Z-graded C*-algebra. An even (resp.
odd) K-homology cycle of A is the following data

(1) A Z/2Z-graded Hilbert space and an even #-homomorphism p : A —
L(H), where £(H) stands for the algebra of bounded operators on H with
grading induced by the grading on H;

(2) An odd (resp. even) bounded operator F € £(H) such that F> —1, F —F*
and [F, p(a)] are compact operators for all a € A

The following theorem of Kasparov allowes a free passage between even and
odd K-homology classes.
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THEOREM 8.1.2 (Formal Bott periodicity, Kasparov [?]). Let C; denote the
complexified Clifford algebra of one dimensional real Euclidean space,m its two di-
mensional spin representation on CV) andy the grading operator on C1V). Then
the map

K*(A) 2 [(H,p,F)] = [(He " p@mFey)l € K*(A)
is an isomorphism.
We will need the unbounded version of K-homology cycles.
DEFINITION 8.1.3. Let A be unital, Z/2Z-graded C*-algebra. An unbounded

even (resp. odd) K-homology cycle of A is the following data

(1) A Z/2Z-graded Hilbert space and an even #-homomorphism p : A —
L(H), where £(H) stands for the algebra of bounded operators on H with
grading induced by the grading on H;

(2) An odd (resp. even) self-adjoint operator D with compact resolvent and
such that [D, p(a)] are bounded for a dense subalgebra A € A.

(3) D can be always chosen to be invertible and the corresponding unbounded
K-homology cycle defines a bounded K-homology cycle by setting F =
D|D| .

A cycle (H,p,F) over A is trivial if moreover F = F* and all the commutators
[p(a), F] vanish. Twe cycles are equivalent if, up to an addition of trivial cycles,
they are homotopic. The corresponding equivalence classes form the K-homology
groups K*(A) and there exists a pairing

K.(A) x K*(A) - Z
we will call the Chern character
Ch:K*(A) - Hom(K.(A),Z).
Thre following observation is fairly convenient.

LEMMA 8.1.4. Suppose that (p, H, F) is a bounded K-homology cycle. A compact
perturbationG of F satisfies G* =1

PROOF. P = % is an idempotent in £(H)/IC(H). Cince K;(K) = 0, the six
term exact sequence in K theory associated to the exact sequence

0 K(H) L(H LH)/KH)——=0
gives a lift Py € L£(H) such that P% = P;. G = 2Py — 1 provides the required
perturbation of F. O

REMARK 8.1.5. For future reference, let us describe the pairing of K-homology
cycles to K-theory.

Let (t, H, F) be an even cycle over A.
The grading v on H corresponds to splitting the H = H, & H_ and, with
respect to this splitting,
(0 F_ . _ [(my(e) 0
F= <F+ 0 ) and, for an idempotent e € A, mt(e) = < 0 m(e))

F, is a Fredholm operator from the range of e, = 7, (e) to the range of e = 7t_(e)
and
< [Fl, [e] >= index(e_F e,)
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All of this stabilises, i. e. we can replace A by A® K and [e] by a difference classes
[e] —[f]. In the unbounded picture of K-homology, the pairing with Ky has the same
form:

< [D],[e] >=1index(e_D e, :e;H — e _H)
The odd case.

Let P denote a projection which is a compact perturbation of % - such one
always exists - and let u be a unitary in A representing a class in K;(A). The
operator

Pp(u)P: PH — PH

is Fredholm and the pairing of K-homology to K-theory has the form
< [ul, [F]) >= Index(Pp(u)P) € Z.

Suppose that (A, 7, H, D) is an unbounded cycle. Then the pairing of the associated
bounded cycle is given by the spectral flow of the path

0,112t — Dy =(1—1t)D + tp(uw)*Dp(u)

i. e. the number (with multiplicity) of eigenvalues of Dy that cross any fixed
A ¢ o(Do)Uo(Dq) from below to above as t runs from zero to one.

8.2. Infinite cochains and the Chern character on K-homology. Sup-
pose that A is a unital C*-algebra and (p, H, F) is a K-homology cycle on A. Under
some regularity conditions, the pairing of the K-homology class [(p,H,F)] with
K4 (A) (after tensoring with Q) factorises through the chern character on K-theory.
There are two caveats to this statement.

(1) In general, the periodic cyclic homology of a C*-algebra tends to reduce

to traces, hence one neede to choose a (non-canonical) Banach algebra A
and a continuous homomorphism

A— A

which induces an isomorphism on the topological K-theory. The particular
choice of A might depend on the class of the cycle [(H, p, F)] € K,(A).

(2) The dual of cyclic periodic homology consists of collections of cochains
¢ € C*(A) = Hom(Cy(A),C), k € N, which satisfy the identity

by + B2 =0

and are non-zero for finite number of indices k. To detect most of the
classes in the periodic cyclic cohomology, one needs in general infinite
nonvanishing collections of such cochains. For those to define linear func-
tionals on periodic cyclic homology, the periodic cyclic chains in question
have to satisfy some growth conditions. Omne of those is given by the
following definition, due to Alain Connes.

DEFINITION 8.2.1. Suppose that A is a Banach algebra. The entire cyclic
periodic complex of A is given by
(CCL(A), b+ uB),

where the entire chains are the complection of A ® A" with respect to the
seminorms

k™ |w _
1Y wnlh = Y K@l e AR ke,
- — (nl)z
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REMARK 8.2.2. The name comes from the fact that, for an idempotent e € A,
the infinite chain ch(ze) (see the proposition [2.0.2)) is an entire function of z € C.

DEFINITION 8.2.3. Let A be a C*-algebra, A — A a continuous map inducing
an isomorphism on K-theory and x € K,(A). Suppose that there exists an entire
cyclic cocycle Ch(x) making commutative the following diagram.

KilA) == Ku(A) — 27— Z

CC(A)

C.
Chi(x)

Ch(x) is called the Chern character of the homology class x. We will often write
Ch(F) or Ch(D) when the corresponding class x is represented by a concrete
bounded or unbounded K-cycle.

9. Chern character of finitely summable Fredholm modules
DEFINITION 9.0.1. A Fredholm module over A is a bounded K-homology cycle
(p,H, F) where F> = 1. Tt is p-summable, if
[F,p(a)] € LP for all

for all a in a dense subalgebra A of A which is closed under holomorphic functional
calculus. Here LP denotes the Schatten ideal of bounded operators T on H such
that [T|P is trace class. Below we will typically supress p from the notation and use
v for the grading operator on H.

Given a Z/2Z-graded Hilbert space H, Trs denotes the graded trace on £(H),
o Trs(x) = Tr(yx) for x € £'.
Then
LEMMA 9.0.2.
(9.1) To(x) = %Trs(F[F, x])
is a graded trace on the subalgebra LT (H) of operators x on H such that [F,x] € L.

PROOF. Suppose for example that x and y in £' are even. Then
279 (xy) = Trs (F([F, x]y + x[Fyl)) = Trs(—[F, x]Fy + Fx[Fy]) =
Trs(Fy(F, x] — x[F,yIF) = Trs(FylF, x] + xF[F,yl) = Trs (Fy[F x] + F[F,ylx) = 270 (yx),
We used the fact that F is odd and the identity
FIF,x] + [F,x]F = [F%,x] = 0.
The case when one or both of x and y are odd follow the same pattern. O

PRrROPOSITION 9.0.3. Suppose that (p,H, F) is a p + 1-summable Fredholm mod-
ule over A. The cochain

(=1)P
(9.2) Tp(ao,...,ap) = WTTS(YF[R aol...[Fapl).
is a cocycle of the cyclic complex C3(A). Here, in the odd (ungraded) case, H has

trivial grading and Trg = Tr.
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PROOF. FEwven case

Let (p, H,F) be an even K-homology cycle. Since FZ =1, ad(F)? = 0, hence Tp
is a composition
AP b £V (H) S C
of
(agy...,ap) — apday — ...dap, — aolF, aq]...[F ap]
with To. By the above lemma To is a closed graded trace on Q(.A) and hence
Tp is a cyclic cocycle. Note that, for A even, 1, = 0 for p odd.

0dd case
Suppose that (p, H, F) is an K-homology class, so F is even. By Kasparov formal
Bott periodicity, the theorem [8.1.2
pomH®C'M Fge)
is an even K-homology class over A ® C' Let Tp be its Chern character. Then

(1) Tp = Tp#trs, where trg is the standard graded trace on the Clifford
algebra C'.
(2) If Ais even, T, vanishes for even p.

O

REMARK 9.0.4. An alternative proof that T, is a cocycle for F odd (even K-
homology class) and A even follows from the fact that, since ad(F)? =0, A™ad(F)
is a reduced cyclic homology class of the algebra 4 generated by F and A and hence

Tn = X, (A" ad(F))
is a cyclic cocycle. Moreover, the image of /A™ad(F) under the boundary map

Ca(A) — CPET(C)

*+1
coincides with ch(1). In other words, Ton = To as cyclic periodic cocycles on
LVF(H).
THEOREM 9.0.5 ([111]). Suppose that (p,H,F) is a p + 1-summable Fredholm
module over A. Then its Chern character
Ch[F] : K4(A) = Z
has the following form.
(1) Forp and (p,H,F) even and e € M,,(A), e* =e,
< [Fl, [e] >=< Tp,ch(e) >.
(2) Forp and (p,H,F) odd and u € M, (A), u invertible,
< [F, [u] >=<T1p,ch(u) >
PRrROOF. Let us sketch the proof for the case p = 0. We will use the notation
from the remark As usual, given Fredholm operator G : Hy — H; and its
inverse R modulo trace class operators, the index of G can be computed using the
formula
Tr(14, — GR) — Tr(Tw, — RG).
Hence the index of e_F, e, can be computed as

Tr(e, —e,F e F,e )—Tr(e. —e_F,e, F e ) =Trs(e— eFeFe) = 1o(e).
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The general case of even p is similar and uses the fact that, if R is an inverse of G
modulo £LP, then

Index(G) = Tr(Tn, — GR)P) — Tr((1, — RG)P).

Similarly the odd case uses the fact that the pairing of the K-homology cycle

(p,H, F) is given by index of the operator of the form PuP, where P = % and

u € A represents a class in Kq(A). O

ProrosiTioN 9.0.6.
Tp42 = STp
in HCPT2(A) (for both for even and odd p+1 summable Fredholm modules).

Proor. This follows from realizing the cochain T, as the image of the charac-
teristic map

Tp = constpXr, (F/\P).
O
PROPOSITION 9.0.7. Let (p(t), H, F(t)) 0,17 be a family of p+1 summable Fred-

holm modules over A such that, for all a € A, t — p(t(a)) and t — F(t)aF(t) are
piecewise strongly C's. Moreover assume that, for all a € A,

t = F(t)[F(t), p(t)(a)] € LP

is C1. Then
t — SCh(F(t)) € HCP*2(A)

15 constant.

Proor. Conjugation by (g) F O(t)> replaces p(t)_ by F_(t)p(t)_F,(t) and
+

0 1

10

assume that F(t) = F is constant independent of t. Set

F(t) by ( . Since Ch(F) is invariant under similarities, we can just as well

P = J1 dt(L%T).

0
1 is a Hochschild cocycle and Blp = t(1) —t(1). O

10. Theta summable Fredholm modules

Recall the construction in in Chapter m Let A be a Z/2Z-graded alge-
bra and D an odd element of A. Then Vp = —D?e + D is an element of the
Chevalley-Eilenberg complex of ga = C*(A, A)[1]. It satsfies the Maurer-Cartan
equation

1
2
Suppose that, moreover, T is a g-invariant, graded trace on A. Then the associ-
ated map x from the corollary [3.0.6] produces an infinite cyclic periodic cochain
x(exp(VP)) = ¢P. For future reference we will replace D with Dy = /tD.

(6 +011e)VP + = [VP, VP =0.
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PROPOSITION 10.0.1. The components of $Pt have the form
(10.1) byt (@0, ..y an) =

. J t(aoe P D, arle V' 07 ... D, anle " P7)dty ... dtn.
Ay

formally satisfying the cocycle condition:
(10.2) bdn +Bdni2 =0
Ay denotes the simplex {tg...tn >0, to+...t, =t}
PROOF. The content of the claim is just the Duhamel formula for the expo-
nential
exp(Lp2 + tZadD).
O

DEFINITION 10.0.2. The infinite cochain P+, t > 0, is called the Jaffe Lesniewski
Osterwalder (JLO) cocycle.

To begin with, let us state the following general result.

THEOREM 10.0.3 (A. Connes, see [114]). Let (p,H,D) be an unbounded Fred-
holm module over A and set A to be the C*°-domain of adD. Suppose moreover
that D satisfies the estimate

exp(—tD?) € L£'(1), 0 < t, for some 0 <0 < 1.

Then the JLO cocycle associated to D defines a continuous linear functional on the
entire cyclic periodic homology of A. The class of P (see (10.1)) is invariant
under perturbations of the form D ~» D+V with V € A and coincides with Ch(D).

A HINT TOWARDS THE PROOF. We refere the reader to the original papers, let
us just remark that the algebra involved is the same as before, and the convergence
of various series involved in the proofs is based on the following Holder estimate
(see Lemma 2.1, [276]).

LEMMA 10.0.4. Let A; = ;D + by, i=1,...n, where a;, by € A, a; =0 for
i > k. Then, both in the even and in the odd case,

2

|J Tr(age P’ [D,arle ' 0" ... (D, anle " P7)dt; ... dty| <
A

(1—9)*%5(6761)2) n
CE) g(namubin).

1

The proof of the fact that < ¢, chle] >=< [(p, H,D)], [e] > for an idempotent
e € A follows the standard method.

D =D —(e[D,e] — [D, ele)

is a bounded perturbation of D, hence ¢P = d)D in entire cyclic cohomology of A
and, moreover, [D, e] = 0. As the result,

< ¢, chle] >=< ¢, chle] >= Try(eexp(—D?)) =< [(p, H, D)}, [¢] >,

where the last equality is the index formula of McKean and Singer. (]
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11. The residue cochain
The Duhamel type expansion of x(exp(tVP)) produces an infinite cochain
(11.1) x(exp(tV))n(ao, ..., an) =

t“J t(age P D, arle ' P7 L. D, anle " DY) dty ... dtn.
At

This does not satisfy the cocycle identity since tV is not a Maurer-Cartan
element but, comparing to the expansion of the JLO cocycle (10.1)) , we get the
componentwise identity

(11.2) brt =t Ix(exp(tVP))n

To continue, assume that R = D? is invertible in A. A formal version of the Cauchy
formula gives the identity:

1

s—vD ds,

D 1 —st
(11.3) exp(tV"”) = o= L e
where the contour of integration is given by iR + €, where R is negatively oriented
and € is positive and ”separates the spectrum of R” from zero.
Similarly to the Duhamel formula which gave the expansion ¢p = Y, u™don
with the components ¢, the Dyson resolvent expansion of P = x(
the infinite cochain with components

(11.4) X(exp(tVP))(ao, ..., an) =
1
2mi

1 .
sRiD) 8ives

Je*%kmu—RYWQaﬂu—RY4“JuawaRY4Ms
,

Hence the following corollary.

COROLLARY 11.0.1.
n 1
(am.”,an)kat77z%{J e **t(ao(s—R)7'[D, a;](s—R)~'...[D, anl(s—R)"")ds, n € N
Y
is an infinite cyclic periodic cocycle which, term by term, coincides with the JLO

cocycle $pPt fromm .

Applying the Mellin transform to the formula for the JLO cocycle in the corol-
lary [11.0.1} we get the following identity.
dt

(11.5) M(64)(2) (o, . ., an) =j 4P (0o, .y ) =
R

L_I"(z) J sT%1(aog(s —R)! D, ail(s—R)~"...[D,an)(s —R)")ds.
2mi v

To continue we need the following.
Assumptions
e A is a filtered algebra
A=JAn,
with AnAm C Anim and [An, Aml C Ansm—1-
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o The filtration is complete in the sense that the sums of the form

N
Z an, N <oo, an € An,

n=—oo
converge.
e D € Ay. The expressions of the form

T(XR7%), Xe A

are well defined and analytic for Rez > 0 and admit meromorphic exten-

sion to the half plane Rez > —k for some positive k
Applying repeatedly the identity
X, (s—R)"1=—(s—R)'X,RI(s—R)"",

the term
ap(s — R)’1 D, ail(s — R)’1 ...[Dyanl(s— R)’1

can be rewritten as a formal infinite sum of the form

D Xnxl(s—R)*
k>n
where X x = Xn,k(@oy...,an;D) are linear in the variables (ao,

values in Ay. As the result, the equation [I1.5 has the form
1

.e.yQpn) with

M(OP4)n(2) = 521(2) | s30T Xals —R))ds.

= — S
2mi
Y k>n

Again using the Cauchy formula in the form

o —2z\_n n
<2 )RZZk :J s2 7 %(s—R) " kds
k Y

we get the identity

n

M(GpP)n(z) = ﬁr(z) 3 (2]:Z>T(Xn,kR3‘z—k)_
k>n

THEOREM 11.0.2. (see[I32] and [320]) Under the above assumptions the fol-

lowing holds.
(1) The collection of the maps

j—Z

(ao,.“)an) — ﬁl’(z) Z (n >T(Xn,k(a0)---)an;D)RgZk)

k
k>n

defines infinite cochain on the subalgebra A of Ao consisting of the ele-
ments a € Ao such that T(e"*Ra) are meromorphic functions on a hyper-
plane Hy ={Rez > —k} with values in meromorphic functions on Hy and

satisfying the cocycle condition
bM($P ) +BM($P )2 = 0.

(2) The residue ves at z =0 of M(PpP1)(z) is an infinite
cyclic periodic cocycle.

(3) The JLO cocycle admits an assymptotic expansion as t — 01 and, in the

case when T(aR™%) has simple poles for a € A, the residue
constant term of this expansion.

cocycle is the
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(4) Denote by X the k-fold commutator of R with X, i.e.

X®) = (adR)*(X).

Then the residue cocycle has the form

res(agy...,an) = Z cn,kResz—oT(ao[D, a1 D, an) (k)R 2K
k
where the sum is over n-tuples k = (K1,...,kn)) of non-negative integers
and the coefficients cn i have the form
(1)~ Mkl + %)
Cn,k =

kKl (ki +D(k1+ka+2) (ki +...+kn+1)

COMMENTS ABOUT THE PROOF. The analysis involved is somewhat outside
the subject of this book but, in principle, it is a consequence of the standard set of
tools developed in the analysis of complex powers and heat kernel expansions for
elliptic pseudodifferential operators. Our assumptions replace the corresponding
results about zeta-functions of elliptic pseudodifferential operators in the classical
case. For explicit formulas for the terms X, i we refere to the original papers of
Connes-Moscovici and the excellent survey article of Nigel Higson. An alternative is
of course for the reader to work out the combinatorics as an exercise. The relation
between the JLO and residue cocycles is essentially the corollary of the properties
of the inverse Mellin transform. O

11.1. The local index formula. The residue cocycle can be interpreted as
being ”local” in the following sense. Suppose that M is a compact, Riemannian
manifold with a Spin®-structure and D the associated Dirac operator. Then, given
a function f € C°°(M), the residue is simple and can be interpreted as the measure
om M, in fact

res,—o Ir(f|D|7%) :J fdu
M

where dpt is the measure associated to the Riemannian metric on M. The principal
symbols of the commutators of functions on M with D have the form

op ([D, f]) = y(df)
where v is the Clifford multiplication with df € I'(M, T*M). Hence the residue

cocycle becomes in this case a sum of terms of the form

res(fo,ﬁ,...,fk) :J' Ckfodf1 ...dfk
M

where {J'M c2klk—o,..n € Hev (M) can be identified with the //i%—genus of the com-
plexified cotangent bundle of M. Hence in ths case the fact that

< res,le] >=< JLO, [e] >=index{e_ D, e : Rg(e,) — Rg(e_)}

becomes the local index formula of Atiyah and Singer.

12. Chern character of perfect complexes

The following is contained in [58].
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12.1. Perfect complexes and twisting cochains. Consider a sheaf of al-
gebras A on a topological space X. Fix an open cover 4 = {U;|j € J}. We denote

(12.1) Ajo. g, = AllUj, Neeonl)

Following Toledo and Tong, we define a twisting cochain as:

(1) a collection of strictly perfect complexes of Ay;-modules Fj;
(2) a collection of morphisms of degree T —p, p > 0, of Aj,. ;, -modules on
U, NNy,
Pjo...tp* Fio ¢ Fiy
such that
(3)
Op+p—p=0

Here, for two collections of homogenous pj,..;, and @j,. ;, of any degree, we put

P

m
(12.2) (P — @jo..jm = Z(—1)‘p"o“"'"lpjo...j,,(Pjp...jm
p=0
m
(123) (ap)jo--~j1n+l = Z(_1 )ppjo...]f;...jm
p=1

Note that (Fj, pj) is a complex of A;-modules.

DEFINITION 12.1.1. Let Tw(l,.A) be the following DG category.
(1) Objects are twisting cochains p.
(2) A morphism of degree n between p and Tho’ is a collection of morphisms

. / "
Pjo...jp* }—jp - ‘7:]0

of degree . —p.
(3) The differential acts by

(d@) =3¢ +p — @ — (=1)®/gp.
(4) The composition of @ and P is @ — .
Let Iy be the category whose set of objects is ] and such that there is unique

morphism between any two objects. A twisting cochain p satisfies the same relations
as an A, functor

(12.4) p: klg — sPerf(A)

that sends j to (Fj, pj). Similarly, Tw(i(, A) is defined almost exactly in the same
way as the DG category C(klg, sPerf(.A)) as in ??. The only difference is that the
targets of the components vary, namely, objects Fj lie in different categories, and
so do morphisms pj, .. j,. We will first recall the construction that we would like to
carry out, and then outline a minor variation on it that suits our purpose.
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12.2. A character map from the category of A, functors. For a cate-
gory I and a DG category P, we have constructed ***REF*** a DG functor

(12.5) CC, (C(kI[P)) ® CC, (kI') — CC, (P)
If T is a groupoid then we also have

(12.6) Cl.(IL k) — CC, (kI

?7?7. Combiming, we get

(12.7) CC, (C(kIP)) — Hom(C, (I k), CC, (P))

12.3. Chern character of a twisting cochail. We need a modification of
the above. For simplicity, let T" be the groupoid Iy where 4 is a set. We assume
that there is a presheaf P of categories on the cyclic nerve of Iy is given, that
is, a category Py for any finite subset ] = {jo,...,jp} of U together with functors
TIK Pk — P] for I C K so that T = id and TIJTJK = TIK for any IC I C K.

For example, when { is an open cover of X and A is a sheaf of rings on X then
one can put

P{io,.- ) :Perf(AIUjo ﬂ...ﬂu]'p)

Having I and P as above, we can modify the definition of the Hochschild chain
complex and of an A, functor as follows. For an object F of P; and a subset |
containing j, we will write

Fix two collections {Fj, G; € Ob(Pj)[j € Ob(I')}. Define the local Hochschild cochain
complex

Che (kN Po) = [ [ Hom (kT (o, i) (1 @ ... @ KT (n_1,in) 1], Py (Fj, 1], Gj,, 1)
J
where the product is over all | = jo,...,jn € Ob(T'). (The category Pj depends
only on the underlying set. In fact everything we do only requires it to be the same

for the underlying cyclically ordered set).
The differential  on Cy,.(kIJr Pg) and the product

~ Cl.oc(k'r;F PG) ® Cl.oc(k]—;G PH) - Cl.oc(krﬂ: PH)

are defined exactly as in the case of two DGA categories. A local Aco functor
kI' — P is a collection F = {Fj} and a cochain of degree one in Cj, _(kIF PF)

loc
satisfying 6p + p — p = 0. We denote the pair of F and p simply by F. As in
772, local A, functors form a DG category that we denote by Cyec(kI; P). Exactly
as in (12.7) we get
(12.9) CC{ (Cioc(kI P)) — Homy,.(Co (T k), CC (P))
Here Hom,,. in the right hand side stands for
[T Hom(krGo,in)M ... @ KM(n-1,in)01], CCT (Pgq,...50))

Joseey)n

Composing with REF7***
(12.10) CC, (Perf(A)) — CC, (Cioc (k[ P))
and observing that

(12.11) Homy,(C4 (I k), CCJ(P)) = C* (4, CCJ (A)),

~)jP
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and passing to the direct limit in 4, we get
(12.12) ch : CC, (Perf(A)) — C*(X,CC, (A))
REMARK 12.3.1. For a twisting cochain p, the value of Cech-negative cyclic

cochain ch(p) on U;, N...NU;, is the sum of terms as follows. Let

(12.13) (€oy ooy NG L0) = Uiy dktty e esdkyeeesdkykalye-vyik)

which is (jo,...,jp) shifted cyclically by k and then repeated m times for some
m (so N+1=m(p+1)). Let (io,11,...,im) be an ordered subset of the ordered

set (Lo, ...,En), and choose an ordered subset (i, q1,...,qr,,lk+1) in the segment
i.k S P S ik+1 in 12.13, 0 S k S M (we put im+1 = io). Define
(12.14) P(lky Lk 1) = Pigqy -+ Py i i
Ch(p)jo...jp = Z Z C(iOa~--)ip+2m)ump(i0>il)®-~-®p(ip+2m)10)
m>01ig,..oyipt2m

Only terms pj,..j,,, with r > 0 participate.
For example, if the twisting cochain consists of the transition isomorphisms pjk
(i.e. when our sheaf of modules M is locally free, then
ch(pljo..j, =
*#04%TO BE CORRECTED****
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CHAPTER 12

Examples II. Algebraic index theorem and
deformation quantization

1. Jets

Let M be a smooth manifold. We will denote by Op the ring of smooth
functions on M and by Dy the ring of differential operators on M. Both Op and
Dwm are left modules over O and are global sections of sheaves over M. Dy has
the degree filtration Dym = Un Dy, where Dy, denotes the differential operators of
degree n. Set

Jm = Homo,, (Dam, Om).
and J§ = lim J}; with respect to the obvious restriction maps.
A jet of a smooth function f is, by definition, an element of | of the form

j(f)(D) = Df.
LEMMA 1.0.1. ] is a sheaf of algebras.
PROOF. In fact, Dy has a coassociative coproduct
A: Dy — Dm ®oy Pm
defined by setting, for f € Op and X € Vect(M) by
Af=f®1Tand AX)=X®1T+18X

and extending it to all of differential operators by requiring thar A is a ring homo-
morphism. The convolution product

L x12(D) =1 @ 1,(AD)
makes ] into a bundle of algebras. O
LEMMA 1.0.2. For n=1,2,...,00,
U — J{i, U open subset of M

are locally free sheaves of algebras on M, hence sections of algebra bundles of n-jets
on M.

Proor. We will deal with the case n = oo, the case of finite jets being an
immediate corollary. We will need some notation. Set
0=C,
the ring of formal power series (in n variables, where n will stand for the dimension of
M). Similarly, D will denote the rings of formal differential operators in n variables,

generated over O by 0%,,...,0%, . Let (U,x1,...Xn) be a local coordinate system
on M. Then a jet 1 € Jy is uniquely determined by its ” Taylor coefficients”

Lo = 1(0%) € Oy

167
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and we can write it in the form
1_21 " e OulXiy ..., Xnll

with the convention
1(8%) = 0% Ug—o.
In particular, Jap has local trivializations Jy = Oy x O. One checks that this

trivialisation is consistent with the product structure on jets, hence Jap is the space
of sections of an algebra bundle with fiber O. O

In the future we will write ] whenever M is understood.

1.1. Kazhdan connection. Just to recall some basic notions, let £ — M be
a vector bundle over M. A connection in E is a linear map
V:I(M,E) = T(M, &) ®o, QM)
which satisfies the Leibnitz identity
V(fo) = o® df + fVo.
We will often write
Vx =< V,X>:T(M, &) - T(M,¢&),
where <, > is the standard O-valued pairing of vector fields with one-forms.
In particular locally, in a local trivialisation
Elu ~ U x CK,
it has the form
Vlu = dlu + Ay, Au € Q'(U,End(E)).
Set, for w € Q*(M),
Vic® w)=V(o)w+ o® dw.
This makes
V:0*(M,E) - Q (M, E)
into an odd, graded derivation. One checks that V?(fo) = fV?(0), hence
V2(0) =Ro

for some R € Q?(M,End(€)). R is the curvature of V and the connection is flat if
V2 = 0. In local trivialisation of £ as above,

1
=[Au, Aul.

Rlu = dAy + 5

Note that all our commutators are graded.
LEMMA 1.1.1. Letl € Jm. then
Vx()(D) =XV(D) — V(XD)
is a flat connection on J. Moreover,
V(1) =0 < {there exists f € Opm such that 1(D) = (f)}.

WE LEAVE THE PROOF AS AN EXERCISE FOR THE READER. As a hint for the
second statement, f = 1(1). a
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1.2. Local computations. Recall that, given local coordinate system (U, xq, ..

we constructed a local trivialisation of ] of the form Jly = O ® O such that
10%) = 32—
LEMMA 1.2.1. In local coordinates, the Kazhdan connection has the form

V=) dxi(dx —0,).
i
PROOF. Recall that, in local coordinates,
SZ(X
1=> lay
x
where 14 = 1(0%). In these terms,

(Vor 1) = 0 (L) = U0, 0%) = B, (Lo) — sy
which means that

x

Vo, L= (05, — 03,1
as claimed. 0
Since V2 =0, (Q*(M,]), V) is a complex.
ProrosITION 1.2.2. The complex
(Q*(M,]), V)
is contractible in positive dimensions and its 0-th cohomology is isomorphic to On .

PrOOF. We have already seen that ker(V) = Op. Set
p= Z %Laxi-

Then
[V,pllg>0 =1id

and hence our complex is contractible in positive dimensions. [l

REMARK 1.2.3. For completeness, let us give an explicit computation of the
kernel of V|j. In local coordinates, a jet 1is a function in two sets of coordinates,
(X1y+evyXnyX1y...yXn), smooth in x’s and formal power series in X’s. Hence V1 =0
translates into

Hence
I(X,;C\) = (I)(X-i—;(\), d) € Coo(Rn)

The meaning of the formal expression on the right hand side is: expand ¢ into full
Taylor series at x with increments X.

“Xn),
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2. Formal geometry

The general idea is as follows. Let M be a smooth connected manifold. Then
M is a homogeneous space of the form M ~ Diff(M)/Diff(M),.

While Diff(M) is not a Lie group, it has a pro-Lie group model which is small
enough to use Lie group methods and big enough to recover M as a homogeneous
space. In particular, Kazhdan connection turns out to be an infinite dimensional
analogue of Cartan connection and, more to the point, the general notion of geo-
metric object corresponds to the Cartan model of group cohomology. More about
it later.

2.1. Jets of coordinate systems. Let M be a smooth manifold and m € M.
The infinitesimal neighbourhood of m is the ringed space
(m, Om(M))
where O, (M) is the completion of the ring On at the ideal I, ={f € Opm | f(mM) =
0}, i. e. the complete local ring

O (M) = lim Opt /1%,

In local coordinates (x1,...,%Xn) centered at m, this is our old ”friend”, the ring
of formal power series O, the identification given by sending f € C*(M) to its full
Taylor series at the point m expressed in the coordinates (X1,...,Xn).

All our maps between complete local Tings are required to be continuous.

Below we will need the real forms of both O, and O given by jets of real valued
functions at m € M and 0 € R™, which we will denote by O, (R) and O(R).

Set

G = Aut(O(R)) and W = Der(O(R)).

In particular, W is the Lie algebra of formal vector fields. Note that O(R) is
filtered by degree - it is not graded, since it is a direct product and not a direct
sum of monomials in X’s. We give W the associated grading with W_; being the
Lie algebra of vector field with constant coeflicients and the Lie subalgebra Wx¢ of
formal vector fields vanishing at X = 0 is the Lie algebra of G.

Before stating the main definition note that, given a local coordinate system
(X1y+40y%Xn),

Om(R) =RIX1,...,Xn]]
where X; = dxi, hence J'(M) = T*M. A continuous homomorphism ¢ : O, (R) —
O(R) is uniquelly determined by

G(R) =) cfx% i=1,...,m.
(o4

The first jet of ¢ is, in these terms, the linear part of ¢,
i1 () (x:) =) clxj, i=1,...,m, {c]} € Ma(R).
j

_ DEeFINITION 2.1.1. Let M be a smooth manifold of dimension n. The manifold
M of jets of coordinate systems on M is the following.

M ={(m,$) | meM,d:0n(R) — OR)).

THEOREM 2.1.2.
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(1) M is a principal bundle over M with the structure group
G;
(2) the jet bundle has the form
J =M xg O;
(3) M has trivial tangent bundle, in fact
TM ~ M x W;
(4) The Kazhdan connection on J(M) is induced by the trivialisation of the
tangent bundle of M above.
PrOOF. The first two claims are straightforward, with G acting from the right
by
(m, q))g = (m, 971 o).
To prove the third claim, note first that, since G acts freely on M, its Lie algebra

W>o maps to vertical vector fields on M. let (m,d) € M. By the classical Borel
theorem, ¢ is a jet of a local diffeomorphism

M>UZVCR®
which maps the point m to the center 0 € R™. Given element w € W_; = Tp(R™),

[—e,el 5t — (@ T(0+ W), jg 1 (04t P)

is a smooth path in M and hence defines an element in T(m,d))ﬁ. It is easy to check

that the two maps, Wxo to vertical vector fields and W_; to Vect(M), together
define a Lie algebra homomorphism and a global trivialisation of the tangent bundle
of M. .

Since both the trivialisation of the tangent bundle of M and Kazhdan connec-
tion are functorial w. r. to. smooth imbeddings and diffeomorphisms, the last
claim can be checked in a local coordinate system (U, x1,...,%n). So,

U=UxG U=TUXTG=UXGx (W_;&Wso) =UxW
and the induced connection on J(U) = u xg O=1U X O is given by the map
TU=UxR"—=UxW_;CcUxW

which is just the map
O0x, — 0z, 1+ 1,...5m

which is precisely the local expression of the Kazhdan connection. ([l

3. Gelfand-Fuks construction

Suppose that (g, H) is a Gelfand pair. This means that g is a Lie algebra, H is
a Lie group acting reductively on g, the Lie algebra h of H is a subalgebra of g and
the action of H on g restricts to the adjoint action on b.

Suppose moreover that is a principal H-bundle and A € Q'(P,g) is a basic
1-form, i.e. it is H-invariant and vanishes on vertical vectors in TP and

(d+A)? =0.

Under these conditions d + A descends to a g-valued, flat connection V on M.
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DEerFINITION 3.0.1. Let (L, 8) be a (g, H)-complex. Then
L=P xyL
is a sheaf on M with fiber L,
0" (M, £) = (Q(P) ® L)}asie
is the sheaf of L-valued differential forms and
(Q*(M, L),V + )

is a complex. Here w € Q(P) ® L is basic means that it is H-invariant and, for
h e b,
hWRT+T®h-w=0.
THEOREM 3.0.2 (Gelfand - Fuks construction). Suppose that, as above, V is

a flat g-valued connection of the form d + A, A € Q! (P,g)bHasic. The following
defines a map of complezes

GF: (CLie(g) H; L)) aLie + 5) - (Q*(M)ﬁ)a V + 6)

letl e (C‘fie(g,H;L), (X1y...,Xk) be vector field on M and ()~(1,...,)~(k) their lifts
to P. Then
GF(U(Xq,.., Xi) = I(A(>~(1 )y .- )A(Xk))
THE PROOF IS STRAIGHTFORWARD. O

ExamPLE 3.0.3. Let, as before, M be the manifold of jets of coordinate systems
on M. As a bundle over M, it has the structure group G = Aut(O). The restriction
to the first jet

¢ —j'p € GL(n,R)

has contractible fiber and, since O(n) is the maximal compact subgroup of GL(n,R),

we can reduce the structure group of M — M to O(n). In other words, there exists
a sequence of fibrations

|
T%O(n)
M

P is a bundle of orthonormal frames with respect to some Riemannian structure
on M and there exists a O(n)-equivariant section o : P — M. Let A be a W-valued
1-form on M given by the projection

TM~MxW— W

and Ap its pullback along 0. Then (W,0(n)) is a Gelfand pair and V =d + Ag is
a flat W-valued connection on M.
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(1) Let L=C. Then £ = C*(M), the complex (Q*(M, L), V) coincides with
the de Rham complex of M and

GF: (CLie(W;H,C),0Lie) — (Q"(M), d)

is the Chern Weyl map giving characteristic classes of the tangent bundle
of M.

(2) Let L =0. Then L is the jet bundle ] of M, the complex (Q*(M,]), V)
is the complex of jet-valued differential forms with Kazhdan connection
and, as we have seen before,

0 Om 0

i

0—=0Q°(M,]) = Q'(M,]) ~—...

is a quasiisomorphism of complexes. The GF map is concentrated in
degree zero and represents the unit of O.

(3) Similar arguments to the ones given in the above example show that all
the chern classes of complex bundles are in the image of an appropriate
GF transform. To be more precise, let E be a complex N-dimensional
vector bundle over n-dimensional smooth manifold M. We replace M by
the profinite manifold of jets of joint coordinates for both M and the fibers
of E:

uxchN %
1 1
u % om,
where ¢¢ a local coordinate system at m and ¢ a bundle map which is

a linear isomorphism on the fibers. The construction of the Gelfand-Fuks
transform goes through and produces a map of complexes:

(Clie(Wn x gl(N,C)l[x1,...,Xnll),0(n) x U(N);C),drie) — (Q"(M), d).

It is not difficult to see that the cohomology classes produced this way
coincide with the Chern classes constructed with the help of a connection
on the vector bundle E.
(4) Let L = CCE°T(0),b +uB), the cyclic periodic complex of O. Then

£ = (JX(CCLT(O(M)), b + uB) = HCY " (O(M)) =~ Hpp (M) [u"ull.

4. Characteristic classes of foliations

In this subsection we will apply the method of the previous subsection for the
construction of the secondary classes of a foliated manifold (M, F).
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leaves of P
L~V CR™

transversal

k
~—— UCR the local picture

of the foliation F

Locally, M is diffeomorphic to the product
V x U cR" xRF

where k denotes the codimansion of the foliation and n the dimension of the leaves

of F. We will use (x1,...,%,) to denote the local leafwise coordinates on V and
(A1,y...,Ax) for the local transversal coordinates on U. In paricular we have
(4.1) Flvxu = T(V).

The construction below is essentially identical with the one described in the pre-
vious subsection, and we will just provide a “dictionary” for the changes required.

The infinitesimal model
O~ O =R[R1,...,Xn,A1y. .. Al

Set 07 to be the subring of O, consisting of jets at m € M of leafwise constant
smooth functions on M.
The manifold of non linear frames

M7 = {(m,q)) | meM, ¢:0,(M)=0, ¢ continuous, $(0%) =RI[[A,...,A]] }
The structure group (of the jets of point-preserving diffeomorphisms G

{1(9) € DIFF(R™** )14 | 9(0) = 0 and g(x,A) = (%(x,A),AN) } .
The Lie algebra of infinitesimal diffeomorphisms
Wik Wi (A1, .., Akl
The bundle PF of F-adapted linear frames
{X1yee oy X, Y1,...,Y) € P| (X7,y...,Xn) is a linear frame of Fip, }.
The mazimal compact subgroup H of the structure group of P¥
O(n) x O(k).

The arguments of the previous section apply verbatim to produce an H-equivariant
section

o: P 5 M”
and the Kazdan connection:

(42) w]—":T(m,cb)(M]:) —)WkKWn[D\\h...,?\kﬂ
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The GF construction gives us now the map of complexes:

(Ctie(WiexWn [RRy,..., Akl O(k) x O(n);C), die)
(4.3) 1
(Q*(M),d).
In particular, since Wy is a quotient of Wi x Wi, [[Aq yees ,?\k]L we get:

Hiie (Wi, O(k);C) —————— Hi; (WiexWy, O(k) x O(n);C)

-~ < _
-~ _
-~ < _
-~ -

EN

Hpg(M)

The dotted arrow in the diagram above produces Gelfand-Fuks classes of the foli-
ation F. We will end this subsection with an alternative description, due to Fuks.
Let A denote the normal bundle of the foliation, i.e.

N =TM/F i. e. the cokernel of F < T(M).
We choose some metric on A/, and let
p: Po — M

be the bundle of orthonormal frames in /. For each point m = (m, (X;(m),..., Xy (m))
of Py we can choose a local immersion:

tm : R* = Po, 0= m

which is transversal to the foliation p*(F) of Py and such that, for m’ in a neigh-
bourhood of m,

(dtm) o1 () (0x) = Xi(m) mod p*F.

Now, given a point m in Pp, each m’ sufficiently close to m defines a local
diffeomorphism:

¢ 1R = (RX,0)
given by the composition:
L |
(4.4) R 2 Im 1y 5 Imuy 5 RY,

where the F-arrow referes to the flow along the leaves of the foliation:

leaves of F

Im
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The differential of the map:

m = ¢,

’

at m = m give an O(k)-equivariant one-form:
A: Tm('Po) — Wk.
It is not difficult to see that dA + %[A, A] = 0 and that the Gelfand-Fuks classes as
constructed above are given by the Gelfand-Fuks transform with respect to this A.
5. The Weyl algebra

Start with the algebra of h-differential operators on C™ with polynomial co-
efficients, i.e. the algebra over C[h] generated by xj,&;, 1 < j < m, subject to
relations

(5.1) x5, %] = [&5, & = 0; [&5, %] = dj.
We identify this algebra with Clx1,...,%n, &1, ..., &n, hl as follows. For every mono-
mial xJ' ... &4 write the products of pq copies of X1, ..., qn copies of &, in all
possible orders, and then take the average of all these products. We get an asso-
ciative multiplication on C[x1,...,Xn,&1,..., &n, hl. It is well known, and easy to
see, that this multiplication is given by
h

(52) f"‘W g(x, E) = exp(z(aiay - aT] ax)(f(xa E:)g(y)n)'x:y,&:n
Here we write

= 9 2
(5.3) x=(X1,..y,xn); E=(&1,.. ., &n); aya?,:. aiylaiz,l

j=1
etc. We call this product the Moyal-Weyl product. Note that it extends to
C®(R™)[[h]] and C[[x1,...,&n,h]]. In the latter case we change how we denote
the generators (to stress that they are now formal variables) and write
(5'4) 'E‘ = (C[B(\, /E\va h”) *W) - (C[[Q] yooe );ZTL)E1 P )Zﬂ) h]]) *W)

Note that the symplectic group Sp,,, (C) acts on A by automorphisms. In fact,
LEMMA 5.0.1. The Lie algebra

where q are all quadratic polynomials acts on A by commutators, and this action
coincides with the infinitesimal action of the Lie algebra sp,,,.

PROOF. O

Since the product is sp,,-invariant, it is better to pass to a more invariant
notation and write

~

(55) g:(gh"-)an):(3(\1)"')5(}1)21)"')&“);

(56) Wjj4n = —Wj4n,j = ],] S) < n; Wy = 0

in all other cases.
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5.0.1. Hochschild and cyclic homology of the Weyl algebra. We will view A
as an algebra over

(5.7) Kp = C((h)).

All our Hochschild and cyclic complexes will be over C[[h]] or Ky, and all tensor
products involved will be automatically completed. In other words, by definition

(5.8) AP = C[[g'®,..., g™, hl
Define the formal forms
(59) ﬁ. - C[[ﬁ] yooe aan]]{dgl Yoy ngn}

PROPOSITION 5.0.2. There is a quasi-isomorphism
(Co(A),b) = (Q"*[[h]], hd)
ProoF. Use the Koszul resolution
AR A% (C*) ® A
(compare to **¥ref***), O
Inverting h and applying the Poincaré lemma, we get
PROPOSITION 5.0.3. a)
HHyp (A1) 5 Ki;
HH; (A1) =0, j #2n
The space HHoy, is generated by the homology class of the cycle
u, = }:71 ® Alts,, (U1 ® ... ®Yan)
b) R
HC3, 5 (Al ']) = Kp, k > 0;
HC; (Alh™']) =0, j #2n
for all other j. The space HCy,,_ 5, is generated by the class of u*U,,.

c)
HCon 2k (A1) 5 Ky k> 0;

HC;(A™"]) =0
for all otherj. The space HCan 2 is generated over Ky, by the class of u=*U,,.
COROLLARY 5.0.4.
HC2n—1-2k(Al 1)) = Ki, k2 0; HCj(Al 1)) = 0

for all other j.

The class of
1 ~ ~ —A o
n= 5o Alts, (§1 @ ... @Tan) € oy (ART])

generates HCyp 1 (A\[hq]) over Ky.

DEFINITION 5.0.5. Let
tr: HC, (Alh ")) — Kn2n[[u]]

be the Ky [[u]]-linear isomorphism sending U, to 1.
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Let us go back to Proposition [5.0.2] The right hand side has the following
invariant meaning. Let

5.10 ™= Wi —— ——
(5.10) Z €355 oy«

be the Poisson bivector of the symplectic form w. Put

(5.11) Le=1[d, e : Q° — Q"

Note that [d,L,] = 0 and that there is an isomorphism

(5.12) (Q%, L) = (Q2*,d)

Define the Brylinski double complex

(5.13) (Q* [} [[ul), hLx + ud)

One might expect a quasi-isomorphism between the above and the negative cyclic
complex of A. This is certainly the case after we invert h (Lemma can be

immediately upgraded to give this). We will show below that this is indeed the
case even without inverting h.

5.1. The trace density map. We will now describe an explicit representative
of the trace map from Definition [5.0.5]
For 0 < a,b < m, define

~ ~ 0 0
L A®(MmA+T) ®(m+1). — .
GA8)  map AT S RN gy = 5wy
jyk i Yk
In this notation, for example,
h ~ ~
(5.15) fxw g = poexp(5701)(FG1)g(y*)
Here
(5.16) w:FG,g) - FE, ).
Now define
(5.17) TR : A2™+1 — Q™[[h]]

(5.18) TR =HKR o J exp(% Z (2ty, — 2tq — 1)7tqp )dty ... dt,

" 0<a<b<m

Here
(5.19) A™ ={(toy.. ,t)0=tr < ... <t <1}
is the standard simplex and
HKR : C[[G1,..., G2 J&™H - Q™
is the usual HKR map (we extend the scalars to C[[h]]).

PROPOSITION 5.1.1. The maps (5.17)) define an sp,,, -equivariant quasi-morphism
of complezes

(5.20) TR : CC; (A) — (Q°[[h, u]l, hLx + ud)

PROOF. O
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5.2. Lie algebra homology and Hochschild and cyclic complexes of
the Weyl algebra.
5.2.1. Derivations of the Weyl algebra. The Lie algebra

(5.21) g=A

with the bracket [a,b] = a*yw b—b*w a acts on A by derivations. Define also the
quotient

11
(5-22) g = A/ Clhl]

It can be easily shown that the Lie algebra of all continuous derivations of A coin-
cides with g.
We have the complex

(5.23) C*(8,5P20; CC~ (A1)
and its counterparts when CC, is replaced by C,, CC,, etc.
5.3. The distinguished (co)homology classes.

LEMMA 5.3.1. There are cochains that are unique up to homology:
a)
U= Z ujug(?wn € C'(Q,EPZn;CC:(K[hﬂ]))
j,k>0
where
uixk‘)) € Ck(g)5p2n; Cz(nH)Jrk(A[h*]]]))

and US}) = U, as in Proposition . The class U freely generates
H* (g, 5p2n; CC, (AIWT)

over H* (g)5p2n; Kh[[u”)
b)
U = ZU_Elk) c C.(g’gpzn;@.(z\[hfw))

where "
un € Ck(g) 5p2n;@2n—1 +k(A[h71]))

and H1(10) = U, as in Corollary . The class U freely generates
H' 2" (g, 52, CCa (A1)
over H® (g, sp,,; Kn).
PROOF. Follows from Proposition and Corollary O
Recall the boundary map
B:CC,_1(A) — CCE™(A)
for any algebra A.

LEMMA 5.3.2.

PROOF. O
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DEFINITION 5.3.3. Let
tr: H® (g, 5p,,; CO3 (A1) — H® (g, 5p,; Kn 20 [[ul])

be the H® (g, 5P, ; Knllull)-linear isomorphism sending U to 1.

6. The algebraic index theorem

We now have two free generators of
H® (g, 5P CCE (Al 1))

over H®(g,p,,; Kn((u))). They are both of degree zero. One is equal to 1, the
image of the basis element of CCP®"(K;,). The other is u=™U. One version of the
algebraic index theorem compares them to one another. Another, equivalent form
of the theorem is the statement about tr(1) where tr is as in Defintion m

Let us first introduce the elements we need in H®(g, sp,,,; Kn).

6.1. Characteristic classes in Lie algebra cohomology. Given a Lie alge-
bra g over k and a Lie subalgebra h that acts on g reductively, define the morphism

(6.1) c: S°(h*)" @k K — H**(g, b;K)

(where k C K) as follows. Choose an h-equivariant projection A : g — b and define
(6.2) R(X,Y) =[A(X),A(Y)] — A([X, Y]) € C*(g, b; h)

Now for any P € S™h)Y define

(6.3) cp =P(R) € C*™ (g, b;K)

LEMMA 6.1.1. The cochain cp is a cocycle whose class does not depend on a
choice of A.

PROOF. Note that

: 1
R =0M°A + E[A, Al;

therefore
MR + [A,R] =0;

oLeP(R) = +(adaP)(R) = 0.
If we have another choice for A (that we denote by A’), then

A'=A+B, BeC(gbh);

R =0dMeA + %[A’,A’] =R+0"°B + [A, BJ;
P(R") =

FRAFINISH*** O

Define also %9 € H2(g, h;Ky,) as the class of the extension
1 ~
(6.4) 0— - Cllhl-g—g—0
(cf. (5.22))). In other words,

1 - 1
Ee =cp € H?(g,5pop @ EC[W];K}J = H2(g,5p; Kn)

where P is the invariant polynomial of degree one that consists of the projection
along sp,,, followed by the embedding into Ky,.
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Define the invariant power series on gl,, by its restriction to the subalgebra of

diagonal matrices:
n

A(X] yoos ,Xn) = H —exj/z — e—x,—/z

j=1
Consider the restrictions
S(gl?)ehn g, S(spy, ) Pan N S(gl?)ehn

Note that j is onto and i is an embedding and A is in the image of i.. ***Ref?%**
We use the identification

(6.5) VA =j(VA) € S(sp3, P2
as well as
(66) \/X = C\/}i\ € Hev(g>5p2n;Kh)

REMARK 6.1.2. Note that ij(\/f\) = A. In our earlier works [?] and [69], the
main motivation was the case M = T*X (see below) whose cohomology we identified

with that of X. That is why we denoted by A what we are now denoting by \/X
6.2. The main theorem.

THEOREM 6.2.1.

(1) = 3w (VA M,

m=0
in HO(g, 5p2n; Kn((u)).
Or equivalently:

THEOREM 6.2.2.

wU = i w (VA ™)
m=0

in HO(g, spyn; CCE (Al ).

We will present two proofs: one from [?] and [?], using the computation of 9U;
the other, a mix of an argument from ***FT RR*** with some sort of an algebraic
version of the heat kernel proof of the index theorem. We also will introduce a
refined version for the trace map TR.

6.3. Generalized characteristic classes. Under the assumptions of de-
fine g[e] to be the dg Lie algebra with the differential %, where €2 = 0 and |e| = —1.

Consider a dg gle]-module V. We assume that V is completely reducible over
b. Define the generalized characteristic map

(6.7) c: C*(blel,b; V) — C*(g,h; V)
as follows. Define

(6.8) te C'(g,b;End(V)

by

(6.9) UX)(v) = (X=A(X))v
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for X € g and v € V. Now, for @ € C*(hlel, h;V) define

(6.10) c(e) = Z (“@(eR,...,€R)
k,1>0

where there are 1 arguments €R in @.

LEMMA 6.3.1. Formula (6.10) defines a morphism of complexes.

PROOF. O

6.4. First proof: the boundary map. Consider the image of U = BU
in H*Z“(g,spZn;CC‘.’er(ﬂ[hq])). Observe that this is equal to the following: take
0U in H?72"(g,5p,,; CCe(Kp)); use the embedding CCa(Kp) — CCET, (Kp); and
then embed CCE™(Ky) into CCE*(A[h~]). To see that the two classes are indeed
the same, represent U by a cocycle in C’(g,spZH;@.(ﬂ[h_l])). Lift this cocy-
cle to a cochain in C'(g,spZn;CC.(/&[h_I})). View this cochain as an element of
C*(g,5P7n; CCfer(K[h_l])). (More precisely: multiply this cochain by u~' and then
define all the coefficients at W, j > 0, to be zero). The differential of this element
is the difference of cochains representing the two classes defined above.

Now compute 0U. For that, note that @i\(/&[hq]) is a dg module over g[el.
*#*Ref*** Now interprete U as the value of the characteristic map ¢ (cf. (6.10)) on
an analogue of 9U in H' 2™ (h[e], b;@i\ (:&[h*' 1)). The latter can be defined explicitly
as *** Now apply to the above the Brodzki cocycle ***ref ***FINISH

6.5. Algebraic index theorem for TR. Now we will state the algebraic
index theorem for the trace map TR instead of tr. First extend TR to the Lie
algebra cohomology setting.

PROPOSITION 6.5.1. The trace density morphism TR (5.20)) extends to a cocycle
(6.11) TR € C*(g,5p2n; Homg (g, o (CC™ (A), Q*((h)[[ul]))

ProoF. First observe that both sides in TR are g-modules. Indeed, the action
of g on the right hand side factors through the projection

1
(6.12) Ef — fmod h

This projection intertwines [, ] with the Poisson bracket {, }. The Lie algebra
(CIyll/C, {, }) acts on Q°*[[h,u]] preserving the differential hL,; + ud.
These modules are not dg modules over gle], and neither is

(6.13) Homg 1, ;) (CC™(A), Q*[[h, ul])

All three become ones after inverting h. Observe that TR is a cocycle in (6.13)) on
which esp,,, acts by zero. Indeed, ***Finish*** Apply the characteristic map @
to TR. Note that

¢(TR) = ) (TR
k>0
where U is defined in (6.9). (This is because substitution of €R into TR gives zero).

~

For a power series F € C[[y, hl], we write

F=F(0)+hF(1)+..., F(j) € Cllyl];
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we also write
F=F—F(0)
where F(2)(0) is the quadratic part of F(0). Then
1 1 _
(- F)@) =+ (oLe — (dFO)A o)

We would like to claim that (*TR do not contain negative powers of h.

However, this does not seem to be the case for k > 1.
FAFPINISH*** (]

DEFINITION 6.5.2. Define

ht . . er( Ay e
TR, = eXp(Tﬂ) o TR € C*(g, pon; Home ) (u)) (CCI (A), Q* ((h)) ()
LEMMA 6.5.3. If f).'[[h]]((u)) s defined as a complex with the differential ud

then TR is a cocycle.

ProOOF. Follows from the Cartan relation [d, ;] = L. O

DEFINITION 6.5.4. Let 1 be the g-invariant isomorphism
CCEr(A) = CCE*(CI[y, h])
*¥REREF*** (Goodwillie, ...) viewed as a cocycle in
C*(g, 5p2n; Hom* (CCP*(A), CCP**(Cl[g, W)
Define
o =HKR oI € C*(g,5py,; Hom®(CCP* (A), Q*[[h]]((w)))
THEOREM 6.5.5.
TRr=0A Z u_kKZk
k
7. Deformation quantization

Let (M, ) be a symplectic manifold. A deformation quantization of (M, ) is
a formal series

(7.1) fxg="fg+ ) h*Py(f,q)
k=1

such that x is associative, 1 xf = f x 1 = f, Py are bidifferential operators, and
(7.2) Pi(f,g) —Pi(g,f) ={f, g}n

7.1. The Fedosov construction. We have defined the algebra A and the
Lie algebras g and § acting on it. The symplectic group SP;, acts on all three
and preserves the action. Therefore, given a symplectic manifold (M, w), we get a
bundle of algebras ;‘\\M and two bundles of Lie algebras gm — gm.

Denote by K,’W g%, and g%, the sheaves of differential forms with values in
Am, §m, and g, respectively.
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8. Algebraic index theorem for deformation quantization

THEOREM 8.0.1.

(8.1) CCP" (Am)

ll Au(TM)
CCR (OmIh]) 2B 02 [h]((w))

where:
I is the Goodwillie isomorphism ***Ref***

Ul
—)

(8.2) TR = exp( n)e TR

9. Appendix: the general case

Here we discuss, with only a brief sketch of a proof, the algebraic index theorem
for general deformation quantizations.

THEOREM 9.0.1. There exists an Ly, quasi-isomorphism

(9.1) KA 1T — CF 1 (OMm, Om)
and a compatible quasi-isomorphism of Leo modules over A1 (Tym)
(9.2) S:CCy(Om,OM) — (O [ull,ud)

The initial terms of K and are the HKR morphisms.

Such pairs (K, S) are constructed from a piece of data called a Drinfeld associ-
ator and denoted by ®. We will denote the pair constructed from @ by (Kg,Se).

DEFINITION 9.0.2. A formal Poisson structure on M is a formal series
=1+ hm +... € A2Tpmlh]
satisfying {m, 7t} = 0.

For a formal Poisson structure 7t put
(9.3) Mo =Y Ko(hm,...,h)
k=1

(k arguments hr).

LEmMA 9.0.3. Let
frmo g="1g+Tlra(f,g)
Then xx o @5 a deformation quantization of .

The 2-cochain I ¢ is an MC element of C2(Om, Om)[[M]], and we write
(9.4) On,0o,m = (OmIh], *x,0)
LEMMA 9.0.4.
C*(Om,0,M) Orc,0,m) = (C*(Om, OM)I[N], 8 + M, 0, |
CC, (Or,0,m) — (CCy (OM)[N], b+ Lyp, ,, +uB)
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THEOREM 9.0.5.

(9.5) CCE (O.pm) =% Q% [h]] (1)

ll l Aw, o (TM)

CCE™ (Om[h]]) === O3 IR ((w)
is homotopy commutative. Here 1 is the Goodwillie rigidity isomorphism,

;‘\\u(D (Tm) = ZU’ Ao 2k(Tm)
k>0

and
Ao(Tv) =) Av2k(Tu)
k>0
is the chamctemstzc class of the tangent bundle that is defined by an invariant power

series A whose restriction from gon to Py 08 A. ***Egplain more***

9.1. Sketch of the proofs. We start with the formal situation. For any
n > 0, put

(9.6) @zan:C[[x1,...,xn]]; ﬁ:@{dx1,...,dxn};
(9.7) P GTECERUR A SEPATC !
’ X e '

The Schouten bracket makes A®*! (T) a graded Lie algebra of which T is a Lie
subalgebra. In ?, there is a Lie subalgebra gl,, consisting of formal vector fields
Y ajix 53, -

We start with Lo, quasi-isomorphism

(9.8) Ko : A*T1(T) — C**1(0,0)
and an Le module quasi-isomorphism over A®+! (T)
(9.9) So : CC, (0) = (Q°[ull,ud)
with the following additional properties:
(1) ﬁq; and §q> are gl -equivariant;
(2) Ko,1(h) =hfor h €gl;
(3) FOI‘hGg[n,K@k(h )_Ofork>1and5cp1( ...)=0fork>1.
(By ... we mean any arguments, not just those in gl, ).

From and we produce MC elements in

(9.10) C*(T, gl,.; Hom®*(A**(T), C**1(0, D))
and
(9.11) C*(T, gl,.; Hom*(CC; (0), Q°*[[u]]))

(by splitting the arguments into two groups, one in T and the second anywhere).
The images of those under the Gelfand-Fuks map GF provide the morphisms Kg
and Sg.
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DEFINITION 9.1.1. We denote by
VAue € H(T, gly; O%(w)
the evaluation of (9.11)) at the periodic cyclic cycle 1. We also define
VAu(Tm) = GF(Aw,0) € HO(M, Q3 ((w)))

Recall that for any algebra A the negative cyclic complex CC, (A) is an L
module over the DGLA

(9.12) (galelllull,d + u%)
where ga = C**'(A, A). Note that the DGLA (gnm [e][[u]], u2 ) acts on (Q*[[ul], ud)

where gm = A1 (Tym). Our first claim is that S¢ extends to an Lo, module mor-
phism over (ga[ell[ull,d + u%).

This follows from ***Homotopy calculus operad and the fact that (Kg,So)
extend to a morphism of homotopy calculi-EXPLAIN MORE?***

From this we deduce that the diagram commutes up to homotopy. Indeed,
I is obtained by a universal formula in terms of the L, action of ga [€][[u]]. The only
term not involving higher terms in the L., module action is eXp(hft). ***Explain
a bit more™**

It remains to show that the restriction of A(D’u to sp,,, is \/Xu.This follows
from carrying out our construction in the symplectic case and from the fact that in
that case TR is unique up to homotopy. ***Explain more***

9.2. Further remarks and questions.

9.2.1. Relation to the symplectic case. The general setting of [J] suggests that
some version of the trace density morphism of Proposition The following
is probably true.

Let us go back to the symplectic case. Let

(913) gHam = C[[fﬂ yooe ,anﬂ/C

be the Lie algebra of formal Hamiltonian vector fields. As we observed before (6.12]),
g acts on formal forms via

1
(9.14) g — OHam; Ef — (fmodh)

To the contrary, gga.m does not act on the negative cyclic complex of the deformed
algebra. However, it acts up to inner derivations, namely:
LEMMA 9.2.1. For f € Giam, define D(f) : A — A D(f)(a) = L[f,al. Then

there are elements c(f,g) € A, bilinear and skew-symmetric in f and g, such that

(1)

[D(f), D(g)] = D({f, g}) + ad(c(f, 9));

(2)

D(f)e(g,h) + D(g)c(h, f) + D(h)c(f, g) — c({f, g}, h) — c({g, h}, f) — c({h, f}, g) =0
In addition,
c(q,f)=0

for a quadratic function q.
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For such an action of a Lie algebra on an algebra,on cal still define the Lie
algebra cochain complex with coefficients in the Hochschild complex

(915) E c C.(gHam,5P2n§ C. (K))

of the algebra. One just has to add a new term to the differential, namely: multi-
plication by a cochain

(9.16) L € C*(gHam, 5920 End ' CL(A))

L(f) 9) = I—c(f,g]

Similarly for negative cyclic, etc. complexes.
It is probably true that TR extends to a cocycle

(9.17) TR € C*(gtam, 5920 Hom* (CC, (A), Q2™ *[[h, ul])
(no need for inverting h).

9.2.2. On the class qu So far we have established that /A\q) is a characteristic
class defined by an invariant power series on gl whose restriction to sp is A. Next,
we claim that R R R

Ao (X1y..yxn) = Ap(x1) ... Ao (Xn)
where ;‘\\CD (x) is a power series in one variable whose even part is //i(x).

This should be based on the following. Recall that a homotopy Gerstenhaber
structure on C*(A,A) is an MC element in a DGLA

(9.18) Def®(C®)
of cochains of C*® with values in C®. A cochain is a collections of multi-linear maps
(9.19) Omy,my t (CHE™ @ ... @ (C*)®™ - C*

with a certain symmetry property with respect to Sy X (S, X ... X Sy )-
Recall that we write O,, = C[[X1,...,Xnl]. Note that the action of gl,, on this
cochain complex for C*(On, Oy ) extends to an action to gl [€]. Indeed, for h € gl,,,

he acts by
1 Kk
(Lh(p)(cg ),...,cm; ...;cg ),...,cﬂji)

. (1) 1). . A(K) k
:(91,m1,...,mk(hvcl )"')C'Enzvuwc] )"')C‘Enl)

Next we should be able to upgrade the Kontsevich formality to a MC element
of the DGLA

(9.20) C*(glale], gln; Def*(C*(On, On)))

Similarly with the DGLAs governing a homotopy calculus structure and a morphism
of homotopy calculi. After that we should use multiplicativity

o™ 5 0,
***Parts of that may be contained in the works of Willwacher or others

REMARK 9.2.2. Here is the motivation for the DGLA (9.18)). Let V be a graded
vector space with a basis {W/}. Let D be a derivation of the Gerstenhaber algebra
Sym(Lie(V))[—1] defined on generators by
(9.21) Dvi = fhvivk
We assume that [D| = 1 and D? = 0. In particular:

(1) V* is a graded Lie algebra (which we denote by G).
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(2) For A € V*, let 0, be the derivation sending v € V to A(v) - 1 and all Lie
brackets to zero. Then A — L) = [0, D] is an action of this Lie algebra
by derivations.

(3) Moreover, A+ ep— L + 0, defines an action of Gle] by derivations.

(4) Denote by Sym(Lie(V)[—1])* the ideal generated by Lie brackets. Then
the action of G[e] preserves this ideal. Now define DGLA

(9.22) Der™ (Sym(Lie(V)[—1]))

to be the algebra of derivations whose image is inside Sym(Lie(V)[—1])",
with the differential being [D, ]. The DGLA Gle] acts on the DGLA ((9.22))
by derivations.

Now consider any DGLA C®[1]. We apply the above formally to V = C*[1]*. If
we ignore the issue of duality and infinite dimensionality, then the resulting DGLA
is Def(C®). Its MC elements are homotopy Gerstenhaber structures on C® whose
underlying L., structure is the original DGLA structure on C*[1].

10. Appendix II. An algebraic harmonic oscillator proof of the A.L.T.

10.1. Distinguished cyclic cohomology classes. Consider any algebra over
k such that
(10.1) HHzn (A) =k; HH;j(A) =0, j # 2n.
(In particular, A can be the Weyl algebra). Consider the DG algebra(A[n], %)
where 12 = 0 and | = 1 (we are using the homological grading).

Since A[n] is contractible, its cyclic homology is zero. Nevertheless, the cyclic
complex carries important information if we consider its filtration by powers of n.

We start with computing the cyclic homology of An] as a graded algebra. We
write

(10.2) CC.(Al)) = P cclV (Am)); CC*(Am)) = [ [ CCly (AM)
1>0 >0

LEMMA 10.1.1. For any { >0
HCY) g1 (AL, d=0) S K
it is generated over k by the image of the Hochschild homology class of
(10.3) uun®
where W is any given generator of HHon (A) and
(10.4) N =nu B = (- 1)m*
HC[ (Af),d =0) =0, j #2(n+0) —1
PRrROOF. By the Kiinneth formula,
HH,(AM]) — HH.(A) @ HH, (k[n])

But HH,(k[n]) has a basis consisting of 1 ®M®% and n®n¢, ¢ > 0. The differential
B is
n®t = 19n%

The result now follows from the Hochschild-to-cyclic spectral sequence. [
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COROLLARY 10.1.2. Choose a generator U of HH, (A) and the generator T
of HC?™(A) such that (W) = 1. For every £ > 0 there exists a cocycle T¢ in
CcC2m+O=T (A, 2 an) such that:

n+€)

(1) the value of the component of Ty in CC (/—\[n]) on the cyclic cycle

18 one;

(2) All the components of Ty in CC nH 1(A[ﬂ]) are zero for m < L.
Such a cocycle is unique up to a coboundary of a cochain in CC nH) 2(A[n]).
PROOF. O

10.2. Distinguished relative Lie algebra cohomology classes. Let A be
as above, and let h be a Lie subalgebra of A that acts on A reductively.
The construction of [I0.1] immediately extends to a cocycle

(10.5) e € CIU4 YT (AR, b, CC*(AR))

unique up to a coboundary of a cochain in Czn ]2”.

The right hand side is the relative Chevalley—Ellenberg complex of the Lie alge-
bra A acting on the cyclic complex of the associative algebra A. The decomposition

cer=J]cy
>0
is with respect to the grading for Which (cohomological) degree of n is —1.
Also, similarly to what we did in [I0.1] we can define the cocycles
(10.6) e e C ;;” (gL(AM]), b)

This cocycle is unique up to a coboundary of a cochain in C nH) !

***FEXPLAIN the issue of h not being a Lie subalgebra of gl*** This follows
from

LEMMA 10.2.1. .
Hi,, (UAMD) =0, j <2(n+10);

Hiy ™ (al(AMD), b) = k

PROOF. The first statement follows from Lemma [10.1.1| and the expression of
Lie algebra cohomology of gl in terms of cyclic homology, the second from the
spectral sequence

(10.7) H'(h) ® Hi(g,h) = H"(g)
*EEN[OREPFF* O

The explicit link between the two versions of T, is as follows:

C*(gLA)), b) = C*(gUAMI), b; C*(gLA)) = C* (Al b CC* ' (AR)))
This also gives a normalisation of T§i¢. The first map is as follows: for a Lie algebra
cochain ¢ and for Xy,..., Xy € gl(An]),

@ (X1, ey Xi) = 1x; -0 X, @5

the second is the restriction from gl(A[m]) to the ”Lie subalgebra” Al (***ex-
plain®***), together with the projection from Lie to cyclic complex.
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We also need to compare T¢ for different £. We have

(10.8) Teer € CCL L T AmD; e e COil T (A

Both right hand sides map to CC nH 1 (A]): one tautologically, the other by the

periodicity operator S (dual to multlphcatlon by u). Same for Chevalley-Eilenberg
complexes C*(AM], h; CC®).

LEMMA 10.2.2.
ST = Teq
in the cohomology of degree 2(n+€) +1 of Ct5, (AMl, b; CC*(AMmD).

Proor. Follows from

nU BNV (Bn)YY nU (BN B (B
FRAPINISH O

Lie

Another link between the Ty for different £. Namely, all T,'® can be obtained

from T4 as follows. We assume that, as is the case for the Weyl algebra, there is

an h-invariant Hochschild 2n-cocycle TR which is zero on the images of B and Ly,
h € . We recall that

m
(10.9) Lh(ao @...@am) =) (-1)a0®...q;®h®...® am
j=0
We normalise TRg so that TR(U) = 1 on or chosen generator U of HH,,, (A). For
ary...,a2n and by,..., by in A put
(1010) Lle(nbla o Mbe,ary ..., an) = Z sgn(0)TRo(bo ® ae1 ®. ®(1(72n)
0E€Son

and

1
(10.11) by = o Z br1...bge

: TES,

This generalises immediately to aj,..., a2, and bq,...,be in gl(A). Namely, we

precede (10.10)) by the trace map
(10.12) A®* Matr(An]) — A*(An])

We extend Tlgie unquely up to a coboundary to a cocycle that vanishes when there
are more thatn 2n inputs from A (or more generally from gl(A)).
*HFINISH REDUCING TO:

10.3. Riemann-Roch for Lie algebra cohomology. Now let A =Ah].

Let gl, be the Lie subalgebra of A with the basis Xj *w h We view it as a
”subalgebra” of gl(A) ***. Also, gl(C) is a Lie subalgebra of gl(A).

Let hh = gl,, @ gl. For an invariant power series P, we denote the characteristic
class cp corresponding to the subalgebra gl, , resp. gl, by P(T) and the character-
istic class cp, resp. P(E).

Define TRy as the composition

(10.13) Con(A) TS O2((h) =5 0°((h) “=5° ¢((h)
Here TR is as in .
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THEOREM 10.3.1. For any { >0
= (Td(T)ch(E))
in H2+0 (gl(A), gl,, @ gl).
10.4. Reduction to the algebraic harmonic oscillator calculation.
PROPOSITION 10.4.1. Let n=1. ***

PrOOF. We want to change - il (nX& h )NZ by a boundary to make its components
in NV(A) A A®(MA) equal to zero when j < 2. Denote

i1 &
10.14 Ly, =x™+12
(10.14) R
One has
(10.15) L, Ln] = (n = m)Linin
For a formal parameter t we write
o 4t
10.1 (tnLo) =1+ —(nLo)
(10.16) exp(tnLo) gf nLo)
O
We look for functions @, such that
0 L Am
(1017 explinke) — 1= 0l Y @mlnto) T AL
m=1
We see that
edt —1
10.1 =
(10.18) o1(0) = 5,
and
(10.19) (M +2)@m+1(q) + mey,(q) =0
which we deduce from
0 L.,)m™ 0 L )m1
> M (Lol = > (m+ DemmLolm 1 ="
m! (m—1)!
m=1 m=2
We get
1
10.2 S L — ] (m)
So we have
- (=™ (m) (mL_y)™*!
10.21 tnLlo) —1 = e T T pu—) Loy)—————ANLn
(10.21) exp(tnLo) L Z(m+1)(m+2) (mLo) (m+1)! +1

m=0

And if we apply 5 to the argument of 0y in the right hand side, we get

(mL_)™
m!

oo _1ym .
(10.22) OLie Z %2@5 '(nLo) ALy ALmia

= m+1)(m+2)

(recall that we are working with relative chains, so ... ALy A...=0).
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Note also that nL_; = a%(nl_o). So
- (=)™ 1

(10.23) exp(tnlo) —1~ -
° mZ:o (m+1)(m+2) m!

(%)mz@ﬂm—o)/\l-mﬂ Ay
X
So we have to compute:
(10.24)
MRo(S ™ Lm0 ) (L) © (L1 @1y — Ly  Los1))
0 - (m+ 1)(m+2) m! ox ®1 0 m+1 -1 —1 m+1

m=0

where @1 is as in (|10.18]) and TRy as in (10.13)).

Note also that TR commutes with t; ,. Therefore or calculation reduces to:
compute

s —1m 1

where TR is the composition

-~ Lo~

(10.26) C1(A) AT () = Q' ((h) 28 c((h)

Here evy is the evaluation at X = & = 0 and TR is as in (5.17).
For any ap we have

00 1 h ;Zm+1€
TR1(ao®Lmy1) = Z“®a§)m(z
k=0 ’

h )‘Q:F_:O

(ag®az—az®ag))2k(ao®

The only non-zero term in this sum is the component (6?“ 0z ® azagl“) of
(ag ® 05— 0z ® az)m+2.
It enters with the coefficient —(m + 2). We get

(m+2) h m—b—Z1 m+1
(10.27) — m(i) E(m‘f'z)!az aiao'?:izo

if m is even.

Therefore
o ] By (005)™F1 ptto—
Z ﬁTe(T]LO)H] = T m+3) Z (E)mH - Y ( L ‘Q:E:O
220( + ) (m+ )meven (m+ ) 0
Also note: % of the above is
1 h. g (0g0g)™ !
(10.28) — m mezven(z) W eXP*(ﬂ_O)k:g:o

where exp, is the exponential in the Weyl algebra.

10.5. The algebraic harmonic oscillator calculation.
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10.5.1. Summary of the calculation. Define

(10.29) ®(q, t) = exp(qdszdz) exp, (tRE)l,_¢_,
and
T
(10.30) v, = —7a [ [a(@(a,0 - 0(-q,0)aqat

(note that (10.28) is equal to W(%, L)).

PRrRoOPOSITION 10.5.1. Consider the algebra C[[Z,Z ", h]] with the Moyal-Weyl
product xy such that [Z,Z] = h. Put

1
O(s,t) = —3 exp(sdz+0z) exp, (tZZ")|z—z+—o

where the second factor is the exponential of ZZ* = J(Z+w Zt +Z T *w Z)). Then
2

0 ~
(s, 1) = O(=s,1)) = =~ An(s, 1
where
h ht/2

A Y = Sz

More precisely, we will show that ***doble check***
00

(10.31) ﬁs(CD(s,t) — O(—s,t) = &&Ah(s’t)
where
0 ~ 1 h 2s  ht

10.5.2. The calculation.

LEMMA 10.5.2. :

2(ch(!) — 32sh(13)

D(s,t) =—

PROOF. Let us look for an expression

(10.33) exp, (tZZ%) = a(t)exp(T(t)Z"Z)
(the usual exponential, as opposed to the star exponential).

We have
(10.34) % exp, (tZZ1) = Z"Z %y exp, (tZ" Z)
and

d 1y da dar__ i

(10.35) dt(a(t) exp, (T(t)ZZ7)) = ( m /a+ i Z7Z)exp(T(t)Z7Z)
Since

2
2 Z xwexp(TR)ZTZ) = (Z27Z — hTapaz) exp(T(t)Z7Z) =

(ztZ— %Z(T +T?Z272))exp(T(t)Z*Z),

we get the equations

(10.36) —Ja=——T
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and

dT h?
10. — =1-—T7
(10.37) dt 4
which means

1
10.38 a(t) =
(10.38) 0= 5
and
2 ht
10. T(t) = —th(—=);
(10.39) (t) = Zth(5);
Therefore
(10.40) exp,(tZ1tZ) = exp(gth(E)Z+Z)
* ch(1it) h 2
LEMMA 10.5.3.
exp(s020z+) exp(TZZH) = L ( il )
Ple@zfzrJesb TSt P T
PRrOOF. Consider the sl, triple

(1041) E+ :Z+Z; E_ :—azaz+; Eo :Zaz+z+az++]

The statement follows from

1 0\ /1 T\ (1 —TO—=sT) "\ (/(1=sT)" 0 1 0
—s 1)\o 1) 7 \o 1 0 1—Ts) \—s(1=Ts)"" 1

in exp(sly). O

REMARK 10.5.4. The above identity holds in 2 x 2 matrices over any ring R,
commutative or not, as long as 1 —sT is invertible. This provides an algebraic path
between 1—sT and 1—Ts in GL(R) (in a sense that can be made precise). When s
and T commute, we get an element of algebraic K, of the ring which is the Loday
symbol (s, T). If s is invertible, this is the Milnor symbol {s, 1 —sT}. Algebraic index
theorem does have K-theoretical meaning (it computes the pairing of the canonical
trace on an idempotent); however, we are not aware of any algebraic K-theoretical
interpretation of the computation we are presenting here.

We get
12yt
(10.42) O(s,t) = —5 (1 = S-th(5) h(EE)
Now we have
2h 1
s(d)(s,t) _(D(_S)t)) = _Sh(%)(_] + 1— (%)Zch(%))

The anti-derivative of the right hand side with respect to s is
2h h ht
—————————arcth(—-
() e )

*HHFINISH ]
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10.5.3. Appendiz to : Generalized Bernoulli polynomials. 0. Recall that if
we put

tetx
et —1

then the Bernoulli polynomials are defined by

(10.43) bo(x,t) =

(10.44) Bolx,t) = 1+ T; Bulo)

FHAR of

There are two other generating functions for polynomials whose values at zero
lead to Bernoulli numbers. They appear in the algebraic harmonic oscillator proof
in [10)

2. Put
(10.45)
1 _ _ 1
(9, = (g (v (1~ w)e losty + (1 = y)e ™) = =)t
normalised so that P (y,0) = 1. Then
t
(10.46) P1(0,t) = ﬁ?
(10.47) Py ( t)—l—i—iitz“P()
. 1Yy - = nz(n+-|) nly
where P, (y) is a monic polynomial of degree n.
2. Now put
_ [ 1 th™ ' ((y + 1th(%))
normalised so that 1P (y,0) = 1. Then
_ Y2
(10.49) P(0,t) = h(t/2)’
0 th
(10.50) P2(y,t) =1+ T; WQM(U)

where Q3y, is a monic polynomial of degree 2n, even with respect to y + 1.

11. Appendix. Index theorem for elliptic pairs

For a complex analytic manifold A, let M be a Dx-module and F an R-
constructible sheaf on X. We say that (M, F) is an elliptic pair if SS(M) N SS(F)
is compact in T*X (it is then automatically inside the zero section of X). We refer
the reader to [503], [504] for definitions.

The finiteness theorem of Schapira and Schneiders maintains that

RT(X,DR*(M) ®c, F)
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has finite dimensional total cohomology (in other words, it is a perfect complex
over C).The Schapira-Schneiders index theorem for elliptic pairs states that

(11.1) Zdim H (X,DR*(M) ®&c, F) = J peu(M) — peu(F)
; T*X

Here

(11.2) peu(M) € HEZ v (X,C);  meu(F) € HEE # (X, C)

are the microlocal Euler classes and n = dimc(X). Schapira and Schneiders con-
jectured a formula for peu(M) in terms of the principal symbol of M and the
Todd class of X. This conjecture was proven in [69], [67] using the algebraic index
theorem.

EXAMPLE 11.0.1. Let M = Ox and F = Cx. We get the Kashiwara-Dubson
formula for 5 (—1)/dimHJ (X, F).

EXAMPLE 11.0.2. Let F = Cx. We get a formula for }_(—1)/dimHJ (X, DR(M)).

ExampLE 11.0.3. In particular, let £ be a holomorphic vector bundle and let
M = D(O, &) be the sheaf of differential maps from Ox to £. Let, as above,
F = Cx. We get the Riemann-Roch formula for Y (—1)/dimHJ (X, &).

EXAMPLE 11.0.4. Let X be a real analytic manifold. Let D : £, — £_ be a
real analytic elliptic differential operator between two real analytic vector bundles.
Let Xc, £4+.c, £-,c, Dc be a complexification of X, resp. £, £, D. Let M be the
two-term complex

D(Oxc,€+,¢) =2 D(Oxe, - c)
and F = Cx. We get the Atiyah-Singer index theorem for D.

It would be instructive to bring the proof of closer into line with the
methods of and This could be probably carried out using the approach of
[?] and [219]. There, the following is proven. Let & be a holomorphic vector bundle
on a compact complex manifold X. Let D : £ — £ be a holomorphic differential
operator. Then

(11.3) Y (1D (X&) = | D)
. X
j
for a cohomology class explicitly constructed from D. Note that this result gener-
alizes the partial case from Example by considering any differential operator
D instead of the identity. Perhaps the Schapira-Schneiders index theorem can be
generalized to involve an endomorphism of the Dx-module M.
The method used in the proof of , topological quantum mechanics, seems
to fit well with what was discussed in 5.2
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CHAPTER 13

Operations on Hochschild and cyclic complexes,
111

1. Introduction

Let A be an algebra and D be its derivation. When A is commutative, D acts
on Qf% /x by Lie derivatives, as it does on any natural tensor construction applied
to A. We denote this action either by Lp or simply by D.

We also define the contraction by D as the only graded derivation of degree —1
of Q3 /i such that

(1.1) ip(a)=0; (da)=a, ac A
One has
(1.2) [D,ip] =0; [d,ip] =0; LIZ) =0

One can combine the last two identities into
(1.3) (ud +1p)* =0

Now let A be an algebra and D a derivation of A. We can ask whether something
similar to exists on Hochschild chains. The answer is yes, but with modifica-
tions. First, we relax and ask for an operator J(D) which is no more linear
in D but rather a formal combination

(1.4) Jo) =Y ]D,“
n=1 :

n

We are looking for J (D) satisfying

(1.5) (b+uB + J(D))?> =uD
What we find instead is a series Z(D) satisfying

(1.6) (b+uB +Z(D))? =u(eP —1)

All the numerators Ipn of the homogenous components of Z(D) ar edefined over Z.

In characteristic zero, one can indeed pass from one algebraic structure to
another, but the procedure is somewhat awkward. One way of saying this is that
the operators Z(D) on Hochschild chains of a commutative algebra are A-linear
modulo u, and the ”classical” operators J (D) that we get from them are not.

Next we compare these operators J(D) to the standard ones (cf. ) via
the HKR map. We first construct an extended HKR map that intertwines this
J (D) with a nonstandard J(D) on forms (neither of the two is A-linear modulo
u). Then we see that any such J(D) is determined by a power series A(D) such
that A(0) = 1 and is equivalent to the standard one.

199
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In our case,
_log(1+D) X

D 1—e X

where X = —log(1 + D). We are not sure what is the significance of this. Note
that the Todd class does appear as a discrepancy in other constructions where we
compare noncommutative and classical calculus, such as formality theorems and
the algebraic index theorem [9]

Note also some resemblance with the contents of Chapter Formula is
of course analogous to D? = W where W is a central element (not a zero divisor) of
a ring A. Moreover, such a D appears precisely from the action of a free resolution
of A/W.A which is almost identical what we have here. In the notation of2.3|below,
this resolution is Ay (W) where the ring of scalars is \A. In other words: an action
of J(D) describes a (derived) trivial action of a derivation, and an action of Z(D)
describes an action of a derivation whose exponential automorphism acts trivially.
This is clearly related to the content of Chapter in particular to [J1] .

Note also that everything we do is valid not just in characteristic zero but if
we multiply D and d by a formal parameter t such that t™ is (uniquely) divisible
by nl.

Next we extend the noncommutative Cartan calculus to the entire Lie algebra
of derivations of A, and then to the DG algebra of Hochschild cochains. Recall
that the latter are a noncommutative analog of multivector fields. We first restrict
ourselves to multivector fields of degree < 1, namely vector fields and functions. In
the classical case,

(1.8) t(w) =fwy; Li(w) =df Aw

for a function f and a form w. Noncommutative Cartan calculus extends straight-
forwardly to the DG Lie algebra A[1] @& Der(A) with the differential

(a,D) — (0,ad(a)).

(1.7) A(D)

We use this in Chapter 25

Next we extend noncommutative Cartan calculus to the full DGA of Hochschild
cochains (section . Note that comparing the two versions of Cartan calculus via
HKR (when our algebra is commutative) becomes much more difficult; when A is
regular, a positive answer is given by the formality theorem ***More

2. Noncommutative Cartan calculus

2.1. Noncommutative Cartan calculus of derivations. Now let A be any
algebra. Consider Reinhart’s pairing (5.4])) from Chapter |4} It satisfies

D, Ip] =0; [b+4+uB,Ip] =ub;

as for IZD = 0, this is true only up to homotopy. To see what structure Ip is part
of at the chain level, introduce

(21) Ipn = tpn +uSpn

(2.2) (A ®...0an) =aD™M(a1) R a2 ®...® an;

(2.3) Spn(ap®...®an) :Z(—U“H®a]~®...®an®ao®D“(a1 ®...0a5_1)
=0
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Here D™ stands for the nth power of the action of D on the tensor a1 ®...® a;_7.

ProroOSITION 2.1.1.

n—1
n
[b+uB,Ipn] + ]; (k) IpkIpn—« =uD™"

for alln > 0.
PRrROOF. Direct computation. U

Compare this with the operations on Q% /x for a commutative A. If we put

(2.4) Jon =tp,n=1; Jpn =0, n > 1
then
(2.5) [ud, Jp] = uD; [ud, ]Dn+Z< >]Dk]an_o n>1

When Q C k and A is commutative, the HKR map ***Ref intertwines b +uB and
ud. But so far we have two different structures on the two sides.

REMARK 2.1.2. As Anton Alekseev pointed out to us, the systems of operators
satisfying the same relations as the Jpn have appeared in [14] and [50]. Systems
satisfying the same relations as the Ip» have appeared in [?].

To compare those two structures, note that (2.5 is equivalent to

(2.6) (ud + 7(D))? =uD
where

= 1
(2.7) J(D) = n; —Jon

On the other hand, relations from Proposition [2.1.1] are equivalent to
(2.8) (b+uB +Z(D))? =u(eP —1)

where

(2.9) Z l,

Whenever n! divide D™ (for example when Q C k) and the infinite sums converge
(for example if we replace D by tD where t is a formal parameter), the above sums
are well defined. But under those assumptions, the following is true.

LEMMA 2.1.3. Let Ipn, n > 1, satisfy the relations (2.8)), (2.9). Define

(2.10) J(D) = Z e, 1 DFIp
k,1>0
where
2
(2.11) D Doyt =3 —yly—x)...(y—(m—1)x)
k,1>0 n=1
Then

(b+uB+J(D))? =uD



202 13. OPERATIONS ON HOCHSCHILD AND CYCLIC COMPLEXES, III

PrOOF. We are solving
(212) (aCObar + UB)j(D) + j(D)z =uD
where

m—1
aCobar]Dm - Z (T:) ]DkIDm—k

k=1
We are looking for a solution of the form

(2.13) Jr(D) = Z xn (D)Ipn where F(D,y) = Z xn (D)y™
n=1 n=1

Equation (2.12)) translates into the following two: first,
Flyr +y2) —Fly1) — F(y2) + Fy1)F(y2) =0

which implies

for some f, and second,

= 1

E —f(D)"D™ =D.
n!

n=1

This implies

f(D)D = log(1 + D); 1 —F(D,y) = exp(%log(] +D)) =(14+D)B;

we conclude that
o0

(214) FD,y) =~ ) —yly—D)...0y— (n—1)D)

n=1

O

A crucial observation for us is that the homogeneous part of Jr(R) ((2.13])) of

total degree n in D has the denominator n!.

COROLLARY 2.1.4. Let the Ipn satisfy the relations as in Proposition
Let Jpn denote the homogenous component of degree n in D of J(D) as in

Then the Jpn satisfy the relations (2.5)).

2.2. Compatibility of Cartan calculus with HKR. Now let D be a deriva-
tion of a commutative algebra A over k containing Q. By Lemma [2.11] operators
D and Jpn, n > 1, subject to relations (2.5 act on the left hand side of the HKR

map. They also act on the right hand side by
(2.15) 1S =1p; JSn =0, n > 1
Recall that we write J(D) = _ %IDn, etc.

THEOREM 2.2.1. There is a natural k[[ul]]-linear continuous morphism

HKR(D) : CC, (A)[[u]] — Qf , [ul]
such that -
HKR(D) =HKR + ) HKRpn,

n=1
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HKRpn~ are homogeneous of degree n in D, and
(ud + J°(D))HKR/(D) = HKR(D)(b + uB + J(D))
PrOOF. Put
(216) Ipn = tpn +uSpn
Here tpn on Cq(A)[[u]] is given by ; on Q°[[u]], tpn = tp for n =1 and zero
for n > 1. Also, Spn on C4(A)[[u]] is given by (2:3), and we put
1
2.1 n = 1' n— - —— I)‘n
( 7) LD 0O,n>1; Sp 11_’_1(1
on Q°[[u]]l. Also, on Q°*[[u]] we denote b =0 and B = d. Observe that the Ip~ on
both sides satisfy the relations as in Proposition We will first construct

(2.18) ®(D) =HKR + ) %@Dn
n=1
satisfying
(2.19) (ud+Z(D))®(D) = ®(D)(b+uB +Z(D))

Here, as above, Z(D) = )_ %IDT\.
We are looking for k[[u]]-linear continuous operators of degree zero

(2.20) Opn 2 Co(A) W] — QF / [[]
such that
(2.21) ®po = HKR
and
n—1
(2.22) [b+uB,®p-] +]; (D Ik, Dpn ] =0
If
(2.23) QOpn = Ppn +uwdpn + ...

(we will see later that all coefficients at W are zero for j > 0), then (2.22)) becomes

n—1
(2.24) [b, dbpn] + 1; (E) [ipk, Gpn-x] =0

n—1
(2.25) (B, dpn] + [b,¥p, ]+ ]; (2) [tpx, Wpn-«] + [Spr, dpn-—«] =0

etc.
We start by defining
(2.26)
.I n
¢p(a®...0an) = CESII (n—Xk)apday ...dax_1dDaxdax1...dan

k=1

and Pp = 0. We observe that those PYp and ¢p satisfy (2.24]) and (2.25). More
precisely,

(2.27) [b, opl + [tp, HKR] = 0;
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(2.28) dodp +Sp ocHKR =0
and
(2.29) —¢poB—HKRoSp =0

(this is checked straightforwardly but we will also prove a more general statement).

Below we will analyze the complex of operations from Hochschild chains to
forms. Obstructions to construct higher ¢pm, bpm, etc. are cohomology classes
of this complex. We will easily see that the obstructions to constructing ¢pm all
vanish. Unfortunately, the obstructions to constructing the pm do not vanish
automatically, or at least we do not know an a priori reason for them to do. So we
have to perform a calculation. We will start with looking at the operations in more
detail.

2.2.1. The complex of higher HKR operations. For any n > 0 consider the
operations Cn(A) — Q% /x which are linear combinations of

(2.30) Q®R...0 ap — d°D™°(ag)...d*"D™" (an,)

for € =0 or 1 and for m; > 0. O

There are three differentials: precomposition with b and with B, and postcom-
position with d. If we identify the operation (2.30) with the monomial

(2.31) neex™ ®...@nrxmn

then the k-module of operations is identified with the Hochschild cochain complex
of the coalgebra k[x,mn]; the three differentials become the coalgebra version of b
and B, and the multiplication by n (which is a coderivation).

Operations with my = €9 = 1 form a subcomplex which is the cobar construc-
tion of k[x,n]. Its graded components of degree m > 2 in x are all acyclic. Note that
if we define ¢pp as in then the obstruction to finding each ¢ppm for m > 2
lies in this subcomplex and therefore vanishes.

The complex of operations with the Hochschid differential is denoted by C°.
The subcomplex mo = €p = 1 is denoted by CJ.

For a monomial in (2.31]), put
n n
(2.32) m:ij; p:Zej
§=0 j=0

Both b and B preserve these two numbers. This gives a decomposition of the
complex of operations

(2:33) ¢t =Petimp); € =Pesimp)
m,p m,p

For any monomial « as in (2.31)) with m > 0, we say that its principal part is «
if all but one m; are zero. Otherwise, we say that its principal part is zero. Extend
the principal part by linearity.

LEMMA 2.2.2. (1) The subcomplex of elements of C§(m,p) with zero prin-
cipal part is acyclic for any m > 1 and p > 2.

(2) Let « be a linear combination of monomials (2.31) with alln; = 1. Assume

that the principal part of o is zero. If & is a Hochschild cocycle then oo = 0.
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PrOOF. [I) For m > 1, the quotient of C3(m, *) by elements of principal part
zero is the cobar construction of k[e,n] where €2 = 0. This quotient is therefore
acyclic for * > 2, as is C§(m, *). Therefore the subcomplex is acyclic.

The cohomology of C*® is the Hochschild cohomology of k[x,n] which is iso-
morphic to HH® (k[x]) ® HH®(k[n]). Cochains with all €; =1 lie in &,CP(m,p+1).
There are no coboundaries there, and the only cocycles are multiples of products
(cf. [@2)) of x™ € HHC (k[x]) with n®(®+") € HHP (k[n]). Explicitly, these cocycles
are equal to multiples of

m!
2o X" ex™
mo- Tl’lp

Therefore any such cocycle with principal part zero is zero. ([l

2.2.2. Proof of . We already know that ¢pm exist. We will show that
the obstructions to constructing Ypm have the principal part zero, and therefore
are not only trivial but identically zero by Lemma above. Therefore we will
be able to choose ®pm = dppm (no dependence on u). As a first step, we construct
the principal parts of dpm explicitly. We write oo ~ 7 if &g and o7 have the same
principal part. Denote

(2.34) Ot (e ®...® an) =apday ...dax_1dD™(ax)dak+1 ... dan
(2.35) e ®...®an) =apday ... dax—1D™(ax)daxyiq ... dan
forT<k<n
We will see that there exists a solution @pm = dpm of (2.21)) satisfying
n
Mm+m—xk)!
2.36 m m
(2.36) $o Z (n—Hn)!(n—k)!(l>k

k=1
and Pppm ~ 0. First we have to show that (2.36) implies

m—1
(2.37) —(bDnl Ob+ Z (m>[LDmu,d)Du]-i-[LDnl)HKR]NO
a=1 a
Observe that for 1 <k <n —1
(2.38) O o b ~ (=)o} + pit1)
Therefore
n—1
m—T4+m-—k)! krm . m
¢pmob 1; (n—1+m)!(n—1—k)!( D (e + i)
n—1 n
n—1+m-—k)! " (m+m—k)! "
_1kpm —1kpm ~
-2 7 —1+m T L S M s ey e wr GO
k=1 k=2
— MmM—1+m—-k)! (nm+m-—k)! "
_ _1kpm
(n+m—1 g n—1—k)! mowp DR
1 m+m-—-2)!

(n+m—1)!( (n—2)!

Pt 4 (=1)"mlp)
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which gives

1 T m-T+m—k)
(2.39) —¢ppm ob~ m(=D¥ e +
Mm+m-—1)! = (n—%)!
1 m+m-2)! ., nom
mimon mogr P e
We also have
(2.40)
m—1 n

m Mm+m—1-—k)! 1 m
Z (a>tDmu¢Da =mpPpm— :Zm(niji])!(nik)!(—Uk "oy

a=1 k=1
as well as
m—1 m
(241) — Z ( )d)DaLDmu ~ O
a=1 a
(2.42) tpm o HKR ~ 0
(m>1);
.I n
(2.43) tp o HKR ~ — > (=1 oL
k=1
] m
(2.44) —HKRotpm ~——«—

-1

The sum of right hand sides from through is zero. Indeed, for m > 1
the terms with p;* for 2 < k < m are contained only in (2.39) and (2.40)), and those
two cancel each other out. The terms with pJ* appear , and
and sum up to zero. For m =1, is of course zero, and the remaining three
terms sum up to zero.

Solving at each m, we see that the obstruction to constructing ¢ppm is
a Hochschild cocycle in C§ whose principal part is zero. By Lemma we can

modify ¢pm without changing its principal part so that the mth equation will be

satisfied. This proves (2.24)).
Now put

(2.45) O (a®...®an) =dap...dax—1dD™(ax)daks1 ... dan
for 0 < k. We need to show that

m—1

(246) dCme *Cme OB + Z <nal> [SD‘“7°)¢D°] +SDm OHKR*HKROSDm ~ 0
a=1

In fact

n

(2.47) dpm ~ é (n+ m)!(n—k)!®k

m—1 (m

m—1 m n a) (Tl‘l‘a_k)' m
(2.48) > <a>SDm «¢pa N; ; m—a+1(n+ a)!(n—k)!®k
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m—1 m n m—l (Tl+a_l)! m
(249) - ]<a> bpeSpm ~— 3 Z( )% n+a+1)!(n—l)!®k

a= k=1 a=1

(indeed: for every k, D®(ay) appears on each position from number k to number
nin Spa(ap ®...® an)).

n n .I
(2.50) —HKRoSpm~—) ) o
k=11=k
D mam4 1)
(2.51) —¢pmnoB~—) 3 or

== mAmt )+ 1)

(indeed: each ay appears on each position from number one to number n + 1 in
Blap ®...® an)).

1
(2.52) Spm o HKR ~ ——

] n
152@?

Let us compute (2.51)). The opposite of the coefficient at ®X, in the right hand
side is

n+1 n
m4+m+1-1! 1 (A+m)!
1Z(n+m+1)(n+1—l) (n+m+1)!7\Z:0

m! A+my m! n+m+T1Y\ 1
m+m+D=\ m S nHFm+DI m+1  (m+1)n!

Therefore the sum of (2.51) and (2.52]) is zero.
Now look at (2.50)). Note that

i(n(:il—)!l)!_alz<n+a—l> 'Z<A+a)_a!<n—l;1;1+1)

1=k 1=k

Note also that the sum of ([2.50]) and is the same as (2.49) but with the sum

over a is taken from 0 to m— 1. Because of the above, the opposite of the coefficient
at ©}" in this sum is

= (m) 1 (n—k+a+1)
(™o

—\a Mm+a+1)! a+1

Now, the sum of (2.47) and (2.48) is just (2.48)) but with the sum over a taken
from 1 to m. The coefficient of " in this sum is

- () (n+a—k)! _m_1 (™) Mm+a+1—kK)!
Zm—a+1(n+a)!(n—k)!_zmia(n+a+1)(n K)!

a=1 a=0
Therefore the coefficient at ©* in the sum of (2.47) and (2.48]) is opposite to the
coefficient in the sum of (2.50)) and (2.49)), namely

m—1

min—k+a—1)!
Z (a+ 1! (m—a)l(n—Kk)!

We conclude that (2.47), (2.48)), (2.49)), and (2.50]) sum up to zero, and so do (2.51)
and (2.52)). This proves (2.46)). Note that all terms of ®(D) of degree > 1 in u
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vanish automatically. Indeed, there are no operations Co(A) — Q% /k of the type
we allowthat have degree greater than 1. This completes the proof of .

By Lemma we can pass from Z(D) to J (D) satisfying . By modifying
@ (D), we can replace Z(D) by J(D) in . (The easiest if to take Z(D)+&D(D)
instead of Z(D), apply to it the formula in Lemma and take the coefficient
at &). This does prove the theorem, except that we have a different J(D) on the
right. In fact, if we take the Ipn~ as in and apply to them the construction
from Lemma we get

(2.53) Iprn = (=D " (n =)D 'ip +uc,dD™

where ¢, :f:)y(y—ﬂ...(y —n+1)dy.

2.2.3. Comparison to the standard Cartan calculus on forms. We have estab-
lished that a syslem of operators Jpn acts naturally on te Hochschild complex, and
that the HKR map extends to a morphism to forms on which their own Jpn» act.
But the latter action, given by , is not standard.

It remains to show that all natural systems Jpn on Q% /k[[u]} are equivalent.
Any natural system of Jpn is of the form

(2.54) Jor = anD" ip + ub,dD™
satisfying

n—1 n
(2.55) ar =1, an + ]; <k) agbn_x =0, n>1

In other words: any natural operation of degree —1 on Q% S I8 of the form

(2.56) J(D) =A(D)ip +uB(D)d; B(D) = ﬁ —1
where A and B are power series. It satisfies (ud + J7(D))?> = uD if and only if
A(O):1 and B(D):ﬁfhor

u

Let J35« be as above when all b, = 0 (and therefore all a,, = 0 forn > 1). In
other words, J(D) is as in (2.56)) with A(D) = 1. For a power series P(D), put

(2.58) F(D)=1+P(D)ipd
(2.59) (ud + J°(D))F(D) = F(D)(ud + J(D))
is equivalent to
1

(2.60) DP(D) = AD] —1
In our case,

N g m=Nlony_ log(1+D)
(2.61) A(D) = n;(_]) D"l = 5

Let F(D) be as in ([2.58) for this choice of A(D). Composing F(D) with the above
® (D), we get our HKR(D) as in Theorem [2.2} That completes the proof of this
theorem.
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2.3. Cartan calculus in terms of Lie algebras.
2.3.1. The algebras Ay and A;. For a variable D, denote by Ap(D) the algebra
over k[D][u] freely generated by Jpn, n > 1, with the differential given by

n—1

(262) 6]D = 'LLD, a]Dn + ]; <T]1—> ]Dk]ank = 0, n>1

Define the Abelian DG Lie algebra over k[u] as follows.

(2.63) ao(D) = k[ulD @ k[uleD; 0(eD) =D; oD =0
Then there is a quasi-isomorphism of DG algebras

(2.64) Ao(D) — U(ao(D))

that sends D to D, Jp to €D, and Jpn to zero for n > 1. (The universal enveloping
algebra is defined over the ring of scalars k[u]).

Denote by A; (D) the algebra over k[D][u] freely generated by Jpn, n > 1, with
the differential given by

n—1
n
(265) aIDn + Z (k) IDkIank = ‘LLDn
k=1
Then Lemma [2.1.3] establishes an isomorphism
(2.66) Ao(D) = A;(D)
when Q C k.

REMARK 2.3.1. A module over Ap(D) is the same as an L, module over
ap(D) which is defined over k(D). That is, the Lo, module structure is defined by
multilinear maps from ao(D) which vanish if one of the arguments is in D.

Because of , both sides of the HKR map are Lo, modules over ag(D).
Theorem says that HKR extends to natural L., morphism of DG modules

HKR(D) : OC; (A) = Q3 ; [[ul]
This an Lo, morphism over kD, meaning that

(2.67) HKR(D)(D, X1,...,Xn) =0
for all j > 0 and all Xj in ao(D).

2.3.2. The algebras Ao(g) and Aq(g). Now let (g,dy) be any DG Lie algebra.
Define

0
(268) Clo(g) = (g[evuL o+ u&)
For a DG Lie algebra g, define
Sym*(g) = Ker(e : Sym(g) — k)

This is a DG coalgebra with comultiplication

(2.69) Ay =Y yey®?
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DEFINITION 2.3.2. Let Ao(g) be the DGA generated by the DG subalgebra U(g)
and by the k[ul-submodule Sym(g[1]), with the relations

x, (y)] = (adx(y))
forx € g,y € Sym™ (g) and the differential
(270) dg + aCobar + UB,

(2.71)  dcobar :x 0, x € 5 (y) o — Y (=1 Ty M)y, y € Sym™ ([o)

(2.72) B:(y) =y, y e Sym(g)(y) — 0,y € Sym™(g)
There is a natural quasi-isomorphism
(2.73) Ao(g) — Ulao(g));
(2.74) X%, x €g; (y) — ey, y € Sym! (g); (y) = 0,y € Sym™ ' (g)

As above, the universal enveloping algebra is defined over the ring of scalars k[u].
Now define

Ut(g) = Ker(e: U(g) = k)
This is a DG coalgebra with the comultiplication denoted by (2.69)).

DEFINITION 2.3.3. Let A;(g) be the DG algebra over k[u] generated by the DG
subalgebra U(g) and by the k[u]-submodule U™ (g[1]), with the relations

[x, (y)] = (adx(y))
forx € g,y € UM (g) and the differential
(2.75) dg + Ocobar + UB;

(2.76)  Bcobar :x 1 0, x € g5 (y) o — 3 (=1 Iy M)y 2,y € Ut ([g)

(2.77) B:(y)—yeUlg),yeU(g)
LEMMA 2.3.4. When Q C k then there is a natural isomorphism of DG algebras
Ao(g) — Ai(g)

PRrROOF. O

2.4. Extended Cartan calculus, I. We extend the Cartan calculus from
the Lie algebra of derivations of A to a bigger DG Lie algebra. Let (A,da) be a
DG algebra, define the DG Lie algebra (g} ,,da +8) where

(2.78) g% en = Der(A) @ All]; 8(a) = ad(a); 5(D) =0

for a € A, D € Der(A).
Define the action of gj g, on A®® by

N
(2.79) Aa(m®...®aN):Zia1®...®aj®a®aj+1®...®aN
j=0
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for a € A (compare to ***). The sign is computed as follows: a permutation of a
and q; introduces the sign (—1)IaH+ DU For D € Der(A), put

(2.80) Ap(a; ®...®an) Zim@ .®a_1®D(qj) ®aj41 ®...0 an

A permutation of D and aj introduces the sign (—1)IPIas+1)

It is easy to see that this is indeed a DG Lie algebra action. Therefore we may
define Ax for any X € U(gy o)

Now, for X € U(g} ) define

(2.81) Lx : CC, (A) = CC,_ 1y (A)

as follows:

(2.82) LD(ao®...®an):Ziao@@...@aj,]®D(aj)®aj+1 R...® an
for D € Der(A);
(2.83) La(ao®...®ao):Ziao®...®aj®a®aj+1®...®an

for a € A. The sign rule is the same as above. This defines another action of gj .
We extend it to U(gh ,) and get (2.81). Now define

(2.84) Ix : CC, (A) = CC,_ x4 (A)

(285) IX = lx +LLSX

n
(2.86) Sx(ao®...®an):Zi1®aj®...®an®ao®?\x(a1 ®...®aj_1)

The signs are computed as follows: a permutation of a; and a; introduces the sign
(—=1)Uail+1)a1+1). 5 permutation of X and a; introduces the sign (—1)XIas1+1)
To define 1x, first recall the case when X € g} g, (***Ref).

(2.87) (A ®...® an) = (—=1)Pl*lgyD(a1) @ a2 @ ... ® an

for D € Der(A);

(2.88) (@ ®@...0an) = (=N)%lga® a; @...® an

for a € A. Also, define the operation o (or the brace operation) on g} ,
(2.89) DoE=DE, Doa=D(a);jacD=aoD =0

for D, E € Der(A) and a,b € A. Finally, for X =Xy ... X, Xj € g3 o,
(2.90) IX = (.. .(X70X2)0X3)0...0Xm)

PROPOSITION 2 4.1. Let X € U(gh Sh) and Y € UT(gh ). The assignment

X—= Lx as in and (Y) — Iy as in deﬁnes an action of the DG algebra
A (g;\,sh) on CC._

PROOF. O
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This makes CC, (A) an L, module over
L] . L] [ ] 6 a
aO(gA,sh) - (gA,sh €, U, +u7)-

de

When A is commutative, Q% /k[[u]] is a module over the same DGA: for D € A,
D is the Lie derivative and €D acts by the contraction ip; for a € A, a acts by
multiplication by da, and ea acts by multiplication by a.

THEOREM 2.4.2. Let A be a commutative algebra over k such that Q C k. Then
HKR eaxtends to a natural Loo morphism of DG modules over ao(gy ). This is a
morphism over the subalgebra g5 ., meaning that all its components vanish if at
least one of the arguments are in this subalgebra.

PROOF. O

REMARK 2.4.3. We do not know at the moment whether the same is true for any
algebra if we replace HKR by the noncommutative HKR map to noncommutative
forms.

3. Extended Cartan calculus, II

Recall that g% denotes the DG Lie algebra C**'(A, A) with the Gerstenhaber
bracket. We will extend noncommutative Cartan calculus from g3 o, to gj. (The
latter is a DG subalgebra of the former). There are two ways to do that. We
present these two ways in Subsections [3.1] and

3.1. Replacing an algebra by a resolution. Take a semi-free resolution
R — A. Then the

(3.1) OR,sh — Ok
is a quasi-isomorphism of DG Lie algebras. By a theorem of Keller ***Ref, there
is a chain of quasi-isomorphisms of DG Lie algebras connecting gy and g% . Also,
the map CC, (R) — CC, (A) is a quasi-isomorphism. This induces on CC, (A) an
Lo module structure over ag(gh). ***A bit more

3.2. The A, action of CCJ(U(ga)). Recall that

g% — Coder(Bar(A)).

This defines the action of U(ga) on Bar(A) as well as linear maps
(3.2) N U(ga)®N @ Bar(A) — Bar(A)
(composition of the above action with the n-fold product on U(ga)).

LEMMA 3.2.1. The above are morphisms of DG coalgebras.

PrRoOOF. Clear. O

Recall the definition of the cyclic complex of the second kind from Chapter [6]
(It uses the definition of the Hochschild complex as the standard complex associated
to a bicomplex, i.e. the complex comprised of direct sums over diagonals, as opposed
to direct products as would seem more natural if we were doing a dual construction
to the case of algebras).
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COROLLARY 3.2.2. The compositions of
CCH(U(ga))®™ @ CCYy(Bar(A))—CCr(U(ga)®N @ Bar(A))

(given by m(U(ga),..., U(ga),Bar(A)) (c¢f. (4.1)) with the morphism induced by
un define on CCy(Bar(A)) a structure of an A module over the Ay algebra

CCri(U(ga)).

Now put
(3.3) CC,"8(A) = CCYy(Bar(A))
We have seen: ***REFS 1) There is a natural quasi-isomorphic embedding
(3.4) CC, (A) 5 CCP8(A)
2) There is a natural A, quasi-isomorphism defined over the subalgebra U(g% )
(3.5) CCi(U(gh)) — Ailgn)

Recall that g4 acts on CC, (A) by Lie derivatives ***Ref. It is easy to see that
(3.4) intertwines this action with the one on the right hand side. We therefore
obtain

THEOREM 3.2.3. (1) The action of g% on CC, "8(A) naturally extends
to a (u)-adically continuous k[[Wl]-linear Lo, module structure over
(g% [e][[ul], 6+u%). This structure is over g%, i.e. all operations my for
k > 1 vanish if at least one element is in the subalgebra.
(2) The action of g% on CC, (A) naturally extends to a (u)-adically continu-
ous k[[ul]-linear Lo, module structure over (g [e][[ull, & + u%).

PROOF. O

4. Appendix

In we show that there is an Lo, action of Ag(g% ) on CC, (A) if k is over
Q. In[Ai.3], ***FINISH
***To be shortened, streamlined

4.1. The action of gale,u]. The algebra of operations on the negative and
periodic cyclic complexes that we used above is a close relative of another, more
classical algebra of operations that appears in the usual calculus. It does act on
the cyclic complexes but in a less straightforward way. Here we discuss this action
and its relation to the above.

Let € be a variable of degree —1 such that € = 0 and u a variable of (coho-
mological) degree two. For any DG Lie algebra (g, 6) construct a DG Lie algebra
gllullle], the differential being & + u%. Consider its universal enveloping algebra
over k[[u]]l. Tt is a DG algebra over k[[u]].

THEOREM 4.1.1. Assume that Q C k. There is a natural k[[u]]-linear (u)-
adically continuous A action of the DGA (U(ga [e])[[ull, d—l—é—i—u%) on CC, (A)
whose components

dn : Ulgale))[ul]®™ — End' ™ (CCy (A))

satisfy the following.

(1) $1(D) = (=1)PILp and ¢1(eD) = (—1)P""Ip for D € ga.
(2) dnlar,...yq5,D,aj41,...,an_1) =0 forn > 1, for any j, and D € g.
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(cf- and (5.4))-

PrOOF. To simplify the notation, we will consider an arbitrary DG Lie algebra
(g,0) over K = k[[u]] (so in our example g = ga[[ull). Everything will be linear over
K.

As usual, for any Lie algebra g acting on an associative algebra C by derivations,
denote by U(g) x C the algebra generated by two subalgebras U(g) and C subject to
relations Xc —cX = X(c) for X € g and ¢ € C. The multiplication map U(g) ® C —
U(g) x C is a bijection. Note that

U(glel) — U(g) x Uleg).
Recall Proposition Construct an Ay morphism

0
(4.1) ¢ : (U(glel), d —l—ua) — (U(g) x Cobar(U(g)),d + b +uB)
as follows. Notice that both CobarBar(U(eg)) and Cobar(S(g)) are resolutions
of U(eg) (where S(g) is the positive part of the symmetric algebra, viewed as a
coalgebra). Moreover,

(4.2) Cobar(S(g)) — U(eg)

admits a contracting homotopy that is invariant under the adjoint action of g (in
fact under all linear endomorphisms of g). Therefore we can construct an ad(g)-
equivariant morphism of DG algebras

(4.3) CobarBar(U(ge)) — Cobar(S(g))
Because is ad(g)-equivariant, we extend it to
(4.4) U(g) x CobarBar(U(ge)) — U(g) x Cobar(S(g))

We deform this morphism as follows. Denote by U(g) x; Cobar(U(g)) the same
graded algebra with changed differential. Namely, for any D;...D, € S™(g), put

1
PBW(D;...Dy) = FZj:D(ﬂ ...Dgn € U(g)
(note that, as usual, PBW is an ad(g)-equivariant morphism of coalgebras). Define
the new differential a free generators of CobarBar to be
(Dq...Dn) — (0 + 9cobar + UPBW) (D7 ...Dy).

Note that U(g) x1 Cobar(U(g)) is still a resolution of U(g[e]). In fact, the morphism

(4.5) U(g) 1 Cobar(U(g)) — U(gle])
defined by
(4.6) (D1...Dn)»—>$ZieD,ﬂ Dg2...Dgn

admits an ad(g)-equivariant contracting homotopy (that we construct recursively
using the one for (4.2])). We use this homotopy to construct a morphism

(4.7) U(g) x CobarBar(U(ge)) — U(g) x; Cobar(U(g))
over U(gle]). This is the same as an A, morphism

(4.8) U(gle]) — U(g) x1 Cobar(U(g))
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satisfying
(4.9) on(...,D,...)=0

for any n > 1. Because of Proposition and Corollary we get the mor-
phism as in Theorem Tt satisfies property (2). As for (1),

¢1(D) =D; ¢1(eD) = (D)
**Elaborate a bit?*** ***FINISH*** O

4.2. A, structure on C,(C*(A)). The algebra of operations on the negative
cyclic complex that was described in Corollary can be extended as follows.
Start by noting that

(4.10) U(ga) — Bar(C*(A)),
D — (D), Deg,
extends to a morphism of bialgebras. The bialgebra morphisms ***REF
Bar(C®*(A)) ® Bar(C*(A)) — Bar(C*(A)); Bar(C*(A)) ® Bar(A) — Bar(A)

induce (because of ***REF) an A, algebra structure on CC, (C*(A)) and an A
module structure on CC, (A).

Below we will construct such a structure explicitly. All the pairings described
in[I} [fl are in fact different parts of this structure. We do not know whether it is the
same as described above. ***Seems that we can prove it directly for the Hochschild
complez.

4.2.1. Explicit construction. Let A be a differential graded algebra. The com-
plex C4(C*(A)) contains the Hochschild cochain complex C®(A) as the subcomplex
of zero-chains

C*(A) = Co(C*(A)) —— C.(C*(A))

and has the Hochschild chain complex C,(A) as a quotient complex induced by the
projection on the zero Hochschild cochains C*(A) — C°(A)

Ce(C*(A)) —— C,(COA)) = Cu(A).

The projection 7t splits if A is commutative. In general C4(A) is naturally a graded
subspace but not a subcomplex.

THEOREM 4.2.1. There is an Ao structure m on C4(C®*(A))[[W] such that:

(1) All my, are X[[ul]-linear, (u)-adically continuous
(2) my =b+5+uB
Forx, y € C4(A):
(3) (=1)Xmy(x,y) = (sh+ush)(x,y)
For D, E € C*(A):
(4) (-=1)/Plmy(D,E)=D — E
(5) my(1®@D, T®E)+ (—D)PIEHm,(1®E 1@ D)= (-1)P1® D, E
(6) ma(D, 1®E) + (—1)IPHFVEm, (18 E, D) = (-1)P*'[D, E]

THEOREM 4.2.2. On C4.(A)[[ull, there exists a structure of an Ao module over
the Ao algebra Co(C®(A))[[ul] such that:
(1) All un, are X[[ul]-linear, (u)-adically continuous
(2) 1 =b+uB on Ce(A)[[ul]
For a € Co(A) W]
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(3) uz2(a,D) = (=N)elPHlal(iy 4 uSp)a
(4) u2(a,1®D) = (-1)elPlLpa
For a, x € Co(A)[[ul]: (=1)!*'uy(a,x) = (sh+ush’)(a,x)

CONSTRUCTION 4.2.3. The explicit description of the A structure on Co(C®(A)).
We define form > 2
My = mg) + umgj
where, for
a®¥ =D ®.. oDy,

m(aM,.a™) =Y tmife, DY, DY S @

The space designated by _ is filled with ng), i>0, in such a way that:

e the cyclic order of each group D(()k), ceny D](\]fk)

is preserved;
e any cochain D]m may contain some of its meighbors on the right inside

the braces, provided that all of these neighbors are of the form Dng with
p <1i. The sign convention: any permutation contributes to the sign; the

parity of D]m s always \D)m| +1.
mP(a™,...,a™M =Y +1e...0Df }e... oD Jo...
The space designated by _ is filled with D?), i >0, in such a way that:
e the cyclic order of each group D(()k), ceey D](\lfi is preserved;

e any cochain D]m may contain some of its neighbors on the right inside
the braces, provided that all of these neighbors are of the form Dgp) with
p < 1i. The sign convention: any permutation contributes to the sign; the
parity of D]m s always \D]ml +1.
To obtain a structure of an A module from Theorem[].2.3, one has to assume
that all D]m are elements of A and to replace braces { } by the usual parentheses
() symbolizing evaluation of a multi-linear map at elements of A.

PROOF OF THE THEOREM [L.2.1] First let us prove that m(!) is an A struc-
ture on Co(C*(A)). Decompose it into the sum & + m{!) where & is the differ-
ential induced by the differential on C*(A). We want to prove that [5, m(")] +
%[Tﬁm,ﬁtm] = 0. We first compute %[Tﬁ“],rﬁm}. It consists of the following
terms: ) )

M m{...D"...m{..D DYy DY e

where the only elements allowed inside the inner m{...} are Déq) withi4+ 1<
q<j;

(2) m{...D{"...m{...}...D{V . Je@...

where the only elements allowed inside the inner m{...} are D{jq) for one and
only q (these are the contributions of the term m!"(a'" ..., bal®) ... a™);

3)m{...DJ" .. DM . de...eml.}o...

with the only requirement that the second m{...} should contain elements D](Dq)
and D](ﬂ,) with q # q’.(The terms in which the second m{...} contains D](Dq)
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where all g’s are the same cancel out: they enter twice, as contributions from

bmM(aM,...;a®, ..., a™ and from mM(aM, ... baM), ... a™).
The collections of terms (1) and (2) differ from
(0) 1tm,mi...D{"...... DM . )®...

by the sum of all the following terms:

(1) terms as in (1), but with a requirement that in the inside m{...} an element
D](gq must me present such that q <1ior q > j;

(2') terms as in (1), but with a requirement that the inside m{...} must contain

elements DYV and Déq//) with q # q’.

Assume for a moment that Déq) are elements of a commutative algebra (or,
more generally, of a Co algebra, i.e. a homotopy commutative algebra). Then
there is no 6 and m!" = m(1), But the terms (1’) and (2') all cancel out, as well as
(3). Indeed, they all involve m{...} with some shuffles inside, and m is zero on all
shuffles. (the last statement is obvious for a commutative algebra, and is exactly
the definition of a C algebra).

Now, we are in a more complex situation where D](Dq) are Hochschild cochains
(or, more generally, elements of a brace algebra). Recall that all the formulas above
assume that cochains D](,q] may contain their neighbors on the right inside the
braces. We claim that

(A) the terms (17), (2) and (3), together with (0), cancel out with the terms
constituting [5, m("].

To see this, recall from [?] the following description of brace operations. To
any rooted planar tree with marked vertices one can associate an operation on
Hochschild cochains. The operation

DL Bl AZ1s e Zrs byt Bl AZnty ooy Zngen b oo ) o)

corresponds to a tree where D is at the root, E; are connected to D by edges, and
so on, with Zi; being external vertices. The edge connecting D to E; is to the
left from the edge connecting D to Ej for i < j, etc. Furthermore, one is allowed
to replace some of the cochains D, E;i, etc. by the cochain m defining the A
structure. In this case we leave the vertex unmarked, and regard the result as an
operation whose input are cochains marking the remaining vertices (at least one
vertex should remain marked).

For a planar rooted tree T with marked vertices, denote the corresponding
operation by O7. The following corollary from Proposition was proven in [?]:

5,07] =) +O7
T/

where T’ are all the trees from which T can be obtained by contracting an edge.
One of the vertices of this new edge of T’ inherits the marking from the vertex to
which it gets contracted; the other vertex of that edge remains unmarked. There
is one restriction: the unmarked vertex of T’ must have more than one outgoing
edge. Using this description, it is easy to see that the claim (A) is true.

Now let us prove that

2)

5, m]+mom? 4+ mPomlM =0

2 omV) contributes terms of the form:

m (2) (n)
(1) Dy’ ®--- @Dy ®@--- @Dy @...

The summand m!
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2 DMe--oDMe.. oD Ve...
3)1®...0)" @ .emDM" .. DJ}e...o D
where j > 1.

2) contributes terms of the form:

The summand m!") o m!
(4) Same as (3), but with the only elements allowed inside the m{...} being
DY with i+1< q <j;
6)12...D"®--em{..}®...eDMe...

where the only elements allowed inside the m{...} are Déq) for one and

only .

The terms of type (1) and (2) cancel out - indeed, bm2 (aM ..., al’) con-
tributes both (1) and (2); m(" (a", m2)(a(?),...  a™)) contributes (1), and
mM(m@(aM; ... am1)) a) contrlbutes (2).

The sum of the terms (3), (4), (5) is equal to zero by the same reasoning as in
the end of the proof of [m("), m(1] = 0. O

THE PROOF OF THE THEOREM [4.2.2] IS THE SAME AS ABOVE. O

REMARK 4.2.4. Let A be a commutative algebra. Then Co(A)[[u]] is not only
a subcomplex but an A, subalgebra of Co(C®(A))[[u]]. This A, structure on
Ce(A)[[u]] was introduced in [?].

The corresponding binary product was defined by Hood and Jones [?]. One
can define it for any algebra A, commutative or not. If A is not commutative then

this product is not compatible with the differential. Nevertheless, we will use it in
?7

5. Bibliographical notes
Khalkhali; NT



CHAPTER 14

Rigidity and the Gauss-Manin connection for
periodic cyclic complexes

1. Introduction
2. Rigidity of periodic cyclic complexes

2.1. Divided powers. Let A be a Z-module without torsion. Let J*A be a
descending filtration on A, n > 0, J°A = A. The filtration J™ induces a filtration on
any tensor power of A that will be denoted by J*A®¥, We will make the following
assumption.

0) For every n > 0 there is N(n) > 0 such that N(n) — co as n — oo and
JrA®K C nINA®K for all k.

REMARK 2.1.1. This is the case for the filtration by powers of p where p is
an odd prime. Note also that the definition applies to generalizations of the tensor
product (such as completed tensor products).

We will consider bilinear products m(a,b) = ab on A with the following prop-
erties.

1) ]mA]nA C ]m—b—nA.

2) The induced product on grj(A) is associative.

Due to a technical (possibly avoidable) difficulty, we are only able to prove the
statements below for big periodic cyclic complexes defined as follows:

(2.1) CCYER(A) = CCp*(Bar(A))u™ "] = C®(Bar(A))[[u, u™ ']

Before a product on A is introduced, the complex is defined for the algebra A with
zero multiplication. The complex (2.1]) is quasi-isomorphic to CCL* (A) equipped
with the differential uB. The filtration J™ on tensor powers induces a filtration on

_~ PER
on CCYER(A). Let CC, ~ (A) be the completion of CCEER(A) with respect to this
filtration.

2.2. The rigidity theorem. For every product m on A as above, we will

construct a (continuous) differential Dy, on @I:ER(A) such that:

1) D2 =0;

2) D, preserves the filtration;

3) the differential induced by D, on ng(CCFER(A)) is the usual differential
b +uB + Opar;

4) if the product m is associative, then Dy, is equal to b + uB + 9p,;,.

Then we will prove

THEOREM 2.2.1. 1) If two products mgy and my induce the same product on gry
and Dy, Dm, are the corresponding differentials, then there exists a continuous

219
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isomorphism of complezes
_~ PER . ~PER
To,1: (CCq  (A),Dm,) = (CC,  (A),Dm,).

2) For every n+1 products my, ..., My inducing the same product on gry, there
is a homogeneous continuous Z-linear map
_~ PER _~ PER
To,1,...n: CC,  (A) = (CC,  (A)
of degree n — 1 such that the A, relations
n—1 n—1
Do To,1,m+H(=1)" Tt D= Y (=T 5 o+ ) (=1 To. iT.n =0
=1 j=1

are satisfied.

3. Liftings modulo p of algebras over a field of characteristic p

Let A be a free Z-module. Let Ay = A/pA. Consider an associative unital
algebra structure on Ay. Consider a bilinear binary product ab on A for which 1
is a neutral element and whose reduction modulo p is the product in Ay. We call
A together with such a product a lifting modulo p of Ao.

Let p > 2. For every lifting m of Ay to A modulo p we will construct a

differential D, on C/\C.PER(A) such that:
1) D2 =0;
2) the reduction of Dy, modulo p is the usual differential b + uB + 9pa,;
3) if m is a lifting (i.e. if it is associative), then D, is equal to b + uB + Opa,-
For these differentials, the following is true.

THEOREM 3.0.1. 1) For every two liftings mo and my and corresponding dif-

ferentials Dy, Dm,, there is an isomorphism of complexes
_~ PER .  —~PER
Toyi: (CC, (A),Dm,) = (CC, (A), D, ).

2) For everyn+1 liftings mo, . .., My and corresponding differentials Dy, ...y Dm,,,
there is a homogeneous Z,-linear map

_—~ PER _~ PER
n: (CC,  (A),Dm,) = (CC,  (A),Dm,)

of degree n — 1, and the Ao relations

To,1

ylyeeey

n—1
Do, To,1n (1) To 1, on Do =) (1To 5 0+ ) (—1)To, 5T n =0
j=1

4. The Gauss Manin connection

Let S be a scheme over Z. Let A be an Os-algebra. Assume that A, and
therefore Og, is without Z-torsion.We also assume that the Os-module A has a
connection V.

Consider the big periodic cyclic complex CC,PER(.A) over Og as the ground
ring. This means that all tensor products in the definition are taken over Os. We
will construct a flat superconnection

(4.1) Vam=b+uB+V+A
where A = 3 %° | An, An € 5Q8 ®0, Endjy " (CCLFR(A)), such that VZy; = 0.
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More generally, let J™ be a descending filtration of A by Os-submodules.
Consider an Os-bilinear product m(a,b) = ab on A such that J*J™ c Jntm™
and the induced product on gr is associative. Assume that for every n there
is N(n) such that 7"A®% ¢ nlgNM Ak for all k and N(n) — oo as n — 0.
Assume also that A admits a connection V that preserves J™ and that the induced
connection on gr; is flat.

Recall D, and Ty1.. ,, from Theorem

THEOREM 4.0.1. There exists

(4.2) Vem = Vau(m) =D +uB+V+ A
_~ PER
where A =Y ° | A, AN € QF Qo End}g_sn(CC, (A)), such that Vi, = 0.
For any my, ..., my there exists

T(Moy-..,mn) =Tor_nt ) Ti(mo,...,mn), T € QR0 Endy " (CCIPH(A)),
k=1
and
Vam(mo)T(mo, ..., mp) + (=1)"T(mo, ..., mMn)Vam(mn)—
n—1 n—1
(1) T(mo, ...y My, mp) + ) (1) T(mo, ...y my)T(my, ..., mp) =0
— =

-

COROLLARY 4.0.2. Let p > 2 be a prime. Assume that A is without Z;)-
torsion and that, as an algebra, A/pA = Ao ®g, (Os/pOs) for an Fy-algebra

Ao). Then the p-adically completed big periodic cyclic complex of A carries a flat
superconnection.

4.1. Proof of Theorems [3.0.1] and [4.0.1] .
R
(4.3) b—l—uB—i—j(—a)

where J is constructed in Lemma Let a be the graded Lie algebra with the
basis R of degree two.

(4.4) x € [ ]w ™U(a) x1 Cobar(U(a)))*™
n=1

Next, let g be the graded Lie algebra over k[[u]] generated by three elements A
of degree 1 and A, R of degree 2. Define a derivation § of degree one by

S: A= A= [RyAl; R— 0.

Assign A and OA weight one, and assign R weight two. Extend the weight to the
algebra

(4.5) U = U(g) x; Cobar(U(g))

multiplicatively. Denote by g(n), U(n), etc. the span of all homogeneous elements
of weight at least n. Let

(4.6) i =TT Funom
k=0 :
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For any r € g2(1), define an element

~

(47) xg(r)eld

by (2.13]) with R replaced by r.
Consider the differential

(4.8) w(t) =8 +x(R)t — (—1)"x(R — 6A 4+ A?%)

for t € U'. .
We construct an invertible element to1 of degree zero in the completion U, such
that

(4.9) (L + Ocobar +uB)tor +to1A =0

We write tg1 = 14+x71 +%x2 +... where xy is in U(k). We find x,, recursively just as
we did above, using the acyclicity of the differential induced by w on U(n)/U(n+1).
For example, x1 = —%) AND***

It remains to prove that gr(i/) is indeed acyclic. Let go be the graded algebra
g with the differential 6o defined by

So: A=A —0;, R—0.
Define the DGA
(4,10) Uy = U(go) X Cobar(ﬂ(go))

with the differential &y + Ocobar + WB. Then

- u’k
gr(d) — @vuo(k)

Looking at the differential 8y as the leading term of a spectral sequence, we see
that the above is quasi-isomorphic to the itself with gg is replaced by ap, the latter
being the free graded Lie algebra generated by R of degree two (and weight one).
Looking at uB as the leading term in a spectral sequence, we see that our complex
is indeed acyclic.

More generally, let g be the free graded algebra with generators Ag; of degree
one and OAp; of degree two, 1 <j < n, as well as R of degree two. Let the weight
of 6Ao; and Ap; be one, and the weight of R be two. Define a derivation & of degree
one by

(4.11) o: Agj — 5}\0]' — [R,}\oj].

REMARK 4.1.1. Consider the graded Lie algebra generated by elements mo, ..., my
of degree one and R of degree two, subject to the relation [mp, mo] = 2R. Let
d = [mo, ]. The span of all monomials of degree > 1 and of mg —m;j, 1 <j < m,is
a graded subalgebra stable under 8. It maps to gn via mp —m; +— Agj; R+— R.

To finish the proofs, recall the Ao, module structure given by Proposition [4.2.2]
and Corollary Denote homogeneous components of this A, module structure
by ¢n, n > 0. Define

Dy = Zd)n(u)n')p')
n=1
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Now introduce the following notation. For any k > 0, denote by | any collection
0=jo<j1 <...<jk=mnPut t(i) =1t 5, for 0 <i<k. Also, denote by N
any collection ng,...,ng > 0. Put [N| = > n; + k. Define

Tor.n = Z ZZd)\N\(ujo)-")t(o)) ujn"'»ujkfﬂ*")t(k* 1)) ij)---)
k>0 J N
The term corresponding to a collection N has n; arguments p;, in front of t(i)
or/and after t(i—1).
This proves Theorem Theorem [£.0.1]is proved exactly the same way with
R replaced by R+ Vm + V? in the computations.

REMARK 4.1.2. The above argument works for the usual periodic cyclic com-
plex as opposed the big periodic cyclic complex, except at one point. The A
module structure ¢ on the big complex satisfies the property ¢n(...,D,...) =0
for D € g and for n > 1. We do not know whether this can be achieved for the
small complex while keeping the denominators under control. Therefore we do not
know for sure whether adding more and more arguments @; = m; +... into ¢ will
not lead to series that diverge in the J-adic completion.

4.2. Calculations for gle,u]. Here we show that the image of p and to1.. n
from (4.8)), (4.9) under the morphism (4.5 becomes very simple.

LEMMA 4.2.1. Let (g,8) be a graded Lie algebra over k((w)). Assume it has a
a decreasing filtration F* such that for any n there exists k such that n!F* C F¥
and k goes to infinity when n does. Let ﬁ(g[e]) be the completion of the universal
enveloping algebra of (glel, 6+u%) over k((w)) with respect to the induced filtration.
Let A be an element of g' which is also in F'. Let & be a derivation of degree 1 of
g that preserves F (we do not assume 52 =0). Then

(z'>+ui +?\+E(6)\+1[?\,7\]))(e’%)=0
de u 2
and
(5+u%)(e%):ﬁ(ﬂ%(éﬂ%ﬂ,ﬂ))
in U(gle])
ProoFr
0. _ex = (1™ = K n—1—k
(8 +uz-)(e u):; — kZ:O(e?\) (8 +u=—)(eA)(eA)
i A -
D np (MM e Fun) (e
n=1 k=0
%) n [e%) . n n—1
; (L;jn! ne [7\,27\] (eN)™ 1 + ; (u“11)1! ];)ukeD\, A(eN) 2+
— (—1)" T = e .Y PR
Z o nuA(eA) 1:Zun(n—1)!€ 3 (eN)™ 1+

= (=" A s € 1 .
> € (A2 —Ae™ % = —(A+ —(8A+ 5\ A))e

>

d
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COROLLARY 4.2.2. Let g be the free graded Lie algebra generated by two ele-
ments Mo and my of degree 1. Assign mo weight zero and Ag1 = mo — my weight
one. Then in the completion of U(g)[el[[w,u™'] with respect to the induced filtration
one has

2
m 0 €A €A
(mo — 0 4w exp(——21) = exp(— 20 ) (my
u de u u
REMARK 4.2.3. We see that, if one replaces the algebra of operations U(g) x1
Cobar(U(g)) by a smaller algebra U(g)[e][[ul] (to which it is quasi-isomorphic over

Q), then one can choose w and to1., . from (4.8), (4.9) as follows:

em?

)

em? €A
p=m-— T; tor = eXp(-;); to1.n =0,n > 1.

Note the resemblance of the formal parameter u to the Planck constant h and
of our formulas to BV formalism. Finding the full u and to7..n in the bigger
algebra starting with the above looks similar to finding a solution using WKB
approximation.

We also observe that, if ga[€][[u,u™'] truly acted on the periodic cyclic com-
plex, the Getzler-Gauss-Manin connection

(4.12) Vaam =b—|—uB—%(e(Vm+V2))

would be a flat superconnection. Since ga[e][[u,u"'] only acts up to homotopy,
Vaam only defines a flat connection on homology. Note also that

1
Tor = eXP(—admo —my))

represents the monodromy of this flat connection if there is a path from mg to my.
The above results show how to extend Vg to a flat superconnection at the level
of complexes.

4.3. More on the action of gle,u]. We finish by a finer version of and
(4.4). In other words, we will relate U(g) x; Cobar(U(g)) as close as we can to
gle,u] over Z, not just over Q.

Let K = k[u,u™"'] where u is a formal parameter of degree 2. All multi-linear
operations will be multilinear over K. Let g be a DGLA over K, free as a K-module.

We define SP4(g) to be the symmetric algebra with divided powers, i.e. the
universal graded commutative K-algebra to which g maps as a K-module and where
xM = %x“ are defined and satisfy the standard properties for all elements x € g
of even degree (or equivalently: for all generators of even degree in some set of
homogeneous generators).

Denote by U(g) xo Cobar(gpd(g)) the graded algebra U(g) x Cobar(gpd(g))
with the new differential 0 + 0copar + UBo where the value of By on free generators
of Cobar is given by

Bo((DI™...DI)) =0,Y ny > 1

Bo((D1)) =Dy € U(g)
Here Dj € g.
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As above, we consider the DG Lie algebra gle] with the differential & + u%
where € is a formal parameter of degree 1 such that €2 = 0. We have a morphism

(4.13) U(g) x Cobar(S™ (g)) = Ugle])

that acts on free generators as follows:

(4.14) (D ... D) 50, Y nyj>1; (D) eD; DD, Deg.
It is easy to see that this is a quasi-isomorphism.

REMARK 4.3.1. We have a commutative diagram of morphisms of DG algebras

(4.15) CobarBar(U(gle])) U(g) %0 5™ (g)

Diagonal morphisms are quasi-isomorphisms. As far as we know, the horizontal
morphism cannot be made ad(g)-equivariant (unless we are in characteristic zero).
We can only make it satisfy

(4.16) $(abif...[bn) = ad(bi]...[bn)
for a € U(g) and b; € U(glel).

A computation very close to the one around (2.14) yields a morphism of DG
algebras

(4.17) U(g) xo Cobar(gpd(g)) — U(gg) x1 Cobar(U(gg))

where the upper horizontal morphism is defined on free generators of Cobar as
follows. For x € gn’pd(g), define by

(4.18) An ypx = Z x(MN(=k) o (2)(K)

—n—k,pd

(9) ®5°"(g)

the component of the coproduct Ax in S

(4.19) Zk'n k)! CPBW (x (N (k) (x (D))

where
zz—1)...(z—m+1) Z cr
This morphism restricts to
(1.20) (5™ (9)) = — U(g) x1 Cobar(U(g)

on free generators of Cobar.
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4.4. A D-module analogy. There are several intriguing analogies between
the formal parameter u from cyclic theory and a deformation parameter h (or h).
Here we point out one of them.

Let f be a regular function on an algebraic variety X. Let M be a Dx-module.
We start by considering two Dx[s]-modules.

1) The Dx[s]-module M[h_l]e_%éo. Start with a formal parameter p. We use
the notation e*%EO to define a formal generator. Define a Dx[s]-module structure
on M[hq]e*%éo as follows: For a function a on X and for m € M[h~],

(4.21) a- me*%éo = (am)efﬁéo;
For a vector field & on X and for m € M[h~'],
f

(4.22) £ me_%éo =(&m— @m)e_%éo;
(4.23) s™ome oo = (— hi + lf)“(me’%é )

. o=1\—p oh " h 0

Formally, the Dx[s]-module action above is conjugated to the same action for

f=0hy en.

2) The Dx[s]-module Ms]fst28;. Let &; be another formal generator. Con-
sider the module

(4.24) P Mlsie/ ~
jez
where
mesIHs, ~ (fm) 575,

with the following action of Dx|s] :
for a function a on X and for m € M(s],

(4.25) a-mfSHsy = (am)fsHsy;
for a vector field & on X and for m € M(s],
(4.26) E-mfSHIs = (E(m)FT + (s +§)E(F)mFsT 15y

and s acts by multiplication.
The following are morphisms of Dx[s]-modules.
a) When f is invertible:

(4.27) M(s]F287 — M[h~ e 760
given by
. o f

4.2 nEsHimg —ph— + —)"5
(4.28) s m]H(pathh) 0
2) For any f:
(4.29) MM e 759 — MsIF+28,
given by

1
(4.30) (E)“me*%zso —s(s—p)...(s— (n—T1)p)mfS ™5,

for m € M.
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If we put

y R
4.31 =2. pg=_
(4.31) s=15 P=1
then (4.30) implies

1 1
(4.32) (Ef)“me*%zso = Uy =R (y — (n = 1R)mf*,
Or, informally,
- - s R oy s

(4.33) 8o Y Y= R) (Y= (MRS = (14 ) ¥

n=0

Here is an ”invariant” interpretation of 1). Let i: X — X x Al be defined by

(4.34) i(x) = (x,f(x))
Consider the Dy, a1-module i, M. If t is the variable on A! and T = %, then
(4.35) i M — M1
Denote
1
4.36 — =
Then
(4.37) i M S M e w5,
when p = 1.

REMARK 4.4.1. In light of this analogy, it would be interesting to look for
a connection between the action of the right hand side of and the Connes-
Moscovici cocycles discussed in ?7. This would be similar to the connection between
the action of the left hand side of of and the JLO cocycle (cf. [L1).

5. Bibliographical notes
Getzler, Goodwillie,






CHAPTER 15

Noncommutative forms

1. Noncommutative forms

Let Q°(A) be the graded algebra generated by A and by symbols da, a € A,
linear in a and subject to relations

a) d(ab) = dab + adb;

b) the unit of A is the unit of Q°*(A).

The grading |a] = 0, |da] = 1 makes Q®(A) a graded algebra. We define the
differential d : Q®*(A) — Q°**1(A) as the unique graded derivation sending a to da
and da to zero for all a in A. Define also

(1.1) DR*(A) = Q*(A)/[Q°*(A), Q% (A)]
(1.2) Q'(A)=0Q°(A)/k-1
(1.3) DR’(A) =DR*(A)/k - 1

1.1. Noncommutative HKR map, I.

ProprosITION 1.1.1. The formula

1
(1.4) HKR(ao ®...® an) = gaodm ...dan

defines a morphism of complezes

(Ce(A)/bCar1,B) — (DR*(A),d)

2. The extended noncommutative De Rham complex

Let t be a formal variable of degree zero. Define

(2.1) Q(A) = Q°*(A) = klt]

(2.2) DRY(A) = Q3 (A)/[QS(A), QF(A)]
and also

(2.3) Q7 (A) = Q°(A) = klt] /K]
(2.4) DR;(A) = Q{(A)/[QF(A), O (A)]

If we put |[t| = 1, then Qf acquires a second grading, as do all the spaces above.
Therefore Qf is a bi-graded algebra, and all the above spaces are bi-graded. For
the first grading, |d| = 1 and [t| = 0. For the second, |d| = 0 and [t| = 1. We denote
by QP9 the component whose degree is p with respect to the first grading and
q with respect to the second grading. We get similar decompositions for all the
spaces above.
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LemMmA 2.0.1.
DR = (Q/[Q,Q)™; DR 1T 5 Qn!

2.1. The derivation ;. Let |w| be the first grading of w, i. e. |a] =t =0
and |da| = 1. Define the graded derivation of degree —1 with respect to this grading
by

(2.5) te(a) = (t) =0; (da) = [t, a].
This is a bi-homogeneous map of degree (—1, 1) satisfying
¢ =0.
LEMMA 2.1.1. Under the identifications from Lemma the map DRI© i
DR{‘*]’] becomes the operator v from Deﬁm’tz’on mn ,
We get complexes
(2.6) DRC &5 pR 1T B pRIM22 & & pROT

2.2. The extended De Rham complex in terms of the short bar res-
olutions. Define

(2.7) Bi"(A) = Q) = B1(A)/3B,(A)
B (A) = A
B M(A) = BR(A) @4 ... 04 BE(A)
m>1);
BA) = P B (A
n>0
(2.8) (DR} (A), 1) = B (A)/1B ) (A), B (A)]

This construction will return in Chapter [I7} where we will follow Waikit Yeung’s
notation and denote it by Y*)(A).

2.3. Noncommutative HKR map extended. We now extend (|1.4) to the
map from the double complex

A/IA,A] —2> Cy /bCy —2> Co/bC3 = ... — > Cp/bCpyy —

Y P

A C Chq—2
| L
A—B o B . cC.
—_—
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(where C, = C,1(A)) to the double complex

A/IA Al —4~DR'(A) —4~DRZ(A) L~ ... d

- :

At— = Q'At L - .. Lo ALt o

l J/Lt

AtAt —2

At...At
In other words: let

(2.9)  Cu(A)/FEERC (A) = (Ch(A)/bCrit — ... =5 C1(A) -2 Co(A))
and

(2.10)  DR{,)(A) = (DR™(A) 5 ... 5 DR (A) 25 DRIOM(A))
We will define a morphism of complexes

(2.11) (] w"ColA)/FERCL(A), b +uB) = (] [ w"DRE, (A), e + ud)
n=0

n=0
Let A =0Q%(A) and
K =0¢(A)/[QF(A), QO (A)] = DRE(A).
Let T: A — K be the projection.

PROPOSITION 2.3.1. For a Hochschild chain ¢ in Cy(A), define

(2.12) HKR, : u™ ¥ ¢ — u™+HKRM (¢) = k'm'x(tk, d™)(c)

where X is the characteristic map from (2.1). Then HKRy defines a morphism of
complezes (2.11])

Explicitly,
(2.13)

1
HKR(k)((l()@...@am) = — Z apdas ...daj, tdaj, 11...daj,t...tdaj, 41...

(m+k)!

where the sum is over all 0 < j; <...jx < m. The kth row from above in the (b, B)
double complex is mapped to the kth complex from above in the (i, b) double
complex by means of HKR™.

PRrROOF. Follows from Proposition [2.1.1 (I

THEOREM 2.3.2. The extended HKR map (2.12)) is a quasi-isomorphism for
every column and for the total complex. In particular, the homology of the complex
(2-2) at DRY Y is isomorphic to H;(A, A).

dam
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COROLLARY 2.3.3. There is a natural filtered quasi-isomorphism
t2,CC, (A) = DR{(A)

Here the left hand side is the Beininson truncation (cf. ) of the negative cyclic
complex with respect to the Hodge filtration by powers of .

PROOF. It follows immediately from the definition that the left hand side of
the extended HKR map is isomorphic to the left hand side of the above formula. [

3. Proof of Theorem [2.3.2]

The proof consists essentially of two parts: one for homology of the vertical
complex DR?ij’j(A) at j = 0, 1; the other, for j > 2. Our plan is the following.
We start with the second part. Then we consider the differential DR?‘O(A) —
DR{FH (A). We establish its properties needed to finish proving the theorem.

After that, we study it as a differential in its own right, defining yet another
double complex. Following Ginzburg and Schedler, we compare the homology of
this double complex to cyclic homology in its various forms.

3.1. Proof for homology at DR'™ 7 (A) for j > 2. We have seen in section
that the extended De Rham complex can be expressed in terms of the bar
resolution of the bimodule A, or rather in terms of its short quotient. If we did the
same with the full bar resolution, we would obtain the direct sum

(3.1) B ((Bo(A) @A ... @4 Bo(A)) @asac Alc,
n=1

which computes

(32) P Ho (AP, (A®)c,

n=1

where « is the cyclic permutation of tensor factors. But each of the summands is
isomorphic to HH,(A) ***REF

We do not know a proof of the theorem along these lines. However, it turns out
that, at least at the level of associated graded quotients of a filtration, the extended
De Rham complex is dual to the above.

Namely: consider the following filtration on noncommutative forms. We say
that a monomial

(3.3) oart.. . tant, o5 € Q°(A),

lies in FP if at least p forms o are in dQ°.

We claim that gri-(DR¢*(A)) is dual to if one replaces the algebra A by
the graded coalgebra T(A[1]), the free coalgebra of A[1] where A = A/k - 1. (This
may sound a bit strange since full B, is larger than BS" and T(A[1]) is larger than
A. Such is life in Hilbert’s hotel).

More precisely, for any graded coalgebra C, denote

(3.4) C$,(C)©) =TTy (C) = (CB+1) e

with the differential dual to b (or take invariants with the differential dual to b’).
Forn >0

(3.5) 2 (C)™ = (C[-11** @ C®...0 C[-1]%* @ C)~

o+1
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(the tensor product on the right is n-fold); the differential sends a monomial

(3.6) Me...cdVeoxve...ecMe...cV ox,

to
n mi n

YN A @+ ) (oA ). A (X))

i=1j—1 j=1
where we use the following notation. First,
(3.7) A':C—=C-1®C A”:C— C®C[-1]
is the comultiplication followed by the projection. Second, the second half of the

j =n term is by definition

(n)

Vgco...c) @1 ®...0c|

— Y«

®...c£{‘j®xg)

where

To see this, take a monomial

(3.8) Mt oD tdpt. .t D tdp,
in gr™(DR;), and associate to it a monomial ([3.6]) by the following rule: to a form
apday ...day, associate an element (ap|...|ax) of T(A[1]). To see that, put

(d, Q)" =dO™ " n>0; (d,.Q)° =k

and observe that:

&
n
t(apday...day) = Z apday...dax_1)t(axdax g ...day)
k=1
mod(d; QtQ + Qtd Q)
(2)
n
w(day...dan) = Z Kardas...dag)t(dags1dagss ... dan)+
k=1
n
Y (1% '(day...dax 1)t(ardarss ... dan) mod(d, Otd Q)
k=1

Now compute the spectral sequence of the filtration F. The first term is the reduced
cyclic cohomology of T(A[1]). Since the coalgebra is cofree,

(3.9) HC(T ) 5 EB (TY(A

By the dual version of **ref to subd1v1810ns*"”"7 all homologies of gr’+ for n > 0 are
isomophic to the Hochschild cohomology HHf;(T(A[1])), which is computed by the
short Hochschild complex

(3.10) *(T(AN)) = (T(AND) - T(AN]) ® All])

sh
3.2. The spectral sequence of the filtration F. Let us start with examples

for small n. In the diagrams below, the vertical differentials are the ones on the E°
term. the diagonal differentials are the ones on the E' term.
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3.2.1. The complez DR"®(A) — DR®'(A). The columns are gr and grlk.

DR'/dDR° dDR°
J/ \ l
b 0
At kt

The only nonzero differential is b : apda; — aolt,a1] = (ajap — apaq)t. This is
the first instance of the differential 1o that we will study later.
3.2.2. The complez DR*°(A) — DR"'(A) = DR®?(A).

DR?/dDR'! dDR'

AdAt dAt

AN

(AtAt)c, Att Kkttt

The columns are gr%, grk, and gr%_—. Let us start with the differential in the left
column. One computes

apdajdaz — aplt,ajldaz—apdasft, az] = ajdaz-ap—daz-apa;—azapdaj+apgdas-a;
When we put this in the normal form (with the differentials on the right), we get
N(b(apdajdaz))t — d(azapaq)t

In the first summand, b is the Hochschild differential and N is the cyclic norm and

we identify C, (A) with Q™(A) via ap ® ... ® an — apday ...dan. Therefore the

vertical differential is indeed Nb. (The diagonal one is apda;daz — d(azapar)t).
The next differential in the left column is apda;t — agpaj.

apdait — aptajt

which is indeed the b’ differential in the cyclic complex of the coalgebra T(A[1]).
We also see that the diagonal differential is apda;t — apay.

The homology of the differential in the left column is: on the bottom, zero; in
the middle,

(3.11) N(AdA)/Nb(AdAdA)

on the top, Ker(Nb). The diagonal differential from is b’; its image is
the span of commutators. It is easy to see that the bottom homology is indeed
HHo(A). As to the top two homologies, we see that they are not straightforward.
As we mentioned, we will study them separately later.
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3.2.3. The complez DR>°(A) - DR*'(A) — DR"?(A) - DR®3(A).

DR?/dDR? dDR?
Nb \ b’
AdAdAt dAdAt
brann \(\Am) \
AtAdAt AtdAt + AdAtt dAtt
bran brar \ lo\
(AtAtAt)c, AtAtt Attt kttt

This is where the pattern becomes clearer. The differential on the left is Nb on the
top (as above; we do not emphasize this now because we are mainly concentrated
on the bottom part). In the middle and on the bottom, it is the b’ differential of
the cyclic complex of the coalgebra T(A[1]). Namely:

apdajdast — aptajdart — apdajtazt; aptajdaszt — aptajtast

The differential of the middle column, in the middle and at the bottom, is indeed

the b differential in the Hochschild complex of the coalgebra T(A[1]). Namely: in
the middle,

dajdart — —ajtdart — dajtazxt = —ajtdart — axtdajt
At the bottom,
aptdat — aptta;t — aptagtt; apdastt — apta;tt.

The vertical differential on the right is zero.
The homology of the vertical differential on the left is: on top, Ker(Nb); second
from above,

(3.12) N(AdAdA)/Im(Nb);

down from there, zero. The cohomology of the second column from the left is: on
top, Ker(b’); the next one is (dAdA)€2 which is isomorphic to

(3.13) (A®A);
the second homology group from the bottom is isomorphic to
(3.14) (A®A)c,;

the bottom homology is zero.
Now compute the diagonal differential. On (3.13) it is given by b’. Indeed, the
full differential acts as

dajdast — —ajtdart — dajtart + d(ajaz)t?

On (3.14), the diagonal differential is given by b. Indeed, note that a class of ap® a;
is given by a cycle

(3.15) aptdait + apdartt — ajdagtt;
its full differential is (a;ap —apaj)ttt. This is the pattern of this spectral sequence.

In all columns, the complex A®I*1 177 A®j+1 appears. All columns but the two on
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the left are quasi-isomorphic to this complex. The diagonal differentials (computing
the E2 term) act by b’ on the left and by b on the right. This allows to conclude
that the HKR map is a quasi-isomorphism. The two top homology groups require
a separate consideration.

Let us first prove what we just stated above.

3.2.4. The spectral sequence: the general case. We have to show that the dif-
ferential gr-QM™ — gr}f-“.().{”fl acts on (3.10) as follows: on T(A[1]), by b’; on
Al ®@ T(A[1]), by b. (This is what we saw in the examples). To do that, we have
to compare the short complex to the higher full complexes. Namely: we have to
compute the compositions

(3.16) S(T(AN) = CH(T(AN) — CR(T(AN]))™)
and
(3.17) Cr(T(AM)™ — CR(T(AN) — CL(T(AN))

Let us first look at the more familiar dual picture of algebras. Let T(V) be the
tensor algebra of a (graded) vector space V. Consider the following

(3.18) Co(T(V)™ = Co(T(V)) = CH(T(V))
and

(3.19) CP(T(V)) = Co(T(V)) = Co(T(V)™
The two maps above are induced by maps of resolutions:
(3.20) BMA) = Bo(A); a®v@b—a@veb,

a,beT(V),veV;
(3.21) Bo(A) = B"(A); a®@vy...vin @b — Z:I:a\n C V1 @V ®@Viq ... Vb,
a,beT(V),vi eV,

(3.22) IdRe®...Q€:Bo(A) DA ... 04 Bo(A) = Bo(A);
and
(3.23) Be(A) = Bo(A) @A ... QA Ba(A);

a®...Qan1 — Y +(ao®...00;,@1)@(18...01)8...0(18a;, , 11®...00n11)

(the sum is over 0 < j; < ... <jn—1 <mn). These morphisms induce morphisms
of Hochschild complexes. They are homotopy equivalences. We write their dual
morphisms and observe that all homotopies also have their dual versions. We
recover formulas for and which are as follows. We use the identification
of C}(T(AN))™ with gr’x(DR?). Also, for the totally ordered set I ={iy,...,im}
and for {a; € Ali € I}, we write da; = day, ...da;,,. For (3.16):

(3.24) (ai]...lan) = ) +tdap, tday,t...tday,t

The sum is taken over all subdivisions of the cyclically ordered set 1 = {1,...,N}
into disjoint sum of intervals (possibly empty) Iy,..., 5.

(3.25)  (ail...lan) ® (ao) — Z +tday, tday, t... tday, t(day, ,, - apdag, )t
The sum is taken over all subdivisions of the linearly ordered set I = {1,..., N} into

disjoint sum of intervals (possibly empty) Io, ..., L41.
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For (3.17): Consider a monomial
(3.26) art...twit.. . tant...wnt

where oy € Q°(A)/d+ Q" and w; € dyQ°*(A). We have to specify where such
monomial maps to. Answer: it maps to zero unless:

(1) For all but one j, pj =1; )
(2) For all but one i, o; = 1, in which case &; € A.

If this is the case, the monomial maps to itself:
daj...dant...t— (ai]...]an); tdaj...dant...tapt...t— (a1]...lan)®(ap)

It remains to compute the following composition: apply , then the dif-
ferential gr™ — gr™*1) then (3.17). When we start with (a;|...|an), the only
surviving term in (3.24) is when all the intervals but one are empty. Applying the
differential to (a7...|lan)t...t and then applying , we get b/(aq]...lan).
When we start with (ai]...]an) ® (ag, the only surviving terms in are:

(1) when all the intervals but one are empty;
(2) (day...|dan—1)t...t(andao);
(3) (daz...|dan)t...t(apday)

Applying the differential to (aj...|lan)t...t and then applying (3.17), we get
b'(ai]...lan) ® (ao), (ai]...lan—1) ® (anao), and (az]...|an) ® (apas), which
sum to the image of b(ap ® ... ® an).

This computes the E2 term of the spectral sequence for all but two leftmost
columns. As soon as we compute it for those two, we will have the theorem proven.
Indeed, we will know that the extended HKR map from Proposition [2.3.1] is a
quasi-isomorphism. Indeed, the truncated Hochschid complex

(3.27) Cn(A)/bCri1(A) = Cno1(A) = ... = Co(A)
has its own filtration
(3.28) FIC(A) = C(A); FMITIC(A) = 1@ AP FrIT2C5(A) =0

It is straightforward that the extended HKR map preserves the filtration. This
finishes the proof of Theorem contingent on ***REF below.

4. The (1a,d) double complex
4.1. The differential (a.

DEFINITION 4.1.1.

(—1)““7”[(1)', daj+1 ...danapday ... d(lj71]
1

LA(aod(h e d(ln) =

n
j=

This is just the composition

Q™(A) = DR™A) 5 DR P1A) S Q™ T(A)
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4.2. The main result. Here we summarize the main result that will be proven
below. First,

(4.1) i =I[d ] =d*>=0

(This does need a proof and does not directly follow from ? = 0, though it is
close).
We will use the identification

(4.2) Co(A) 2 Q°(A);ap ®...® an — aoday ...dan

(the crude HKR). We get two pairs of commuting differentials on Q°®(A): one is
(b,B) and the other is (ta, d). To compare the two, we will introduce the Cuntz-
Quillen projections P and P+ and prove the following

THEOREM 4.2.1. (1) The projections P and P+ commute with b, B, ta,
and d.

(2)
Q°(A) = PQ*(A) ® PLQ*(A)

(3) On PQ*(A): Let (N!)~" be the operator whose restriction to Q™(A) is
% Id. Then (N!)~" intertwines b with 1o and B with d.
(4) On P+Q*(A): B=0;1p =0; both b and d are contractible.

Another way to express : P o HKR®) intertwines b with 14 and B with d
where

(4.3) HKR ) (ap ®...® a,) = %aodm ...dan
4.3. Comparison between Hochschild and De Rham, I. To start com-
paring Hochschild to De Rham, start with the ”crude HKR map”
(4.4) HKR® :ap @ ar...® an — aoda; ...day
which induces an isomorphism of graded k-modules
(4.5) Cn(A,A) = Q™(A)
therefore one can consider the operator b on Q®(A). One has One has
(4.6) blaoda; ...day) = (=) '[apday ...dan_1, an]
Observe that forn =1 b = txp;

(4.7) C1(A)/bC; —=DR'(A)
ib \LLA
Co(A) ——Q°(A)

In general, the noncommutative HKR map
Cn(A)/bCri1(A) = DR™(A)
is surjective and not an isomorphism. Indeed, (4.6) shows that (4.5)) identifies
(4.8) bCri1(A) = [A, Q™ (A)]
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which coincides with [Q, Q]™ only for n = 1. But it turns out that there is an
operator k on each Q™(A) that commutes with b (under the identification (4.5))),
satisfies k™ =1Id on C(A)/bCny1 , and for which

(4.9) (Cn(A)/bCriq) —=DR™(A)
\Lb llA
Cn1(A) — Q" 1(A)

This is what we are going to describe next.

4.4. The Karoubi operator k. First look at the component of HKR; at
level one. We get from ([2.13])

(M _ 1 n
(4.10) HKR (n+1)!( +K+...k")
where
(4.11) k(apdaj...dan) = (—1)" 'da, - apday ...dan_1

LEMMA 4.4.1. On Q™ one has
ia=0+k+...4c" )b
This follows from HKR; being a morphism of double complexes.
LEMMA 4.4.2.
k™ —1Id = bk™d
k"'d=d
PrOOF. The first identity follows directly from the definition. To prove the
second, note
(k™ —1d)(apday ...dan) = [daj...dan, ap] =
(—=1)"b(day...dandag) = bk™d(apday ... day,)
a

From ({.13)) below, k commutes with b. We now see that k™ = Id on Q™ /bQ™*1,
Therefore

(4.12) Q™ /O™ = (QM/bOM )< @ (k —1d)(Q™/bQ™ )
Now recall the diagram (£.9). We have DR™(A) = (Q™/bQ™*")/Im(Id —«). But

projection onto coinvariants of k is an isomorphism on invariants because k™ = Id.
Therefore the upper horizontal map is an isomorphism.

4.5. Further properties of the Karoubi operator.

LEMMA 4.5.1.

(4.13) db+bd =1d —«
In particular,

(4.14) [b,k] =[d,k] =0
and

(4.15) A =0
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PRrROOF. One has
db(apdaj...da,) = (—1)"dlapda;...dan_1,an] =
(=)™ ([daoday ...dan_1,an) + (=)™ '[apda; ...dan_1,dan])

and
bd(apda;...da,) = (—1)"[dagday ...dan_1,an]
This, together with Lemma [4.4.1] implies (4.15). O
Now we establish a few additional polynomial identities for k.
LEMMA 4.5.2.
(4.16) k" —Id = —db
(4.17) k" —k=bd
(4.18) (k™ —Id) (k™ —k) =0

PROOF. One has
k"“(apdaj...day) =da;y...day -ap =day...d(anap)—
daj...d(an—1an)dao +...+ (=) 'd(a1az)...dandao
+(=1)"ajday...da,dag;
k" (apday...an) = (=) 'd(anao)daj ...dan_1+
(=) ™dapday ...d(an_1an) +...+dapd(araz)...dan
—d(apaj)day...da, + apdardaz...da, = (—db +1Id)(apdaj ... day)

Now (4.17) follows from Lemma [4.13|and (4.16)); (4.18)) follows from the above and
from d* = b? = 0. O

4.6. The projections P and P+.

DEFINITION 4.6.1. Let P be the projection onto Ker(Id —«)? and let PL be the
projection onto Im(Id —k)?.

In fact P is a polynomial F(k); namely, F is the image of (1,0,0,...,0) under
the isomorphism

K[k]/(k™T = 1) (k™ = 1) = Kk[Kl/(x")? & Srpk
where A # 1 are roots of (k™! —1)(k™ —1). In particular
LEMMA 4.6.2.
(4.19) Q=PQaPtQ
Also, operators k and P commute with b and d

EXAMPLE 4.6.3. Forn =0:P(ap) = ap; Pt(ag) =0.Forn =1:P'(apda;) =
%(aodm +a; dao—%d(aom +ajap)); Plapda;) = %(aodm —aq dao—i—%d(aoa] +
ajao)).

LEMMA 4.6.4. The differentials b and d are both contractible on P+Q.

PRrOOF. Follows from Lemma and from the invertibility of Id —k on P+ Q.
O
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We now see that the embedding of

(4.20) P(Cn(A)/bCri1) -5 PCr1(A) =25 ... =25 PCo(A)
into
(4.21) Cn(A)/bCrit =2 Cr1(A) -5 ... 25 Co(A)
is a quasi-isomorphism. The former is isomorphic to
(4.22) (Cn(A)/bCryi1)* =5 PCh 1(A) =5 ... 25 PCo(A)
because k™ =1Id on C,,(A)/bCy1(A). Now we conclude from that
(4.23) HH, (A) = Ker(DR™(A) =% Q™" 1(A))
We can now finish the proof of Theorem . . We have
(1) Put

(M)TTQ™A) = lld

n!

Then (N1~ is:
a) an isomorphism between the complexes (PQ(A), b) and (PQ(A), ta);
b) an isomorphism between the complexes (PQ(A), B) and (PQ(A), d).
(2) The complexes (PLQ(A),b) and (PLQ(A),d) are acyclic.
(3) The differentials of the complexes (P-Q(A),14) and (PYQ(A), B are zero.

Indeed, we already proved (Lemma 4.6.4]). To prove (1)), note that
ia=T+...+k™" )b

But T+...+ k™! is invertible on ker(k — 1)? (and commutes with b). Moreover,
on P(b(Q™*")) we have k = Id. Therefore on PQ™

LA = nb.
Similarly, on PQ™
B=(n+1)d.
To prove (3], observe that
talk =12 = (k=121 +x+...+ " b= (k—Id) (k" —1d)b =0

Bk—1P=(k—=12?T+k+...+k")d = (k—Id) (k""" —Id)d = 0

by Lemma [1.4.2]

5. Periodic and negative cyclic homology in terms of d and tx

Theorem allows to compute all the versions of cyclic homology in terms of
ta and d. Indeed, on the image of P, the (b, B) and (1a, d) complexes are isomorphic
in all cases. On the image of P+, the former is contractible in all cases because b is
contractible; the latter is contractible in the periodic case because d is contractible
and tp = 0. We obtain

THEOREM 5.0.1.
HCE(A) = Ho (Q*(A)((w)), ta + ud)
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In the negative case, the image of P+ is no longer contractible but becomes so
when one factors out the kernel of d in the edge column u*Q® with k = 0. In the
cyclic case, it becomes contractible if one replace the edge column with the image
of d (which is the same as the kernel). This image/kernel can be computer more
explicitly:

LEMMA 5.0.2.
dP+Q = [dQ, dQ]

PROOF. (]
Therefore we get

THEOREM 5.0.3.
HC, (A) = Ho(Q*(A)[[ul]/[dQ, dQ], ta + ud)

THEOREM 5.0.4.
HCo(A) = Ho(u 'Q*(A)u" "+ [dQ, dQJ, ta + ud)

5.1. The extended De Rham complex and the bar construction. Let
DR} | (A) be the subcomplex of DR{(A) spanned by elements whose degree with
respect to t is positive. This subcomplex can be expressed in the form that we are
going to discuss next.

Let us start with any associative unital differential algebra (A, 0). View A as
a graded algebra. Introduce a new generator € of degree one and square zero.
Consider the cross product algebra

(5.1) A=k[e] x A
generated by € and A subject to a relation [e, a] = 0a for all a in A.
In other words, A is generated by the algebra A and by elements a = ea,
a € A, of degree |a] + 1, linear in a and subject to relations
(5.2)  a-b=gab;a-b= (-1 ab—03a-b);a-b=(-1)%"9a-b

Now one can consider the reduced cyclic homology ﬁC,(/T) of the graded algebra
A. More precisely, we will compute it using the following specific complex defined
for any A:

(5.3) CC'(A) = (Ker(1 —1),b"); CC’(A) = CC (A)/CC (k)

where 1 —t and N are as in the standard (b,b’,;1 —1t,N) double complex. (Recall
that

(Ker(1 —1t),b") = (Im(N),b’) = (C(A)/Ker(N),b) = (C(A)/Im(1 —t), b)

and therefore @/(A) does compute the cyclic homology).

Consider now a dual picture. Let C be a differential graded counital coalgebra
(C,0). For ¢ € C, let ¢ be a formal element of degree |c| + 1, linear in c. These
elements generate the space C which is same as C but with the grading shifted by
one. Let C be the graded coalgebra which is a linear direct sum of C and C. The
comultiplication is as follows:

(5.4) Ac=)Y cMac? + 3 (-1 @

(5.5 Ac=Y V@@ (1M gc® 4§ (1)l g )
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For any counital DG coalgebra C put
(5.6) CC'(C) = (Coker(1 —t),b’);@/(C) = Ker(CC’(C) — CC'(k))

LEMMA 5.1.1. Let A = k + A be the algebra obtained from an algebra A by

attaching a unit. Then the complex (DR} | (A), 1) is isomorphic to @/(Bar(x))
where Bar stands for the usual bar construction (which is a DG coalgebra).

Proor. Take a monomial witwyt...wnt in DRy 4. Identify it with a1 ® o ®

...® oy in CC’'(Bar(A)) where o = (aplai]...lam) if wx = apday...da, and
o = (lag]...lam) if we = dag...day,. One checks that this gives an isomorphism
of complexes. O

REMARK 5.1.2. The above computation suggests a comparison to the work of
Berest , Felder, Patotsky, Ramadoss and Willwacher where the algebra of functions
on the derived representation scheme is identified with the standard cochain complex
of the Lie coalgebra gl,, (Bar(A)), cf. ?7?.

6. HKR maps

The Hochschild-Kostant-Rosenberg map from the Hochschild homology of the
algebra of functions to diferential forms is a major motivation and a major tool in
noncommutative geometry. It was recently discovered that an HKR map exists with
values in noncommutative forms for any algebra, commutative or not. The classical
HKR map isn the commutative case is obtained by projection from noncommutative
to ordinary forms.

There are two noncommutative HKR maps: one, pu from C,(A),b + B to
Q*(A), L+ d given by:

T ¢ .
' Z(—Ul(“’”daiﬂ ...dapapday...day;

p(ao®...®an):m

i=

if we identify C,(A,A) with Q*(A), we can write the other, in reverse direction,

|
-

n

viaopd...dany) ==Y (=M= qa, ... danaoda; ... da;.
i=0

Recall that

(6.1) blapday...day) = (=) Vapgdas...dan_1,an]

and
n—1 )

(6.2) apday...dan) = Z(—])‘(“_”[daiﬂ ...danapdaj...daj_1,qil
i=0

We will sometimes drop the index A.

In other words, if « is the Karoubi operator as in (4.11]), then p = ﬁ(] +

K+...+k)andv=n—1DI(1+«k+...x""). Both n and v are morphisms of
complexes; this follows from basic identities ([@.13), (4.16)), (&.17)), and (&.18).

LEMMA 6.0.1. The isomorphism in Theorem ??7 is induced by the HKR map |.
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7. More on operators on noncommutative forms
LEMMA 7.0.1. One has P =1d on Q/[Q, Q].
PROOF. Since Id — « is invertible on P+ Q, one has
(7.1) PLQ = (Id—«)P+Q C [Q,Q] NPLQ = PL[Q, Q]

LEMMA 7.0.2. One has P[Q, Q] = 1Q.

PRrROOF.
PlQ, Q] = P[A, Q] + P[dA, Q] = bPQ + (Id —k)PQ.

But Id —« is zero on P(Q/bQ) because k is of finite order on each component and
therefore P is the projection to the invariant part. Therefore

P[Q, Q] = bPQ = bNPQ = 1Q.

Since 1P+ =0 and (* = 0, the above two lemmas show that (|/[Q, Q] = 0.

8. Hochschild and cyclic homology in terms of d and
THEOREM 8.0.1.
HH,(A) = Ker(1: (DR"(A) — Q* '(A))
ProOF. Note that b is acyclic on PTQ because Id —k = bd + db is invertible

there. Therefore HH4(A) is the homology of PQ = Q/P+Q with the differential
bP that we can replace by bNP = 1. One sees that

HH,(A) = Ker(1)/(PFQ + Q) = Ker(1)/[Q, Q.

THEOREM &.0.2.

HC.(A) = Ker(t: DR"(A)/dDR"

1

(A) =" (A)/da" P (A)

PROOF. Since b is contractible on P+Q, the reduced cyclic homology is com-
puted by the complex

(8.1) (PQ((w)/uPQ[], b + uB)

and we can replace the differential by ¢+ ud. Since d is contractible on Q, we can
replace this complex by

(8.2) (PQ/dQ, 1)
Therefore (recall that the image of t is contained in the image of P)
HC.(A) S Ker(t: Q/(dQ + PO + Q) — Q/dQ)

which is equal to

Ker(1: Q/([Q, Q] +dQ) — Q/dQ) = Ker(1: DR/dDR — Q/dQ).

%
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9. On the duality between chains and cochains
10. Chains and cochains

There are maps Q*(A) — A xk[t] — C*(A, A) where the first one sends a to a
and da to [t, a] like in [292], and the second sends a to a and T to id : A — A, the
identity one-cochain. The composite map is the universal map of DGAs that sends
a to a. Of course it intertwines d with the Hochschild differential §. In case when
A has a trace, there is a map from C*(A, A) to the dual space of C,(A,A) induced
by the bimodule map A — A*, a +— tr(a?). Now, the differential dual to B on the
right hand side gets intertwined with the differential dual to b in A * k[t] = A**!
under the Connes isomorphism between A and A°P (this is a good explanation for
the latter). This same differential gets intertwined with ¢ on Q* (which can be
viewed as another way to discover t). So we have morphisms

(10.1) (Q*(A),b+B) = (Q*(A), L+ d) — A xk[t], B! 4 pdual)

(C*(A,A),B +8) = (C.(A,A)")
The composition of all the maps above can be interpreted in terms of our map
x as follows.
WHAT ABOUT x? EXPLICIT FORMULA FOR THE PAIRING? PASCHKE?
Consider the map

C.(A,A) — CH(Der(gl(A)) x gl(A)[=1])gi(x)
given by
A ®...0 an — Eg1(ap) Nad(Eq2(a)) A...Nad(Eno(an))

This map intertwines b with the Koszul differential. Now embed A into My, (A)
diagonally where My, (A) is the Lie algebra of infinite matrices, say, with finitely
many nonzero diagonals. We get an embedding

B: CulAyA) = Ci(Moo(A), Moo (A)).

Under the composition (10.1), a Hochschild chain ¢ maps to the linear functional
x = x(x(c))(B(x)). Observe that the pairing x clearly extends to a pairing

CHe(gI(A) x gl(A)[=T])gi(x) @ Cu(Moo(A), Moo (A)) 1K) — Kk

Note that C*(A, A) is a brace algebra, and the brace operations are defined on
A x k[1] so that the map of complexes preserves them (an insertion of boT...Tby,
into apT...Tan acts by taking an appropriate factor T in the latter and replacing it
by the former). Therefore A xk[1] is a homotopy BV algebra, with the BV operator
being B4"@l The brace structure can be also defined on (Q*(A),d). The easiest
way to see this is to observe that Q*(A) embeds into A x k[t] as the subspace of
elements that are annihilated by substituting the unit for any given factor .

The above brace structure on Q*(A) is a quantum analog of the Gerstenhaber
bracket on Q*(M) where M is a Poisson manifold. The bracket is defined by
[da,b] ={a, b} and [da, db] = d{a, b} for functions a and b. The map Q*(M) —
A*(T(M)) defined by the Poisson structure is a morphism of Gerstenhaber algebras.

When A has a trace such that tr(ab) is a nondegenerate form, then C*(A,A)
is a homotopy BV algebra, and the morphism Q*(A) — C*(A,A) is a morphism
of homotopy BV algebras.
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QUESTION 10.0.1. The formality theorem for chains says that, for a smooth
commutative algebra, (C_,(A, A)[[ull, b 4+ uB) is quasi-isomorphic to the complex
(Q;jk[[u]], ud) as Lo, modules over the DG Lie algebra C**1(A, A); the latter acts

on the former via the Kontsevich formality morphism to A*+'T. If A is a deformation
of a smooth commutative algebra corresponding to a formal Poisson structure 7,
then (C_,(A,A)[[ul]l,b + uB) is quasi-isomorphic to (Q;\jk[[u, hll, hL; + ud) (as
Lo, modules over C**1(A,A)). What is the correct formality statement that takes
into account the brace/BV structure on Hochschild chains?

Note that the homotopy BV algebra (Q;’;k[[u, h]], hL + ud) has one more
property, namely there is an operator (/1 whose exponential gives an isomorphism
of complexes (Q*(M)[[h,ul]l, hL, + ud) and (Q*(M)[[h,ull,ud). So it kills b in
b + uB. Now we see that there are some dualities intertwining b and B. Can it
be that, for a smooth compact CY A, there is a similar structure that kills B in
b+ uB?

For example, if A is a deformation quantization of a compact symplectic man-
ifold (localized in h), the composition is an isomorphism on homology. It
coincides with the Poincaré duality H2"*(M) — H*(M)9%2!, The Hochschild to
cyclic spectral sequence starts with the De Rham cohomology; by rigidity of the
periodic cyclic homology, HP,(A) is the De Rham cohomology; therefore, since its
dimension is finite, we know that the spectral sequence degenerates. Maybe there
is a similar mechanism for smooth compact CY? Note that this is far from straight-
forward because involves a lot of commutators and seems not to have much
chance to be an isomorphism for, say, commutative algebras. Still, maybe there is
some more sophisticated version.

11. Hamiltonian actions

Another thing suggested by the above constructions is a definition of a Hamil-
tonian action of a Hopf algebra H on an algebra A, so that one can define Hamil-
tonian reduction. Let H be a Hopf algebra acting on an associative algebra A.
Put H = Ker(e : H — k). The action can be interpreted as an associative algebra
morphism p: H— C'(A, A) such that

p(h)+ Y p(hM) — ph®) =0
where — is the cup product on Hochschild cochains and
Teh+) hVeh® +hel=a2Ah

The action is recovered from p by as h(a) = e(h)a+ p(h — e(h))(a).
Define a Hamiltonian action of H on A as a morphism of associative algebras

p:H— QAT
such that
(11.1) dp(h) + ) p(h!")p(h?)) =0;

here At is A with the unit adjoined, and the associative product on Q' is given
by the brace operation:

aoda1 Obodb] = aoa1b0db1 — aobodb1a].
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Such p defines an action of H on A via the map Q'(A*) — C*(AT,A") —
C*(A,A). Given p as in (|11.1)), define a reduced algebra by

Arcd = (A/I)H

Here I is the left ideal of A generated by elements ) ao i(h)xaq i(h) where p(h) =
> ap,i(h)daj i(h). One observes that the action of H on A descends to an action
on A/I. Indeed,

h(yao(h')xa;(h')) = ag(h)[a; (h),yae(h/)xa; (h')] =
= ao(h)aj (h)y(ao(h')xa;(h')) — ao(h)(yao(h')xas (h'))a;(h) € I

as for the product,
Z ap,i(h)xaq i(h)y = ap,i(h)xlas i(h),y] = Z[ao,i(h),x] la;i(h),y] mod I
by , the latter is equal to
Y aoi(h™)lar (M), x]ag i (h?)lar i (W), x];
if y is invariant modulo I, this expression lies in I.

REMARK 11.0.1. For any Hopf algebra H, the tensor algebra T(H[1]) is a brace
algebra: if Gi = (gi,1]...19i,n,;) € H™, then

(h1||hm){G1)>Gp}:
> (... [AM Thy, - Grle LA™ Ty, - Gl hyn).

1<k <...<kp<m
In particular, (h){(g)} = (gh).

An action of H on an algebra A is a morphism of brace algebras T(H[1]) —
C*(A, A); a Hamiltonian action is a morphism of brace algebras T(H[1]) — Q*(A™).
By a result of Halbout, if H is an Etingof-Kazhdan quantization of a Lie bialge-
bra g, then there is a G, quasi-isomorphism T(H[1]) — C,(g), the right hand
side being the Lie algebra chain complex on which the differential is the cochain
differential of the Lie algebar g* and the Gerstenhaber bracket is induced by the
bracket of g. This, together with the formality theorem of Kontsevich, should give
a classification of Hamiltonian actions of a quantum group on a smooth manifold
(though Pavol Severa seemed to think that some refinement of Halbout’s result is
needed). Similarly, a correct formality theorem from the previous question should
give a classification of Hamiltonian actions.

12. Appendix. Filtered complexes

We recall some standard facts about filtered complexes and the Beilinson t-
structure. Let Eo be a complex (the grading is homological) with a decreasing
filtration F*E,. For an integer p, denote

(12.1) Tngn = FP*“En e d*1 (prnJr] En+])
Dually:
(122) 2B = PP B /(AP M E gy + P E)

Subcomplexes TEP E, form a decreasing filtration of E,. Dually, quotient complexes
of E, form an inverse system where all the map are epimorphisms.
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When FOE, = E, and F'E, = 0, then we get the usual truncation

(12.3) Tspbn =Eq,n>p; Zp,n=7p; O, <p.
(where Z,, consists of p-cycles) and

(12.4) T<pbn =Eq,n <p; E,/Bp,n=p; 0,1 > p.
(where By, consists of p-boundaries).

LEMMA 12.0.1. The triangle
8 Ee = Ee =12, E,
is distinguished.
LEMMA 12.0.2. The following are equivalent.
(1) TEOE. =E, = TEOE.
(2) For anymn, E, =F "E,, and F"E,, =0.



CHAPTER 16

DG categories

**% Check; bring into line with sources

1. Introduction

The contents of this section are taken mostly from [197], [?], and [548].

2. Definition and basic properties

A (small) differential graded (DG) category A over k is a ***set™** Ob(.A)
of elements called objects and of complexes A(x,y) of k-modules for every x,y €
Ob(A), together with morphisms of complexes

(2.1) Alx,y) ® Aly,z) = M(x,2), a® b ab,

and zero-cycles 1, € A(x,x), such that is associative and 1ya = aly = a for
any a € A(x,y). For a DG category, its homotopy category is the k-linear category
Ho(A) such that Ob(Ho(A)) = Ob(A) and Ho(A)(x,y) = H°(A(x,y)), with the
units being the classes of 1, and the composition induced by .

A DG functor A — B is a map Ob(A) — Ob(B), x — Fx, and a collection of
morphisms of complexes Fy : A(x,y) — B(Fx,Fy),x,y € Ob(A), which commutes
with the composition and such that Fy (1x) = 1« for all x.

The opposite DG category of A is defined by Ob(A°P) = Ob(A), A°P(x,y) =
Al(y,x), the unit elements are the same as in A, and the composition is the
one from A, composed with the transposition of tensor factors.

3. Semi-free DG categories

Semi-free DG categories are defined exactly as in 2] For a k-linear graded
category A and a collection of graded k-modules {V = V(x,y)lx,y € Ob(A)} one
defines by the usual universal property a new k-linear category freely generated by
A and all V. A DG category R is semi-free over A if it is freely generated over A
by a collection) and there is an increasing filtration V,jn > —1, V_1 =0, dV, is
contained in the subcategory generated by A and V;,_1, and d|A is the differential
of A.

For a set S define the category ks as follows: Ob(ks) = S; ks(x,y) = 0 for
x # y; ks(x,x) = klx. A DG category is called semi-free if it is semi-free over
the DG category kopn(a). Existence and uniqueness up to homotopy equivalence
of a semi-free resolution of a DG category is proved as in [2] without any changes.
Similarly the relative case 3.2] for a DG functor A — B which is the identity map
on objects.

249
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4. Quasi-equivalences

A quasi-equivalence [?] between DG categories A and B is a DG functor F :
A — B such that a) F induces an equivalence of homotopy categories and b) for
any x,y € Ob(A), Fxy: A(x,y) — B(Fx, Fy) is a quasi-isomorphism.

5. Drinfeld quotient

For a full DG subcategory A of a DG category B, the quotient of B by A is by
definition the graded category freely generated by B and the family V(x,y) = ke,
lex]| = =1, in x =y € Ob(A); V(x,y) = 0 in all other cases. The differential on
B/ A extends the one on B and satisfies dey = 1.

In other words, it is a DG category B/A such that:

(1) Ob(B/A) = Ob(B);

(2) there is a DG functor i: B — B/A which is the identity on objects;

(3) for every x € Ob(A), there is an element €y of degree —1 in B/A(x,x)
satisfying dey = 1y;

(4) for any other DG category B’ together with a DG functor i’ : B — B’ and
elements €, as above, there is unique DG functor f: B/A — B’ such that
i =foiand ex — €.

One has

B/AXY =P B  Akxi)ex Alxi,xa)ex, ... e Al Y);

n>0x1,...,xn €EOb(A)

it is easy to define the composition and the differential explicitly. Let .4 be any
category of complexes (or a DG category equal to its triangulated hull)***REF***,

consider a morphism X; -’ X5 and assume that Cone(f) lies in a full DG subcat-
egory C.
LEMMA 5.0.1. The morphism f is a strong equivalence in A/C.
ProoF. Consider the DG category Ao with two objects X7 and X, and with
Ao (X1, X7) = klx,, Ao(Xz,X2) = klx,; Ao(X1,Xz) = kf,

where df = 0. Let cA be the full subcategory of the triangulated hull of Ay gener-
ated by objects X7, X2, and C = Cone(f). Then the quotient A4/C is generated by
the following morphisms.

f
X1 ——=X2
o™ b*
o,do b,db
C
e,de,e

Here
lel = bl = [b*| = O; o = =15 "] = T; e[ = —T.
Relations are as follows (recall our convention of writing the composition x LN
x -2 z as fg):
db* =0; da* =0; de = 1¢;
"o =-¢; b*b =1x,;bb* =1¢c —e; eb =0; edb = db; b*e =0
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e’ —e; ede = de = de(1lc —e); e = «; dae = 0; xa* = 1x,; e = a'; b =0
oab =0; dab = f = —adb; fb* = da
Set
P(X1,C) =ka+ kde; P(C,X7) = ka™; P(Xz,C) =kb*; P(C,X2) =kb + kdb;
P(C,C) = ke + kdelc.
We see that there is a short exact sequence

0 = Ao(Xi, X;j) = (A/C) (X1, X;) = @D P(Xi, C)e(P(C,C)e)*™P(C,X;) — 0

n=0
**%[that is when we assume €2 = 0-check that we do]**. Direct sums of the first
n factors, n > 0, form an increasing filtration of the term on the right in the
sequence. For all three cases except i = 2, j = 1, the associated graded quotients
of the filtration are all acyclic (because P(Xy,C) and P(C,X;) are contractible.
When 1 =2 and j = 1, all graded factors with n > 1 are acyclic because P(C, C) is

contractible. We see that (.A4/C)(Xz,X1) is quasi-isomorphic to kg where

(5.1) g=Db"ex”.
The full subcategory of A/C generated by X; and X; is therefore quasi-isomorphic
to I, and admits a quasi-isomorphism from Z,. O

6. DG modules over DG categories
A DG module over a DG category A is a collection of complexes of k-modules
M(x), x € Ob(A), together with morphisms of complexes
(6.1) Alx,y) @ M(y) = M(x), a® m — am,

which is compatible with the composition (2.1)) and such that 1,m = m for all x
and all m € M(x). A DG bimodule over A is a collection of complexes M(x,y)
together with morphisms of complexes

(6.2) Alx,y) @ M(y,z) @ Alz,w) = M(x,w), a@ m®b +— amb,

that agrees with the composition in A and such that 1,m1, = m for any x,y, m.
We put am = aml, and mb = 1,mb. A DG bimodule over A is the same as a
DG module over A ® A°P.

6.1. Semi-free DG modules.

6.2. The enveloping pre-triangulated DG category.

7. Hochschild and cyclic complexes of DG categories

7.1. Definitions.

DEFINITION 7.1.1. For a DG category A and a DG bimodule M, set
(7.1) Co(AM) = b M(xo,x1) @ Alx1,%2)[1] @ ... @ Alxn, x0)

n>0;xg,...,xn €EOb(A)
where - -
Alx,y) = A(x,y) when x # y and A(x,x) = A(x,x)/klx.
Define also
C.(A) - Co (A) A)
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the differentials b, d, and B are defined exactly as in[f} Similarly for the non-

normalized complex Cq(A).
As usual,

CC™(A) = (Ca(A)[[ull, b+ d +uB)

and similarly for the cyclic and periodic cyclic complezes.

8. Invariance properties of Hochschild and cyclic complexes
8.1. Passing to matrices. If A is a DG category then let
M(A) = hi)n (A)=A M(k)
n—oo

be the dg category of finite matrices mjx[j, k > 0 with entries in A. We have an
embedding

(8.1) i: A— M(A); a— aEgg

Here, as usual, Eji is the elementary matrix with the only nonzero entry 1 that is
located in row j and column k.

ProPOSITION 8.1.1. The embedding induces homotopy eqivalences of Hochschild,
negative cyclic, cyclic, and periodic cyclic complexes.

PROOF. Asin the case of ordinary algebras, this can be easily deduced from the
fact that the Hochschild homology is the derived tensor product. Here we will give
an explicit proof that is almost identical to the proofs of the invariance properties
in below and in

First, observe that

tr: Ca(M(A)) = Co(A); a0 ®...® an — Z(ao)iou ®@...® (an)inig

commutes with all the differentials. We have troi =id and id —iotr = [b + d, h]
where the homotopy h is defined by
n
h(ao®...®an) = Z Z +aoki0®Eo0i, a1Ei;0®E0i, , apEi 0®@Epi, ®ap11®...@an
p=0

The sign is (—1)ZF:° 191+P " This proves the statement for the Hochschild com-
plex. the statement for the various versions of the cyclic complex follows because
corresponding morphisms preserve the filtration by powers of u and are quasi-
isomorphisms on associated graded quotients. [

8.2. Adding idempotents. For a DG category A, consider a new DG cate-
gory Ald, Its objects are pairs (x, e) where x € Ob(A), e € A°(x,x) such that e? = e
and de = 0; morphisms from (x, e) to (y,f) are elements eaf where a € A(x,y).

PROPOSITION 8.2.1. The embedding i : A — A4 sending any object x to (x, 1)
induces homotopy equivalences of Hochschild, negative cyclic, cyclic, and periodic
cyclic complezes.

PrOOF. As in Proposition [8.1.1] it is enough to construct a homotopy inverse
for the map of Hochschild complexes. We define it to be

P:epape; ®...0enaney — €00p€1 X ... X enadneo
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where in the left hand side eja;ej 1 is viewed as an element in A'4((x;, ), (xj41,€j41))
and the right hand side as an element in A(x,y). Therefore io P sends the left hand
side to itself where ejajej; 1 is viewed as an element in A‘d((xj, 1)y (5415 1xy ).
We have P o1 =id, while a homotopy between id and io P can be chosen as
n
€0pe1®...0e anep — Z +epape1®...Qepapep 18ep 18€p 1 10p1€p12Q...0€en0nep.
p=0

Here ejajej 1 is viewed as:

1) an element of A'((x;, e;), (xj+1,€j41) for j < p;

2) an element of A‘d((x]-, 1)y (X541, 1x,,,)) for j > p.

The tensor factor e 41 is viewed as an element Aid((xp+1 yepr1)y (Xpr1y1x, 1))
Also, en 1 = eo and the sign is (—1 )Ei=o lasl+p, O

8.3. Invariance up to quasi-equivalence.

THEOREM 8.3.1. A quasi-equivalence A — B of DG categories induces homo-
topy equivalences of complexes

Co(A) = Ca(B); CCa(A) = CC4(B); CC, (A) — CC, (B); CCTT(A) — CCI™(B)

PRrROOF. We will start with proving that an equivalence of graded k-linear cate-
gories induces a homotopy equivalence of Hochschild complexes and hence of cyclic
complexes of all types. For this it is enough to show that two isomorphic functors
induce homotopic maps of Hochschild complexes. If ¢ : F — G is an isomorphism
of functors F, G : A — B, then an explicit homotopy is given by

n
(82) @ ®...0an+ Yy +cJFao®...0Fq@cy,,, ®Gajy1 @...® Gay
j=0

Here ax € A(Xi,Xk+1)y Xne1 = Xo, and ¢y : Fx — Gx, x € Ob(A), define the
isomorphism c. The sign is (—1)Zv< (Iepl+1),

The statement for quasi-equivalences follows when we consider the spectral
sequences whose first terms are Co(H%(A)), Co(H®(B)). Functors F and G induce

the same morphisms on E; terms and therefore on the total compexes. O

8.4. Hochschild and cyclic complexes of Drinfeld quotients. Let A be
a full DG subvategory of B. Let B/A be the Drinfeld quotient.

THEOREM 8.4.1. (Keller excision theorem,).
Ce(A) = Co(B) — Co(B/A)
is a homotopy fibration sequence of complezes.

ProOF. We will deduce the statement from the results of B2l Observe first
that all these results remain true not only for DG algebras but for DG categories
with a fizved set of objects. Put C = B/A. Observe that C is semi-free over B. We
claim that the complex (3.9))

(8.3) DR'(¢/B) = (C/B)/1B,C/B]
is isomorphic to the extended Hochschild complex

(A1 d+b") 5 (A1, b+ ) (1.
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Indeed, chains on the left, resp. on the right, in the complex above can be identified
with the chains of (8.3)) as follows:

a0 ®...® an — dex,0p€x, A7 ... Ex, An,

resp.
Ao ®...Q0 An F €x,00€x, A7 ... Ex, On.

Here x; are objects of A, a5 € A(xj,%j+1) = B(Xj,%j+1), Xnt1 = X0. The differential
on the left decomes d + b’.the one on the right becomes d + b, and b in the middle
becomes 1 — . The shift by one occurs because in every €y; contributes —1,
while in the Hochschild complex only those with j > 0 do. ***Maybe a few more
words*** O

9. Hochschild cochain complexes

Define the Hochschild cochain complex of a DG category A in a DG bimodule
M as
(9.1)
C* (A M) = 1T Hom(A(xo,x1)[11@. .0 A(xn—1,%n) 1], M(x0, Xn))

n>0;x0,...,xn €Ob(A)

with the differential d + 8, and similarly C*(.A).

10. A, categories and A, functors

An A, category is a natural generalization of both a DG category and an A,
algebra. We define it as a coderivation of degree one and square zero of Bar(.A)
where A is a collection graded k-modules A(x,y) where x,y run through a set
Ob(A). We view A as a DG category with zero differential and product.

REMARK 10.0.1. Here we only consider the case my = 0. In particular, my is
a differential. Objects defined the same way but with a possible non-zero my are
called curved Ao, algebras or categories. We discuss them in [2]

In other words, start with a DG category A where the differential and the
product are zero. An A, structure is an element m of degree one in C*(A, .A) such
that m{m} = 0. In addition, we require that the component of m corresponding to
n=0asin be zero.

More explicitly, an A, category is a set Ob(A) and a collection of complexes
A(x,y), x,y € Ob(A), together with k-linear maps

(10.1) Mn Ax0,X1) ® ... @ A(Xn—1,%n) — A(X0,Xn)
of degree 2 — n, satisfying
(10.2) 4
Z (_1) 11:1(‘ai|+1)(k+1)mn+lfk(a1v">mk(aj+1)"'>mj+k)>"-)an) =0
j=05j+k<n

We refer the reader, for example, to [?].
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10.1. A, bimodules and Hochschild complexes. An A, bimodule M
over A is a collection of graded k-modules M(x,y), x,y € Ob(A), and an A
category A + M with the same objects as A such that:

a) A is an A, subcategory;

b) (A+ M)(x,y) = A(x,y) & M(x,y) as graded k-modules for all x, y;

¢) the operations m,, vanish if more than one argument is in M, and tales
values in M if one argument is in M and the rest in A.

We define Hochschild and cyclic complexes of an A, category with coefficients
in an Ay bimodule M by formulas and . The differentials are

(10.3) b = Lin; 8m = [m,

11. Bar and cobar constructions for DG categories

The bar construction of a DG category A is a DG cocategory Bar(A) with the
same objects where

Bar(A)(x,y) =P P Al,x)11@ Alx1,x2)[11 @ ... ® Alxn, x)[1]

n>0X1,..09Xn
with the differential
d=d; +dy;

n+1
di(ail...lani1) =) +(ail...ldail...lan1);
i=1

n

da(ail...lani1) =) *(ail...lai@i .. lans1)

i=1

The signs are (—1)%i<i(aFD+T for the first sum and (—1)Zi<illail 1) for the
second. The comultiplication is given by

n+1

Alail...lans1) = ) (ail...]a) @ (@il an 1)
i=0

Dually, for a DG cocategory B one defines the DG category Cobar(B). The DG
category CobarBar(A) is a semi-free resolution of A. *****

11.1. Units and counits. It is convenient for us to work with DG (co)categories
without (co)units. For example, this is the case Bar(A) and Cobar(B) (we sum,
by definition, over all tensor products with at least one factor). Let A" be the
(co)category A with the (co)units added, i.e. AT (x,y) = A(x,y) for x # y and
AT (x,x) = A(x,x) @ kidy . If A is a DG category then A" is an augmented DG
category with units, i.e. there is a DG functor € : A* — kop(a). The latter is
the DG category with the same objects as A and with ki(x,y) = 0 for x # y,
ki(x,x) = k. Dually, one defines the DG cocategory k°?B) and the DG functor
n: kOPB) 5 B* for a DG cocategory B.
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11.2. Tensor products. For DG (co)categories with (co)units, define A® B
as follows: Ob(A® B) = Ob(A) x Ob(B); (A® B)((x1,y1), (x2,12)) = Alx1,y1) ®
B(x2,Y2); the product is defined as (a1 ® by)(az @ by) = (—1)e2l®1la;a, @ byb,,
and the coproduct in the dual way. This tensor product, when applied to two
(co)augmented DG (co)categories with (co)units, is again a (co)augmented DG
(co)category with (co)units: the (co)augmentation is given by € ® €, resp. N ®.

DEFINITION 11.2.1. For DG categories A and B without units, put
A@B=Ker(e®e: AT @Bt — Kob(a) ® kOb(B))-
Dually, for For DG cocategories A and B without counits, put
A® B = Coker(n @1 : kP @ kKOPB) _y A+ @ BH).

One defines a morphism of DG cocategories

(11.1) Bar(A) ® Bar(B) — Bar(A ® B)

by the standard formula for the shuffle product

(11.2) (1] lam)(brl...fbn) = Y £ lail...]b5]...)

The sum is taken over all shuffle permutations of the symbols (a1,..., am,b1,...,bn),

i.e. over all permutations that preserve the order of the ai’s and the order of
the bj’s. The sign is computed as follows: a transposition of a; and bj intro-
duces a factor (—1)Uail+1)(b5[+1) Tet us explain the meaning of the factors a;
and bj in the formula. We assume a; € A(xi—1,%i) and b; € B(y;j_1,y;) for
xi € Ob(A) and y; € Ob(B), 0 < i < m, 0 < j < m. Consider a summand
(...lailbjlbjql.. . [oxlaiq1l...). In this summand, all by, j < p < k, are inter-
preted as idy, ® by € (A ® B)((xi,Yp—1), (xi,Yp)). Similarly, in the summand
(...Ibilajlajql. .. laxlaigql...), all ap, j < p <k, are interpreted as a, ® idy; €
(A® B)((xp—1,Yi), (xp,Yi)). Dually, one defines the morphism of DG cocategories

(11.3) Cobar(A ® B) — Cobar(A) ® Cobar(B)

12. DG category C*(A, B)

For two DG categories A and B, define the DG category C*®(A, B) as follows.
Its objects are Ao, functors f: A — B. Define the complex of morphisms as

(12.1) C*(A, B)(f,g) = C* (A By)

where B4 is the complex B viewed as an A, bimodule on which A acts on the left
via f and on the right via g. The composition is defined by the cup product as in
the formula (?7).

REMARK 12.0.1. Every A, functor f: A — B defines an A, (A, B)-bimodule
¢B, namely the family of complexes B on which A acts on the left via f and B
on the right in the standard way. If for example f, g : A — B are morphisms
of algebras then C®(A,fBg) computes Ext%gpon (B, B). What we are going to
construct below does not seem to extend literally to all (A ) bimodules. This
applies also to related constructions of the category of internal homomorphisms,
such as in [?] and [?]. One can overcome this by replacing A by the category of
A-modules, since every (A, B)-bimodule defines a functor between the categories of
modules.
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Now let us explain how to modify the product e from [8:2]and get a DG functor
(12.2) e : Bar(C*(A,B)) ® Bar(C*(B, C)) — Bar(C*(A, C))
12.1. The brace operations on C®(A,B). For Hochschild cochains D €
C*(B,f, C¢,) and E; € C*(A,q4, , Bg,, 1 <1 < m, define the cochain
D{E1 Yooy ETL} € C.(A)fogo Cfl gn)
by
(12.3) D{Er,...,Enlar,...,an) = ) #D(. i)y Enlens)y.nl)

where the space denoted by ... within Ex(...) stands for a;, 41,...,q;,, and the
space denoted by ... between Ey(...) and Exyq(...) stands for

gk(ajk+1,.. .y ), gk(. . .), .. .,gk(. coy Qi )
The sum is taken over all possible combinations such that ix < jx < ixy1. The
signs are as in (77).
12.2. The e product on Bar(C(A, B)). For Hochschild cochains D; € C*(B,,_, Cy,)

and Ej € C*(A,q;, , Bg;), 1 <i<m, 1 <j<n, we have

(D1]...IDm) € Bar(C*(B, C))(fo, fm);

(D1l...IDm) € Bar(C*(A,B))(go, gm);
define
(Dl | ) |Dm) L4 (El | oo |En) € Bar(C'(A, C))(fOQO)f‘mgn)

by the formula in the beginning of with the following modification. The ex-
pression Di{Eji1,...,Ei} is now in C(A, C)(fi—19j+1,fig;), as explained above.
The space denoted by ... between Di{Ej;1,...,Ex} and Di;1{Ep41,...,Eq} con-

tains fi(Ewprl.. )l (.. ) fi(. .., Ep). Here, for an A functor f and for cochains
Eq,..., Ex,
(12.4)

f(E],...,Ek)((h,...,(lN) :Zf(&((11,...,(112,1),...,Ek(aikﬂ,...,an))

The sum is taken over all possible combinations 1 =17 <1i; <...i.

LEMMA 12.2.1. 1) The product e is associative.
2) It is a morphism of DG cocategories. In other words, one has

Ace=(e130e4)0(ARA)
as morphisms

Bar(C*®(A, B))(fo, f1) @ Bar(C*(B, C))(go, 91) —

Bar(C*(A, C))(fogo, fg) @ Bar(C*(A, C))(fg, f191)
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12.3. Internal Hom of DG cocategories. Following the exposition of [?], we
explain the construction of Keller, Lyubashenko, Manzyuk, Kontsevich and Soibel-
man. For two k-modules V and W, let Hom(V, W) be the set of homomorphisms
from V to W, and let Hom(V, W) be the same set viewed as a k-module. The two
satisfy the property

(12.5) Hom(U ® V, W) = Hom (U, Hom(V, W)).

In other words, Hom(V; W) is the internal object of morphisms in the symmetric
monoidal category k—mod. The above equation automatically implies the existence
of an associative morphism

(12.6) Hom(U, V) © Hom(V, W) — Hom(U, W)

If we replace the category of modules by the category of algebras, there is not much
chance of constructing anything like the internal object of morphisms. However, if
we replace k —mod by the category of coalgebras, the prospects are much better.
For our applications, it is better to consider counital coaugmented coalgebras. In
this category, objects Hom do not exist because the equation does not agree
with coaugmentations. However, as explained in [?], the following is true.

PROPOSITION 12.3.1. The category of coaugmented counital conilpotent cocat-
egories admits internal Homs. For two DG categories A and B, one has

(12.7) Hom(Bar(A), Bar(B)) = Bar(C(A, B))

k¥ Expand? Delete? Modify?*****Look up in Faonte?***

13. Homotopy and homotopy equivalence for DG categories

DEFINITION 13.0.1. For every set X let I(X) be the DG category defined by
Ob(I(X)) = X, I(x,y) = kfxy for any x,y € X, fyyfy, = fxz, and d = 0. Let
I, =1({0, 1}).

DEFINITION 13.0.2. Denote by I, the DG category with Ob(Zy) = {0, 1}, freely
generated by morphisms f,(cg), x,y = 0,1, for all nonnegative even n when x # y

and for all nonnegative odd n when x =y. We set

Iy = —m;

afiy) = Y 3 (=10 — )1,

j+k=n—12z=0,1

LEMMA 13.0.3. Define the DG functor K — I, which is identity on objects by
the following action on morphisms: fi%) = fxy, X # Y, and f,((%) — 0 4fn > 0. This
DG functor is a quasi-isomorphism.

In other words, 7, is a semi-free resolution of I.

ProOF. Consider the filtration by the number of factors (™) in a monomial.
The corresponding spectral sequence shows that it is enough to prove the statement
for the associated graded, i.e. with the same differential without the last term 8] 1.
This algebra is the cobar construction of the DG category with two objects x and y
and two morphisms of degree—1 & :x — y and n: y — x subject to &n = 0; n& = 0.
HAARFINISH*** O
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13.1. Strong equivalence of DG categories. Recall the DG category 7,
from Definition [3.0.2

DEFINITION 13.1.1. Two objects x and y of a DG category A are strongly
equivalent if there is a DG functor o — A sending the object 0 to x and the object
1tovy.

LEMMA 13.1.2. Being strongly equivalent is an equivalence relation.

i02

PRrROOF. There is a semi-free resolution Z3 of I({0,1,2}) together with Z, —
I3, etc., with .. Fxx** O

REMARK 13.1.3. The above definition coincides with the of homotopic mor-
phisms of DG algebras in [0} with the only difference that the latter assumes that
the n = 0 component of the zero cochain defining the equivalence is 1 € B°.

DEFINITION 13.1.4. Two Ay functors f,g: A — B between two DG categories
are strongly equivalent if they are strongly equivalent as objects of the DG category

C(A, B).

DEFINITION 13.1.5. Two DG categories A and B are strongly equivalent if there
are Ao functors f: A — B and g: B — A such that gf is strongly equivalent to id 4
and fg is strongly equivalent to idg .

13.2. DG quotients and localization. Drinfeld quotient is sometime called
localization. Here we explain why.
Let A be any category of complexes (or a DG category equal to its triangulated

hull)**REF*** consider a morphism X; =, X2 and assume that Cone(f) lies in
a full DG subcategory C.
LEMMA 13.2.1. The morphism f is a strong equivalence in A/C.

Proor. Consider the DG category Ao with two objects X7 and X, and with
Ao (X1, X7) = klx,, Ao(Xz,X2) = klx,; Ao(X1,X2) = kf,

where df = 0. Let cA be the full subcategory of the triangulated hull of A4y gener-
ated by objects X7, X2, and C = Cone(f). Then the quotient A/C is generated by
the following morphisms.

f
Xj—= X,
o b*

o, do b,db
C
e,de,e

Here
lel = [bl = [b*| = 0;latl = —T1; || = 15l = —1.

Relations are as follows (recall our convention of writing the composition x LN
x -2 z as fg):
db* =0; do* =0; de = 1¢;
"o =-¢; b*b =1x,;bb* =1¢c —e; eb =0; edb = db; b*e =0
2

e =e; ede=de =de(lc —e); xe = ; dae = 0; ™ = 1x,; ex* = «™; b*o* =0
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oab =0; dab = f = —adb; fb* = da
Set
P(X1,C) =ka+ kde; P(C,X7) = ka™; P(Xz,C) =kb*; P(C,X2) = kb + kdb;
P(C,C) = ke + kdelc.

We see that there is a short exact sequence

0 — Ao(Xi, Xj) — (A/C)(Xi, X;) @ (Xi, C)e(P(C, C)e)®™P(C, X;) — 0

#**[that is when we assume € = O-check that we do]**. Direct sums of the first
n factors, n > 0, form an increasing filtration of the term on the right in the
sequence. For all three cases except i = 2, j = 1, the associated graded quotients
of the filtration are all acyclic (because P(X;,C) and P(C,X;) are contractible.
When i =2 and j = 1, all graded factors with n > 1 are acyclic because P(C, C) is
contractible. We see that (.A4/C)(Xz,X1) is quasi-isomorphic to kg where

(13.1) g=Db"ex”.

The full subcategory of A/C generated by X; and X; is therefore quasi-isomorphic
to I, and admits a quasi-isomorphism from 7Z,. O

13.3. Comparison to other notions of equivalence of DG categories.
. 3K ok Sk ok Sk Sk Sk Sk kKKK KRR R R R K

We would like to briefly indicate relations to:

1) homotopy between DG functors, according to the model structures on DG
categories (Tabuada) and A, categories (Lefevre-Hasegawa).

2) the oco-category structure on DG categories (Toen, Faonte). Also: a bit more
about relating this to C(A, B) (Faonte).

13.4. Sort of appendix, not sure if needed. We call a DG functor F :
A — B strong quasi-equivalence if

1) F: A(x,y) — B(Fx, Fy) is a quasi-isomorphism;

2) every object of B is strongly equivalent to Fx for some object x of B.

PROPOSITION 13.4.1. Assume that X is a field. Then a strong quasi-equivalence
is an Ao homotopy equivalence.

PrROOF. It is enough to prove the following two statements.

1) Let F: A — B be a DG functor which is a bijection on objects. Assume
that A(x,y) — B(Fx,Fy) is a quasi-isomorphism for any x,y in Ob(A). Then
Fi : Co(A) — Co(B) is a quasi-isomorphism.

2) Let F: A — B be an embedding of a full DG subcategory A into B. Assume
that every object of A is strongly equivalent to some object of B. Then F is an A,
homotopy equivalence.

Statement 1) is proved exactly as for DG algebras. Let us prove 2). For every
object x of B choose an object x’ of A together with a functor Fy : Z; — B sending
0 to x’ and 1 to x. If x is an object of A then we choose x’ = x and Fy as the
trivial functor sending both 0 and 1 to x, all morphisms of degree zero to 14, and
the rest to zero We will construct the A, functor G such that id4 = GF, as well
as a homotopy between idg and FG, on any objects xg, ..., X, of B by induction in
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n. We will denote the objects in the source category Z, of Fy; by j’ and j instead
of 0O and 1.

!/ i I

XO X-I . Xn
(3) (3(5) (3) (3) (3)
fO’OQ jfolgf’lg ;f11/ fn’ng ;fnn’

aq az Qan

X0 X1 e Xn

(3) (3) ()

fOO f11 f““

More precisely, we define Gx = x’; on morphisms, we put

0 1 1 0 _
(13.2) G(a1,...,an):fé,g)aofg1)az...f() (nq)anf&) e B (x4, x1)

(n—1) n’

We look for all the components in the homotopies in the form

(13.3) @(ar,...,an) =Y0a0Y1a1 -.. Yn—1anYn

where y; are images of morphisms from Z, under F;. On each step we get an element
in the tensor power of the k-module of morphisms in 7> whose differential is equal
to zero, and we have to find its primitive ¢@. Since Z, has no cohomology in nonzero
degrees, this is always possible. (Il






CHAPTER 17

Frobenius algebras, CY DG categories

1. Introduction

We start with a study of the algebraic structure on Hochschild and cyclic com-
plexes of Frobenius algebras, following Tradler-Zeinallian, Kaufmann, Ward, and
other works. Frobenius algebras are first examples of noncommutative analogues
of functions on a manifold with a volume form, and one might expect similar al-
gebraic operations, namely, an analogue of the divergence operator on multivector
fields. Such a structure does indeed exist; it is the homotopy BV structure defined
by the dual of the cyclic differential B. After establishing this, we study the Tate
Hochschild complex of a Frobenius algebra following Rivera and Wang. We show
that the homotopy BV structure extends to it. We also study other operations,
such as the Goresky-Hingston coproduct and the Lie bialgebra structure. Following
Wang and Rivera-Wang, we also discuss other versions of a Tate-style Hochschild
complex: one using Hochschild cochains with values in noncommutative forms, the
other defined in terms of the singularity category of bimodules. Unfortunately what
we present here is far from a complete treatment.

The case of Frobenius algebras being rather restrictive, we turn to a more
general situation. Following Kontsevich and Brav-Dyckerhof, we define smooth
and proper DG algebras and categories; we then define a left CY category which
is a special case of a smooth one, and a right CY category which is a special case
of a proper one. But first we introduce pre-CY algebras and categories as defined
by Iyudu, Kontsevich, and Vlassopoulos. We follow in part their work and in part
Waikit Yeung’s.

As we explain below, this is a peculiar situation because we are dealing with
a noncommutative analogue of a volume form which is also a noncommutative
analogue of a symplectic form. The reason is that, classically, the latter gives an
isomorphism between vector fields and one forms, and the former gives an isomor-
phism between all multivector fields and all forms; but in noncommutative geometry
there is no good way to isolate one-forms from all forms. Within this framework
a pre-CY structure is an analogue of a (shifted) Poisson structure. We also give
examples of 3D CY algebras following Ginzburg.

A pre-CY structure is defined in terms of Hochschild cochain complexes

CT(A®K, (A%H)

where « is the automorphism of the kth tensor power of A given by the cyclic
permutation of tensor factors. Note that elsewhere in this book we study an alge-
braic structure on Hochschild chain complexes of the same form; an important part
of the structure is that all of those are quasi-isomorphic to the Hochschild chain
complex of A. (The name Frobenius plays a crucial role in both places, probably
by coincidence). It would be interesting to understand a common structure on

263
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Hochschild chains and cochains, ”animated” in the following way. Given algebras
Aj, Bj, 1 <j < n, and morphisms fj : A; — Bji1, gj : Aj — Bj_1 (where for us
0=nand n+1=1), we can form chain and cochain Hochschild complexes

C(A]@...@An,B1 ®...®Bn)

(and some complexes that are part chains and part cochains). For n = 1 these
complexes can be organized into a 2-category up to homotopy, plus an additional
structure when chains are involved. A general structure combining this one with
the Kontsevich-Vlassopoulos necklace bracket on Hochschild cochains and with the
cyclotomic structure/Frobenius/Cartier morphism on Hochschild chains might be
interesting to know. A related question is: what is a full algebraic structure on
(higher) Hochschild and cyclic complexes of a (pre-)CY algebra.

2. Frobenius algebras

DEFINITION 2.0.1. Fiz an integer d. A Frobenius algebra of degree d is a fi-
nite dimensional graded algebra over a field k together with a nondegenerate scalar
product (, ) of degree d on A such that (a,bc) is cyclically invariant, namely

(a,bc) = (71)\CI(\a\+\b\)<c) ab)
for any homogeneous a, b,c in A.

Let A* be the graded vector space dual to A. The scalar product defines an
isomorphism

(2.1) A = A*[d]

2.1. Cyclic A, algebras. A cyclic A, algebra of degree —d is a finite di-
mensional A, algebra over a field k together with a nondegenerate scalar product
(, ) of degree d on A such that (ap, mn(ai,...,an)) is cyclically invarint.

3. The Hochschild complex of a Frobenius algebra
The Hochschild cochain complex of a Frobenius algebra can be identified with

(3.1) C*(AA) S A @ A*[-11%™

n>0

Same for a cyclic Ay, algebra.

3.1. Operations indexed by black/white ribbon graphs with spines
and roots. A ribbon graph is a finite graph with a choice of a cyclic order on edges
incident to every vertex. A black/white (b/w) ribbon graph is a ribbon graph whose
vertices are colored in two colors and whose black vertices are all of degree > 3.

For any ribbon graph, its blow-up graph is constructed as follows. For any ver-
tex, define the triangulation of a circle whose vertices are indexed by edges incident
to this vertex, in their cyclic order. Then the blow-up graph is the union of: a)
segments indexed by edges; circles indexed by vertices. For any segment represent-
ing an edge, take the two circles corresponding to the two vertices incident to that
edge. We identify the two endpoints of every segment with the two corresponding
O-simplices of the triangulation, one for each circle.

The cycles of the blow-up graph that correspond to white vertices are called
inner cycles.
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Now define outer cycles. There are two intuitive ways to see what they are.
One way is: thicken the vertices and the edges; then the graph becomes a surface
with some discs deleted. Outer cycles are boundaries of these discs. Another way
is: outer cycles are "minimal” non-inner cycles of the blow-up graph.

More precisely: Define a flag as a pair (v, e) where v is a vertex and e an edge
incident to v. Define:

T(V) e) = (V) e,)
where e’ is the edge that is next to e in the cyclic order;
L(V) e) = (W) e)

where w is the other vertex incident to e. Define outer cycles as orbits of the
automorphism (t.

A spine is a distinguished point on an inner cycle. We do not distinguish
between two points lying on the same open cell of the triangulation of the circle.
In other words: a spine is a simplex in this triangulation. It could be of dimension
ZEero or one.

A root is a distinguished point on an outer cycle. More precisely: on the blow-
up graph, consider an edge of our outer cycle that lies on some inner cycle (i.e. an
edge that comes not from an edge of the original graph). A root is an inner point
of this edge. If this edge does not contain a spine, we do not distinguish between
any two such points. If the edge does contain a spine, there are three scenarios: the
root may coincide with the spine, or lie on either side of it. For each of the three
scenarios, we do not distinguish between any two points that realize it.

DEFINITION 3.1.1. A b/w ribbon graph with spines and roots is a b/w ribbon
graph with a spine on every inner cycle and a root on every outer cycle.

3.1.1. Operations defined by graphs. For any b/w ribbon graph with spines and
roots, define a linear map

cC* (A A)@(Inncr cycles) S C* (A A)@(Outcr cycles)
’ )

1) For every j, consider a Hochschild cochain

(3.2) o) :oc((,j]®...®cx£2)

j
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()

where o, " are elements of A*. Consider all ways to put the oc](j )

in nj + 1 different

points of the jth inner cycle, so that the cyclic order is preserved. Some ocl(g) will
fall on special points of the inner cycles, others will not. Here, by special points we
mean: vertices, spines, and roots. (A special point may be more than one of those
at the same time). We do not distinguish between two results for which same o))
fall on same special points. We require that océ)) always fall on the spine.

2) Now consider the cycles of the blow-up graph that correspond to black
vertices. Do exactly the same as for white vertices, but use the cochain m =
2 n>2 My that defines the A, structure. Since m,, are cyclically invariant, it does
not matter where to put the spine.

The output of the operation is the sum (with signs) over all such configurations.
For every summand:

a) Assume océ]) falls on an isolated spine. (A spine is isolated if it lies on an

open cell of the circle, and a root does not fall on the same point). Then remove

o) and introduce the factor oc(()j) (1.

b) Look at any edge of the blow-up graph that comes from the original graph.
Let o« and 3 be two elements of A* that fall on its endpoints. Remove them and
introduce the factor («, ).

¢) Now look at any outer cycle. Write the elements of A* remaining on it
in their cyclic order, starting with the element marked with the root. We get an
element of C*(A, A) for every outer cycle. Consider their tensor product, multiplied
by the product of factors that we introduced in a) and b). This is the summand
corresponding to a particular configuration (and to a choice of a monomial of m,,
for every black vertex).

For a ribbon graph with spine and roots, recall that special points of inner
cycles are: vertices, spines, and roots.

DEFINITION 3.1.2. An inner edge is a segment between two neighboring special
points on an inner cycle.

LEMMA 3.1.3. The degree of the operation defined by a b/w ribbon graph with
spines and roots is *** ***contribution of an inner cycle: 1 - number of inner
edges, ... *** contribution of a black vertez: ...

LEMMA 3.1.4. The linear span of operations defined by b/w ribbon graphs with
spines and roots is closed under the Hochschild differential and under compositions.

Explicitly: the differential acts by (***Explain***), plus contribution of black
cycles just like in A ...
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e

3.2. Sullivan chord diagrams. Sullivan chord diagrams are another way to
describe b/w ribbon graphs with spines and roots for associative Frobenius algebras.

Let T be a ribbon graph. Consider a circle SJ, for any vertex v of " and a
segment I, for any edge e of I'. If e has endpoints v; and v, label one endpoint
of I, by v; and the other by v,. Let P, be the set of endpoints labeled by v in the
disjoint union of I, over all edges of TI.

A Sullivan chord diagram is defined by:

i) A ribbon graph T}

ii) a triangulation of the circle S} for any vertex v of T;

iii) for any vertex v of I} a surjective map from the set P, to the set of vertices
of the triangulation of S,, that preserves the cyclic order.

The chord diagram defined by these data is the union of:

a) disjoint union of circles S;

b) disjoint union of segments I,

glued according to the maps in iii).

In other words: a Sullivan chord diagram is the same as the blow-up graph of
a ribbon graph, but some vertices on inner cycles are allowed to coincide.

A spine on a Sullivan chord diagram is defined the same way as a spine on a
ribbon graph. A root of an outer cycle is a marked point on it. It has to belong
to some inner cycle (and therefore cannot be an inner point of an edge of the
original graph). We do not distinguish between two such point if they have the
same position with respect to all special points of the inner cycle. Furthermore: if
the spine falls on a vertex of the triangulation of S}, we have to specify the two
neighboring edges between which it falls. (And: at least one of these edges must
come from an edge of I").
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And moreover: a spine is allowed to slide along an edge of T :

The picture below explains how to pass from a Sullivan chord diagram with
spines and roots to a b/w ribbon graph with spines and roots.
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From ribbing graphs to Sullivan chord diagrams

3.3. Examples of operations.
3.3.1. Braces.

LEMMA 3.3.1. The brace operation D{E} is given by the graph

Indeed, by definition, the operation given by this graph is

(1)

(2)
(Cxo

®...ocg1))®(oc0 @...aP))

ce Xy

1) (2 1 1 2 1
Zi(ocﬂ],océ)ﬂocé)@...ocﬁ]] ®oc2 )®...ocffz)®oc](<)

More generally:

LEMMA 3.3.2. The brace operation D1{D2,...,Dni1} is given by the graph

L ®..

1
o)

)

269
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3.3.2. Cup product.

LEMMA 3.3.3. The n-ary Ay cup product m{Dq,..., Dy} is given by the graph

The Sullivan chord diagram corresponding to the binary cup product is
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Sullivan chord diagram
with spines and roots
defining the cup product

1

3.3.3. The cyclic differential B.

LEMMA 3.3.4. The dual of the cyclic differential B is given by the graph

L

Indeed, the operation defined by this graph acts by
(0o @ ...0n) »—>Zﬁ:(oco,1>(ock®...®&5®...®cxkq)

3.3.4. The Goresky-Hingston coproduct. The Goresky-Hingston coproduct is
the operation defined by the following Sullivan chord diagram.
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The ribbon graph corresponding to this operation is

Ribbon graph with spines and roots for the Goresky-Hingston
coproduct

The formula for this operation is

(o ®...® an) — Zi(oc([)z], ock)(oc([f] QX R 1) ® (oc([)” ® o1 @ otn )

4. The cyclic complex of a Frobenius algebra

4.1. The cyclic cochain complex. We assume that k is a field of characteris-
tic zero. There are two isomorphic cyclic cochain complexes of a (finite dimensional)
k-algebra. One consists of coinvariants of cyclic groups, the other of invariants:

N
1) ) = ([T nle,,,, b0 S (A =S, b)

n>0 n>0

Unless otherwise specified, we will be always using the one on the left.
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4.2. Operations indexed by black/white ribbon graphs. Given a b/w
ribbon graph, we can define an operation

(42) C;\ (A)®Outer Cycles N C;\ (A)®Outer Cycles

for any Frobenius algebra A (or any cyclic Ay, algebra). They are defined exactly
as in but without appealing to spines and roots. Namely:

1) Consider all ways of putting the oc](g) on n; + 1 different points of the jth
inner cycle for all j so that the cyclic order is preserved. Some of them will fall on
vertices of the blow-up graph; others will fall in between. We do not distinguish
between any two results for which same oc](gJ fall on the same vertices.

2) For black vertices, do exactly what we did in b) of

Now do what we did in b) and c) of [3.:1.1] We do not have a root on the outer
cycle; but, since we are only interested in coinvariants, it is not relevant were we
start our tensor product along this cycle. Also, because 1) involves summing over
all possibilities, the operation is well defined on coinvariants.

4.2.1. The necklace Lie bracket.

4.2.2. The Lie cobracket.
4.2.3. The Lie bialgebra structure.

5. The Tate-Hochschild complex of a Frobenius algebra
For a Frobenius algebra of degree d, we have

(5.1)

(5.2) A Ald)"
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Under the isomorphism (5.1)), the conjugate A* — A* ® A* to the product becomes
(5.3) A:A = A®A[-d]

which is a morphism of bimodules if we equip A ® A with the inner bimodule
structure. Namely, if

(5.4) Ala)=) a'®a”
then
(5.5) Alxa) = Z(—])IXH“"a’ ®xa”; Alax) = Z(—])‘XH“”‘a’x ®a”

In particular, A(1) is a central element of (A ® A)~¢ wit respect to the inner
bimodule structure.
Explicitly, if e; and f; are two bases of A such that

€ €My, <fi€j> = 61)‘

Then
(5.6) A=) (1) e @fi =) (1) M fi@e
Indeed,

(A1), f; @ ex) = (1, fjex) = (fj, ex) = djk;
<Z(_1)d(m+1)ei ® fi)fj ® ek> — Z(_1 )d(niJr])+(d*nj)[d*nk)<ei)fj><fi) €k> —
i i
6jk(_] )d(anr] J+d—mj+n;(d-—my) _ 6jk

As a corollary we get

(5.7) tr(p(A(M)) =Y (-1 "dimA+™

n
where we write

tr(a) = (1, a)

and
ula ® b) = ab.
5.0.1. The norm operator. Define
(5.8) N:A = Al=d; N(a) = ) _ejafy
j

LEMMA 5.0.1.
N([a,b]) =0 = [a, N(b)]
for any a and b in A.

PROOF. O

We can now define the Hochschild Tate complex of a Frobenius algebra A:

(5.9)
2 CHAA) 2 Co(ALA) S COALA)[—d] - CHALA)[—d] - ..

5.1. Operations on the Hochschild Tate complex.
5.1.1. The cup product.

5.1.2. The Lie bracket.

5.1.3. The homotopy BV structure.
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5.1.4. Other operations.

5.2. Other definitions.
5.2.1. The singular Hochschild complex via noncommutative forms.
5.2.2. Singular Hochschild cohomology.

5.3. Comparisons.

6. Pre-CY algebras

6.1. The necklace (Kontsevich-Vlassopoulos) bracket.

6.1.1. Motivation: The Frobenius double of a finite dimensional algebra. Given
a finite dimensional algebra A over a field k of characteristic zero, let A* be its
linear dual. Fix an integer d. Note that A & A*[d — 1] has the following algebra
structure. A is a subalgebra; A*[d — 1] is a two-sided ideal of square zero; the
product between A and A*[d — 1] is the bimodule action of A on A*[d — 1] dual to
the one defined by the product on A.

This product defines a Frobenius algebra. The inner product is as follows: A
and A*[d — 1] are isotropic; the pairing between A and A* is the obvious one.

Consider the DG Lie bracket of degree —1 — d on the (shifted) cyclic complex
C;\_1 (A®A*[d—1]) as in We can identify this complex with the direct
product

(6.1)
[TA=1E = ] A1 eA-de.. .0 A =119 @ Al-d)c,
kZ] s ,...,T‘I.kZO
6.1.2. The higher Hochschild complezes and the KV bracket. Let us observe
that the construction of the DGLA structure on (6.1) can be generalized to any
associative algebra A. We note that for a finite dimensional A, ([6.1]) coincides with

(6.2)  C(A) x [ [Homhowgaowyor (Be(A) @ ... @ By(A), «A®*[—kd])c,
k>1

Here Bo(A) is the bimodule bar resolution of A and 4A®* is the A®*-bimodule
twisted by o, the automorphism of the algebra A®* defined by the cyclic permu-
tation of tensor factors.

DEFINITION 6.1.1. For k > 1, denote the kth component of (6.2)) (before the
shift by —kd) by Czk)(A,A). We call this complex the kth higher Hochschild com-
plex of A.

LEMMA 6.1.2. Let A be an algebra over a commutative unital ring K of charac-
teristic zero, free as a k-module. The cohomology of ka)(A,A) is the Hochschild

cohomology HH® (A®*, (A®K),

PROOF. Note that Be(A)®...®B.(A) is a free resolution of A®¥. Furthermore,
the cyclic group Cy acts trivially on the cohomology. Indeed, ***Finish*** |

LEMMA 6.1.3. The definition of the shifted DGLA from extends to any
algebra, finite dimensional or not. The bracket between Czk)(A,A) and Czl)(A,A)

takes values in kaﬂ_])(A,A). The bracket on CE”(A, A) = C*(A,A) is the Ger-
stenhaber bracket.
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6.1.3. Pre-CY structures.

DEFINITION 6.1.4. A pre-CY algebra structure on an associative algebra A is
a Maurer Cartan element in the DGLA

TTChAA)=dk+d+1]
k=0

such that ..... HEF

EXAMPLE 6.1.5. Let A be a Frobenius algebra of degree d. Then A — A*[d]
and therefore to
(6.3) A*[d+ 1] = All]

Define the differential on A @& A*[d + 1] which is zero on A and given by (6.3 on
A*. This differential turns A @ A*[d + 1] as in (??) to a cyclic DG algebra.

7. Short higher Hochschild complexes and noncommutative
multi-vector fields and forms

7.1. The X complex of an algebra. We start with recalling the short bar
resolution of an A-bimodule A from (2.7)):
(7.1) B (A) = Q) = Bi(A)/0B2(A)

(the bimodule of noncommutative forms);

(7.2) B 2 B3 (A); d(apdaraz) = apay ® az — ap ® araz

(we recall that apdaja, corresponds to the class of ap ® a; ® a; modulo 95,).
This is denoted by R™™® by Iyudu, Kontsevich, and Vlassopoulos in [?].

This definition extends to differential graded algebras in the obvious way. The
total differential is the sum of @ and the differential induced by da. When A is a
semi-free DGA, the projection Bo(A) — BiP(A) is a quasi-isomorphism.

Now define the dual complex

BI(A)Y = Homj g e (BY'(A), A @ A)

The action of A ® A°P on A ® A that we use in Hom is the inner action. The outer
action on A ® A induces BY a A-bimodule structure on B*(A)Y.
For k > 1, put

(7.3) XFA) = (BMA)Y @4 ... @4 B (A)Y ) agamwA)c, [1 — K]

where the number of Bi*(A)Y factors is k.
***0OR, a completed version below. Reconcile with Waikit Y. and I-K-V.***

(74)  XM(A) = Homhsxgpaeror (Bi(A) @ ... @ B (A), e A¥F)c, [1 — K]

I-K-V denote this by 4L
We will denote by 6 the differential which is induced by 0.
(7.5) XA, d) =[x (A)kd]
k>0

LEMMA 7.1.1. For a semifree DG algebra A, the embedding of (7.5) into (6.2)
is a quasi-isomorphism.
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We use the following notation. Let A be free as a graded algebra, with gener-
ators X),j € J. We identify

(7.6) Q) = @i AdVA

For a € A, under this identification, we write

(7.7) da = Za]m(a)dxjaj(z)(a)
j€e]

LEMMA 7.1.2. Assume that A is a semi-free DGA with generators x),j € J.
Then X (A) is the completed quotient by commutators of the complete free algebra

(7.8) k(5 o, &lier))
where t* is of degree zero and &; is of degree 1 — |x;].

The differential is as follows. First, define the continuous derivation 9 of (7.8)
that is zero on A, X), and on &;, and for which

j
second, da is the continuous derivation of (7.8]) induced by the differential in A:
da(a) is the same as in A for a € A,

da(&) =) +37(da(¥))E;0 (da(x))

7.2. The bracket on X(*)(A, d). The necklace bracket restricts to a DG Lie
bracket on ¥(*)(A, d). Let us describe this bracket more directly.

The differential da defines a structure of a cyclic Ao, coalgebra structure on
Z]-(kxj + k&;). Therefore it carries a DG Lie algebra structure dual to the one
defined ***ref***,

The differential  + da turns Z (kxJ +k&;) + kt* into an Ao, coalgebra which
is not cyclic but satisfies a weaker condltlon (see Remark -7 so that the cyclic
complex still carries a DGLA structure.

Explicitly, the Lie bracket is as follows: represent a monomial as a cyclic word
of s, &;s and t*s; take two monomials and put each of them on a circle with a
marked point in all cyclic orders; if you have an x) on one marked point and a &;
on the other, replace them by 1; sum up the results, with signs (***picture?***)

REMARK 7.2.1. A k-algebra A is a weakly Frobenius algebra if there is a non-
degenerate scalar product (, ) such that
(7.9) (a, b, c))
is cyclically invariant. A k-coalgebra C is a weakly Frobenius coalgebra if there is
a scalar product (, ) on C such that
(7.10) (@M b)a® + (a® b)aV

is ***(skew)™** symmetric in a and b.
More generally, a A, coalgebra C is a weakly cyclic Ay, coalgebra if there is a
scalar product {, ) on C such that

kX % 3k
is...
The cyclic complex of a weakly cyclic A, coalgebra is a DGLA.
***Degrees, shift of C***
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7.3. The Y complex of an algebra.
DEFINITION 7.3.1.

Bih,(n)(A) — Bih(A) XA ... QA Bih(A)

m=>1)
n>0
T (A) =B M (A,
n >0,

YO(A) = AJIA, AL
YA =P v A)
n>0

All of the above carry two differentials, one induced by 0 and the other by da.
The total differential is their sum. Also, B (A) is a DG algebra and

Y A) = B A8 (A, B (A,

**Incorporate/reconcile shifts***

We will denote by b the differential which is induced by 0 . Now, put
(7.11) t,=1®1eBMA)

Define d : B(S)h’(*)(A) — B?h’(*ﬂ)(A) as the derivation sending a € A to da, da to
zero, and t, to zero.

LEMMA 7.3.2.
[d,daA]l =0;[d, b] = [, ]
As a consequence, d, da, b all commute on i (A).
PROPOSITION 7.3.3. For a semifree DGA A and for m > 0, the complex
(Y™ (Al da + b +ud)
computes the negative cyclic homology of A.
Also note that Y(©)(A)/k-1 computes the reduced cyclic homology of A ***Ref***

LEMMA 7.3.4. For a semifree DG algebra A with free generators x;lj € J, Bt ()
is a free algebra generated by x;lj € J, dx;lj € J, and t.. The differential 9 is the
derivation sending dx; to [ts,x;], Xj and t. to zero. The differential d sends x; to
dx;, dx; and t. to zero.

8. Smooth and proper DG algebras

8.1. Preliminaries. . Notation, conventions and discussion on A ® B and
Fun(.A®, B*). Also, terminology (cofibrant, etc.)



8. SMOOTH AND PROPER DG ALGEBRAS 279

8.2. Duality for bimodules. Let A and B be two DG categories. For a
cofibrant ***Here and below, is cofibrant essential?*** (DG) (A, B)-bimodule M,
let

(8.1) MY = RHomp(M, B)

which is a (B,.A)-bimodule. The left B-module structure is induced from the one
on B; the right A-module structure is dual to the left module structure on M.

DEFINITION 8.2.1. An (A, B)-bimodule M is right dualisable if
N @5 MY — RHomg(M, N)
defined by
n® e — (me ne(m))

18 a weak equivalence of A-modules for any cofibrant right B-module N .

ExXAMPLE 8.2.2. Let f: A — B be a morphism of algebras. Define the (A, B)-
bimodule ¢B, resp. the (B,.4)-bimodule B¢, to be B with the action abpb =
f(a)bgb, resp. bboa = bbof(a). Then ¢BY = B.

For M =; B, both sides in the morphism in Definition [8.2.1] are equal to N/ on
which A acts on the right via f.

Now, for a (DG) (A, B)-bimodule M, let
(8.2) Y M = RHomy (M, A)

As above, this a (B, .A)-bimodule. The left B-module structure is dual to the right
module structure on M; the right A-module structure is induced from the one on

A.
DEFINITION 8.2.3. An (A, B)-bimodule M 1is left dualisable if
Y M ®hJ\f — RHom 4 (M, N)
defined by
PN — (MmeP(mn)

is a weak equivalence of A-modules for any cofibrant left A-module N.

EXAMPLE 8.2.4. Let g: B — A be a morphism of algebras. Define the (A4, B)-
bimodule Ay, resp. the (B,.A)-bimodule 4A, to be A with the action aapob =
aapg(b), resp. baga = g(b)apa. Then YAy =4 A.

For M = Ayg, both sides in the morphism in Definition are equal to A/ on
which B acts on the left via g.

LEMMA 8.2.5. An (A, B)-bimodule M is right dualisable if and only if it is
perfect as a right B-module. It is left dualisable if and only if it is perfect as a left
A-module.

PROOF. O

LEMMA 8.2.6. Let M be a left dualisable (A, B)-bimodule. Then for any left
B-module L and for any left A-module N

RHomg(£,Y M ®4 N) = RHom4(M @5 L,N)
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PRrROOF. We have
RHomg (L, M @4 N) = RHompg(L, RHom 4 (M, N) = RHom4(M @5 L, N)
U

LEMMA 8.2.7. Let M be a right dualisable (A, B)-bimodule. Then for any left
A-module L and for any right B-module N

RHomA(,C,N (2973 M\/) = RHompg (£ ® 4 M,N)
PROOF. We have
RHom4 (£, N @5 M") = RHom_4 (£, RHomg(M,N) = RHomg (L @4 M, N)
|

Now let A be a DG category over k. Then A is a (A ® A°P, k)-bimodule. We
call this the diagonal bimodule.
The left dual of the diagonal bimodule is

(8.3) A' = RHom 4 400 (A, A @i, A)

(This means that we identify A4 ® A°P as a module over itself with A ® A equipped
with the inner bimodule structure).
The right dual of the diagonal bimodule is

(8.4) A" = RHomy (A, k)

8.3. Smooth DG algebras. A DG category A is smooth if the diagonal
bimodule is left dualisable.
Equivalently, A is smooth if and only if it is perfect as an .A-bimodule.

LEMMA 8.3.1. For a smooth DG algebra A
RHom ag 400 (A, A) = A’ @55 400 A
ProoOF. Follows from
RHom¢ (M, M) = RHome (M, C) @c N
for M perfect over C, applied to C = A ® A°° and M =N = A. O

8.4. Proper DG algebras. A DG category A is proper if the diagonal bi-
module is right dualisable.
Equivalently, A is proper if it is perfect as a k-module.

LEMMA 8.4.1. For a proper DG algebra
RHom 4 400 (A, A*) = RHomy (A @Y 5 400 A, k)
PROOF. Apply Lemma to N'=k and £ = A (the diagonal bimodule). [

9. CY algebras and categories
9.1. Left and right CY algebras.
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9.1.1. Left CY algebras. Let A be a smooth DG category. Fix an integer d.
Consider a class w in HC, (A). Denote by @ the image of w in HH4(A). We have
(9.1) W € AQag.aor Al—d]
Note that the projection
A" = RHom(A, A ®i, A) — RHom(A @54 4or A, (A @A) @ A, 400 A)
becomes
(9.2) A" — RHom(A ®Y5%g 400 A, A)
Combining this with the evaluation at @
eve A @G aer A — Al—d],
we get a morphism
(9.3) [@] : A' — Al—d]

DEFINITION 9.1.1. A negative cyclic homology class [w] of a smooth DG cate-
gory A is a left CY structure if [@] in (9.3) is a weak equivalence.

9.1.2. Right CY algebras. Let A be a proper DG category. Fix an integer d
and consider a cyclic cohomology class

(9.4) T:CC(A) — k[—d]
Composing T with the projection

A ®54®Aop A= C.(.A) — CC-(-A))

we get

(9.5) T A®Y%ga00 A — k[—d]

Note that

(9.6) RHomy (A ®Y g 400 A, k) — RHom 4 400 (A, A*)
The image of T under the morphism is denoted by

(9.7 [T: A— A*[—d]

DEFINITION 9.1.2. A cyclic cohomology class T of a proper DG category A is
called a right CY structure if [T] is a weak equivalence.

ExAMPLE 9.1.3. A Frobenius algebra is a right CY algebra. The cyclic class
T is represented by the trace t(a) = (1, a). The statement of Lemma follows
from the fact that the linear dual of the Hochschild chain complex Co(A,A) is
isomorphic to the complex of Hochschild cochain complex C*(A, A*). In this case,

(9.7) is an isomorphism.

9.1.3. Serre duality for Hochschild (co)homology. For a left, resp. right, CY
algebra A the Hochschild cochain complex C®(A, .A) is quasi-isomorphic to a shift
of the Hochschild chain complex Cq (A, .A), resp. a shift of the linear dual C4(.A, .A)*.

[¥**More***]

9.2. From CY to pre-CY algebras.
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9.2.1. Motivation: symplectic forms and nondegenerate Poisson structures. We
start with a motivation coming from classical geometry. First let us make the
following observation:

In the framework we are workig in, the noncommutative analogue of a volume
form is obtained by generalizing commutative theory not of volume forms but of
(shifted) symplectic forms.

The reason for this is as follows. Start with a symplectic form w on a manifold
X. It defines an isomorphism

(9.8) Tx — T

This can be extended from the sheaf of algebras Ox to a sheaf of commutative DG
algebras A. The derived analogues of Ty and Tx are the cotangent complex and
its dual. They are the result of the standard construction being applied to a semi-
free commutative resolution of A. The definition of a shifted symplectic structure
involves a quasi-isomorphism between the two, up to a shift. ***Ref***

The cotangent complex does not carry information about differential forms of
degrees other than one. For example, it is quasi-isomorphic to Ty if X is a smooth
algebraic variety.

When we pass to noncommutative algebras, a big change occurs. Noncommu-
tative analogues of the cotangent complex and its dual, provided for example by the
complexes X1 (R) and YU)(R) where R is a semi-free resolution of our DG alge-
bra A, allow to recover all Hochschild (co)homology, i.e. the full noncommutative
analogue of forms and multi-vectors. Respectively, a noncommutative analogue of
is now more like Poincaré or Serre duality.

Consistent with that, CY structures on DG algebras are noncommutative (shifted)
symplectic structures rather than noncommutative volume forms in the following
way: they define a shifted symplectic structure on the (derived) representation
scheme (cf. |10| below).

9.2.2. Motivation: a morphism from forms to multivectors given by a (higher)
Poisson structure. Let us go back to . We can extend this isomorphism mul-
tiplicatively to

(9.9) A® Tx — AT
The image of w under the inverse isomorphism is T € A?Tx. The linear equation
dw = 0 becomes a nonlinear equation [m,71] = 0 (or, perhaps less mysteriously,

70— 0 under the linear operator [m, ]).
The inverse of can be constructed in terms of the bivector 7 only (see
below). We denote it by

(9.10) W ATy — ATy
Its two key properties are

(9.11) we(w) =7
and

(9.12) [, Jopur = prod

These equations allow one to reconstruct w.

The above is a blueprint for getting a noncommutative Poisson structure from
a noncommutative symplectic structure. By this we mean: getting a pre-CY struc-
ture and a Poisson bracket on the derived representation scheme from a left CY
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structure. We carry this construction out, after saying a few more words about the
classical definition of .

Let m > 1. Given an m-form w on a manifold X, one defines a m-linear
operation on multivectors. Namely, given multivectors 7y,..., 7, if w = a; A
...\ o where o are one-forms, the result of the operation is

Z il’(X] (7'[01 ) VANAN thm(ﬂcm);

in general, we extend the operation Ox-multilinearly.
Note that for any multivector 7t and any form w
o0
(9.13) Le = Z wlm, ...,
m=0
Below we will define and use a noncommutative analogue of this construction.

9.2.3. A morphism from Y to X given by an MC element of X. Let A be a DG
algebra. For w € Y™ (A) and m; € X9 (A),j =1,...,m, we define

(9.14) Wy, ..., Ti,] € XKt tkm—m)( 1)

as follows. Assume first that A is free as an algebra, with a set of free generators
Xolx € 7.

Consider the planar graph I'f" with the vertex O linked to vertices 1,...,m
that are located around the vertex 0 in the counterclockwise order. Note that w is
a cyclic word consisting of letters x4, dxy (¢ € J) and t,; each of my,....my is a
cyclic word consisting of letters x4, &* (o € J), and t*. The value of w(my,...,7m]
in will be the sum, with signs, over all the ways to put the word w on the
inner cycle of the vertex 0 and the word 7; on the inner cycle of the vertex j of the
blown-up graph of I'J* so that the cyclic order of letters in each word is preserved.
The corresponding summand is defined as follows. If letters x and x’ fall on two
vertices of the blown-up graph that are connected by an edge, replace them by
(x,x"). Here the only non-zero values for (x,x’) are:

(dxg, &%) = £(E%, dx) = T; (t* 1) = (L, t*) =1
Now, read the resulting summand from the outer cycle of the blown-up graph.
LEMMA 9.2.1. For me X8 (A), let
Itlg = |l —kd +d + 1

(in other words, this is the grading that is part of the definition of the DGLA
X" (A,d).) Then

m
|w[7T1>-~->7T|d*|w\*Z|ﬂj|dZm*1*d
=1
In particular, if |mjla =1 for all j then
W[ty ..y Tlla = lw|—d+2m —1

If

oo
w= E u™ Tw,

m=1
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where Wy is a chain of degree d —2m + 2 in Y™ (A), 7 a cochain of degree 1 in
xX(22)(A,d), and if we write

Hﬂ(w) = Z wm[ﬂ» .. -)7-[]»
m=1
then
Iur(w)la = 1.
PRrOOF. O
PROPOSITION 9.2.2. Assume that dm + 3[m, ] = 0. Then
(04 [m ) opur =pro(b+d)
PRroOOF. [l
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An arc ) or > is a word in A.

P
> o & > o t

L
\‘ i ~ /
means dx 2*
= N
>
> < N 14
means t% 1
- N
N« A A
N _

/-
t
N
: < N ';*/
/’x S~

LT x-

(one o.f)

(one of)

The above Proposition |9.2.2| implies that a negative cyclic cycle w has a
property which is a noncommutative analogue of . To formulate an ana-
logue of , we have to define a & + [, ]-cocycle starting from a MC element
7€ X(22)(A). This can be done by means of rescaling 7t, namely

e}

(9.15) e =Y (j—m
j=2

where

(9.16) = ZT[)', m; € X0 (A)

j=2
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LEMMA 9.2.3. If dmt+ L[m,m] =0 then
67.[I’eSC _"_ [7.[) 7.tI’eSC] — 0

9.2.4. From left CY structures to pre-CY structures. Given a left CY algebra
A, we can assume it to be semi-free. The CY structure can be represented by

wevE(A)
such that (b+ d)w =0 and
(9.17) eve t BM(A)Y — A
is a quasi-isomorphism. Using this non-degeneracy condition, we solve recursively

for 7t such that

1
(9.18) o+ E[T[, 7] = 0; Ur(w) =

9.2.5. From right CY structures to pre-CY structures.

10. Higher shifted Poisson structure on the Rep scheme of a pre-CY
algebra

Passing to a resolution if needed, we assume that A is semi-free. Using Lemma
we start with a pre-CY structure on A, produce a MC element of the DGLA
XU)(A,d)[d + 1], and then construct a MC element of the DGLA

Ke (glm) d; @;{epm(A),d-H )GL'“ [d+1].

This gives a derived version of a shifted Poisson structure on Rep,,(A). ***Ex-

plain/write more***

10.1. Double Poisson brackets and Poisson brackets on the Rep scheme.
Double Poisson bivectors are MC elements in X(2) (A, d)[d+1]. Explicitly... ***More***

10.2. Higher shifted symplectic structure the Rep scheme of a CY
algebra.

11. ***The work of Brav and Rozenblyum?
12. Examples: CY algebras defined by a potential

12.1. Motivation: the Jacobian ***?*** glgebra. For a polynomial f =
f(X1y...,%Xn) we define
of

If :k[xhﬂ-)xn]/(a
)

)

This is the algebra of functions on the critical locus Crit(f).
There is a DG algebra whose zero-degree cohomology is J¢ and which is a
candidate to be a DG resolution of J¢. It is the algebra

(12.1) Ry = (©°(A"),dy)
of multi-vector fields with the differential

de = I[f, ]
(the Schouten bracket with f).
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When Ry is indeed a resolution of A¢ (and this is the case if a% form a regular
sequence), then

(12.2) LOL, o = Ar ®R, Qi

is the cotangent complex of As.

Below we will provide a noncommutative analogue of these constructions. As
we mentioned in the noncommutative analogue of the cotangent complex is
closely related to the Hochschild complex.

12.2. The algebra Ag. Let F =k(x1,...,xn) be a free algebra. Recall that

(12.3) HH, (F) = F/[F, Fl; HH; (F) = @D Fdx;
j=1
We use the notation
(12.4) B® = (ag)dxj
. an
j=1
for ® € F/[F, F]. Denote
0D
12. Ap =F/((=—
(125) 0 =F/((5.)

(the quotient of F by the two-sided ideal generated by g—g, 1<j<n.
In the notation of [?], Ap = A(F, ).

ExaMPLE 12.2.1. Let n =3 and ® = xyz —yxz. Then
L)
x =yz —zy; @ = zX — Xz, a2 =Xy — Yx.
Therefore
Ao — klx,y,zl.

EXAMPLE 12.2.2. Let n =3 and ® = xyz — qyxz + f where f € F/[F, Fl. Then
oD of 00 of 00 of
x :yz—qzy+a; @ :zx—qxz—k@; % :xy—qyx—k&
For example, if
® = xyz — qyxz — %(x2 +y? +2%)
then
Ao — U(so(3,k)).

12.3. The DG algebra R and the ¥ complex. Recall that BY>)(F) is
isomorphic to the (***completed***) graded algebra freely generated by x;, &, and
t*, with the differential which is a graded derivation & sending x; and & to zero
and such that

n
5t =3 g, ]
j=1
Here xj,t* are of degree zero and & of degree one. ***Reconcile with Ginzburg
CY***
We change both the grading and the differential on this algebra. First, we put

(12.6) xjl =05 18] = —1; |t¥] = =2
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Second, the potential @ introduces an extra differential on this DG algebra. This
new differential is a graded derivation that sends x; and t* to zero and & to 27(13

We denote the sum of this differential and & by 0 = 0¢. In other words, 0¢ is a
graded derivation of such that

L =
(12.7) 20 (x5) =0; 20 (&) = 67 Z]XJ’
=

LEMMA 12.3.1. a)
%, =0;
b) The differential induced by dq on the quotient of k(x;j, &, t*) by the span of
commutators is equal to the differential & + [@, ] on X (F) ***Ref***

PRrOOF. a) follows from

n
Z X
R}
axJ

(which is a consequence of [b,B] = O), b) is straightforward. O
We write
(12.8) Ro = (k(xj,&,t"),00)

In the notation of [?], Re = D(F, ®).
12.4. The noncommutative cotangemt complex.
(12.9) Ao ORg Bih(Rq:.) ORe Ad

Explicitly, (12.9) is a free Ag-bimodule with generators dt*, d&J, dx;, and t, of
degrees —3, —2, —1, 0 respectively. The differential

n n
(12.10) Apdt'Ap = PAediAe = P AvdxAe = AotAa
j=1 j=1
is given by
n
(12.11) dt* - Y [x;,de)];
j=1
n
02 220
12.12 ag ) dxy (5——)"
(12.12) & HZ o) P Goaa

by which we denote d(a—q)

(1213) de — [Xj,t*}

*** We hope for (12.10)) to be a free bimodule resolution of Ag. Unlike the classical
case, this has a chance to succeed only when n = 3.%**

THEOREM 12.4.1. Let n = 3. The following are equivalent:

(1) The DG algebra Ro is a DG resolution of Aw;
(2) The complex (12.10) is a free bimodule resolution of Aw;
(3) Ao is aleft CY algebra.

The proof is given below.
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REMARK 12.4.2. As we did in Chapter [f] by the Chevalley-Eilenberg complexes
we understand complexes of the second kind, i.e. the ones defined using the direct
sum totalization.
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CHAPTER 18

Complexes of projective modules; perfect
complexes

1. Introduction

We reming the basic facts about projective resolutions of complexes and orga-
nize them into A, functors from complexes of modules with cohomology bounded
from above to complexes of projective modules. ***Reference for that?** Then we
repeat the construction for the case of an algebra A/WA with a central element W.

We specify the above to the case of perfect complexes [Refs, Grothendieck,
Thomason?..]

In this chapter, all complexes are complexes of modules over an algebra A.

1.1. Preliminaries.

LEMMA 1.1.1. For a complex M® whose cohomology is bounded from above,
there exists bounded from above complex of projective modules P® and a quasi-
isomorphism g : P* — M®.

PROOF. (]

LEMMA 1.1.2. Let g1: P = MY and g2: P — M3 be two quasi-isomorphisms
where P is a bounded from above complex of projective modules and the cohomology

of Py is bounded from above. Let f: M} — MS$ be a morphism. Then there is a
quasi-isomorphism @: P§ — P35 such that g2 and fg1 are homotopic.

PrOOF. As above, we may assume that the morphism ¢ and the homotopy h
are already constructed on F* for k > n for some n. One has

(1.1) g2¢ —fgy =dh+hd
on P¥, k > n. Since ded =0, @dP7 is inside dP}. Since g2¢@d = fg1d + dhd has
its image inside dM7% and g, is a quasi-isomorphism, @d|PT" has its image inside
dP}. By projectivity of PI* we get @ : PI* — P3 such that dgpo = @d. We have

d(g290 — fg1 —hd) = g29d — fg1d — dhd = (dh + hd)d — dhd =0
and therefore (g, @0 —fg1 —hd)(PT) is inside dl\/l’;*1 + g2(Ker(d|P%)). By projec-
tivity of P}, there is a map

(@1,h) : PT = Ker(d|P}) @ TV[;W1

such that, for @ = @o + @1, (L.1]) holds. O

LEMMA 1.1.3. Let P* % P? 2 M® where P* is a complex of projective modules
bounded from above, g is a quasi-isomorphism, go = [d,h] for some homotopy
h: P{ — Me*~'. Then there exists H: P®* — P?f1 such that @ = [d,H] and gH is
homotopic to h.

291
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PROOF. Assume that we have, in addition to h: P* — M*~T for all k, alsoH :
P* — PX 1 and s : P* — M**2 for k > n satisfying

(1.2) dh+hd=ge; dH+Hd=¢; gH—h=ds—sd

Observe that d(¢ —Hd) = 0 and g(¢ — Hd) = dh — dsd and therefore the image
of ¢ —Hd is inside dP7" since g is a quasi-isomorphism. Therefore ¢ —Hd = dHp
for some Hp : P™ — P?*] . Now,

d(gH—h+sd) =gdH—dh+dsd=0

and therefore the image of gH — h + sd : P* — M™! is inside gker(d|PT') +
dM™2. By projectivity of P* we have a morphism (H;),s) : P™ — ker(le?*l) &)
M™=2 such for s and for H = Hg + H; (T.2) is true. O

COROLLARY 1.1.4. 1) Any two choices of @ as in Lemma are homotopic.
2) Any two choices of P® as in Lemma are homotopy equivalent.

Proor. 1) Apply Lemma to the difference between the two choices of @.
2) For the two choices P}, and P$, consider ¢ : P} — P$ and ¢ : P§ — P3, then
apply 1) to id and @, as well as to id and @. (I

2. Projective resolutions and A, functors

In this section we will explain how the standard constructions of can be
organized into A, functors that take values in the DG category of bounded from
above complexes of projective modules. The latter DG category will be denoted
by Proj~ (A). Let Com™ (A) be the DG category of complexes of A-modules with
bounded cohomology. We will construct two such Ao functors:

A. Assume that A is free as a k-module. Denote by Proj; (A), resp. Com; (A),
full DG subcategories of complexes of modules that are free as k-modules (k is the
ground ring). Let i be the inclusion of Proj; (A) into Com; (A). We will construct
an A, functor

(2.1) P: Com; (A) — Proj; (A)
together with natural transformations S: iP — id and T: Pi — id. The latter are,
by definition, Hochschild cocycles of degree zero

C*(Com¢(A), 1pCom¢(Alia),

and same but with Pi instead of iP. cf. (12.1)).

B. Now view Com™ (A) as a category (with morphisms being morphisms of com-
plexes). Let k[Com™ (A)] be the k-linear span of this category. We will construct
an A, functor

(2.2) P:k[Com™ (A)] — Proj (A)

Denote by 7 : k[Com™ (A)] — Com™ (A) the DG functor that is the identity on

objects and sends every morphism to itself (viewed as a zero-cocycle in the complex

of morphisms). Then there is a natural transformation iP — 7t where 1 is as above.
Moreover:

LEMMA 2.0.1. Consider any choice M® +— P*(M®) for all objects in as in
Lemma [I-1.1 Assume that this choice associates P® to itself for every bounded
from above complex of projectives. Then there are Ay functors as in and
n whose action on objects is given by M® — P*(M®). In addition, consider
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any choice f — @(f) : P;(M3) — PS(MS$) as in Lemmafor all morphisms in
Com™ (A). Then there is an Ay functor as in (2.2)) whose action on morphisms is
giwen by f— @(f).

2.1. Construction of the A, functor (2.1). It is easy to construct one
such A functor, in fact a DG functor, from the subcategory of complexes that are
bounded from above. In fact, for such a complex M?®, let Bar(M®) be its standard
bar resolution

Bar(M*®) = (@ AN®™ @ M*, 0gar + dm)
n>0

Any homogeneous k-linear map f: M} — M3 induces a homogeneous k-linear map
B(f): Bar(M} — Bar(M3). Therefore we get a DG functor that we denote by Po.

Now consider any choice M® — P*(M?*) as in Lemma Extend it to an A
functor P as follows. First consider complexes M*® that are bounded from above.
For f; being k-linear homogemeous maps

fj Mj‘“ — Mj',
j=1,...,n, put
(2.3) Po(f1y...yfn) = @1B(fi)ha ... B(fr_1)hnB(fn) ®ni1
where:
g(M®):Bar(M®) - M®; g:P*(M*) - M*®
are chosen as in Lemma for them,
@©(M?®) : Bar(M*®) — P*(M*); o(M?®) : P*(M*) — Bar(M?*)

are chosen as in Lemma h(M?*) is the homotopy between id and @(M*®)p(M*®)
and h(M?®) is the homotopy between id and @(M®)@(M?*) as in Lemma m; we
put

g; = 9(M37); g5 = g(M]); @5 = @(MJ); @5 = @(M]); hy = h(M7)

As long as we are restricted to complexes that are bounded from above, we can
choose g(M?®) to be surjective. In this case, homotopies in Lemmas and
can be made zero.

The components of the natural transformation S are defined as follows. On
objects,

S=gp:iP(M®) =P*(M*) - M®;

on morphisms,
(2.4) Snlf1y.yfn) = grhiB(f1)hz ... B(fa1)hnB(fn) @ni1

Similarly, construct the natural transformation T : Pi — id. ***FINISH**

Next, consider any choice M®* — P*(M?*) for all M® in Com; (A) (that is,
complexes whose cohomology is bounded from above). Extend P to an A, functor
as follows.

Instead of a single complex Bar(M?®), we have an inductive system of quasi-
isomorphic embeddings Bar(M*®(m)) — Bar(M*®(n)) for m < n where m,n are big
enough. Here M*(n) = 1<, M*® is the truncation. In other words,

M*(n)=(... oM™ 5 M" 5 Ker(dM™) 50— ...)
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A homogeneous k-linear map f of complexes induced a morphism of these inductive
systems, namely, k-linear homogeneous maps

B(f,n) : Bar(Mj(n)) — Bar(M$5(n+ d))
compatible with the embeddings, with d > deg(f). ***FINISH***

2.2. Construction of the A, functor . For every complex M*® with
cohomology bounded from above, make a choice of a bounded from above complex
of projective modules P® and a quasi-isomorphism g(M?®): F®* — M?* as in Lemma
When M is itself a bounded from above complex of projective modules, we
choose g(M*®) = M*. Put P(M*®) = F*. Now let fi: M{ « M, fori=1,...,n.
Denote g; = g(M?). Let P(M?) = F{. We denote the components of the A, functor
P by

Pu(f1,. ., fn) € Hom' ™ (P4, P)
and the components of the natural transformation S by

Sn(fh- . ')fn) S I_Ioimin(Pr.prbM;)'

REMARK 2.2.1. We have two conflicting notations, namely, we denote the com-
position in any abstract DG category by

(2.5) Alx,y) ® Aly,z) — Alx,z);f® g — fg

but denote the composition of morphisms of complexes, as usual, by gf. We resolve
this by working not with the category of complexes but with its opposite.

For n = 0, we put s = g(M*) for every M*. For n = 1, let P(f1) be the
morphism ¢ from Lemma Let s(f1) be the homotopy from the same Lemma.
By inductive hypothesis, assume that all P,, and s, are already defined for m
smaller than n. The maps P and s have to satisfy

n—1
(2.6) [d,P(f1,...,fn)] = Z HP(F1y ey TP (Frity e v ey Fr )+
k=1
n—1
Z +P(f1y. .o Ticfisty ey n)
k=1

(2.7) [d,s(f1y...,f )l £ g1P(f1,...,fn) = f1s(f2,..., fr)+

n—1 n—1

D sy, FP(Ficrty e f) + D Es(fryeey fificrny oy fa)

k=1 k=1
Denote by Ry the right hand side of (2.6)) and by R, the right hand side of (2.7).
If we apply (2.7) for all k < n, we will get
(2.8) $1Ry = [d, R2]

By Lemma there exist the homotopies P(fy,...,f) and s(f1,...,sy) satis-
fying (2.6 and (2.7). This completes the construction of the A, functor P.
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2.3. Factoring out quasi-isomorphisms. Recall the definitions of the Drin-
feld quotient [5} As usual, by A/B we denote the Drinfeld quotient of A4 by 5.

PROPOSITION 2.3.1. The Ay functors P as in (2.1), (2.2) extend to the quotient
of Comy (A), resp. k[Com™ (A)], by the full subcategory of acyclic complezes:

(2.9) P: Com; (A)/Acy¢(A) — Proj; (A)

(2.10) P : k[Com™ (A)l/k[Acy(A)] — Proj~ (A)

PROOF. Start with the subcatgories of complexes bounded from above. For
an acyclic complex M®, the complex P*(M®) is a bounded from above complex
of projective modules. Therefore it is contractible. We extend P by sending the
element epme to the contracting homotopy. ***FINISH** O

3. Perfect complexes

DEFINITION 3.0.1. Let A be an associative algebra. A complex §° of A-modules
is strictly perfect if each % is finitely generated projective and < = 0 for all but
finitely many k. A complex M® of A-modules is perfect if it is quasi-isomorphic to
a strictly perfect complex. By Perf(A), resp. sPerf(A), we denote the DG category
of perfect, resp. strictly perfect, complexes.

LEMMA 3.0.2. For a perfect complex M® there exists a strictly perfect complex
P® and a quasi-isomorphism g : P®* — M®.

PROOF. It is enough to prove that, if P® is strictly perfect and f: M® — P*® is
a quasi-isomorphism, that there is a quasi-isomorphism g: P®* — M?* such that fg
is homotopic to idpe . Since P*® is non-zero only in finitely many degrees, we may
assume that the morphism g and the homotopy g are already constructed on F* for
k > n for some n. We can assume that we have g : P* — M* and h: P¥ — Pk-1
for k > n such that

(3.1) idP —fg=dh+hd
on all P* with k > n.

h h
pn - pn+1 “

[l

...HMnHMnJr] —_— ...

The morphism gd: P — M™* has its image inside Ker(d); fgd : P™ — P™*! has
its image inside Im(d) because of ; since f is a quasi-isomorphism, gd has image
in dM™. By projectivity of P, we can find go : P* — M" such that dgo = gd.
Now consider the map idpn —fgo —hd : P* — P™. We have d(idp» —fgo —hd) =0
because of (3.1). Since f is a quasi-isomorphism, the image of idpn — fgo — hd is
in dP™~! + f(Ker(d]M™)), and therefore the map can be lifted to (h,g7): P* —
P! @ Ker(d|M™). This gives us our h. Now define g = go + g7. These h and g

satisty (3.1)). O

There is the obvious inclusion functor

(3.2) 1i: sPerf(A) — Perf(A)
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The Ay functors from Proposition [2.3.1] restrict to A functors
(3.3) P : Perf¢(A)/Acy¢(A) — sPerf; (A)

(3.4) P : k[Perf(A)l/k[Acy(A)] — sPerf(A)

together with natural transformations S: iP — id and T: Pi — id.
As above, the subscript f refers to the subcategory of complexes of A-modules
that are free as k-modules.

THEOREM 3.0.3. The A functors below, defined as compositions of the em-
bedding and the projection to the Drinfeld quotient, are Ao quasi-equivalences of
DG categories:

Proj; (A) — Comy (A)/Acy,(A)
and
sPerf; (A) — Perf; (A)/Acy(A)

PROOF. Since quasi-isomorphisms are isomorphisms in H® of the Drinfeld quo-
tient by acyclic complexes, 1 induces an equivalence of homotopy categories. Look-
ing at the action of i and P, we conclude that i induces a quasi-isomorphism on
morphisms ***FINISH** O

4. The trace map HH,(sPerf(A)) —» HH,(A)

Define the trace map as follows. Let (Pj,d;j) be strictly perfect complexes
such that (Po,do) = (Pni1,dns1). For a Hochschild chain a = ap ® ... ® an,
a; € HOHIA(P)', Pj+1) put

tala) =) +a0®...®aj, @dj,+1® 0,41 ®...0 an

and

Tr(a) = trexp(€q)(a)
where tr was defined in [8.1}***[need graded version]**(see also [8.2). Note that,
despite the exponential involving factorials, in our case ¥ is divisible by k!. The
sum is infinite but the trace map is zero on all but finitely many terms. In fact,
the trace map has the form

(bomo ® ... bymy) — tr(mg...mn)(bo® ... bN)

where b; € A and m; are matrices over k. On every Pj there is a grading (just
by the degree in the complex). This induces a grading on tensor products of
Hom (Pj, Pj4+1. In the infinite sum, there are always n+1 factors a; and a growing
number of factors dj. Therefore the degree of a term in the sum goes to infinity.
But the trace is zero on all terms of nonzero degree.

LEMMA 4.0.1. The map Tr is a quasi-isomorphism of complezes that commutes
with B.

PROOF. Define the completions CII of the Hochschild complexes of sPerf and
sPerf4_¢ consisting of infinite sums of chains where the degree is allowed to go to
infinity. (see Chapter [24]). The trace map Tr defines an isomorphism

(4.1) Cll(sPerfq_o(A)) = Cq(sPerf(A))
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‘We have

S

P )
Co(A) : Co(sPerfq_o(A)) —— CLl(sPerfq_o(A)) LA Cll(sPerf(A)
1
Here i, p, and s are the inclusion, the projection and the homotopy from 8] while g
is the isomorphism defined in @ More precisely, g is the map such that Tr = tro g.
One has
poi=id; id—ip =[d+b,s]
The easiest thing now is to observe that a) s extends to CLl(sPerfq_o(A)) and
b) gsg~' descends to C,(sPerf(A)). Therefore gii is a homotopy equivalence of
complexes.
We have proved the following theorem of Keller.

THEOREM 4.0.2. There is a natural quasi-isomorphism
Co(Perf(A)/Perf>¥li¢(A)) — C4(A)).
Same for the cyclic complexes of all types.
5. Bibliographical notes
Toledo-Tong; Keller;






CHAPTER 19

What do DG categories form?

1. Introduction

The question in the title of this chapter was asked by Drinfeld in ***REF***
We will give a version of an answer that is related to other versions, such as
FAHAREFS***. Namely, we will show that Hochschild cochains and chains form
a category with a trace functor up to homotopy (a variant of the definition that
was introduced by Kaledin).

Let us start by noting that categories form a two-category, morphisms being
functors and 2-morphisms being natural transformations. A related fact is that
rings form a two-category. In fact, for two rings A and B, let C(A,B) be the
category of (A, B)-bimodules. The composition C(A,B) x C(B,C) — C(A,C) is
given by the tensor product ®g. If we restrict ourselves to bimodules which are
graphs of morphisms, i.e. for every f: A — B define ¢{B to be B with the bimodule
action a-b-by = f(a)bby, then the resulting sub-2-category becomes a subcategory
of the 2-category of categories above (rings are additive categories with one object).

The 2-category of rings has an extra structure. Namely, there is a functor
TRA : C(A,A) — Z-mod for every ring A, defined by

(1.1) TRA : M = M/IA, M] 5 M ®@agaer A — HHo(A, M).

The functors TR have the trace property, namely, for any A and B and for any
objects M in C(A,B) and B in C(B, A) there is a functorial isomorphism

TAB - TRA(M ®s N) =5 TRB(N Ra M).

Those isomorphisms satisfy a compatibility condition for every three rings A, B, C
and for three objects M in C(A,B), B in C(B,C), and P € C(C, A):

TacTcBTBA = 1d : TRA(M @8 N ®c P) - TRA(M ®g N ®c P)

For a monoidal category, i.e. a 2-category with one object, we saw such a structure
in 231

The goal of this chapter is to describe a derived analog of the above. More
precisely, replace morphisms of bimodules by the standard complexes computing
RHom and replace the trace of a bimodule by the standard complex computing the
derived tensor product, i.e. the Hochschild chain complex. We will actually restrict
ourselves to bimodules that are graphs of morphisms (or, more generally, of A
morphisms of DG categories). We will use brace operations on Hochschild cochains,
and their analogs on Hochschild cochains and chains, to construct a homotopy
version of the structure described above. We will see that much of the structure is
actually strict, not up to homotopy, when the morphisms are DG cocategories. The
single place where this is not so is precisely where the cyclic differential B appears.
We find this significant, together with the fact that bar construction of the algebra

299
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of Hochschild cochains of an individual algebra form a Hopf algebra (strict, not up
to homotopy).

Let us show how the structure of a two-category up to homotopy (in any rea-
sonable sense) gives rise to a differential B on TR (ida) for any A. Start with
two morphisms of rings f : A — B and g : B — A. Then we should have quasi-
isomorphisms of complexes

TRA(gf) —2% TRy (fg) — TR (gf)

and a homotopy between id and TgaTas. We denote this homotopy by By¢. Let us
also denote the Tap above by f. and Tga by g..

Now let A =B and f = g = id. Then 1ga = Tap = id and the homotopy now
commutes with the differential. We get an endomorphism B, or B o, of (homological)
degree one of the complex TR (ida).

Why does B define a differential? Note that, in any reasonable definition of a 2-
category with a trace functor up to homotopy, any new morphism of our complexes
should be homotopic to zero. For example, f,Bgr — Brgf, is the difference of two
homotopies between f, and f.g.f., it has to be homotopic to zero. Similarly, if
we denote by ba and bp the differentials in TR (gf) and TRp(fg) respectively,
then***CONT.; could be a bit subtle.***

Similar considerations show that the cohomologies of C(A,A)(ida,ida) and
TR (ida) carry a structure that is called a calculus in ¥***REF***,

The explicit formulas are as follows. For a morphism f: A — A,

TRA(f) = Ca(Ayr A); fulao®...® an) =f(ao) ®...® flan);
n
Bi(ap®...@an) =) (-1 @f(qj)...®f(an) ®ao ®...® aj_;
j=0
We finish this introduction by describing a structure carried by the pair C* (A, A)
and C4(A,.A). This structure is less known or studied than the one involving trace
functors.
For a Hopf algebra U over k, denote by U* the k-module U equipped with the
cobimodule structure

U uUeUalu— ) S(u®)ou® es(ull)
where S is the antipode. Note that
(1.2) m®? =moo:U"@Ut - U

is a morphism of cobimodules. Here m is the product in U and o is the transposi-
tion.

A di(tetra)module over a Hopf algebrall is a cobimodule M over U together
with two cobimodule morphisms

(1.3) puUfreM-M; i :MU—-M

subject to the following compatibility conditions:

1) turn M into a right module over (U, m) and over (U*, m°P);

2) the right actions of U and of U commute with each other.

kK PN TS

It would be interesting to see examples, as well as a quasi-classical analog for
Poisson-Lie groups, etc.
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2. A category in DG cocategories

Lemma [12.2.7] defines
(1) For every two DG categories A and B, a DG cocategory

(2.1) B(A,B) = Bar C(A, B)
(2) For any three DG categories A, B, C, a DG functor
(2.2) mupc : B(A,B) @ B(B,C) — B(A,C)
that is associative, namely,
MuspOMpep = Mycpomuse = Masep : B(A,B)@B(B,C)®@B(C,D) — B(A, D)

for any four DG categories A, B, C, D.

3. A category in DG cocategories with a trace functor

3.1. DG comodules. Our assumptions: DG cocategories and DG comodules
are conilpotent and locally finite, i.e.

Ag : B(x,y) — B(x,z) ® B(z,y)
is equal to zero for all but finitely many z, and
An : M(x) = B(x,y) @ M(y)

is equal to zero for all but finitely many y.

For a DG functor f : B, — Bj between two DG cocategories and for a DG
comodule M over By, define a DG comodule f*M over B; as follows. For an object
x2 of By, define two maps

B Balxa, fy1)eMly:) — & B3 (x2,Y2)®B1 (fyz, z1)@M(z1)
y1€0bB; y2€0bB,;z71€0bB;

One is idp, © Am, the other (idp, ®f ® idnm) o (A, o idm). Define f*M(x,) to be
the equalizer of these two maps.

This construction is dual to the construction of F;M for a DG functor of DG
categories A7 — Ay and a DG module M over A;.

LEMMA 3.1.1. Let M be cofreely cogenerated over By by the system of k-modules
M(x1), x1 € ObBy. Then f*M is cofreely cogenerated over By by the system of k-
modules M(fx2), xa € ObB;.

PROOF. Define a morphism

P Balxz,y2)@M(fys) = FM(x2) C P Bal(x2,22) ®Bi(fz2,y1) ©@M(y1)
y2€0bB; Z2,Y1

as (ide ®Rf® ldM) o (AB X ld]\/l) FEEMORE*** [l
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3.2. The trace functor. We will show that DG categories form a category
in DG categories with the following additional structure.

(1) For every DG category A, a DG comodule TR 4 over B(A, A).
(2) For any two DG categories A and B, a morphism of DG comodules

TaB: (Masa) TR4 — (Mmpas oT)*TRE

B(A,B) ® B(B, A) < B(B,A) ® B(A, B)

\LmABA mpBAB i

B(A, A) B(B, B)
() ()
TRA TRB

where T is the transposition;
(3) a homotopy 0. 45¢ between two morphisms of DG comodules

id : (magca) " TR4 — (Mmasca)*TR5
and

(taea 0 T%) o (Teas 0 T) © Tasce : (Masca)* TRA — (Mapca) TRs

B(A, B,C)-A) ;> B(C)A> B»C) 4T> B(B>C)-A) B)

\LmABC.A lchBC lmBC.AB

B(A, A) B(C,C) B(B, B)
() () ()
TR 4 TRe TRp
satisfying

TABc © OaBc = (0uBc © T) © TaBC
as two homotopies between T 4pc and Tapco (TaeaoT?)o(TeasoT)oTane.
Here

B(A,B,C,A) =B(A,B) ®B(B,C) ® B(C, A)

etc.; T are cyclic permutations of length 3;
Tasc : (Masca) TR — (Mmease o T)"TRe)

is defined as the composition
comaBc

(Mmacaomape)* TRA =5 (meac o Tomape)*TRe = (Mmease o 1) TRe.

4. A category in DG cocategories with a di(tetra)module

Next we will outline the structure on cochains and chains that are both in
coefficients in bimodules B4 where f,g : A — B are DG (or more generally A,)
functors.
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4.1. Cotrace of a bicomodule. If M is a DG module over a DG caterory
A then

tra(M) = M @ag.a00 A
explicitly,
tr 4 (M) = coker( @ Ax,y) @ M(y,x @ /\/lxx
x,y€Ob(A) x€O0b(A
where the morphism in the right hand side is given by
a®@m— am— (—1)¢Mimgq
Dually, for a DG bicomodule M over a DG cocategory B,
cotrg (M) = ker( ED M(x,x) @ B(x,y) ® M(y,x))
x€O0b(B) x,y€0b(B)

where the map in the right hand side is given by
mi— Z b @m2) — (1) ImVIp2) gy (1)

Here A' : M(x,y) — B(x,z) ® M(z,y) is given by m — Y b @ m(?) and A" :
M(x,y) — M(x,z) ® B(z,y) is given by m+— Y m(!) @ b(?)

For a DG functor F: B; — B3 and for a DG comodule M, over B,, there is a
natural map

(4.1) Fy : cotrg, (F*M2) — cotrg, M

4.2. The di(tetra)module structure. A di(tetra)module over a category B
in DG categories is the following.

(1) A DG cobimodule M(.A, B) over M (A, B) for every A and B;
(2) a morphism of DG cobimodules over

Waise : M(A, B) @ B(B,C) — m’5cM(A,C)

and
(3) a morphism of DG cobimodules over B(B,C)

l’L.LABC s cotrg(a,8) MascM(A,C) — M(B,C)

for every A, B, and C

such that the following compatibility conditions hold.
1). The composition

M(A, B) @ B(B,C) @ B(C,D) = m¥z:M(A,C) ® B(C,D) —
is the same as the composition
M(A,B) @ B(B,C) ® B(C,D) — M(A, B) ® miepB(B,D) —
2). The composition
cotrg(a,8)Cotry(B,c)MaseMiacp M(A, D) = cotrg(a,8)eB(8,c) Miasc MacpM(A, D)

(Mmasc)

= ¥ cotrp(a,cyMiepM(A, D) — M(C, D)
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is the same as the composition

cotrp(s,c)COtrB (4,8 MpcpMaspM(A, D) — cotrg(s,c)Mpepcotr (4,5 MaspM(A, D)

— COtrB(B,C)stCDM(BaD) — M(C,'D)
Here (mapc)y is as in (4.1)).

3). The composition

M(A, B) ® B(B,C) @ B(C, D) — M(A, B) ® mjepB(B, D)

= Mpep(M(A, B) ® B(B,D)) = mpepmispM(A, D) = mizepM(A, D)
is the same as the composition

M(A, B) © B(B,C) ® B(C, D) — m’y:eM(A,C) © B(C, D)
MYpc(M(A,C) @ B(C, D)) = MypemiucpM(A, D) = mypepM(A, D)

4.3. Di(tetra)modules over Hopf algebras.

5. Constructions and proofs

In this section we define the above structures on Hochschild chains and cochains
and provide the needed proofs.

5.1. Operations on chains and cochains. In addition to cup product and
braces on cochains, we define three types of pairings between Hochschild cochains
and chains. We will refer to them as operations of types j, L, and B. They are,
roughly, noncommutative/higher counterparts of: a) contraction v« of a form by a
multivector; b) Lie derivative Lro of a form by a multivector; and ¢) the De Rham
differential d« of a form.

5.1.1. Operations of type j. For a morphism f: A — A, define the chain com-
plex Cq(A,s A); here A is viewed as an A-bimodule via ap - a - a; = f(ap)aa;.
Define the pairing

(51) C.(.A)f Ag) ® Cfc(-A)g -A) — C,.(A,f -’4)
by
(5.2) je(o ®...® an) =£@(An—k+1y..-,An)Ao ® a1 @ ... ® ax

for a k-cochain .

LEMMA 5.1.1. The pairing (5.1) is a morphism of complexes. Together with
the assignment f — C_q4(A,¢ A) it defines a DG module C 4 over the DG category
C* (A A).

5.1.2. Operations of type L.
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5.1.3. Notation. Fora= a1 ®...® an and for f: A — B, we will write

fla) =fla1) ®...® f(an)
For any partition 1 <k <...<kp_7 <n, we write
(5.3) a=a;®...Q0ap
faj=a1®...00aK,,82 = A +1 Q... ® Akyy vy 8p = Ak, 41 © ... @ An.
Similarly, for @ = (@1]...|Qm),let @1 = (@1]...[@Q1, ), ..., Og = (@1, 4]...[@m).
Then we will write
(5.4) O = (Dq]...[Dg).

REMARK 5.1.2. If @j is of length 1, i.e. if ®; = (@) for some k, we will write
somewhat awkwardly, subject to change? ¢\ = ¢; and

O = (Dq]...1@;]...[Dq).
Furthermore, we will write
¢(a) = @(ar,...,an)

for any n-cochain ¢. Let @; € C*(A,¢; By, ,) and a; € A. Then put
(5.5) Apa = Z +ao®fi(a;)@e1(a)®f(a3)®@...@ @m(a2m) @ fmi1(a2me1)
The sum is taken over all partitions .

LEMMA 5.1.3. The above formula defines a morphism of DG coalgebras

Bar(A) ® Bar(C*®(A, B)) — Bar(B)
ProoF. g

REMARK 5.1.4. It is allowed for a; or ®; to be empty, i.e. kj = kjq41 or
lj = lj+1. If the latter happens, we put
(56) )\q;). a = fj (a)

Finally, for the sake of convenience, we recall the differentials in the bar con-
struction. For ® = (@1]...|@m), write

m—1 m
(5.7) A0 = > (@1...l@j@ial.c.@m) + ) E(@1...[805]... o)
j=1 j=1
For a = (aj|...|lan) (same as a1 ® ... ® an), put
n—1
(5.8) da = Zi(m clagagpal.oan)
j=1

5.1.4. The operations L(®, V). For @; € C*( Ay, By, ), 1 <j <m, and i €
C*(B,g, Ag:,,), 1 <i<mn, and qj € A, define

(5.9) L(®,¥)(ao®a) = ) +¢1(AvAe,a3,a0,21) @ Ao, (a2)
if ¥ is not empty, and

(5.10) L(®,¥)(ao®a) = ) +¢1(Ap,a3,00,21) @ Ao, (a2) + a0 @ Apa

if ¥ is empty. The summation is over all partitions ® = (@1|®1|D;).
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5.1.5. Operations of type B. Let ®; be a cochain in C*(A;_1,.4;)(f;,9;), j =
1....,p, and A, = Ao. Let ap ® a be a Hochschild chain in C_4(Ag,g,...q;, Ao)-
Define

(5.11) B(®1,...,0p)(ap®a) =) +1®Ap,e..00,22 @ do ® a
which is a chain in C_4(Ao,f,...r; Ao). The sum is over all partitions a = a; ® a;.
6. Operations on chains and cochains and a trace functor in
cocategories
6.0.1. Operations of type j and the DG comodule TR 4.

DEFINITION 6.0.1. Denote by TR 4 the DG comodule Bar(C(A,.A),C4) over
the DG cocategory B(A, A) = Bar(C(A, A)) where C4 is the DG module from
Lemma 511l

6.0.2. Operations of type L and the morphism T z3.

LEMMA 6.0.2. The DG comodule Mm%z s TR 4 is a cofree graded comodule over
Bar(C*(A,B)) ® Bar(C*(B,.A)) cogenerated by C4(f ® g) = C_q(A,g¢ A), with the
differential

(@1l lom)(Wrl... n)e = (@il .. l@m)(W1l... bn)(b+ d)c+
-1
E(@1l.. loj@ial. . lom)(Wl. .. bn)ct

3

—_

1

3
|

(@l dom) Wl Wi, .. [bn)e+

M

1

(@il 16+ 3)@sl...lom)(b1l... [pn)et

| NgER

-
—_

(@1l lom)(Wrl... [+ ). [bn)e+

hE

1

~
Il

(@1l l@m—1)(W1l...n)je,.c+
n+1
D E(@il o) Wl on i (s pmC
k=1

for a chain ¢ in Ca and for composable morphisms @; in C*(A,B) and Py in
C*(B, A). In other words:
(@)(W)e — (d0)(W)e £ (@) (d¥)e + (@) (¥)(b + d)c+
D H@)Wig,c+ ) D)2, (0,,C

Here b+ 0 is the total differential on the Hochschild chain complex and &+ 0 is the
total differential on the Hochschild cochain complez.

(cf. Remark [5.1.2)).

PROOF. O
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PRrROPOSITION 6.0.3. The formula
(@)(W)e = Y (@1)(¥1)L(D2,¥2)c
defines a morphism of DG comodules
Tap : MypaTRA — mpTRE
(cf. Pl of B2

PROOF. O

6.0.3. Operations of type B and the homotopy o.
PRrROPOSITION 6.0.4. The formula
(@)(W)(©)c = D (©1)(¥1)(01)B(D2,¥3,0;)c
defines a morphism of degree +1 graded comodules
oaBc : MageaTRA — Mypea TR A
satisfying condition[3 of [3.2

PROOF. O

6.1. Products between chains and cochains. Let ¢ be a cochain in C*(A,¢, By,)
and c a chain in C4(A,¢, Br,). Define the chain j,c, or just @c, by

(6.1) jelao®...an) = £@(An_ks1y.+,An)A0 @ ... ® An_k

Now let ¢ be a chain in C4(A,¢, Bf,) and ¢ a cochain in C*(A,¢, By,). Define the
chain i,c, or just ce, by

(6.2) iq,(ao ®...an) =tao@(ar,...,0x) ® Axy1...® an

LEMMA 6.1.1. The assignment f1,f2 — C_o(A,¢, Br,) together with the prod-
ucts (6.1) and (6.2) define a DG bimodule over the DG category C*(A,B). We
denote this DG bimodule by C_o (A, B).

6.2. Braces between chains and cochains. Let f; : A — Bfor 1 <1i<
m—i—l;fj’:AHBfor] <j<n+T;ge:B—=Cfork=1,2.

Consider cochains @; € C*(Ay, B ,,),1 < i < my (p].’ € C'(.A,f]/ ij/+]),
1 <j<mn;and P € C*(B,g, Cys). Let ¢ be a chain in C_o( Ay, ,, B ). Let @ =
(@1]...lom) and @" = (@1]...l@; ). Define the chain py, (®, ®')cin C_q(A,q,r, Cqitr
by

(6.3) ty (@, @) (bo ®a) = Y P(Ao(as),bo, Ao (a1)) @ a;

(cf. F-13).
Next, let fi : A - Bfor 1 <i<n+1;gx:B — C for k =1,2. Consider

cochains @i € C*( Ay, Br),1 < i< m;let ¢ be achain in C_q(A,g,f, Cgytr,y)-
Let @ = (@1]...l@n). Define the chain veoc in C_4(B,g, Cy,) by

)

(6.4) Vo(co ®a) = co ® Ao (a)
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LEMMA 6.2.1.
VoVy = £Vyen;

o (@, )vy = ) Evy,up(Vs e D, ¥y e d');

Moy (@, @) =) +pup(D oWy, @ e Wy)+ ) +pup(Dr 0Wr, @) e Ws)uy, (D2, D7)
[b+ 0, 1y (D, D)) — sy (O, @) F pyy (AP, @) F oy, (@, dD') =
D g (01,0 )jg, 5,4 Higia (P2, @) +) g (@, 0))igrg+Y  Figrg iy (@, @)
b+0,val = v(d®) = ) £Vo,ig e, + ) Vo ige. .,
6.3. Construction of the twisted tetramodule structure.
DEFINITION 6.3.1. Set
M(A, B) = Bar(C*(A,B), C_.(A,B)),C*(A, B)

(the bar construction of the DG bimodule C_q (A, B)) over the DG category C*(A, B)).

This is a DG cobimodule over the DG cocategory B(A, B).

For (@)c (CD’) € M(A B) and ¥ € B(B,C), define
(65 (@) = Y (O (g, (O, @ )e) (D) (¥3))
For (¥) € B(B>C)(91»92), c € C_.(A,C)(g2f1,9:1f2), ¥’ € B(B,C)(g7,93), and
® € B(A, B)(f2, 1), define an element in M(g1, g3) by
(6.6) (@) x (W)e(¥) = £(¥)(voc)(¥)

PROPOSITION 6.3.2. Formula defines a morphism of DG comodules over
B(A,B) @ B(B,C)

Wige : M(A, B) @ B(B,C) = mYyz.M(A,C)
and formula defines a morphism of DG cobimodules over B(B,C)
Hb\zsc s cotrg (4,8 MascM(A,C) — M(B,C)

These morphisms satisfy the conditions 1), 2), 3) fmm

PROOF. An element of m¥% z-M(A,C) is a sum of monomials

((@)(W))e((@)(¥")

where (@) € B(A, B)(f1,f2); (D) € B(A, B)(f],f3); (¥) € B(B,C)(g1,92); (¥') €

B(A,B)(g7,95); ¢ € C_e(A,C)(g2f2, g f}). The differential sends such a monomial
to

£(@)(¥) (b +3)c((@)(¥) £ (d@)(¥))e((@)(¥)+
(@) (d¥))e((@")(¥") £ (( )( ))e((dd)(¥") £ (D) (¥))e((@)(d¥)+

2= (@) W)jg,e((@) +Zi (%)]wz{%}(( W)+
> (@) W)ig, 5, (@D + Y E(@NW)igy @ cl(@F)(¥2)

(compare to Lemma[6.0.2)). An element of cotrAchj‘BcM(A, C) is a sum of mono-
mials
(@)((W)e(¥)
Where (@) € B(A,B)(f1,f2); (¥) € B(B,C)(g1,92); (¥') € B(A,B)(g7,95); ¢ €
—e(A,C)(g2f2,9gf1). The differential sends such a monomial to

i(®)((‘P)(b+a) (¥) £ (d)((W)e(¥) = (@) ((d¥)c(¥) £ (D) ((W)c(d¥"))+
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D HO)(Wg,5,c(¥)) + ) £(@1)((Wig, 0, cW))+
+ ) EHO)Wigig,c(¥2) + ) £(@2)(W)ig, (q,(¥2)

7. A category in DG categories

For any DG categories Ao, ... , An, define
C(Ay — ... = Ay) = Cobar(Bar(C(Ap, A1) ® ... ® Bar(C(An_1,An)))
These DG categories carry a structure that we call a homotopy category in DG
categories, i.e.
I. DG functors
Wio.ojn ZC(AO — .. .An) — C(.Ajo — .. Ajm)
forallm>0and all0=jp <j1 <...<jm =1
IT. DG functors
A :CAy— ... 2 Ay) = C(A)— ... 2 A) @C(Ax — ... = An)
fork=1,...,n—1
such that DG functors II are:
(1) coassociative;
(2) compatible with DG functors I, namely:
(Kjo..ji ®@ Hjr.jn) © Ak = Ajy 0 Wiy s
(3) weak equivalences.

Note that in our case DG functors II are bijections on objects, so being weak
equivalences just means being quasi-isomorphisms on morphisms.

DG functors I and IT are constructed as follows. I are induced on Cobar by the
e product ***REF*** whereas II are obtained from the dual EZ product

(7.1) Cobar(B7) ® Cobar(B;) — Cobar(B; ® B3)

7.1. The Grothendieck construction. Recal the category A from Its
objects are [n], n > 0, and A’([n], [m]) consists of transformations

(7.2) (X0y -+ e Xn) = (XJgy e v ey X700 )y
(cf.(2))). We write
(7.3) XJio = Xjut1 oo Xjy g

where —1 =jo < ... <jk <jkt1.-- < jms1 = n (and the product of an empty
number of x; is equal to 1).
The category A’ acts on the

(7.4) Ao = o= Ang

(n > 0) where A; are DG categories. Namely, a morphism (7.3)) sends such (7.4)
to Aj0+1 — ... _>Ajm+1+]'

*¥H*Set?*** of all symbols

DEFINITION 7.1.1. Define the category A/Alg as follows. Its objects are (m, A)
wheren > 0 and A is as in (7.4); morphisms from (n, A) to (m, A’) are morphisms
i A’([n],[m]) such that A = A’.
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For A as in (7-4), define sA = Ao and tA = Ay 1. Define AY)) to be the full
subcategory of H?‘:o A}y, With objects (Aq,..., An) such that tA; = sAi; for
1=0,...,N —1. We have the obvious functors

Dj: AN 5 AN)
(0 <j < N) such that

(Aoy...s AN) = (Agy.. oy Ajo Ay, ..y AN)

where
(Ao = ... o> Ans1)o(Ani1 = oo. 2 A = Ao — oo 2 Anpr — o 2 A1,
and

Sj: AN 5 AINFD)
0 <j < N+1, such that

(Ao,...,AN) — (Ao,...,Ajfl,(A%.A),A]',...,AN)

where
A=1tA;_1 =sA;.

REMARK 7.1.2. We get a cosimplicial category Affl)g (in other words, a functor
from A’ to categories). The structure of a homotopy category in DG categories
that we constructed above can be interpreted as:

(1) a functor C™N) from Ag?g) to DG categories for any N > 0;;
(2) a natural transformation of - 5*¢™) — ¢ for any & € A'([N],[M])
such that
(3) &' is a weak equivalence on every object of Aﬁg) , and
(4)
(8182)" = 83(5)8)

for any composable 67 and 6, in A’.

8. A category in DG categories with a trace functor

8.1. Trace functors in terms of the Grothendieck construction. Recall
the definition of a homotopy category in DG categories as in Remark We
will extend it as follows. Let Aai, be the category whose objects are (n, A) where
n >0 and A is a cyclic word of length n, i.e. a symbol

(8.1) Ao — ... = Ay — Ao

where Aj are DG categories. A morphism A € A([n], [m]) transforms cyclic words
of length n into cyclic words of length m. A morphism (n, A) — (m, A’) in Aajg is
a morphism A € A([n], [m]) that transforms A to A’. The composition is defined by
the composition in A. We define A alg in exactly the same way with A replaced
by Aeo-

We will usually write A instead of (n, A) (of course the length of A is n.

A homotopy trace functor on a homotopy category C in DG categories (cf.

Remark is:

(1) A functor from Aaj, to DG categories that extends the restriction of C to
the full subcategory of Aaj; whose objects are (n, A) where A are cyclic
words (we denote this functor also by C);
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(2) a DG module TRa over C(A) for every cyclic word A;
(3) a weak equivalence AT(A) : A*TRya — TRa for every morphism A in
Aoo,Alg such that
AT (A) = uf(A)uAT(nA)

in the diagram
WA TRAiA — (A)*TRapa

J{u*(ﬂ(uA)) (AH)*l
:
wW*TRA _* . TRA
(4) a homotopy o(A) between two DG functors id and (t"+")T(A) for any
cyclic word A of length n such that for any A € A, ([n], [m]) one has the
equality
AA*(6(AA)) = o(A)AT
of the two homotopies between the two DG functors At and
U\Tm_H )T _ (Tn+1)\)T
as in
id
A TRaa AMTRaA

E—
A* (T1n+'| )T
At At
id

TRA TRaA

(Tn+1 ]1‘

8.2. Higher Hochschild complexes. Now, in addition to cochains described
by the "bigon” (??), let us consider more general 2k-gons such as the one below
(for k=2)

(8.2) A 1o B,

lel TQN

B=—A>
f22

Namely, for any algebras Aj,Bj,1 <j < k, and for any morphisms fj; : A; — B;
and gjj+1: Aj = Bjy1, T <j <k (the indices are added modulo k, we define the
complex

(8.3) C.(®}(=1Ai> ®fj; (®}<:1Bj)®9i,i+1 )
One can generalize the cup product (?7?); namely, for two cochains

(8.4) Ay 1 B,

lel 1921
f

By <2 A,

g22="F22
fszT lfm

A3 933 B3
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one produces a cochain

f
Aq #>B1

A3ﬁB3

Also, for a morphism f: A].’ — Aj, resp. B; — B]-’, one defines *, resp. g..
Furthermore, one can generalize (?7) and define the e product that takes two
cochains as shown below

(8.5) C; <2 B;

and produces a cochain described by

g31
Ci=<—Bs

fz1iii///1 lf
32

Az Ca

921i /////%
922921

B <—Aq
f1q
As in (?7), this product is a homotopy between two different ways to compose the
two cochains using the cup product and the operations of direct and inverse image.
When one takes Aj = B; = A and fj; = gj,;41 = ida for all j, one defines the
Kontsevich-Vlassopoulos bracket on

(86) [IC (A%, w(A®F)
k=1

of degree —1 in k. As above, « is the cyclic permutation.

One would expect a generalization of the construction mentioned in ?7. Namely,
a strict structure would be as follows. We have defined a complex C*(K) corre-
sponding to a 2k-gon K. For any picture which is a union of 2k-gons such as (8.4

or (8.5)),
(8.7) K =U%,K;
there should be an operation

(8.8) Op(Ki, ..., Km) s @12 C*(Kj) — C*(K)
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and an associativity condition for Op(Ky,...,Ky) and Op(Kj1,...,Kj nj) for every
”double subdivision”
(8.9) K=U"Kj; Kj=U7 Ky, T<j<m
More realistically, there should be a version of the notion of an operad (related to
and generalizing Batanin’s two-operads):
(1) a collection of complexes O(K;Kjy,..., Ky, ) for any subdivision (8.7);
(2) compositions
(8.10) O(K;{K;}) @ @2, O(Kj3{Kji}) — O(K;{Kj1})
for any ”double subdivision” ;
(3) an associativity condition for any ”triple subdivision”
(8.11) K= U{Z]K]’; Kj = U?:)']Kj‘i, 1<5<m Kj i = UeKg 5,1
An algebra over such a generalized operad will be
(1) A complex C*(K) for each K;
(2) A morphism
O(K;{Kj}) @ &%, C*(K;) — C*(K)
for every subdivision (8.7) which is compatible with composition for any
(8-9)-
We expect the higher Hochschild complexes (8.3) to form an algebra over a gener-
alized operad O which is homotopically constant, i.e. such that O(K;{K;}) are all
weakly homotopy equivalent to the scalar ring k. This would generalize Tamarkin’s

theorem [?].
Furthermore, for a 2k-gon {Aj, Bj, fj;, gj,j+1} there is also the chain complex

(8.12) Co(@}1A, oty (D1Bj)ag; ;1)
(In fact, when k > 1, there are also mixed chain-cochain complexes). The above

should generalize to this situation, within the context of (generalized) multi-colored
operads.

REMARK 8.2.1. This is not quite straightforward because chains have different
functoriality properties. For example, given morphisms as in (??), at the level of
cochains we get morphisms of complexes

C.(B) g1 ng) — C.(A» hg1thng)
(as we saw earlier); but at the level of chains we get

C.(A» g1fcng) — C.(B> hgi Dhgz)
In [?] we proved two results about the structure of chains and cochains in a
two-categorical language. Firstly, we showed that the category in cocategories
Bar(C*(_,-)) admits a trace functor up to homotopy (in a precise sense); this
structure involves only the Hochschild chain complexes TRa (f) = Co(A,r A) for

endomorphisms f of algebras. The structure on all C4(A, ¢Bg) is what we call a
twisted tetramodule structure over Bar(C*®(_, _)).






CHAPTER 20

Representation schemes

1. Representation schemes of algebras

Let A be an associative algebra. For a natural number n, The nth repre-
sentation scheme Repy (A) is the scheme whose points are morphisms of algebras
A — M, (k). More precisely, O(Repn(A)) is the commutative k-algebra with gen-
erators pji(a), a € A, T <j,k < n, that are k-linear in a and satisfy the relations

(1.1) pje(ab) = Z pjk(a)p;e(b)
k=1

We will usually fix n and write Rep(A) instead of Repn (A). We will also denote k™
by V.
There is a morphism of algebras

(1.2) A = Mn(O(Rep(A))); a— (pje(a))i<jksn

In fact O(Rep(A)) is the universal commutative algebra B with a morphism A —
M., (B). There is also an action of GL;, (k) by automorphisms: for a matrix T = (Ty;)
in GLy,, the corresponding automorphism acts by

(1.3) Ppa = D Tpii(T g
Jk

The morphism (1.2)) is actually a morphism

(1.4) A = M, (O(Rep(A))) O

2. Derived representation schemes

Let (Rq,dg) be a semi-free differential graded resolution of A. We define the
algebra of functions on the derived representation scheme of A as the differential
graded algebra O(Repn(Rs)). More precisely, it is the graded algebra generated by
Pjk(T), T € Rp, of degree p, with relations ; the differential is defined as

(2.1) dp(r) = p(drT)
We denote the differential graded algebra O(Rep(R,)) also by LO(Rep(A)).

2.1. Derived representation schemes and the bar construction. Just
as for any differential graded algebra A we can form the differential graded Lie

algebra gl,, (A), for any differential graded coalgebra C we can form a we can form
the differential graded Lie coalgebra

(22) glh(C) =gl ®C

315
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And just as we construct the Chevalley-Eilenberg chain complex CS®(L,k) for a
DG Lie algebra, we can construct Chevalley-Eilenberg cochain complex C&p (£, k)
for a DG Lie coalgebra.

THEOREM 2.1.1. (Berest , Felder, Patotsky, Ramadoss, Willwacher). There is
a quasi-isomorphism of differential graded algebras

LO(Repn(A)) = Cop (gl (Bar(A)), k)

ProOF. This follows directly from applying the definition of LO(Rep) when R,
is the standard resolution CobarBar(A). More precisely: the graded commutative
algebra LO(Repn (A)) is freely generated by psj(c) of degree [c|+1 where ¢ € Bar(A);
the differential acts by

Opijlc) = Z Z(—1 )‘C(])lpik(c(”)pkj (c?)
k

where, as usual, Ac = 5_ ¢ ® c(2), But this is precisely the definition of the right
hand side of the formula in the statement of the theorem. O

2.2. The derived tangent space. For a commutative DG algebra R, an R-
valued point of the derived representation scheme of A is an A, morphism p :
R® A — My (R). For such p, we denote the corresponding R-valued point by

(2.3) p:LO(Repn(A)) = R
The derived tangent space at such a point is the complex
(2.4) Ts(LRepn(A)) = Der(LO(Repn(A)), R5)
Here R is R on which Der(LO(Repy(A)) acts on both sides through p.
THEOREM 2.2.1. There is a natural quasi-isomorphism
75(LRepn(A)) = RHomgga (Rp, Rp)

PrOOF. Choose the standard resolution Cobar(Bar(A)) of A.. A derivation as
in the right hand side of is a linear map ¢ : Bar(A)[—1] — R. Identify the
space of those with the standard complex for computing RHomgga (R5, R5). The
differential in 7z becomes the differential in this standard complex. O

3. Cyclic homology and representation varieties, I
3.1. The stabilization theorem. Define
(3.1) LO(Reps(A)) = h_n)l LO(Repn(A))
Define also
GLoo = lim GLy,

THEOREM 3.1.1. Let A be a DG albebra concentrated in non-positive degrees
(with respect to the cohomological grading). There is a natural quasi-isomorphism
of commutative DG algebras

LO(Repeo(A)) 9= 5 Sym(CC,(A))
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PRrROOF. Again, choose the standard resolution Cobar(Bar(A)) of A. An argu-
ment identical to the proof of Theorem [4.0.2] combined with Theorem shows
that there is an isomorphism

(3.2) LO(Repoo(A)) S = Sym(CYy , (Bar(A))[—1])

Here for a DG coalgebra C

(3:3) A (C) = @(C ® C[-1]®™)%/ (n+ 1)z
n>0

the differential being the Hochschild differential b plus the differential induced by
the one of A. (Compare to Chapter |§| ). In general, this is quasi-isomorphic to the
direct product totalization of the two-periodic double complex

(3.4) (@ o™ -nl,b') 5 (@ e -l b) L

n>0 n>0

Because of our assumption on A, the direct product totalization coincides with the
direct sum totalization. Now, for C = Bar(A) this complex can be replaced by the
direct sum totalization of the two-periodic complex

(3.5) ey EE o) &L

Here
ey = (¢ 25 Ker(v': (CoC)[-1] = (Co C®C)[-2))

CH(C) = (€ = Ker(b: (€ C)[-1] = (C®C®C)-2)

Finally, the complex (3.5)) is quasi-isomorphic to CC4(A)[1]. To see this, note that
the first complex becomes

(3.6) Cone((A®21b') — (A®22 b))
The second complex becomes
(3.7) Cone((A®21,b") =5 (A®22 b))

The morphism 1—T in becomes as follows: on (A®Z2 b) it is N; on (A®Z,b’),
it is zero. And he morphism N in is as follows: on (A®Z2 b) it is 1 —T; on
(A®Zb’), it is the identity. It is clear that the resulting complex compputes
HC.(A). (MAYBE A FEW MORE WORDS)

O

4. Cyclic homology and representation varieties, II

We compare the Hochschild (resp. periodic cyclic) homology of an algebra A to
forms (resp. equivariang De Rham cohomology) of the variety of representations of
A. We provide two constructions. First, we compare the extended De Rham com-
plex from Chapter to equivariant forms on the representation scheme; second,
we compare the complexes from Chapter [17] to equivariant forms and multivectors
on the (derived) representation scheme. Hopefully, these methods can be extended
to compare cyclic homology of DG categories to the De Rham cohomology of their
moduli spaces as studied by Toén and Vezzosi.
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4.1. From the extended De Rham complex to equivariant forms on
Rep(A). Let

be the algebra of Kahler differentials. For X € gl,, let vx be the derivation of
O(Rep(A)) defined by

n

(4.2) v(X)(Ppa) = Y_(PpiXia — XpiPiq)
k=1

This is the infinitesimal form of the action (1.3)) of GLy, . Denote
G = GLn(k); g = gl (k).

Consider a differential

(4.3) tv : Hom(S'(g), QP (Rep(A)))¢ — Hom(S'* (g, QP (Rep(A)))©
defined by
(4.4) (W) (X) = ) f(X)

where we view Hom(Sg, Q) as the space of homogeneous maps g — Q of degree j.
Define the map of differential graded algebras

(4.5) 0% (A) — Hom(S*g, M (Q*(Rep(A)))) ¢
as follows:
a — (pjk(a)); da— d(pjk(a))
(we view My (Q) as Hom(S%g, M, (Q));
t—id:S'g — My (k) € M (Q°(Rep(A))).

Composing (4.5) with the ordinary matrix trace tr, we observe that the result is
equal to zero on all commutators. It is immediate taht the above map intertwines
¢ with ty. Tensoring with k((u)), we get a morphism

(4.6) (DR? (A)((w)), 1 +ud) — (Hom(S*g, Q*(Rep(A)))€, 1y +ud)
We have obtained
PROPOSITION 4.1.1. The map (4.6) is a morphism of complexes.

4.2. The X complex and equivariant multivector fields on the Rep
scheme. Consider the diagram

(4.7) A®A Q)

| |

(g[n ® (,)chn(A))GLn - TRCPn(A)

The bottom morphism is as follows. Denote by &;1 the fundamental vector field of
the element Eji of gl, on Rep, (A). The bottom morphism is as follows.

The vertical morphism on the left is defined as
(4.9) a®cm ZEjk®ij(C(1)

jrk
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for a, ¢ € A. The vertical morphism on the right is as follows. Recall that an
element of (Q})Y is a derivation D : A — (A ® A), (i.e. with values in A ® A
viewed as a bimodule with the inner structure). Put

(4.10) =) D'(a)®D"(a)
Then
(4'11) D~ p)k H Z p]k ( )))

LEMMA 4.2.1. The diagram (4.7)) is commutative.

PRrROOF. O

The role of a Cartan model of equivariant multivectors is played by the invariant
part of the Koszul complex:

(412)  Ka(g,d,Repn (A)5n = (S (gl [=d)) © Oy, a),ar1)%""
where for a scheme X

(4.13) O% a+1 = Sox Tx[—1—d]

The differential on the Koszul complex is

(4.14) Z aE ® (&x)

(In other words,

(4~15) Ke(g,d, Repn(A))GLn =C, (9[ [ed})g[n)QRepn A),d+1)

where €4 is of degree d+1, €5 = 0, and X+e€4Y acts by Lg, +(EyA) for X, Y € gl,,).
We extend (4.17]) multiplicatively to a morphism

(4.16) x™(A,d) = Ke(g, d, Rep,, (A))
We discuss various complexes related to a group action on a scheme in
LEMMA 4.2.2. The shift of (4.16]) by d + 1 is a DGLA morphism.

PROOF. O

4.3. The ¥ complex and equivariant forms on the Rep scheme. Now
consider the diagram

(4.17) Ql A®A
Qfaep A — (gl ® ORepn(A))GL"

The vertical morphism on the left is

(4.18) a-db-c pi(a) - dpjk(b) - prilc);

The vertical morphism on the right is

(4.19) a®c Yy En ®pjilca);

jrk
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the bottom morphism is

(4.20) w — Z Lgjp
jk

for w € Q.
LEMMA 4.3.1. The diagram (4.17) is commutative.

PROOF. O

As in ¥**ref*** define the Cartan model of equivariant forms as

(4.21) Qe (A),cL, = (ST(OR)BQR, (4) "
with the differential
(4.22) d+ ) Ep®u,

ij

(In other words,
(423) Ql.:{ep“ (A),GLn — c* (g[n [(—j, g[n’ '()'I.Kepn (A))

where X + €Y acts by Lg, + tg, for X, Y € gl,,).
We extend (4.17) multiplicatively to a morphism

(4.24) (Y& (A),da +b+d) = Ohey (a) L
***check the LHS***

4.4. The noncommutative cotangent complex and the Rep scheme.
Recall that @ € F/[F, F] defines a regular GLy,-invariant regular function on Rep,,, (F)

m
(4.25) Trd(p) = ) pj(P)
j=1
LEMMA 4.4.1.

Rep,, (Ao) = Crit(Trd)

PROOF. O

Note that for any scheme X and any regular function ¢ on X the map do g :
Tx — T descends to

(426) do lag - Tx|CI‘1t¢ — T;E|Cl‘lt¢
Let us intruduce the following notation.

(4.27) Rr = Rep,, (F); Ro = Rep,, (Ao)
(4.28) (Qfa, )Y = Ao ®F (QF)Y @F Ao;

(4.29) Olia, = Ao ®F Qf ®F Ag;
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The diagrams (4.7) and (4.17)) extend to the following
(4.30)

Ao ®A®—6>(Q;|A¢)VHQ1F|A¢ —b>Aq) QR Ao

| . |

dot 3 %
(g[m Y Omcp )GLm - T%F ‘%cp —== Qf]RF ‘%@ - (g[m ® Om‘b)GLm

5. Appendix. Complexes associated to a group action

5.1. The Koszul complex of a Hamiltonian action. Let an algebraic
group G act on a Poisson algebra A. We assume the action to be Hamiltonian, i.e.
that there is a G-equivariant Lie algebra morphism

(5.1) g— A; X— Hx

so that the action of X € g is given by

(5.2) a— {Hx,a}, a € A.
Define

with the differential

(54) K Ko(g»A) — Ke_1 (g)A)

KXi AL AXe®a) =) (1) TIX ALLAK AL AX @ Hyja

j=

—_

In other words,

(55) Ko(g)A) = Co(Qcomm» A))

the chain complex of g viewed as an Abelian Lie algebra that acts on A by multi-
plication.

Next, fix an integer d and assume that A is a graded commutative algebra
with a shifted Poisson bracket of degree —1 — d. Then A4, 7 is a Lie algebra. A
Hamiltonian action is an action of G together with a G-equivariant morphism of
Lie algebras

(5.6) g — Aa+1; X— Hx
such that the action of X € g is given by (5.2)). Define the Koszul complex
(5.7) Ke(g, d; A) = (S(gl—d]) ® A, k) = Co(gl—d — 1], A)

Here g[—d — 1] is viewed as an Abelian graded Lie algebra acting on A by multi-
plication by Hx, X € g. The differential « is given by

0
(58) K = E QHE" .
)
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5.2. The derived reduction of a Hamiltonian action. For a Hamiltonian
action of g on a Poisson algebra A, define

(59) A:ed =C* (g) K' (g) A))
As a graded k-module,

red =N\ (@) @A (g ®A
which is a Poisson algebra. Namely, it is the tensor product of two Poisson algebras,
one being A and the other A®(g*) ® A~*(g). The Poisson bracket on the latter is
determined by its restriction to g[1]* @ g[1] which is the usual duality pairing with

values in k- 1.
We observe that the differential is the bracket with the homogeneous element

(5.10) h= % Z f}keiejek + Z ejHej
Lisk j
where e; is a basis of g, e is the dual basis, and f}k are the structure constants.
In particular, A?,; is a graded Poisson algebra.
When A has a Poisson bracket of degree —1 —d and X — Hx is a Hamiltonian
action of g then

(5.11) e = C*(9,Kalg, & A)) = (S("[-1)) © S(al—d]) @ A, 0" + )

The right hand side is a graded commutative algebra with a Poisson bracket of
degree —1 — d. The differential is the bracket with the homogeneous element
of degree d 4+ 2. The above construction for a Poisson algebra is a partial case when
d=-1.

5.2.1. Koszul and BRST complexes for multivector fields. Let X be a scheme
over k with an action of an algebraic group G. For e € g let ex be the corresponding
vector field on X. We get a Hamiltonian action of G on the graded algebra ©x = A\Tx
of multivector fields. We apply the above with d = 0 and the shifted Poisson bracket
being the Schouten bracket. In particular, we have the Koszul complex

(5.12) Ke(g,Ox) = (S(g) ® Ox, k)

and the derived reduced algebra

(5.13) DPT (g, X) = ©% rea = C*(8,Ke(g,0x))

The differential is of degree +1. More generally, we have for any d
(5.14) Ke(g,d,Ox,a+1) = (S(g[—d]) ® Ox,a+1,K)
and

(5.15) D (g, d,X) = ©% rea = C*(g,Ke(g,d, Ox,a+1))

(We recall that ©% 4,7 = Sox (Tx[=1—dl)).

5.3. Koszul and BRST complexes for multivector fields with a po-
tential. Now assume that we are in the situation of and a G-invariant regular
function ¢ on X is given. Then
(5.16) tap = (@, }: 0% — 0%

extends S(g)-linearly to Ke(g, ©x). This is a differential of degree —1 that commutes
with .
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We denote by Kq (g, d, Ox)) the mixed complex K, (g, Ox)) with two differentials
k of degree +1, 14, of degree —1; or change the grading like in [?7]***

(517) DBRST(Q) d), X) =C* (g) Ke (g) d)) ®X))

**as a mixed complex with the differentials 0+« of degree 1, g, of degree —1***
We identify S(g) with k[er,...,en] where {e,...,en}is a basis of g and |ej| =0
for each j. Then

= 2
(5.18) Za— (e,xN\)

Here, as above, ex is a vector field on X defined by the action of e € g.

5.4. BV complexes. Recall that, given a Gerstentaber algebra A, a BV op-
erator is by definition

(5.19) A:A® — AT
satisfying
(5.20) A% =0; Alab) = A(a)b + (—1)1%aA(b) + (=1)1*Ha, b}

As a consequence, A is a graded Lie algebra derivation. Assume that:

e there is a Hamiltonian action of G on A such that AH. = 0 for any e in

9
e A G-invariant element ¢ € A is given such that Adp + %{d), ¢}=0
LEMMA 5.4.1. Let
Ap = A+ 149;
then
A2 = [Ag, K] =k2=0
n (S(g) ® A)C

PROOF. O

5.4.1. The big BV complex. In the generality of we can extend Lemma
5.4.1| to the full derived reduced complex as follows.
p

Recall the modular character of a Lie algebra g :

(5.21) x(e) =tr(ad(e)); x =) _fleeqg
Define

GG
(5.22) Ag = 20 d¢;

LEMMA 5.4.2. Put
Az;g :AQ+A+Ld¢
Then
(Alcabig)z — [Ag)ig’ aLie +K +X'] _ (aLie +K +X')2 =0
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PROOF. For h as in (5.10), one has

(5.23) A(h) =0; Ag(h) =x;{h,h} =0
as well as
(5.24) {hx}=x*=0

O

5.5. Equivariant multivector fields and Koszul complexes. In our dis-
cussions here, the role of the Cartan model of equivariant multivector fields was
played by the invariant part of the Koszul complex. However, a dual, and in some
sense more direct, construction is also possible, and the two are related. We discuss
this here.

5.5.1. Equivariant multivector fields. Let G act on a scheme X over k. Put

(5.25) %6 = (S(gl2M)@ey)s

The Schouten bracket on ®;<+1 extends to @;(+G1 continuously and §(g[2]*)—1inearly.
Put

n
(5.26) A=) e @ex
j=1
LEMMA 5.5.1. (1) A is a central element in ©3 .

(2) There is a bijection between elements TT 0f®§<’G such that %[ﬂ, M =A and
pairs {1, H} where 1 is a G-invariant Poisson structure on X and H is a
Hamiltonian action compatible with the given action of G. The bijection is
implemented as follows. Given a Poisson structure m and a Hamiltonian
action e — He, the element T1 is defined as

n
M=n+) & ®H,,
j=1

PRrOOF. O
5.5.2. Relation to the Koszul complex. For G acting on X, we consider M =
g* x X with the product action. We identify O(g*) with S(g) — kler,...,en]. Let

U
aej aek

g"  _ 1
TKKS = 5 iK€l

be the Kirillov-Kostant-Souriau Poisson bivector lifted to g* x X. Define

n
* 0
(5.27) TKKS = T + Z Je. X
j=1 "
Define also
(5.28) Je=e ecg

LEMMA 5.5.2. The bivector field mxks s Poisson; | defines a Hamiltonian
action compatible with the product action of G on g* x X.

PROOF. O
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In particular, if

n
(5.29) Mkks = Tkks + )€ @ ¢
=1

then N
Mkks, Mkks] =A =Y & ®ej,g" x X
j=1
which is central. Therefore [Ikxs, ] is a differential on ©F. , .
Recall the Weil algebra of a Lie algebra g which is by definition
(5.30) W(g) = (S(g2]") @ S(g[11"), 0" +

Here 0% is the Chevalley-Eilenberg differential in C®(g,S(g[2]") and 97 is the
graded derivation of degree 1 and square zero that sends g[1]* identically to g[2]*.

LEMMA 5.5.3. The complex O, x with the differential (Mkxks, | is isomorphic

to U
(W(g)&Ka(g,X))C.

ProOF. Identify ©§.,x with
(5.31) O%lery ... en, &y, EMIe!, ..., e™]C
with [e;j| = 0, |&] =1, |&| = 2. Here ej are coordinates on g* (i.e. a basis of g); e

are dual coordinates on g; & = a%j' The only non-zero brackets involving the new

generators are

(5.32) {&), e} =1
We have
1 i ik & o -
(5.33) Mkks = 3 Z f}keial gk + Z & € x + Z e) €;
i,k i=1 j=1

Therefore {TTkks, } becomes
T4 5. 0 X - 0 : 0 .0
(5.34) SFlEle 3 +EF Y f}keia—ejiz Eej x, 1£)_ (e5,xA\ )a—ejiz e 35
Since we are applying this to a G-invariant expression, the second and third terms
of (5.34) can be replaced by
0 0

(5.35) £ Hfetsn £ ) TR T

This, combined with the first term of (5.34), becomes 93¢ from W. The fourth
term of (5.34]) becomes the Koszul differential k and the fifth term becomes 97 from
W. O

6. Bibliographical notes

Berest-Felder-Ramadoss; Berest-Ramadoss; Berest , Felder, Patotsky, Rama-
doss, Willwacher; Kontsevich-Rosenberg; Toén-Vezzosi; Ginzburg; Ginzburg-Schedler;
Etingof-Ginzburg; Esposito-Kraft-Schnitzer;






CHAPTER 21

Basics of noncommutative Hodge theory

1. Introduction

In [378], Katzarkov, Kontsevich, and Pantev suggested the following approach
to defining a noncommutative analogue of the pure Hodge structure on the coho-
mology of a smooth proper variety. In this chapter we follow [378] and Shklyarov’s
work [510].

Consider a smooth and proper DG category A. The role of the De Rham coho-
mology is played by the periodic cyclic homology. The two components of a Hodge
structure are: a) an integral (or perhaps rational) lattice and b) a filtration (the
Hodge filtration). Omne can hope to get the rational lattice as the image of the
Chern character from a suitable K-theory. As for the filtration, the idea is to define
it as the filtration by generalized eigenvalues of a u-connection. A u-connection is
an algebraic object that we define in Section [2]

How to construct a u-connection? The Getzler-Gauss-Manin connection is de-
fined on the periodic cyclic homology of a family of algebras. Any DG algebra
comes in a one-parameter family; namely, one can multiply its product and its
differential by a parameter t. The formulas for the connection get somewhat com-
plicated because the unit changes; in fact, at the value t, the unit is t='1. To deal
with this, replace A by a bigger algebra A* = A + k1. Recall Definition [2.0.2] and
Lemma 2.0.3] We have

(1.1) CCP*(A) = Ker(CCP™ (A™) — CCPer (k1))

Here CCY® in the right hand side stands for the periodization of the (b, b’, 1—1, N)
complex.

One gets a t-connection on a k[t]((u))-module. Now, there is an action of the
multiplicative group; an appropriate reduction by this group eliminates the variable
t andproduces what we call the u-connection.

We carry out this construction of a u-connection in subsections and of
Section @l

REMARK 1.0.1. As we see in Example there is an easily defined u-
connection on the periodic cyclic complex of a differential Z-graded category. The
u-connection constructed in ection M| is defined for a differential Z/2-graded cat-
egory. In the Z-graded case the two constructions are equivalent, as we show in
Section [l

There is one important feature of the noncommutative version of the Hodge
filtration. The usual Hodge filtration of a pure Hodge structure produces a u-
connection; we recall the construction in Section . This connection is regular,
i.e. of the form % + ﬁA. The u-connection that we get from the Getzler-Gauss-
Manin connection is irreqular; it is of the form % + %A. As it is well known,

327
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such connections have additional invariants called the Stokes data. The definition
of a noncommutative Hodge structure includes a requirement that the Stokes data
should agree with the rational structure.

REMARK 1.0.2. The irregularity of the u-connection can be understood from
the following observation: the isomorphisms playing the role of its monodromy are
of the form exp(%) where S is some operation on the negative cyclic complex. Cf.,
e.g., ¥*Ref

2. u-connections

DEFINITION 2.0.1. A u-connection is a Z/2-graded k[[u]]-module H with an
odd k[[u]]-linear operator D and an even linear operator V., such that:

(1)

D? =0;
(2)
[V, ul =id;
(3)
1
[vu) D] - ED

REMARK 2.0.2. Note that the equation in [3| becomes
(2.1) (W 2D+ Vydu)? =0
over the algebra k((u%))[du] of differential forms on the formal punctured disc.

EXAMPLE 2.0.3. For a complex manifold X, consider the mixed complex H =
Q**(X)[[u]] with D = 0 +ud. Define

I =q—ponQPI(X).
Then /
0 r
Vi = ™ + u
is a u-connection. This follows from
;9] =9; [I'",d] = —o.
ExAMPLE 2.0.4. For a mixed complex (C,,b,B), let

H =Collull; D=b+uB

Define
[M=-—monCy
Then
0 r’
vu - a + E

is a u-connection. This follows from

M bl =b; I',B] = —B.
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ExXaMPLE 2.0.5. Let W be a function on a variety Y. Let

H = Q°(Y)[[ul]
D=—-dW+ud
Gus W 1,

ou u?2 2u
where

I'=pon QP(Y)

3. From a Hodge structure to a u-connection
Given a vector space V over C with a pure Hodge structure of weight w, let F®
denote the Hodge filtration. Consider the flat connection

0 w

YT 3u 2u
on V((u)). Let
(3.1) H=>) uIPV[u]
with b =B =0.

4. From the Gauss-Manin connection to a u-connection

4.1. Dilating the product. For an algebra A, consider a family of algebra
structures on A*:

(4.1) (a+ol) ¢ (b+pB1)=tab+apf + ab+ xp1

Denote by A the k[t]-module AT [t] with the product as above. We will be using
the identification ([1.1)). Let is introduce the formal variable v of homological degree
—1; we will write u = v?. We will use the identification

(4.2) CCE™(A) = (AP ((w) & v(A® ) ((u)
with the differential
(4.3) (b,b") +v(N,1 =)

This means the following. The map (b,b’) is b on (A®*+1)((u)) and b’ on
v(A®+1))((u)). The map v(N,1 —1) is VN on (A®(*+1))((u)) and v(1 — 1) on
v(A®(*+1))((u)). Now, under the identification , the differential b +uB for the
algebra A{" becomes

(4.4) t(b,b") +v(N, 1 —1)
In general, we will denote by (L;, L,) the operator that acts by Ly on (A®*+1))((w))

and by L, on v(A®(*+*1))((u)). Using this convention, the connection form of the
Getzler-Gauss-Manin connection is given by

1 dt 2t t dt
(4.5) EL‘ a;"':t T = ((ILm> ;Tlm) + (;Sm)O))T
Here
(4.6) tm (@0 @....® an) = (=D apaiaz ®....® an)

(4.7) NMm(o®....Q0adn) = Ao ®....R an
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n j—2
(48) Sm(A0®....0an) =) Y +0;@...an DA D...® QA1 D... 0 Aj_
j=0 k=1

The sign rule is: there is an overall factor of

(=15 + X5 o)apl+1).

)

and a permutation of a, and aq introduces the factor (—1)Uapl+1)(aql+1) = There
is no need for 1® because the result is in the b’ column, and the identifications
involve tensoring those columns by 1.

2. Dilating the differential. Let A be a DG algebra. We denote the
differential by 8. We have a family of DG algebras (A}, t5). The component of the
connection form coming from the differential is

1 dt 2t dt
4. —Locs) — = ((—tsy = Ss,0
( 9) u t% 1 ((utéyvné) ( Sy )) t
(4.10) (a0 ®....@ an) = (=1 apd(a1) @ a; ®....® an)
(4.11) Ns(Ao®....0 an) =8(ag) ® a1 @....0 an

n j—1

(412) Ss(ap®....0an) =) ) +4j®...an® a0 ®...®5(ax) @...® aj_
j=0 k=1

The sign rule is: there is an overall factor of

—(— 1)2{3 P N Japl+1),

and a permutation of a, and a4 introduces the factor (—T)Uapl+T)(aql+1)
The Getzler-Gauss-Manin connection for the family (A{,t8) is given by

o 1 1 dt
GM
(413) \Y :t(b,b,)+V(N,] —T)‘i'(ta‘f'altaan;k +a1ta(att5))T

This is a a connection on a k[t]-module on a k-module which is also a k((u))-
module. We would like to get a connection on a k((u))-module. To do that, we
will consider the action of the multiplicative group Gy, given by

(4.14) (V) = (1t w)

whose generator is

0 0 0 0
. =t— = t— 4 2u—
(4 15) A tat+ v tat—i— uau
We have
(4.16) VM =D A

where D is of degree zero and A is of degree one with respect to the grading by
degree of forms on the t space A', and

(4.17) A, D] =D; A Al =0;[D, Al = A =0
The operator

(4.18) (A=12 A)

1
2u
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is a differential operator in two variables t and u. It is of order one and its principal
symbol is u%. This operator satisfies

[L(A_ Lt%A)a'D] = LD

2u 2u
Denote by V,, its restriction to the line t = 1. We see that
0 1
(4.19) V= ((tmy V) + (VSm, 0) + (15, vns) + (vSs,0))

u 2u?
is a u-connection.
5. Morphisms and equivalences of u-connections
6. The rational structure
7. Definition of a noncommutative Hodge structure
8. Bibliographical notes

Kontsevich-Soibelman; Katzarkov-Kontsevich-Pantev; Shklyarov;
Kaledin; Mochizuki; Sabbah; Simpson;






CHAPTER 22

Cyclic homology in characteristic p and over
p-adics

1. Homology of F,-algebras over Z,

For a graded commutative unital ring K and for a K-algebra A, we denote by
HH4(A/K) the homology of the Hochschild complex of A with the ring of scalars K

where A is any DG resolution of A over K which is flat as a K-module. Similarly
for HC, etc.

ProprosiTiON 1.0.1.
HH,(Fy/Zp) =5 Fp{o}

where the right hand side denotes the divided power polynomials in one variable o
of homological degree two.

PROOF. Take A = (Z, [E],p%). The basis of the Hochschild complex is:

(1.1) ERE®P™ n >0, ofdegree2n +1; 1@ £2™, n > 0, of degree2n

The differentials are as follows:
0 0
1.2 b=0; p=—(1 ) =0; p— My =p.1 @n
(1.2) ’paa( ® E%M) ,paa(E,@& )=p-1®E
Therefore the basis of HH,(Fp/Zp) consists of 1 ® 2™, The shuffle product is

m+m)!

n+m
n!m! 18¢

(1.3) (1M1 @EP™) =
The statement follows. O
ProrosITION 1.0.2. forj odd,

HCj (Fp/Zp) =0

Forj >0,
HC3;(Fp/Zy) — Coker(pld + E;)
where
E;: 1_‘[21,6TL — HZpen; Ej:en— (n+1ent
n=j n=j
Forj <0,

HC3;(Fp/Zp) — HCy(Fp/2Z)
This follows immediately from and from
(1.4) B(1®EP™) =0; BEREP™) = (n+ 1)1 @ &t

333
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1.1. Completed periodic cyclic homology of F,. For a Z,-algebra A
denote by CNCfer(A/Zp) the p-adic completion of CCY*(A/Z,). The homology of
this complex is denoted by f—I\éljer(A/ Z,).

Recall that the periodic cyclic homology HCY® (Fy,/Z,) is given by Proposition

and is equal to HCy (Fp/Z,).
ProposITION 1.1.1. Forj even and p > 2,

HC; (Fp/Zp) = Zp x [[(Z/(n+1)2)

n=0

Forj odd,
per

HC, (Fp/Z,) =0

ProoOF. The operator
o0 o0
(1.5) ]: H Zyen — H Zpen; en — en_i
n=0 n=0
satisfies the equation

[J, Eol = 1d
where, as in Proposition above,

Eo: H Zpyen — H Zpen; Eoien = (M4 1)eny
n=0 n=0

Therefore the operator exp(p]) intertwines Eo with pId + Eo. Therefore

HC" (Fy/Zp) = Coker(Eo)

REMARK 1.1.2. Proposition [I.0.2] establishes the isomorphism

—. per

CC, (Zplé]

0 . —per
,Pa*EHCC. (Zp[E],0)

REMARK 1.1.3. The above is a partial case of Theorem [3.0.1

2. Hochschild-Witt homology
Here we follow Kaledin’s works [349], [348)].

2.1. Classical Witt vectors.

LEMMA 2.1.1. (Dwork’s lemma). Let x andy be two elements of a commutative
algebra R over Z. Then

(x+py)P" —xP" e p™TIR
in V&P,

PROOF. Induction by n and the binomial formula. [
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2.2. Noncommutative Witt vectors. For a Z-module V, consider the ac-
tion of the cyclic group C,n on V®P" by permutations. We denote the generator
of Cpn by o and write
(2.1) N=T+o+...+0P !

We denote the image of N by Norms.
LEMMA 2.2.1. Let x andy be two elements of V. Then
(x +y)P —xP —yP € Norms
COROLLARY 2.2.2. In an associative algebra A over F, for any x andy in A
(x+y)P =xP +yP
in AJIA, Al

LEMMA 2.2.3. (Noncommutative Dwork’s lemma). Let x andy be two elements

of V. Then
(x+py)?" —xP" € pNorms
in V&P"

PROOF. Let V be a free Z-module with a basis {xj[j € J}. We will denote
a monomial in V&P" (with respect to this basis) by X. We say a monomial is
primitive if it is not a pth power of another monomial. Any monomial is uniquely
of the form

n—k
X=YP
where y is a primitive monomial in V&P, This happens if and only if the Cpn-orbit
of X is of order p¥.

Let My be a set of representatives of all primitive monomials in ver® (two
monomials are equivalent if one is obtained from the other by a permutation from

Cox).
P
Let V be a free Z-module with the basis {x,y}. Then
n
n n—k
(2.2) x+ylP =3 > Ny )
k=0 YEM

where
(2.3) Npx =14+ 0+... 40"

(in particular N = Npn). Now let y be divisible by p. Then, unless k = 0 and
Y =x, Npk(anik) is in the image of ppnkapk. But the image of p™ ** N« is
in the image of pN. Indeed, n —k + 1 < p™~¥. This proves Lemma m Lemma
follows from when n = 1. O

DEFINITION 2.2.4. Let V be a free Z-module. Put
Wi (V) = (VEP ) /Norms

In other words,
Wi (V) = HO(Cpn, VEPT)
(the Tate cohomology of degree zero). Put also

W/ (V) = (VEP")Cem /pNorms
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LEMMA 2.2.5.
n—1 .
WalV) =D D Z/p" 2N (V" )
k=0YeMy
n
VI=@ P @/ 2N
k=0YeMy

(Recall that My is a set of representatives of primitive monomials of length p*
up to cyclic permutation).

The proof is clear: one only has to compute M»™ /N(M) and MSr™ /pN(M)
for a Cyn-module M induced from a trivial representation of C,«. And in this case,

MEr™ =N n-(M) and N(M) = p*Nn—(M).

LEMMA 2.2.6. Let f and g be two linear maps Vi — V2 that differ modulo p.
Then f®P" and g®P" define the same maps W (V1) — Wa(V2) and W/ (Vi) —
WL (V2).

This follows from noncommutative Dwork’s lemma 2.2.3]

COROLLARY 2.2.7. For a vector space E over F, choose a free Z-module E

together with an isomorphism E/pE S E Foranyn >0, E— W, (E) is a well-
defined functor from vector spaces over Fy, to modules over Z/p™Z.

LEMMA 2.2.8. There is a natural isomorphism
WL (V) = Wy (V)

PROOF. First observe that the two sides become isomorphic if one identifies
the terms corresponding to the same primitive monomial Y in the decomposition
from Lemma [2:275] It remains to see that this isomorphism is natural. We call a
linear map (V — V®P)Cr standard if the induced map

V/pV — (VEP)Cr /Norms

is the isomorphism sending each v to vP. From Lemma we see that any
standard map defines the same map W/ (V) — W, 11(V). On the other hand, the
map Xxj xf, j € ], induces precisely the isomorphism above. O

2.2.1. Restriction and Verschiebung.
DEFINITION 2.2.9. Define the natural transformation
R: Wi (V) = Wi(V)

by

Wi (V) & Wi (V) = Wi (V)
where the isomorphism on the left is from Lemma and the map on the right
is the obvious projection.

In terms of the decomposition from Lemma [2.2.5] R is the projection

n—k

(Z/p™ R ZINGR (VP 5) = (Z/p™ R Z)Ne (P )

for every primitive monomial Y. If Y is of length p™ then it maps to zero.
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DEFINITION 2.2.10. Define the natural transformation

VW (VEP) = Wi (V)

Np . ((V®p)®pn)cpn o (V®pn+l )Cpn . (V®pn+l )Cpn+]
(Recall that
Np,=T+0+...4+07

note that V takes norms to norms. Indeed, on the left hand side the norm is given
by
N=1+0P+...4+0°0P" 1),
therefore its composition with N, is the norm on the right).
2.3. Trace functors. Following Kaledin, we define the trace functor from a

monoidal category (A, ®) to a category K as a functor Tr : A — K together with a
natural transformation

(2.4) MmN Tr (M@ N) = Tr(N @ M)
such that

(2.5) TM@N,LTN®LMTLeM,N = ld1 (LoMmeN)
and

(2.6) ™1 = Ti,Mm = idpy(m)

Given a trace functor Tr from k-modules to a category K, Kaledin defines a cyclic
object Trf(A) of K for any k-algebra A. Namely, we put

(2.7) T8 (A)n] = Tr(A®M+1)

The face maps do,...,dn_1 are induced by the ones on A®(M™+1) and so are the
degeneracy maps. The action of the cyclic permutation is by Taen .

More generally, for a k-algebra A with an authomorphism « of order p one
defines a p-cyclic object Trf (A, o) of K.

2.4. The construction.
LEMMA 2.4.1. The cyclic permutation
o: (Me@N)®" 5 (N M)®P"
VI QW] @ et @ Vpn @ Wpn 2 W) @ Vpn @ ... @ Wpn @ V1,
vi € M, wy € N, turns W, into a trace functor.
Now for an F,-algebra A define the cyclic Z/p™Z-module
(2.8) WE(A)[K] = W, (A®KHT)
DEFINITION 2.4.2.
Wi HH, (A) = HH, (W5 (A)); W HC4(A) = HC, (W (A))
The following theorems are from [349] and [348].
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THEOREM 2.4.3. For a finitely generated smooth commutative algebra over F,
there is a natural isomorphism

W, HH, (A) 5 WaQ%

where the right hand side denotes De Rham -Witt forms of Deligne-Illusie [185].
This isomorphism intertwines the cyclic differential B with the De Rham differen-
tial.

THEOREM 2.4.4. For any algebra over Fy, there is a natural isomorphism
W, HHy(A) = WH(A)
where the right hand side denotes Hesselholt’s generalized Witt vectors [314] .

3. Noncommutative Frobenius and Cartier morphisms

3.1. The Kaledin resolution and (co)invariants. We have seen Propo-
sition that the {-cyclic module (AW)?X has the same Hochschild and cyclic
homology as the cyclic module Af. Tt is important to have more information about
the two cyclic modules that it gives rise to, namely, ﬂey(A®€)EX (the coinvariants of
the cyclic group C;) and the Ttg*(A@e)?x (the invariants).

LEMMA 3.1.1. For an £-cyclic module M one has an exact sequence of cyclic

modules
0 — MM — 110Ky (M) 2, T Ko(M) — mgiM — 0

PrOOF. The homology of 0 acting on coinvariants of Z/{Z is the homology of
the circle with coefficients in the local syslem with fiber M on which the monodromy
acts via the action of Z/€Z on M. O

We get a short exact sequence of complexes of cyclic modules
(31) O%T(g*M[]] —)TEQQK(M) *)ﬂegM—)O
We now extend it to the following commutative diagram.
0 —— M M[1] —— K(mg M) —— 1 M —— 0
\L— J/q)e lee
0 —— mM[l] —— g K(M) ——myM ——0
o e ]
0 —— mgM[l] ——K(mtgM) —— myM ——0

The vertical morphisms on the left and on the right are either the identity or the
norm map from coinvariants to invariants. The lines are short exact sequences.
The vertical maps in the middle are as follows.

First observe that for a cyclic object E one has

(3.2) K(E) = mtaK(7; E) — 71e.K(7; E)
Apply this to E =M and E = 71, M. We get
K(mteM) = mig K (g M) «— 1 K(M)

and
K(ﬂz*M) ;) ﬂle(TC;ﬂe*M) — ﬂg*K(M)
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We obtain natural morphisms
(3.3) v i K(M) — K(mtg M5 @ 2 K(te.M) — K(7te. (M)

Explicitly: given a chain
n
zzlﬂlj@ﬁxj
j=0

in K(me.M) where x; are either vertices of edges of the triangulation n] and e; are
Z/tZ-invariant elements of M, ¢@¢ sends it to the chain

n -1

m; ® x]m
j=0 i=

And given a chain

¢

—_

V)

||
)

n
j=01
in 7t K(M), v sends it to the chain

n (-1
i (1) (1)
D tmex
j=0 i=0

4. The Frobenius map

In this section k is a perfect field of characteristic p > 0. As usual, for a € k,
Fa = aP is the Frobenius morphism. For any vector space V over k we will consider
V&P as a Z/pZ-module (with the action by cyclic permutations). As usual, for every
module M over a finite group G, its Tate cohomology in degree zero is defined by

(4.1) HO(G, V) = V& /im(N)

where

N:Zg:V—)V.
geG

4.1. Frobenius map for vector spaces.

LEMMA 4.1.1. For a vector space V over p, the map x — x®P induces an
F-linear isomorphism

(4.2) V = H(Z/pZ,V®P)

Proor. Consider a basis B of V over k. Then the following two sets of vectors
form a basis of V¥P: a) V¥ v e B and b) vi ® ... ® v, where vj are all in B and
not all the same. The subset a) generates a constant Z/pZ-module that coincides
with its degree zero Tate cohomology. The subset b) generates a free Z/pZ-module,
therefore its Tate cohomology vanishes. Furthermore, the map x +— xP is additive
because

(x+y)P =xP +y? + Nz

for some z. O
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4.2. Frobenius map for cyclic objects.

PROPOSITION 4.2.1. Let A be an algebra over k. There is a natural isomor-
phism of cyclic objects

(4.3) ¢p 1 AP S H(Z/pZ, 15 (AF)

where the action of Z/pZ on the p-cyclic vector space i;';(/—\ﬁ) is via the group gen-
erated by o from (7).

ProoOF. Note that i;(Aﬁ)n 5 (AR)®P ((BF)); it is straightforward that the
map x — x®P is a morphism of cyclic vector spaces. (Il



CHAPTER 23

Coperiodic cyclic homology

Notation: For a double complex C, . there are two ways to totalize it:

(0.1) totn(Copr) = €D Gy
j+k=n

and

(0.2) Totn(Con) = J] Cix
j+k=n

1. Coperiodic cyclic complex of a complex of an algebra

We start by defining the coperiodic cyclic complex of an associative algebra.
Below we extend this definition to DG algebras and categories. This will be done
in three different ways (that give the same answer for an algebra).

For an algebra A over k define

(1.1) CCPO(A) = CCPeHT(A) = CCEPT(A) = (Co(A)[ut'], b +uB)
LEMMA 1.0.1. If char(k) =0 then CCE’OI(A) 1s acyclic.
Proor. O

ExAMPLE 1.0.2. Assume that k is torsion-free.

2. Coperiodic cyclic complex of a complex of cyclic modules

For a mixed complex (V,,b,B) define the polynomial, coperiodic, and coperi-
odic cyclic complexes of V4 by

(2.1) CCP(V,) = (Vo [ut'], b +uB)

(2.2) CCY(Ve) = (Ve((w)), b+ uB)

(2.3) CCPP (V) = (Vo ((u ™)), b+ uB)
There are natural embeddings

(2.4) CCCoPT(V,) «— CCPO(V,) — CCPT(V,)

If V, is bounded from below (in homological grading), i.e. if Vj = 0 for j << 0, then
the morphism on the left of is a quasi-isomorphism. If in addition char(k) =0
then both polynomial and coperiodic complexes are acyclic.

If (V,,b) is acyclic then so is the periodic cyclic complex (but not always the

other two).
Let (M, d) be a complex of cyclic k-modules. Let
(2.5) V(M) = (tot(Ca(M)), b+ d, B)

341
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Define
(2.6) CCro(M) = CCP(V, (M)
(2.7) CCP (M) = CCP™ (V4 (M)
(2.8) CCEPT (M) = CCEPT (Vy (M)
2.1. The (b,b’,1—1t,N) version. Let Co(M,) be as in . Define
(2.9) CC.(M) = CC(Va(M))
where
(2.10) Vo(M) = (tot(Co(M)), b + d, B)

and ? is pol, coper, and or per.
Recall the quasi-isomorphism

(2.11) Ce(M) = Co(M)
FAHAREF***7 It commutes intertwines the B differentials and therefore defines a
morphism
(2.12) aCL (M) — CCi (M)
LEMMA 2.1.1. The morphism 18 a quasi-isomorphism.

PRrROOF. This follows from the Hochschild-to-cyclic spectral sequence argument
in the periodic case. In the other two cases the spectral sequence does not converge.
The statement follows from Lemma 2.1.2] below. O

LEMMA 2.1.2. Let V, be a mized complex together with h : Vo — Vei1 such
that [b,h] = id. Assume that
[h, B]" =0
for some n. Then CC’(V,) is acyclic for ? = per, pol, and coper.
PROOF. ]

2.2. Restricted (co)periodic cyclic complex. As above, let M be a com-
plex of cyclic objects in the category of k-modules. We use the homological notation
and write

(2.13) m] — Ma[m] = M~*[m]

for an object [m] of A.
For every m > 0 consider the double complex

(2.14) Co(M)[m] = (Ma[m] =5 M [m])

The norm N induces a morphism of complexes

(2.15) B : Co(M)[m] — Casr(M,)Im]

Now define

(2.16) COL™ (M) fm) = (Ca(M4)[ml((w)), b + uB)

—~ coper,f

(2.17) CC, " (M)Im] = (Co(Ma)Iml((u")), b+ uB)
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The differential B _
(b’,b) : Colm] = Colm — 1]

turns -
cC, (M)
into a double complex.
DEFINITION 2.2.1.
—~ per,f —~ per,f

CC, (M) =tot(CC, ~ (M)[x])
—~ coper, —~ coper,
CC™ (M) = ot (CC, ™ (M)
We now have five versions of a periodic cyclic complex of a complex of cyclic
k-modules M.:
(2.18)
— r —~ T, f —~ pol —~ per,f —~ per
aC,™ (M) — €T (M) «— CCLT (M) — CCL " (M) — CCL- (M)
In concrete terms:
—~— coper

(1) An element of degree N of CC, ~is

o0

(2.19) > uwl Y el K
k=0

j=—m
for some m. ,
(2) An element of degree N CC, P s

(e}

q
(2.20) S uT Y ol K
k=0

j=—m

for some q and m. In both cases
a(j),k,zj [k] € Mkafzj [k]

(3) An element of degree N of CAéi)er is

(2.21) S Wy all K
j=m k=0

for some m.
—~ per,f |

(4) An element of degree N of CC,  is

00 q )
(2.22) Y Y ) K
k=0

j=m

for some m and q. In both cases
ag),kJrzj [k] S MkaJij [k]

—~ pol
(5) An element of CC?O is a sum like in any of the above that has finitely
many nonzero terms.

—~ coper,

LEMMA 2.2.2. If char(k) =0 then @ioper and CC, are acyclic.

ProOOF. The complex (1—t, N) is acyclic. Given a d+b+uB-cycle, we construct
a chain of which it is a boundary. ***More a
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3. Coperiodic cyclic complex of a DG algebra
DEeFINITION 3.0.1. For a DG algebra A*®
CCLA%) = CCLM)

where M = C,(A*) viewed as a complezx of cyclic k-modules (or a cyclic object on
complezes of k-modules). Here ? stands for any of the five versions of the periodic

cyclic complex in .
Namely,
4. Conjugate spectral sequence
5. Invariance under quasi-isomorphisms
6. Bibliographic references

Kaledin; Beilinson-Bhatt;



CHAPTER 24

Hochschild and cyclic complexes of the second
kind

1. Introduction

Here we define the Hochschild and cyclic chain complexes of the second kind.
The Hochschild complex of the second kind is defined as in Chapter [2] but using
direct products instead of direct sums in the total complex. Since direct sums map
to direct products, Hochschild homology of the first kind maps to the Hochschild
homology of the second kind. We prove a theorem giving a sufficient condition
for this map to be an isomorphism. Our main reference is the article [481] by
Positselski and Polishchuk.

Complexes of the second kind are well suited for curved DG algebras and cat-
egories. First, note that complexes of the first kind are invariant under quasi-
isomorphisms and quasi-equivalences. But a curved DGA is not even a complex,
so quasi-isomorphism cannot be defined. In any case, a morphism of curved DG
algebras (which of course can be defined) only induces a morphism of complexes
of the second kind. The reason is that the relevant morphisms are infinite sums
that require working with direct products but not with direct sums. Another key
property of Hochschild and cyclic complexes is their invariance when we replace the
DG category by its DG category of (perfect) modules. That invariance still holds
for complexes of the second kind.

We have already seen the importance of complexes of the second kind in the dual
context of coalgebras. Not being invariant under quasi-isomorphisms is actually a
good feature, since one of the most often used DG coalgebras, the bar construction,
is contractible (for unital algebras).

2. Curved DG algebras and categories

DEFINITION 2.0.1. A curved DG algebra is a graded algebra A with a derivation

d of degree one and an element R € A? such that
1) d?a = [R,d] for all a in A;
2) dR = 0.

In other words, a curved DG algebra is a curved A, algebra with the only
non-zero operations mgp, my, my (cf. Remark[10.0.1]). A DG algebra structure on
A can be twisted by an element « € A': for such an element, define

(2.1) do = d+ad(a); Ry =R+ dy + 2.

DEFINITION 2.0.2. A morphism of curved DG algebras A, d 4, R4 and B, dp, Rz
is a pair (F,B) where F: A — B is a linear map of degree zero, p € B,

dBF(a) - F(d.Aa) = [B,F(G)],

345
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and
F(R4) = Rs + dsp + B2

(Note: the first equation implies that the difference of the left and right hand
sides in the second equation commutes with F(a) for all a).

In other words, a morphism is a strict morphism (i.e. a map preserving all the
structures) from A to a twist of B. Alternatively, a morphism can be defined as a
curved A, morphism (P;,) with the only non-zero components Py and P;.

2.1. Modules over curved DG algebras. When it comes to modules, there
are two possibilities. One is given by Definition below. While natural and
useful (for example for the theory of matrix factorizations), it is sometimes too
strict. Indeed, if we want to interprete a module A over A as a morphism from
A to Endg(V), then an element 3 of degree one should be involved. But it is no
longer natural to start with a complex V; instead, we can view it as a pre-complex,
i.e. endow it with a ”differential” dy, without requiring d, = 0. Precomplexes do
indeed form a curved DG category (see below). But, to define a morphism from
A to it, one needs another element of degree one in addition to dy, which seems
unreasonable. This suggests Definition [2.1.2

DEFINITION 2.1.1. A strict DG module over a curved DG algebra (d 4, d,R) is a
graded module V over the graded algebra A together with an element dy € End]L(V)

such that d%, =R and
dy(av) = (da)v+ (—=1)%a - dyv
forain A andv inV

A more general definition is as follows.

DEFINITION 2.1.2. A QDG module over a curved DG algebra (d4,d,R) is a
graded module V over the graded algebra A together with an element dy € End]L(V)
such that

dy(av) = (da)v+ (=1)'%a - dyv
forain A andv in V.

In other words, a module structure on V is an endomorphism dy of degree
one and a strict morphism from A to the twist of End(V) by dy,, but without the
condition on curvatures. Polishchuk and Possitselsky call such morphisms quasi-
curved morphisms (or, more generally, quasi-curved DG functors).

Let (V,dy, ) be a QDG module over A. Let
(2.2) Ry = d —R.

Observe that

1) [dy, ] sends End 4(V) to itself. Indeed, for f € End(V),

[a, [dy, f]] = £[dy, [a, f]] + [[dy, al, fl+ = +[dy, [a, f]] £ [da,f] =0

if feEndg(V).
2) Ry € End% (V).
Therefore (End 4(V), [dy,],Ry) is a curved DG algebra.
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3. Curved DG categories

The definition of a DG category is a straightforward generalization.

DEFINITION 3.0.1. A curved DG category is a graded category A with a deriva-
tion dy, x € Ob(A), of degree one and an element R, € A?(x,x) for each object x
of A, such that

1) d*a = Rya— aRy for all a in A(x,y);

2) dRy = 0.

(Remember: our convention for composition is A(x,y) ® A(y,z) — Alx,z);
f® g fg).

DEFINITION 3.0.2. A curved DG functor between curved DG algebras A, d 4, R4
and B,dp,Rp is a pair (F,B) where F: A — B is a (k-linear) functor F: A — B
preserving the grading, together with By € B'(Fx,Fx) for every x € Ob(A), such
that

dsF(a) — (—1)'*F(daa) = BxF(a) — F(a)By
for a € A(x,y) and
F(Rax) =R kx + dsPx + B2
for all x.

3.1. Modules over curved DG categories.

DEFINITION 3.1.1. A QDG module over a curved DG category A is a graded
module V = (Vx, x € ob(A)), over the graded category A together with an element
dyx € EndL(Vx) for any x, such that

dy x(av) = (da)v+ (=1)lelq. dy yv
for a in A(x,y) and v in V.

DEFINITION 3.1.2. A strict DG module over a curved DG category A is a QDG
module (V, dy x|x in ob(a)) such that d%,‘x = Ry for any object x.

ExAMPLE 3.1.3. The category of precomplexes of k-modules. An object is
a graded k-module V together with an endomorphism dy of degree one. The
graded k-module of morphisms Hom(V, W) is the usual one.The differential is f —
dyf— (=)Iflfdy; Ry = d#. ***check conventions on composition?

Under this definition, a QDG module over A is a strict DG functor from A
to pre-complexes but without the condition on curvatures (or a quasi-curved DG
functor).

ExAMPLE 3.1.4. The category of QDG modules over a DG algebra A is a
curved DG category. For such a module V, the curvature element is Ry, as in ([2.2)).

ExXAMPLE 3.1.5.

The definition of the DG category C(A, B) can be extended...
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4. Hochschild and cyclic complexes of the second kind of curved DG
categories

4.1. Definitions.

DEFINITION 4.1.1. For a curved DG category A set

(41)  Cl(A) = I Alxo,x1) @ Alx1,x2) 11 ® ... © Alxn, xo0)

n>0;x0,...,xn €EOb(A)
where
A(x,y) = A(x,y) when x #y and A(x, x) = A(x,x)/k1.

The differentials b, d, and B are defined ezactly as in[f), and there is an extra
differential Lgr which we define here for any ¢ = (cx),x € Ob(A) :

n
le(ao®...0 an) =Y (—1)Zr-ollachiillelilg @ ®a@c®...0ay
j=0

Similarly for the non-normalized complez Co(A).
In particular, a morphism of curved DG algebras defines a morphism of Hochschild
complexes of the second kind. As usual,

cCcM(A) = (CH A, b + d +uB)
and similarly for the cyclic and periodic cyclic complexes.

LEMMA 4.1.2. The Hocschild and negative cyclic complexes of the second kind
of A are isomorphic to corresponding complezes of any twist of A.

PROOF. For an odd element (3 of a curved DGA (or, more generally, for a
collection of elements of degree one (Bx € A(x,x)) for a curved DG category A),
define

exp(lp)(ap®...®an) =) a®...0B®...0 ...

where . .. stands for tensor factors aj,..., a, in their natural order and the number
of B factors varies from 0 to co. It is easy to show that exp({g) commutes with B
and is an isomorphism of Hochschild complexes of A and its twist by f. O

LEMMA 4.1.3. For curved DG categories A, B let Ao, By be A and B viewed as
graded categories. There is a spectral sequence starting from the Hochschild complex
of the second kind of HH(Ao) and converging to HHL(A). If a DG morphism
induces an isomorphism

HH}'(Ao) — HHY(Bo)
then it induces an isomorphism
HH!'(A) — HH(B).
Same for cyclic, negative cyclic, and periodic cyclic homology of the second kind.

PRrROOF. The spectral sequence is defined by the filtration by number of tensor
factors. It converges because we are using direct products and not direct sums. [J



5. CURVED DG ALGEBRAS AND BAR/COBAR CONSTRUCTION 349

4.2. The trace map. Let A be a curved DG algebra. A strict DGmodule
(resp. a QDG module) over A is strictly perfect if it is free of finite type as a
graded module. [projective...] Denote the curved DG category of these modules by
sPerf**(A), resp. sPerfQ(A).

LEMMA 4.2.1. For a curved DG algebra A,
CllA)) S Cll(sPerfQ(A))

ProOF. This is a direct generalization of Lemma Let Free(A) be the
category of free A-modules; its Hochschild complex of the second kind is defined
exactly the same as the one of A, but with a; being (rectangular) matrices. One
has an isomorphism of complexes

exp(La,,) : CI(Free(A)) = CL(sPerf?(A))
The trace map
CI(Free(A) — CIl(A)

is a quasi-isomorphism, which is proven exactly as in the non-curved case. ***Ex-
tends to projectives as in... *** a

LEMMA 4.2.2. The embedding sPerf¥"(A)) — sPerfQ(A)) induces a quasi-
isomorphism of Hochschild complexes of the second kind. Same for cyclic, negative
cyclic, and periodic cyclic complexes of the second kind.

PRrROOF. By Lemmal4.1.3] it is enough to prove the statement for the underlying
graded categories

sPerf*** (A))y — sPerfQ(A))o.

On them, our functor becomes a fully faithful embedding. It is not surjective on
objects, but every object of sPerfQ(A))o is isomorphic to a direct summand of an
object of sPerf*™(A))o. Indeed, ***FINISH O

5. Curved DG algebras and Bar/Cobar construction
For a curved DG algebra (A, d, R), define

(5-1) Bar. (A) = (D AN®™0par + d + k)

n>0

where
n+1

tr(arl...lan) = ) (=)=l D (ay].. Rigy]....Jan)
j=1

This is a DG coalgebra. For any curved DG module M over A,
(5.2) Bar , (4, M) = () AI®™ ® M, d + dpar + tr)
n>0

is a DG comodule.
The bar construction itself, the sum over n > 1, has the following structure.
1) it is a graded coalgebra.
2) The differential

d:aBar+d+€R
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satisfies d* = 0. However, it is not a coderivation. Instead, its failure to be one is
the cocommutator with p = (R) of degree one; namely,

Alde)—(D®T—1®A)(c): Qpar+d+R)>:c—pRc—c®p

3) dp =0;Ap = 0.

We call a graded coalgebra B together with d and p satisfying 1), 2), 3) a
***curved DG coalgebra? or not?**

Given such (B, d, p), define a graded derivation d on Cobar(B) as the sum of
Ocobar and the derivation that acts on free generators via (b) — (db) for b € B.
Then Cobar(B) is a curved DG algebra with the curvature element R = (p).

The following is a direct generalization of ***REF, together with a dual state-
ment.

ProPOSITION 5.0.1. For a curved DG algebra A,
Ca(A) 5 CHy(Bar(A).
For a ***curved DG coalgebra B,
C*(B) = CI(Cobar(B)).
6. Koszul duality and comparison of complexes of the first and second
kind
PROPOSITION 6.0.1. ***Under conditions**
Ce(A) = CJ(A)

***This is in the end of [481]. Hopefully, will write a short proof by using the
above.**

7. Bibliographical notes
Positselski-Polishchuk, Getzler-Jones,



CHAPTER 25

Matrix factorizations

1. Introduction

Let A be an algebra with a central element W. A matrix factorization is a
finitely generated Z/2Z-graded module with an odd operator D such that

DZ=W.

There is a notion of a trivial matrix factorization, such as M = A @ A[1] with

(1.1) D= (\?v é)

A U-matrix factorization is a Z-graded finitely gererated A-module M with a R[[U]]-
linear, (U)-adically complete operator of degree +1

D : M[[U]] = M[[U]]; D? = UW.

Here U is a formal parameter of degree two. Again, there is a notion of a trivial
U-matrix factorization.

Assume that W is not a zero divisor in A. Then there is a straight link between
matrix factorizations and A/WA-modules. Indeed, in this case A/WA can be
replaced by its DG resolution A[£], Wai&. Consider a DG module over this resolution
which is a finitely generated projective A-module. Let 0 be the differential. Put

D =04 U§

Then one has D? = UW.

In general, given a bounded from above complex of A/WA-modules which is
perfect as an A-module, we do have a quasi-isomorphism between it and a finitely
generated graded A-module with an action of a bigger resolution of A/WA; this
produces a U-matrix factorization where higher powers of U have non-zero coeffi-
cients.

Now, if we start with a free A/WA-module (say, of rank one), we obtain the
U-matrix factorization M = A @ A[—1] with

(1.2) D= (u(\)/v ;)

This suggests that a (U)-matrix factorization up to trivial matrix factorizations
is an invariant of an A-perfect complex of A/WA-modules up to A/WA-perfect
complexes. Below we show that the constructions mentioned above are organized
into an Ao functor between Drinfeld quotients of DG categories.

*HAMORE
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2. Algebras with central elements

As above, let A be an algebra with a central element W. Then the results
of Chapter can be generalized as follows. First, observe that, if we take a
A-projective resolution (P®,d) of an A/WA-module, W acts on it homotopically
trivially. Let [W] be a homotopy. Then [W]? is a cocycle; because P*® is a resolution,
it is cohomologous to zero. Continuing the process, we get a k[[U]]-linear operator
D =0+ U[W] +... on P*[[U]] such that

(2.1) D2 = Uuw
Alternatively, one can observe that such a D exists for the bar resolution, and then

transfer it to any resolution. As above, this construction extends to an A, functor.

DEFINITION 2.0.1. Let A be an algebra with a central element W. Let U be a
formal parameter of cohomological degree 2. We use the capital letter, not to confuse
U with a similar but different variable w in cyclic theory). Let Proj (A, W) be the
following DG category: an object is a bounded from above graded projective module
P® over A that is free as a k-module, together with a k[[U]]-linear (U)-adically
continuous operator

D= Z Uun"D, : Pe[[U]] — P[U]]
n=0

of degree one, such that
D? = Uw;
a morphism from (P},D1) to (P3,D2) is a homogeneous k[[U]]-linear (U)-adically

continuous map
o0

F=) U™Py:PYU] — P3IUT;
n=0
the differential on morphisms is given by

F— D,F— (—1)FIFD;.
We drop the subscript f when we do not require our modules to be free over k.

PRrROPOSITION 2.0.2. The restriction of the Ao functors P (Pmpositionm
to complexes of A/WA-modules lifts to Ao, functors

(2.2) P: Comy (A/WA)/Acy((A/WA) — Proj; (A, W)
(2.3) P : k[Com™ (A/WA)]/k[Acy(A/WA)] — Proj (A, W)

DEFINITION 2.0.3. Denote by Perf™(A/WA) the DG category of complexes
of A/WA-modules that are perfect as complexes of A-modules. Also, denote by
MF,, (A, W) the full DG subcategory of Proj, (A, W) whose objects are strictly per-
fect complexes. As usual, we add the subscript f if we require them to be free over
k.

An object of MF (A, W) is called a U-matriz factorization.

PROPOSITION 2.0.4. The restriction of the A functors P (Propositz'on
to A-perfect complexes of A/WA-modules defines Ay functors

(2.4) P: Perff (A/WA)/Acy(A/WA) — MF; (A, W)
(2.5) P : k[Perf™ (A/WA)]/k[Acy(A/WA)] — MF, (A, W)
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PROOF. The construction of these A, functors goes exactly as for the ones
in Proposition but with one modification. We will carry it out only for the
case of modules that are free as k-modules. First construct D on any projective
resolution P*® of a bounded from above complex of A/WA-modules M*®. Start with

the bar resolution Bar(M?®). For ai,...,a, € A and an,1 € M®, define
n

(2.6) W@ ®...0 an1) =) (-1Va1®...0W®aj:1 ®...8 an
j=0

We have

[0, W]l =W; (W]* =0.
For any choice of a projective resolution P*(M?®), in the notation of

W™ = o[Wih...hW]g;
D=0+) urw™
n=1

Then we have
D? =uW

(2.7) Pralfryo.yfu) = Y UNPMN(fy,... fn);
N>0

P%N)(ﬁ Yooy fn) = Z ()] W(k1 )B(ﬁ )W(kZ)hZ oo B(fn71 )W(kn)hnB(fn)W(kn+l )6n+1

where W(k;) = (hyWI[1])% and the sum is taken over all ki,...,kn41 > 0 such
that ) k; = N. Similarly for the components of S and T ***? |

We have already defined U-matrix factorizations (Definition|2.0.3)). Here we de-
fine the Z/2-graded DG category of matrix factorizations and compute its Hochschild
and cyclic homology following Efimov.

3. Hochschild and cyclic homology of matrix factorizations

Let A be a commutative algebra and W an element of A. A matrix factorization
is a Z/2-graded finitely generated projective A-module P together with an odd A-
module morphism d : P — P such that d> = W -ida.

Observe that everything we proved about (curved) DG categories works if we
replace Z-graded algebras, categories, and modules by Z/2-graded. The Hochschild
and cyclic complexes, both standard and of the second kind, are defined without
any difference, but now they are Z/2-graded k-modules with an odd k-linear endo-
morphism of square zero. Under these definitions A, concentrated in degree zero,
with d = 0 and R = W, can be viewed as a curved DG algebra that we denote by
(A, W). A matrix factorization is the same as a strict strictly perfect curved DG
module over this algebra.

Matrix factorizations with given A and W form a Z/2-graded DG category
which we denote by MF (A, W).

THEOREM 3.0.1. Let A be a regular Noetherian algebra over a field k of char-
acteristic zero. Then

Co(MF(A,W)) = (Q} /1, AWA)
CC, (MF(A,W)) 5 (Q3  [[ull, dW A +ud)
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CCE)CY(MF(A) W)) = ( ;R/k((u))» dW A 4ud)

PROOF. By Lemmas and we have
Cl(sPerf** (A, W)) = Cl(sPerfQ (A, W)) = CI{(A, W)
The HKR morphism intertwines ¢y with dW /\ . It is a quasi-isomorphism to
(Q3 /iy AWA) from both Co(A, W) and CI'(A,W). Also,
Co(MF(A,W)) = C,(sPerf>" (A, W)).

Now our statement follows from

PROPOSITION 3.0.2. ***Under conditions**

C.(MF(A,W) = CI{MF(A, W)
This is a consequence of Proposition Similarly for cyclic complexes. [J

3.1. The Gauss-Manin u-connection. Let us recall and modify the u-
connection defined in Section @ Let A be a curved DG algebra. The t-dependent
curved DG algebra structure on A will now be the constant multiplication which
is same as the original one; the differential td; and the curvature element t*R. The
Getzler-Gauss-Manin connection is now

VGLM = 3 + gLR + 2tSg + lid +Sa
ot ot u u
which becomes

0 2t t
VM= — + N+ =g +2Sg + —ia +t 'S4
at ot u u
after conjugating with
(3.1) Nap®...0a,) =n(ap®...® a,)
Therefore
0 N 1 1 1 1
2 = —— - — ——Sg—=—=1ig— =S
(3:2) Vu u 2u w2 RTUORT @t T v
Now let A = (A, W) as in[3] Then we get
2 N 1 1
The HKR map intertwines it with the following operator on Q% /k((u)) :
0 N 1 1
4 —_———— - — AN
(3.4) oc»—>(au u uzW)oc Zudw da

But the last summand is homotopic to zero (the homotopy is zlﬁd) We see that
the HKR map

(CCP(A, W), b +Lr +uB) — (Qf 4 ((W)),ud)
intertwines V,, with
(3.5) —_———— =W

Note that

}:l(dWAJrud)
uw
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THEOREM 3.1.1. For a regular Noetherian algebra A over a field X of charac-
teristic zero, there is a natural chain of quasi-isomorphisms of Z/2-graded mized
complexes with w-connections

N 0
(CCPT(MF(A, W), b+t + uB, Vi) = (QR 1AW A +uB, = — 7 — W)
PROOF. We will prove the theorem using Theorem from Chapter[13]. O
***Double check; reconcile with Chapter

4. Bibliographical notes

Buchweitz; Orlov; Efimov; Efimov-Possitselsky; Preygel; Blanc-Robalo-Toén-
Vezzosi;






CHAPTER 26

Category of singularities and Tate cohomology

1. Introduction

For a regular Noetherian commuttive algebra, any complex of finitely generated
modules with cohomology bounded from above is perfect (***specify; reference).
This is not so in general. For example, for the algebra of dual numbers k[x]/(x?)
the module k has infinite homological dimension and therefore cannot be perfect.
Therefore the quotient by the subcategory of perfect complexes can be viewed as a
measure of how singular the spectrum of our algebra is.

In this chapter we define a DG version of the category of singularities. Our
constructions are mainly extracted from the book ?? by Buchweitz. Let A be an
algebra with a central element W which is not a zero divisor. We connect the
category of singularities to the category of acyclic complexes when the algebra A is
Gorenstein (i.e. when the left and right module A has finite injective dimension).
When the algebra is A/WA with A regular, we connect the category of singularities
to the category of matrix factorizations; we prove (***7) a DG version of Orlov’s
theorem stating a precise connection between the two.

2. Category of singularities and acyclic complexes

Let A be a k-algebra. Denote by Proj "°(A) the DG category of complexes of
projective finitely generated A-modules whose cohomology is bounded (i.e. concen-
trated in finitely many degrees). We recall that sPerf(A) is the category of strictly
perfect complexes, i.e. finite complexes of finitely generated projective A-modules.
Let

(2.1) Sg(A) = Proj °(A)/sPerf(A),

the Drinfeld quotient.

We are assuming that A is Noetherian (?) and of finite injective dimension as
both left and right module over A.

Let ACP(A) be the DG category of (unbounded) complexes of finitely generated
projective modules over A.

As usual, we add the lower index f if we consider full subcategories of complexes
of modules that are free over k.

Construct A, functors

(2.2) F:Sg:(A) — ACP¢(A): G

as follows.
To construct F: First let us do it on objects. Let P be an object in F’roj_’b (A).
Put

P* = Homa (P, A)

357
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This is a right A-module. Let P — P* be a quasi-isomorphism to P* from an object
of Proj "?(A°P). It exists because A has finite injective dimension and therefore the
cohomology of P* is bounded from above (it is isomorphic to Ext®(P, A) which has
a spectral sequence that converges to it and whose second term is Ext) (H*(P), A)).
Now let

P* = Homp (P, A)

which is a complex of left A-modules. Consider the composition
(2.3) P = P* — P*

We claim that it is a quasi-isomorphism and therefore its mapping cone is acyclic.
To prove that, note that, for n big enough, P* is quasi-isomorphic to the complex

(2.4) Am) = (P;, — ... = PL = K™
where P; = 0 for j < m and K™"! = im(P} — Pj ;). (We will use homological

grading Py = P~¥, mainly to avoid its interfering with the superscript *). Choose P
to be a projective resolution of . The complex A(n) is concentrated in degrees
m < j < n+ 1. The cohomology of RHoma (A(n),A) is concentrated in degrees
—T1—n < k < d—m where d is the injective dimension of A. Now replace n by a big
enough N. The cohomology will not change. The cohomology RHoma (A(N), A) is
the limit of a spectral sequence whose only non-zero E' terms are:

1) P5 (in total degree j) and

2) ExtX (KN+1A) (in total degree k — 1 — N).

The terms 2) survive to the E, term, the rest of which is the cohomology of

(2.5) 0 — ExtQ (KN*TA) 5 Py = Pnog — ... = Py

The cohomology of this complex is the cohomology of P, plus possibly the coho-
mology in the first two places on the left. Those contribute to the cohomology of
total degree —1 — N and —N. Therefore, for N big, these two cohomology groups
vanish.

When N is big enough,

ExtX (KNTTA) 50

for all k > 0. Indeed, for N big enough, either k—1—N < -2 —n or k > d. We see
that the E; term of the spectral sequence is the cohomology of P, and the spectral
sequance collapses.

We define F(P) as the acyclic complex which is the cone of the morphism .
To define F on morphisms, we use the Ao, functor FRFPINISH

To construct G: On objects, an acyclic complex P® goes to G(P)) = PI for
j <0 and G(P); =0 for j > 0. On morphisms, let f: P — Q¥ be a morphism of
A-modules. Define G(f) : G(P) — G(Q) of degree k —j. If k > 0, set G(f) = 0. If
k <0andj<0,set G(f) =f.Ifj > 0 and k < 0, then define G(f) as a composition

G(P*) =L (P1) U (P & 4 (P Y (ph) 1 Q)

Here (P1) is the complex P! concentrated in degree zero.

ExaMPLE 2.0.1. Let A = k[x]/(x?) and M an A-module (free over k). Choose
P® to be

S AM S L S ARM 0
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which is a projective resolution of the A-module k. Then P* is
05ARM S5 ... HAM 5 ...
and G(P*®) is

S AM S L S AM S L

3. The Tate cohomology
LEMMA 3.0.1. Let A =k[x]/(x?) and M is an A-module, free over k. Then

Hom* (F(k), F(M))
is homotopy equivalent to
MM L

PROOF. If we take F(k) and F(M) as in Example[2.0.1] then Hom*® (F(k), F(M))
becomes the following. Let CI'* = A ® M for all j, k € Z. Define

d': Chk - OFhE
to be multiplication by x and

d’:Chk — okl
to be multiplication by (—1)*x. Let

cr= J] % d=d"+da":cr -
j—k=n

Consider the subcomplex C1>%* and the quotient complex CI<%¥, The former
is acyclic because the spectral sequence starting with the acyclic differential d”
converges. The former is quasi-isomorphic to C%®/d’C~"* because the spectral
sequence starting with the differential d’ converges. But C%®/d’C~"* is exactly
the complex in the statement of the lemma. O
Similarly:
LEMMA 3.0.2. Let A =k[x]/(x™—1) and M is an A-module, free over k. Then
Hom* (F(k), F(M))

is homotopy equivalent to

-1 N -1
LLEM S ME L

where

N=T+4x+...4+x™"!

*x Still needed: a) an analog for cyclic objects, using Kaledin resolutions. b)
F and G are ”quasi-inverse”
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4. Singularities and matrix factorizations

4.1. From an A/WA-module to a U-matrix factorization. Assume that
W is a central element of A that is not a zero divisor. Let M be any complex of
A/WA modules that is perfect as an A-module. Choose a quasi-isomorphism P —
M where P is a strictly perfect complex of A-modules. Take D =9+ ° ; U"D,,
(note that the sum is finite).

PROPOSITION 4.1.1. The A functor (2.4) extends to an Ao functor
P : Perff (A/WA)/Perf¢(A/WA) — MF; (A, W)

ProOOF. We will show that perfect complexes map to contractible U-matrix
factorizations. We call a U-matrix factorization trivial if it is of the following form:
PO = P~1 = P for some projective module P of finite type; P} =0 for j # 0, —1; for
P%p ) ePeP 1, DP%p") = Wp 1, up®). We call a U- matrix factorization
7trivial” if it has a finite filtration whose graded quotients are trivial.

In other words, a trivial u-matrix factorization is of the form

0
(4.1) (PLEL, W + EW)
where & is a formal variable of degree —1 such that 2 =0and Pis a finitely
generated projective module. O

LEMMA 4.1.2. Let 'V be a "trivial” w-matriz factorization. Thenidy is a cocycle
n MFy (A, W)(V, V).

PRroOF. For a trivial matrix factorization (4.1]) define 1 as follows: 1 sends an
even morphism *** to *** and an odd morphism *** to ***, Then dn = idp. For

a 7trivial” matrix factorization, consider a filtration with trivial graded quotients
and define 1 by induction. ***FINISH O

LEMMA 4.1.3. For a perfect complex of A/WA-modules there is an A-perfect
resolution P such that the corresponding matrix factorization is "trivial”.

PRrROOF. Choose a strictly perfect resolution P® of M®. Let P™ = (A/WA)kme
where e, are idempotents in A/WA. First assume that P™ are free, i.e., e, = 1.
Extend the differential @ to an A-module morphism d of degree —1 such that
92 = WE. Introduce an extra variable & of degree —1 such that &2 = 0. Put
P™ = Akm, Then

0

(4.2) (P*[&],0 + Wa—‘E + &E)

is a projective resolution of M?®; if we put
0
D:a+Wa—£+EE+u£

then we have D? = uW. The corresponding matrix factorization is filtered by trivial
matrix factorizations.
***For resolutions that are not necessarily free** O

4.2. The Z/2-graded case. We modify the construction from for matrix
factorizations as defined in [Bl
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4.2.1. From a A/WA-module to a matriz factorization. If P is a U-matrix
factorization associated to a complex of modules in the beginning of then
(P[U]/(U — 1),D) is a matrix factorization. In other words, it is P viewed as a
Z/2-graded module, with

D=0+ Z u"D,,
n=1

(the sum is actually finite).
4.2.2. From a matriz factorization to an A/WA-module.

5. Comparison between [2] and

Consider a strictly A-perfect complex (P®,0) which is quasi-isomophic to a
complex M*® of A/WA-modules. Here we will relate the U-matrix factorization
associated to P® itfd:1] to the acyclic complex of projective modules assocaited to it
in[2 We assume that W is a central element of A that is not a zero divisor. All
our modules are free over k.

Start with the DG algebra (A[E,],W,(%) where & is a formal variable of degree
—1. As above, let U be a formal variable of degree 2. Let D be the operator on
P*[U] constructed in Then

0

(5.1) (P*lE, UL, D + WK{ —ug)
is a DG module over (A[&],Wa%) quasi-isomorphic to M®. Then
(5.2) (A/WA) @arg) PULE, U

is a resolution of M*® which is two-periodic below certain degree. It is acyclic below
certain degree because M*® has bounded cohomology.

LEMMA 5.0.1. The two-periodic complez obtained from (5.2)) is homotopy equiv-
alent to the acyclic complex F(P*®) constructed in @

PROOF. O

EXAMPLE 5.0.2. Let A = k[x] and W = x2. Let M be a k[x]/(x?)-module.
FRAPINISH**
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