JOURNAL OF THE .
AMERICAN MATHEMATICAL SOCIETY
Volume 8, Number 2, April 1995

CYCLIC HOMOLOGY AND NONSINGULARITY

JOACHIM CUNTZ AND DANIEL QUILLEN

From the pioneering work of Connes [Col] one knows that periodic cyclic
homology can be regarded as a natural extension of de Rham cohomology to
the realm of noncommutative geometry. Our aim in this paper is to present
the noncommutative analogue of the approach of Deligne [D] and Hartshorne
[H] to de Rham cohomology in algebraic geometry. In this approach de Rham
cohomology is first obtained for a nonsingular algebraic variety by means of the
de Rham complex of differential forms. An arbitrary variety is then treated by
embedding it in a nonsingular variety and completing the de Rham complex of
the latter along the subvariety.

In our noncommutative version algebraic varieties are replaced by associative
unital algebras over the complex numbers, and nonsingular varieties become al-
gebras which are quasi-free [CQ1]. Indeed, nonsingular varieties are described
locally by commutative algebras which behave like free commutative algebras
with respect to nilpotent extensions of commutative algebras, while quasi-free
algebras are those algebras behaving like free algebras relative to nilpotent alge-
bra extensions. Like a free algebra, a quasi-free algebra R has cohomological
dimension < 1 with respect to Hochschild cohomology, and this implies that its
periodic cyclic homology HP R, v € Z/2, is calculated by the supercomplex

(1) X(R): R Q'R

discussed for free algebras and coalgebras in [Q1]. This means that X(R) for R
quasi-free plays the role in the noncommutative setting of the de Rham complex
of a nonsingular variety. Our version of the way de Rham cohomology can be
obtained by embedding into a nonsingular variety says that for any algebra
extension 4 = R/I with R quasi-free we have a canonical isomorphism

. n
(2) HP,A=H, (@ X(R/I )) .

n

As an immediate consequence we deduce Goodwillie’s theorem [G] that a

nilpotent extension A" — A gives rise to an isomorphism on periodic cyclic
homology. In fact, as we show in §10, our methods yield a refinement of this
theorem in which an inverse with respect to cup product for the homomorphism
A" — A is constructed in bivariant periodic cyclic cohomology. For this result
to be valid, it is necessary to define bivariant periodic cyclic cohomology in a
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slightly different way from Jones-Kassel [JK], since the inverse class need not
come from HC>*(A, A') for large n.

In order to extend (2) to include Hochschild and cyclic homology, we con-
sider towers of supercomplexes. On one hand, an ideal I in R gives rise to
a decreasing filtration F ,” X(R) and a corresponding tower Z(R, I) of quo-
tient supercomplexes of X(R). On the other hand, an algebra 4 determines a
mixed complex QA consisting of noncommutative differential forms with the
operators b and B, and this in turn gives rise to a tower of supercomplexes
0QA from which the Hochschild, cyclic, and periodic cyclic homology associ-
ated to 4 can be obtained. Our main result says that for a quasi-free extension
A=R/I,ie., R quasi-free, one has a homotopy equivalence of towers

3) Z (R, I)~ 0QA.

Besides (2) one can derive from (3) the main results of [Q2] in improved
form. For instance we find that any class in H C™A4 or HC™'4 is repre-
sented by a trace or cyclic 1-cocycle respectively on R/I ml Moreover, when
R is free, since any cyclic 1-cocycle on R/I "1 comes from a trace on I""'

via a connecting homomorphism, we conclude that any class in HC g s

represented by a trace on [ ml

The proof of (3) breaks into two parts, the first being to construct explicitly
the desired homotopy equivalence in the case of the universal extension 4 =
RA/IA. In §5 we identify X(RA) with QA as Z/2-graded vector spaces and
calculate the differential in X(RA) in terms of the canonical operators d, b, k
on QA studied in [CQ2]. This differential is similar to b + B, and we can
relate the two by means of the spectral decomposition associated to the Karoubi
operator k. The spectral projection associated to the eigenvalue 1 then yields
canonical special deformation retractions of both X(RA) and (QA4, b + B)
onto subcomplexes which are isomorphic. In this way we obtain in §6 an explicit
homotopy equivalence between these two supercomplexes as well as between the
towers Z°(RA, IA) and 0QA.

This part of the proof can be understood as a variation on the basic theme
of representing cyclic cohomology classes on A by traces of the appropriate
type on algebras constructed from A4 such as QA, R4, and QA4; cf. [Col],
[Co2], [CC], [Cul], [Cu2]. To be more specific, recall that Connes [Co2] has
established an equivalence between supertraces on QA4 and b+ B cocycles on
A fixed under « ; cf. [CQ2] for this formulation. We in effect prove a similar
assertion with QA replaced by X(RA), namely, that if contributions from the
eigenvalues # 1, —1 of x are ignored, then traces and cyclic 1-cocycles on
RA are equivalent to even and odd b + B cocycles on A respectively.

The second part of the proof corresponds to Deligne’s result that de Rham co-
homology defined by an embedding into a nonsingular variety is independent
of the choice of embedding. It involves showing for a quasi-free extension
A = R/I that up to homotopy equivalence the tower 2°(R, I) depends only
on A. This is done in §§8-9 by following the construction of derived functors,
with the extension 4 = R/I playing the role of a projective resolution of 4 and
the tower Z(R, I) corresponding to a functor applied to this resolution. Given
another extension A4 = R'/I', we use the lifting property of R with respect to
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nilpotent extensions to construct a homomorphism u# of inverse systems of
algebras from (R/I"*') to (R'/I""*'), which then induces a map u, from

ZR,I) to Z(R',I'). Moreover, two choices for # can be joined by a one-
parameter family u, depending on ¢ in a polynomial way. The key point is
that (x,), modulo (chain) homotopy is independent of ¢, and this is established
with the aid of a suitable Cartan homotopy formula for the X complex which
is derived in §7.

This paper is organized as follows. In the first section we recall from [CQ2]
how to handle cyclic type homology by means of towers of supercomplexes,
and then in §2 we extend this to include bivariant cyclic cohomology. The third
section is an account of the canonical operators on QA4 and their properties
[CQ2], including the spectral decomposition associated to the Karoubi operator.
In §4 we introduce the basic objects X(R) and Z(R, I) and explain the dual
interpretation of X(R) in terms of traces and the homotopy relation on traces.
The next five sections are devoted to the proof of the main result (3) and some
applications, while §10 contains the refinement of Goodwillie’s theorem we have
mentioned. §11 is devoted to a simple construction of Nistor’s bivariant Chern
character [N] in our framework.

In §12 we apply our description (2) to construct the Chern character from
K,4 and K A4 to HP A by lifting idempotent and invertible matrices in nilpo-
tent extensions. §13 concerns special features in the case of commutative alge-
bras due to the fact that one has the ordinary de Rham complex €2, in addition
to QA . One of the purposes of these two sections is to make a link with index
theory, especially to point out the relation of our work to basic ideas going back
to Fedosov’s version of the index theorem [F]. In the last section we study the
X complex of the tensor product of two algebras, and then apply this to derive
a higher homotopy result for the X complex.

Throughout this paper we work over the complex numbers C, however, with
minor modifications which will be pointed out at the appropriate places, the
arguments are easily seen to hold over an arbitrary groundfield of characteristic
Zero.

1. TOWERS OF SUPERCOMPLEXES AND CYCLIC TYPE HOMOLOGY

The cyclic homology of an algebra A4 is usually defined with the aid of a
suitable mixed complex of chains on the algebra. From the bicomplex associated
to the mixed complex one obtains an S-module (i.e., a complex equipped with
an endomorphism S of degree —2), and the cyclic homology is defined as the
homology of this S-module. The S-module associated to an algebra in this
way serves also to define periodic cyclic and negative cyclic homology, as well
as bivariant cyclic cohomology [JK] in the cases of two algebras.

For our purposes we require another approach to this cyclic type homology
and cohomology which utilizes supercomplexes instead of complexes. Recall
that a supercomplex K is a Z/2-graded vector space equipped with an odd
operator d of square zero, and that it has homology groups H K, v € Z/2.
In this paper it will be convenient to write an element of Z/2 as a coset n+2Z,
and also, depending on the context, to use the standard abbreviations + and
— for even and odd respectively.
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As motivation we begin with the periodic cyclic homology arising from a
mixed complex. We recall [K1] that a mixed complex M is a Z-graded complex
@, M, , bounded below, whose differential (denoted b by tradition) has degree
—1, which is equipped with an operator B of degree +1 satisfying [b, B] =
B*> = 0. The homology of M as a complex, i.e., with respect to b, is by
definition the Hochschild homology of M :

(1) HH M = H M.
Associated to M is the supercomplex given by

(2) ' M=]]M,

equipped with the usual even-odd grading and the differential b + B. The
periodic cyclic homology is then the homology of this supercomplex:

(3) HPM=HM, veZ/2

We shall need a similar description involving supercomplexes of the cyclic ho-
mology HC, M attached to M. As periodic cyclic homology is the inverse
limit of cyclic homology in a certain sense, it is reasonable to introduce the
following object.

By a tower of supercomplexes, or tower for brevity, we mean an inverse system
of supercomplexes 2 = (£") indexed by the integers such that the maps
2" — 2" are all surjective, and such that 2 is bounded below in the sense
that 2" =0 for n <« 0. We associate to # the filtered supercomplex given
by the inverse limit equipped with the induced filtration

(4) Z=lm2", F'Z=Ke&-2").

As 7 /F "Y =" , the tower can be recovered from this filtered supercomplex.
Furthermore, we obtain in this way an equivalence between towers and super-
complexes K equipped with a decreasing filtration (F"K) by subcomplexes
such that F"K = K for n « 0, and such that K is complete for the topology
defined by the filtration.

We call 27" the nth level and

(5) g'? =Ker(Z" - 2" \=F"'Z/F'Z

the nth layer of the tower 2.

For example, consider the mixed complex M as a supercomplex with the
usual even-odd grading and the differential b + B . Define the Hodge filtration
of M by

(6) F'"M =bM,, o PM,.
k>n

This is a decreasing filtration such that F"M = M for n < 0. As F"M is
closed under » and B, it is a subcomplex of M , so we obtain a tower

(7 OM = (M/F"M)
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which will be called the Hodge tower associated to M . We have
(8) OM = lim M/F"M = M

so the inverse limit of this tower is the supercomplex M giving the periodic
cyclic homology of M . The nth layer is

0
n—1 n n
F'" "M|F"M: M /anH‘_;,,an

where M, /bM, , isin degree n + 2Z. Thus we have

n—1 n
o) H, ,,(F"'M/F"M)=HM =HHM,
H, | o (F"'M/F"M)=0

so the layers of the Hodge tower give the Hochschild homology of M .

The Hodge tower 6 M is an example of a special tower, by which we mean a
tower 2 such that the homology of the nth layer is supported in degree n+27Z
for all n:

(10) H, |, (er"#)=0 Vn.

n

Let us define Hochschild, cyclic, and de Rham homology for a special tower 2
by

HH,Z = H, (&%),

(11) HC,Z =H, ,,(Z£"),
HD"_l% = Hn—l+2z(2’n) 4

respectively. From the short exact sequence of supercomplexes
0—»gr"2”—>2”"—>2’n_1 -0

we obtain a circular six term exact sequence on passing to homology. By the
condition (10) the homology sequence can be written as a five term exact se-
quence

0—-HD, #&"—-HC, & - HH% - HC,% — HD, ,% — 0.
Splicing these together for different n yields the Connes exact sequence
(12) —HC, & 3HC, & - HHZ - HC,Z > HC, ,& —
where S: HC,Z — HC,_,Z is the map on homology of degree n + 2Z in-
duced by the canonical surjection 2" — 2°"2. In addition we have
(13) HD,Z =Im{S: HC, ,Z — HC,Z’}

expressing de Rham homology in terms of cyclic homology. This formula jus-
tifies the terminology ‘de Rham homology’ by virtue of the Connes-Karoubi
theorem [Col, I1.33], [Ka, 2.15].

We define periodic cyclic homology for special towers by

(14) HPZ =H Z.
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It is clear from (8) and (9) that the Hodge tower M has the same Hochschild
homology and periodic cyclic homology as A . Our next task will be to extend
this result to cyclic homology, and for this purpose we need to consider S-
modules [JK], [K2].

An S-module is a complex Q = P Q, bounded below, with differential d
of degree —1, which is equipped with an operator S of degree —2 commuting
with d. A mixed complex M determines an S-module Z M , which is the
total complex of the b, B bicomplex of M in the right half plane:

(15) (#M),=EPM, ,,, d=b+B,
p20

where S: (ZM), —» (ZM),_, is the evident projection killing the summand
for p = 0. By definition the cyclic homology of M is

(16) HC,M = H (ZM).

The S-module Z M is an example of a divisible S-module, by which we
mean that the S operator is surjective. Let Q be any divisible S-module Q,
let (O be the kernel of S on Q, and let

(17) Qn+2Z = !in Qn+2k

where the inverse limit is taken with respect to S'. Then ¢Q is a complex and

Q is a supercomplex. Let the Hochschild, cyclic, and periodic cyclic homology
of Q be defined by

HH,Q = H,(;0Q),

(18) HC,0=H,0Q,
HP,Q=HQ,

respectively. In the case Q = FM we have

(19) JBM)=M, BM=M,

so it is clear from the definitions that ZM and M have the same Hochschild,
cyclic, and periodic cyclic homology.
By the definition of divisible we have an exact sequence of complexes

(20) 0-,0—-03 0210

On passing to homology we obtain a Connes exact sequence relating the
Hochschild and cyclic homology of Q. When Q = Z M this is the usual
Connes exact sequence for the mixed complex M .

We next present a construction going from a divisible S-module Q to a
special tower, which yields the Hodge tower M in the case of ZM .

Let (aQ)" be the supercomplex given by

(21) (aQ):+2z =Q,/d(5Q,,1) (O‘Q):-sz =0,
where half of the differential is induced by d: @, — Q,_, and the other half is
given by lifting with respect to S: @, ., — Q,_, and then applying d: Q

—
n+1
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0, - We have

Ker{d: Qn/d(SQn+l) - Qn—l} = ZnQ/d(sQ,H.]) s
Im{d: Qn—l - Qn/d(SQn+l)} = dQn+1/d(SQn+l)

where Z Q denotes the space of cycles of degree n. Thus

(22) H +2Z(aQ)" =H,Q=HC,Q.

n

For each n there is a surjection of supercomplexes
(@Q)" :0,/d(sQ, ) S Q.
! 1

@' Q,, S0,,/d(s0,
induced by S: Q, — Q,_, and the identity on Q, ,. We thus have a tower
aQ consisting of the (aQ)" and these surjections.

Clearly the inverse limit of this tower is the supercomplex Q giving the
periodic cyclic homology of Q. On the other hand the nth layer is

0
(23) grnaQ: sQ,,/d(sQn+1) ‘—;» d(sQ,,) >
hence

(24)  H,,,,(e'aQ) = H(;Q) = HH,Q,  H, (& aQ)=0.

Thus we conclude that aQ is a special tower having the same Hochschild,
cyclic, and periodic cyclic homology as Q.

Finally we observe that when Q = %M, then aQ is the Hodge tower of
M , i.e., there is a canonical isomorphism

(25) OM = aB M.

Indeed, in this case ¢Q is M with the differential b, so d(;Q
and

) = an+l

n+1

(aQ)" = (@ M,,_zp) / bM,,, & @Mn_,_zp =M/F"M
p>0

p20

as claimed. Therefore we have established that the Hodge tower M has the
same Hochschild, cyclic, and periodic cyclic homology as M .

For each of the three types of algebraic objects we have been discussing,
namely, mixed complexes, S-modules, and towers, there is a natural notion of
map respecting the structure. Thus we have the following categories:

%, : the category of mixed complexes,

@, : the category of S-modules,

%Sd: the full subcategory of divisible S-modules,

J : the category of towers,
" : the full subcategory of special towers.
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Moreover # and a are functors
(26) ¢ 2 29°
and we have Hochschild, cyclic, and periodic cyclic homology functors from

each of these three categories to vector spaces. The main point of the above
discussion, apart from all the definitions, is the following.

Proposition 1.1. The functors & , a, and their composition 6, which sends a
mixed complex to its Hodge tower, are compatible up to canonical isomorphism
with Hochschild, cyclic, and periodic cyclic homology. ”

We record for later reference the following formulas which we have estab-
lished for various homology groups attached to the Hodge tower OM :

H,(F"" M/F" M) = { HEM, v=n+2L,

0, v=n-1+2Z,
(27) n _ HC,,M, v=n+2Z,
H,(M[F"M)= HD, M, v=n-1+2Z,
HM=HPM.

Remarks. (1) It is worth mentioning for the sake of completeness the following
addition to the above formulas:

et~ HC M, v=n+21Z,
(28) H,(F"'M)= N
S(HC, M), v=n-1+22,

involving the negative cyclic homology; cf. [Q3, §4 (15)].

(2) So far we have considered M/F"M only as a supercomplex, but it is in
fact a quotient mixed complex of M having the same Hochschild homology in
degrees < n and zero Hochschild homology in degrees > n. The inverse system
of these quotient mixed complexes can be viewed as a kind of Postnikov system,
where M/F"M is the nth order approximation to the cyclic homology type
of the mixed complex M . When the Hochschild homology vanishes in degrees
> n, this nth order approximation is exact in the sense that the canonical
surjection M — M/F"M induces an isomorphism on the cyclic type homology
associated to these mixed complexes. In particular, the periodic cyclic homology
is given by the supercomplex M/F"M .

We turn next to the mixed complexes which will be important later.

Let A be an (associative unital) algebra, and let Q = QA be the graded
vector space of noncommutative differential forms on 4. Then Q is a mixed
complex in a canonical way; we refer to §3 for the operators b, B, and to
3.1(f) for the basic identity bB + Bb = 0. The cyclic type homology of the alge-
bra A: HH, A, HC, A, HP A, etc. may be defined as the cyclic type homology
arising from this mixed complex. In fact Q is the smallest of three ‘standard’
mixed complexes which yield the cyclic type homology of 4. The S-modules
corresponding to these mixed complexes are usually denoted CC(A), F(A4),
and #(A) as in [L, 2.1], and % (4) is the S-module corresponding to Q.
Explicit homotopy equivalences between these S-modules are constructed in
[K3].
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From Q and its Hodge filtration F"Q we can construct various supercom-
plexes with the differential 4 + B. We now describe the homology of some of
these supercomplexes.

For instance we have from (27) the following homology associated to the
Hodge tower 6Q:

HH A, v=n+2Z,

0, v=n-1+2Z,

HC,A, v=n+2Z,

HD, A, v=n-1+2%Z,
HQ=HP,A.

We next consider the homology of F"Q with respect to b + B. This will
involve the reduced cyclic type homology of A: HH,A, HC, A, etc. which is

defined by means of the mixed complex Q = Q/C; cf. [LQ, §4].
The following is proved in [CQ2] and an independent proof will be given
below in §6.

H(F"'Q/F'Q) = {

(29) H (Q/F'Q) = {

Proposition 1.2. The inclusion C C Q induces an isomorphism on homology with
respect to the differential b+ B, so that H_(Q) = C, H_(Q2) = 0. Equivalently,

Q s acyclic with respect to b+ B.
As Q is acyclic, we have

— — = HC A, v=n+2Z,

(30) H, (F'Q)=H,/(Q/F Q)= { "
HD, A, v=n-1+27,
where we have used the analogue of (29) for the mixed complex Q.

We now compute the homology of F"Q with respectto b+ B.

First note that if n < 0, then F"Q = Q and the homology is given by 1.2.

Next, if n > 1, then the surjection F"Q — F"Q is an isomorphism, so the
homology of F"Q is given by (30).

Finally, if n =0, then Q/F °Q is Ah concentrated in even degree, so from
the exact sequence

0—>FOQ——»Q—>Q/FOQ—>0

we obtain the exact sequence
0— H, (F'Q) —C— 4, — H_(F'Q) -0

on passing to homology. Using this we find H_(F OQ) = FCOA ,and H (F 0Q)
=0 or C according to whether 1 ¢ [4, A] holds or not.
In particular we have the formula

(31) H,_ | ., (F'Q=HC,A, n>0.

2. BIVARIANT CYCLIC COHOMOLOGY

Our aim in this section is to include bivariant cyclic cohomology in the picture
presented in §1. We begin with divisible S-modules, where bivariant cyclic
cohomology may be defined as the cohomology of a suitable mapping complex.
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Let Q, Q' be divisible S-modules. Let Homg(Q, Q') be the mapping com-
plex such that

Homy(Q, ') = Homg(Q, 0')_,

consists of operators f: Q — Q' of degree —k commuting with S, where the
differential is f — [d, f]. We define bivariant cyclic cohomology for divisible
S-modules by

(1) HC"(Q, Q) = H* (Homy(Q, Q).
For three divisible S-modules there is a cup product

HC(Q', Q") e HC*(Q, @) — HC (0, @")
induced by the pairing

Homg(Q', Q") ® Homy(Q, Q') — Homg(Q, Q")

given by composing operators.

According to [JK, 2.2, 5.1], when we pull back this bivariant cyclic coho-
mology and cup product via M — % M , we obtain the Jones-Kassel bivariant
cyclic cohomology for mixed complexes

(2) HC*M,M'y=HC" (@M, BM)

and its cup product.

It is useful to interpret the structure on divisible S-modules, which is pro-
vided by bivariant cyclic cohomology equipped with the cup product opera-
tion, in terms of a homotopy category. Note that a map f: Q — Q' of S-
modules (i.e., respecting the S-module structure) is the same as an element

of Z °Homs(Q, Q'), where Z° denotes the subspace of elements killed by
the differential. We say f is homotopic to zero when f = [d, h] for some
he Hom;l(Q, Q'). Then elements of

HC’(Q, Q') = Z°Hom(Q, Q')/1d, Homg ' (Q, Q)]

are homotopy classes of maps of S-modules Q — Q' .

Let H ogfgd denote the homotopy category of divisible S-modules, in which
the morphisms are homotopy classes of maps. Then this homotopy category

incorporates the information in HC 0 together with the cup product.

In order to handle HC* we use the ‘suspension’ operation Q — Q[1], whose
kth power for any integer k is Q — Q[k], where

Q[k]n = Q,,_k
with d, S on Q[k] given by (—1)¥d, S on Q. Clearly
Homy(Q, Q') = Homg(QIk], Q'[k]),
hence o ) o )
HC(Q, Q)=HC (Qlk], Q'[k])
showi‘?g that suspension determines an automorphism of the homotopy category
Ho%y .
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On the other hand we have
. - )
Homy(Q, Q'[k]) = Homyg " (Q, Q)

where the differential on the left is (—l)k times the differential on the the right,
SO

(3) HCY(Q, Q'Ik]) = HC*(Q, Q).

Thus an element of HC¥(Q, Q') can be identified with a map Q@ — Q'[k] in
H 0%&‘1 . With respect to this identification the cup product is easily seen to be

@ (:Q = Q"IN @~ QKD = (gTk] - f: @ = Q"j + KI).

In this way we can recover bivariant cyclic cohomology for divisible S-modules
and its cup product from the homotopy category of divisible S-modules and
the suspension automorphism.

We next want to treat bivariant cyclic cohomology for special towers, but
before doing so it will be convenient to introduce homotopy for maps of towers
and the corresponding homotopy category Ho7 .

Let 2,2 be arbitrary towers (of supercomplexes) and let

(5) Hom (Z,Z")={f:Z - Z'\Vm 3n, f(F'Z)c F"Z"}

be the supercomplex of continuous linear maps with respect to the natural
topologies. Sitting inside this is the subcomplex

(6) Hom"(Z, &) ={f: Z > Z'\Vm, f(F"™*P)c F"Z"}

of maps of order < k. Thus f: Z - Z' has order < k iff it induces
maps of the quotient spaces 2™ — 2™ for all m. In this way an element
of Homk(fe’ ,Z') can be identified with a map of inverse systems (2") —
(& '”‘k) , which is linear but might not respect the supercomplex structure.
Consequently, a map & — £’ in J (i.e., respecting the supercomplex
structure) can be identified with an element f € Z +Hom°(2’ , Z'), where
Z, denotes the subspace of even cycles. We say that f is homotopic to zero
when f = [d, h] for some h € Hom®(Z, 2”)_. Then elements of the set

H +(Hom0(2” ,Z')) are homotopy classes of maps from 2 to %', and we
have the homotopy category of towers HoJ , in which homotopy classes are
the morphisms. It should be clear what is meant by a homotopy equivalence of
towers, and in particular, by a contractible tower.

We now restrict attention to special towers and let Ho.7° ¢ Ho.9 be the full
subcategory consisting of special towers. We define bivariant cyclic cohomology
for special towers by

(7) HCY &, &) = H, ,,(Hom"(Z, ).

In the case of three special towers we have a cup product on HC" induced by
the pairing

Hom’ (2, 2")  Hom"(#, ') — Hom’** (2, 2")
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given by compositiori. We note that H CO(Q“ , Z') is the set of maps & — 2’

in the homotopy category Ho.7 and the cup product on H C® is composition
of maps in this category.
We define suspension 2 — 2°[1] for special towers so that its kth power is

(8) 2k, =215
with d on the left given by (—l)k d on the right. We have
Hom' (Z’[k], Z'[k]) = Hom’ (2, &),
HC &k, k) = HC'# , &)

so suspension determines an automorphism of Ho’ . It is clear that

(9) Hom’ (2, 2°'[k]), = Hom"** (2, &)

v+k

with d on the left corresponding to (— l)kd on the right, so
(10) HC'&, Z'lk) = HC (&, &).

Thus, as in the case of divisible S-modules, we conclude that HC" for special
towers together with its cup product operation can be recovered from HoJ*
and the suspension automorphism.

We next examine the behavior of the functor a with respect to bivariant
cyclic cohomology. Let Q, Q' be divisible S-modulesand & = aQ, 2’ = aQ’
the corresponding special towers. We are going to compare

(11) HC’(Q, Q') = Z°Hom,(Q, Q)/Id,, Homy ' (Q, Q")1,

(12) HC'#,#') = Z,Hom" (&, 2)/1d, Hom* (&, Z")_].

We have seen that sz , and similarly with primes. Recall that Hom"* &, 2
is a subcomplex of the supercomplex

(13) Hom, (0, Q') = Hom (¥, Z)

by definition. On the other hand, because Q is divisible, Q, is a quotient
space of Qn +2z» and similarly for Q' . Mgreover, an element of Hom’_;(Q , Q')
can be identified with a map f: Q — Q' of degree k + 2Z, which induces
maps Q, — Q;_k for all n. Thus we can regard both Homg(Q, Q') and

Hom" (Z , Z') as subspaces of the supercomplex (13). Note that the differential
f—1d, f] on (13) restricts to the differential on the complex Homg(Q, [0
in an evident sense.

With this understood we have the inclusion

Hom’(2, 2, c Homy(Q, Q).

Indeed, the latter consists of f: Q — Q' which induce maps Q,— Q; for all
n, while the former consists of such f which in addition induce maps from
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Q,/d(50,,,) to Q,/d(3Q,.,). Notice that when f commutes with d this
additional condition is automatic, hence we have

(14) Z Hom"(#, 2") = Z°Hom,(Q, Q).

Lemma 2.1. Hom’(#', 2’)_ = Homj'(Q, Q') +[d, Hom* (&, ") _].
Proof. First of all we have

Hom’ (%, 2) > Hom;l(Q, Q)

since if f: Q Q induces Q, — Qn 4 for all n, then it induces Q,_,
Qn/d(SQn+1) and Q,/d(;0,,,) — Q,_, Q;_l . Thus the inclusion D holds
between the subspaces cited in the lemma.

To show the opposite inclusion, let f € Homo(é?” , 2")_ . Write & for

gr 2” and s1m11arly with pnmes and consider the induced map _f-ﬁ ?n —
Z" . Since d: 2 u +zz — % —142z 18 surjectlve we can choose Z": z" w2z =

z" n+2z such that dg” f" on Z. ni2Z Extendlng_g to an even map
Z" - Z" vanishing on 2" n—142z » We then have that 7" and [d, "] agree
on 29" +2z+- We choose g" in this way for each n and then choose g €

Hom® (Z,Z), inducing 2" on the nth layer for all n. This is possible be-
cause we are working over a field, hence if the differentials are ignored we can
suppose the towers are split, i.e.,

"=z

m<n

and similarly for 2. If we put f = f —[d, g], then f Kkills 2’" vz =
$s@,/d(50,,,) for all n. Thus the map Q,/d(5Q,,,) — Qn_l induced by
f' descends to a map Q,,— Q;_l for all n, which means that f lies in
Homgl(Q, Q). As f=f +[d, g], this shows the inclusion C holds between
the subspaces cited in the lemma. O

This lemma implies [d, Homo(% ,Z) 1=1d ,'Hom;l(Q, 0")], which to-
gether with (11), (12), (14) yields a canonical isomorphism

(15) HCQ,Q)=HC"Z, 2.

The isomorphisms (14) and (15) have the following interpretations in cate-
gory terms. We note that the two sides of (14) can be viewed as Hom sets in

the categories ° and ?gd respectively. We can interpret (14) as saying that
a induces isomorphisms

Z’Hom(Q, Q') = Z,Hom"(aQ, Q'),  f+ a(f)
for every pair Q, Q’, in other words, the functor

& T’
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is fully faithful. Similarly (15) means that a induces isomorphisms

(16) a,: HC(Q, Q') % HC’(aQ, aQ)
and so we also have a fully faithful functor
(17) a: Ho%! — HoJ™

on the level of homotopy categories.
We have now established the degree zero part of the following.

Proposition 2.2. One has canonical isomorphisms
a,: HCY(Q, Q') 5 HC (2@, oQ)
compatible with cup product.

The isomorphism «, for arbitrary k is obtained as follows:

HC*(Q, Q) =HC"(Q, Q'lk))
= HC"(aQ, «(Q'[K]))
= HC"(aQ, (aQ)[k])
= HC"(aQ, Q)
using (3), (10), and the fact that the functor o commutes with the suspen-
sion automorphisms in Ho%sd and Ho9°. Thus a, sends the element of
HCk(Q, Q') given by a map f: Q — Q'[k] in Ho%fgd to the element of

HC*(aQ, aQ’) given by the map a(f): aQ — a(Q'[k]) = (aQ)[k] in HoT .
It follows easily using (4) that «, is compatible with cup product. O

Having treated divisible S-modules and special towers, it remains to consider
mixed complexes and the Jones-Kassel bivariant cyclic cohomology (2). Again
we introduce a category to handle the structure on mixed complexes given by
this cohomology and its cup product.

Let us define the derived category of mixed complexes D%, to be the category
having mixed complexes for objects, in which a map M — M’ is an element
of H CO(M , M") and composition is given by the cup product on H c’. we
then have a tautological functor

(18) D%, - Ho%!, Mw~—ZM

which is fully faithful. We define suspension for mixed complexes by M[k], =
M,_,,with b, B on M[k] givenby (—1)*b, (~1)*B on M. Since Z(M[k])
= (B M)[k], one sees easily that suspension is an automorphism of D%, , and
that elements of H Ck(M , N) can be identified with maps M — N[k] in this
category, with cup product described in a way similar to (4).

Let us use % to denote the functor (18). Combining these remarks about
this functor, 2.2 about the functor o of (17), and 1.1, we obtain the following
result summarizing the results of §§1 and 2.
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Theorem 2.3. One has fully faithful functors
(19) D%, 2 Ho%] % HoT”

which are compatible up to canonical isomorphism with Hochschild, cyclic, and
periodic cyclic homology, and with bivariant cyclic cohomology.

Remarks. Since cyclic type homology and cohomology are functors on each of
the categories D%, , Ho?gd , and HoJ’, it follows that an isomorphism be-
tween two objects in any of these categories induces isomorphisms on cyclic type
homology and cohomology involving these objects. For instance, an isomor-
phism M ~ M’ in D%, gives rise to an isomorphism of functors H C*'(—, M)
~ HC"(—, M"), and the converse even holds by Yoneda’s lemma. In this situa-
tion M and M’  are equivalent from the viewpoint of cyclic homology theory,
in other words, they have the same cyclic homology type.

It is thus appropriate to interpret D%, , Ho?gds ,and HoZ" as the cate-
gories of cyclic homology types (or cyclic ‘motives’) arising from mixed com-
plexes, divisible S-modules, and special towers respectively. Moreover, as the
functors (19) are fully faithful, each category can be viewed as a full subcate-
gory of the following one. It turns out that both functors are equivalences of
categories [Q3], so that all cyclic homology types arising from special towers
already come from mixed complexes.

Let us define the cyclic homology type of an algebra A to be QA considered
as an object of D%, . Borrowing the terminology ‘represent’ as in representing a
functor, we say that a mixed complex M (resp. divisible S-module Q, special
tower &) represents the cyclic homology type of A when an isomorphism QA ~
M in D%, (resp. BQA~Q in HoBl, 6Q4 ~2 in HoJ") is specified.
In this case we can use M (resp. Q, Z) to calculate cyclic type homology
and cohomology involving A. For example, if 2, 2" represent the cyclic
homology types of 4, A", then we have

(20) HC"(4, 4') = H(Homy(#Q4, #QA)) = H,, ,,(Hom" (&, 2)).

3. OPERATORS ON DIFFERENTIAL FORMS

In this section we review basic facts about (noncommutative) differential
forms; for a more thorough treatment see [CQ2].

Let A be an (associative unital) algebra and let Q4 =P, Q"4 be the DG
algebra of differential forms over 4. One has the following identification of
n-forms with tensors:

Q4=A04"",
(1)

ayda,---da, ~ a,®---®a,

where 4 = A/C. Furthermore, QA is the universal DG algebra generated by
A in degree zero; cf. [CA1, §1]. As A is fixed in this section, we put Q = QA4
Q" = Q"4 for brevity.

We now consider various operators on . First of all there is the operator
d which has degree +1 and satisfies d* = 0. Next we have the Hochschild
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boundary operator b, which may be defined on homogeneous forms of degree
>0 by

() b(wda) = (1) (wa — aw)

where |w| denotes the degree of w, and by zero on O-forms. Then b has

degree —1 and satisfies B =0.
Using b, d we define the Karoubi operator ¥ by

(3) bd +db=1-k.
Then x has degree zero, and it commutes with b and 4 :
[x,b]=[k,d]=0
since > =b>=0. Itis easy to show from (2) that x is given in degrees > 0
by
(4) x(wda) = (-1)*daw

and by the identity in degree zero.
Finally we define Connes’ operator B by

n .
(5) B=) «'d onQ".
j=0
Then B has degree +1 and we have
(6) Bd=dB =B =0.
Moreover, from (4) we have

(7) x’(dayda, ---da,) = (-1)Vda ..da da,---da

n—j+1° n—j

for 0<j<n+1,hence k"'d=d on Q" and
(8) kB = Bk = B.
Proposition 3.1. On elements of Q" we have the following identities:
(a) k"'d =d.
(b) k" =1+bk"d.
(c) k"b=b.
(d) k"'=1-db.
) (k" - ("' -1)=0.
) k"™ _1=pB=-Bb.
Proof. We have already established (a).
Iterating (4) n times we obtain
x"(ayda,---da,) =da,---da,a,
=ayda,---da, +[da,---da,, a;]
=ayda, ---da, + (-1)"b(da, ---da,da,)
=(1+ bx"d)(aodal ---da,)
proving (b).
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Next, by applying b to both sides of (b) and using the fact that ¥ and b
commute we obtain (c).
Applying x to (b) and using (a) and (3) we have

K —k+bk™ d =Kk +bd=1—-db

whence (d).
(e) is a consequence of (b) and (d).
Finally (f) is proved by means of geometric series:

n . n .
K" _1=3" k(" - 1) = «"bx"d = bB,
=0 i=0

n—1 i .
K,,(,H.]) 1= K(n+l)J(K_n+l )= _Zx(n+1)1db — _Bb
=0

J j=0

and the formulas (a)-(d). O

Remarks. Since the polynomial in 3.1(e) has constant term 1, the Karoubi op-
erator k is invertible on Q. It is thus a symmetry of the structure consisting
of Q and the operators d, b, B.

One can view k as an operator on the space 4 ® A%" of normalized chains
which replaces the operator A given by cyclic permutation with sign on the
space A®™*! of unnormalized chains. The polynomial relation 3.1(e) is then
the appropriate analogue of the fact that A has finite order in each degree.
As we shall see, this relation gives rise to a spectral decomposition of Q with
respect to k. The spectral projection corresponding to the eigenvalue 1 is then
analogous to averaging over the cyclic group generated by 4.

Spectral decomposition with respect to x. Let C[x] be the algebra of polyno-
mials in the indeterminate x , and consider Q as a module over C[x], where
multiplication by the indeterminate x is given by the operator k. As Q" is
killed by (k" — 1)(xk"*' = 1), and by ¥ — 1 when n = 0, we see that Q is
a torsion module over C[x]. We recall that this means we have a spectral
decomposition into generalized eigenspaces

9) Q=FPQ,, Q, = JKer((x - 2)"; Q)
zeC n

where Ker(f; Q) denotes the annihilator of f on Q. The operator k¥ — z is

invertible on Q , for z # z'. ‘

The projection operator P, with image Q, given by this decomposition is
the spectral projection for the operator k and the eigenvalue z. It commutes
with any operator commuting with x , and if le = 1-P, is the complementary
projection, then we have a splitting

(10) Q=PQa P, Q

where k — z is locally nilpotent on P,Q and invertible on le Q.
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So far only the fact that Q is a torsion C[x]-module has been used, but we
now examine the polynomial (k" — 1)(x™*' — 1) for n > 1 which kills Q".
The roots of this polynomial are roots of unity, and since n and n + 1 are
relatively prime, this polynomial has 1 as a double root and all the other roots
are simple. Consequently, if x__ is the set of roots of unity, then we have

Ker((k — 1)*;Q), z=1,
(11) PQ =1 Ker(k —z;Q), zep ,z#1,
0, ZE& N>

in degree n, i.e., with Q replaced by Q" . As it obviously holds in degree zero
where k¥ = 1, we then deduce (11) by taking the direct sum.

Writing P = P, for the spectral projection associated to the eigenvalue 1, we
have the splitting

(12) Q=PQaPQ

such that (x — 1)2 =0 on PQ and such that k — 1 is invertible on P*Q. In
particular, on PQ we have k" = (1+(k—1))" = 1+ m(x — 1), so using 3.1(f)
we find that ¥ on PQ is given by

1 n
(13) K—l—me OHPQ
for n>1,and by 1 for n=0.

This implies that xd = d on PQ, hence B = (n + 1)d on PQ" by the
definition of B. Letting N be the degree operator on Q, i.e., Nw = |w|w,
we thus have B = Nd on PQ. On the other hand B =0 on P™Q , because
K — 1 is invertible on this space and B(x — 1) = 0. Thus we have the formula

(14) B = NPd.

The spectral decomposition (9) holds for any torsion module over C[x] in
place of Q, so for any subspace V C Q closed under k¥ we have similar de-
compositions of V' and Q/V which are compatible with (9). Consequently
the spectral projection P, on Q carries V' into V', and it induces the corre-
sponding spectral projections for V' and Q/V .

We now apply this to the subspaces F"Q in the Hodge filtration §1 (6). Since
F"Q is closed under d, b, it is closed under k. Thus P yields splittings of
F"Q and Q/F"Q having the same properties as (12). As these splittings are
compatible for different n, we obtain a splitting of inverse systems

(15) 0Q = POQ @ P OQ

such that (k — 1)> =0 on POQ and such that 1 —x is invertible on P-6Q.
Note that P commutes with b + B, so (12) is a splitting of supercomplexes
and (15) is a splitting of towers of supercomplexes.

Before continuing with these splittings we need some terminology. Let K be
a supercomplex with differential d . By a special contraction on K we mean an
odd operator 4 such that [d, h] =1 and h* = 0. If such an operator exists,
then K is contractible, i.e., homotopy equivalent to zero. Conversely, if K is
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contractible, so that there is an odd operator 4 with [d, h] =1, then hdh is
easily seen to be a special contraction.

By a special deformation retraction on K we mean a pair (e, k), where e
and & are even and odd operators respectively on K satisfying

e =e, [d,e]=0,
[d,h]=1-e, h*>=he=eh=0.

The first line means that we have a splitting K = eK ®e’K into subcomplexes,
and the second means that 4 is a special contraction on e*K extended to K
so as to be zero on eK. A special deformation retraction may therefore be
viewed as a splitting into two subcomplexes together with a special contraction
on the second subcomplex.

In this situation the inclusion eK — K and projection e: K — eK are
inverse up to homotopy, so that K and eK are homotopy equivalent. As
the subcomplex eK tends to be important, we sometimes say that (e, 4) is a
special deformation retraction of K onto eK .

We remark that 4 determines e since e = 1 — [d, h]. One can verify that
with e defined this way the identities (17) are equivalent to

(17) hdh=h, h*=0.

Finally we note that the notions of special contraction and special deforma-
tion retraction carry over to inverse systems of supercomplexes in an obvious
way.

With this terminology understood, let us return to the supercomplex Q and
the inverse systems (F"Q) and Q. We then have the splitting Q = PQo&PQ
into subcomplexes, such that 1 — x = [b, d] is invertible on P'Q. If G is
the inverse, then G commutes with operators commuting with ¥, so we have
(Gd)* =0 and

(16)

[b+B,Gdl=G[b+B,dl=G(l-k)=1

showing that Gd is a special contraction on PQ. Extending G to Q so as
to vanish on PQ, we then obtain a special deformation retraction (P, Gd) on
Q.

The same argument applies verbatim to F"Q and Q/F"Q. Moreover, the
operator G on Q induces the corresponding operator on each of these super-
complexes. Thus we have proved

Proposition 3.2. The pair (P, Gd) induces special deformation retractions on
the supercomplex Q and on the inverse systems of supercomplexes (F"Q), 6Q.

In §6 we will consider P_, in addition to P = P, . Writing P _,=P+P_,
we then have the splitting
(18) Q=PQoP_ QoP _Q

such that (K—1)2 =0on PQ, k =—1 on P_ Q, and such that both k-1 and
Kk + 1 are invertible on Pll _,82. Furthermore we have corresponding splittings
of (F"Q) and 6Q with the same properties.
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Remarks. (1) One has the following explicit formulas [CQ2, §2]:

_ 1 z n . Jj n
(19) Gd—mg(i—j)xd OI’IQ,
(20) 1 — P = (Gd)b + b(Gd).

(2) Although we have been working over the complex numbers, we would like
to point out that the foregoing discussion can be carried out over any groundfield
of characteristic zero with one minor change. The spectral decomposition (9)
must include contributions from all monic irreducible polynomials over the
groundfield, not only the linear ones. This does not affect what we have said
about the spectral projections P and P_, , which is all we use in the rest of the
paper. On the other hand the characteristic zero hypothesis is required in order
that k" — 1 have simple roots, and this is essential for (11).

4. THE SUPERCOMPLEX X(R) AND TOWER Z(R, I)
Let R be an algebra. If M is an R-bimodule, let
(1) M, = M/[M, R]

be its commutator quotient space, and let §: M — M, denote the canonical
surjection. We recall that a trace on the bimodule M with values in a vector
space V is a linear map 7: M — V satisfying 7(mx) = t(xm) for me M,
X € R. Clearly traces M — V' are equivalent to linear maps M, -V, in other
words, M, is the universal target for traces on M .

We now consider the bottom two levels of the Hodge tower associated to
QR. As b(Q"'R) = [Q"R, R] by §3 (2), the ground level is

QR/F°QR =R,

where by abuse of notation we also write R, for the supercomplex given by R,
in even degree and by 0 in odd degree. The next level plays an important role
in this paper, so we introduce the special notation:

) X(R) = QR/F'QR.
It is the supercomplex

b
(3) RS QR,

bd

where b is defined by b(3(xdy)) = b(xdy) =[x, y]. The canonical surjection
between these levels is the map of supercomplexes

(4) X(R) — R,

given by f: R — Rn . We note that there are bilinear maps

(x.y)~xyeR,  (x,y)~b(xdy) € QR
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from R to the even and odd subspaces of X(R), where the latter satisfies the
Hochschild 1-cocycle condition:

(5) h(xd(yz)) = h(xydz) + b(zxdy).

The importance of X(R) is due to the fact that it is a noncommutative
analogue of the ordinary de Rham complex Q. for commutative algebras. To
explain this we recall that Qp calculates the periodic cyclic homology when
R is a smooth (commutative) algebra. Now smooth algebras are defined via
the lifting property with respect to nilpotent extensions in the commutative
algebra category. When this lifting property is carried over to the category of
all algebras, we obtain the class of quasi-free algebras studied in [CQ1]; cf.
also 7.1 below for the definition. Quasi-free algebras may also be described as
the algebras having Hochschild cohomological dimension < 1. Hence by the
second remark following 1.1, the periodic cyclic homology for such an algebra R
is calculated by X(R). Thus the X supercomplex is analogous to the ordinary
de Rham complex in the sense that it computes the periodic cyclic homology in
the ‘nonsingular’ case.

We next consider the homology of the two levels under discussion. For the
ground level the odd homology is trivial, and the even homology is the vector
space

(6) R, = HHyR = HCR
which is universal for traces on R. By §1 (29) the homology of X(R) is
1
) H_(X(R)) = HDyR =Ker{d: R, - Q R},
H_(X(R)) = HC\R.

We would like to give a similar dual interpretation of this homology.
We first interpret Qth in terms of Hochschild 1-cocycles.

Proposition 4.1. There is a one-one correspondence T(xdy) = f(x, y) between
traces T: Q'R — V and bilinear maps f(x,y) from R to V satisfying

(8) fxy, z) - f(x,yz) + f(zx, y) = 0.
Equivalently, Q’Rh equipped with Y4(xdy) is the universal vector space for
Hochschild 1-cocycles on R.

Proof. Tt is clear that if T is a trace on Q'R, then T(xdy) satisfies (8).
Conversely, let f be a bilinear map from R to V satisfying (8), and note

that f(x, 1) =0 for all x. Since Q'R = R® R, we then have a linear map
T: Q'R - V given by T(xdy)= f(x,y). Applying T to
—[xdy, z) = xydz — xd(yz) + zxdy
we obtain T([xdy, z]) =0, showing that T is a trace. O
Traces on Q'R arise in connection with homotopy for traces on R. Two
traces 1,, T, on R will be called homotopic (or cobordant [Col, II]) when

t,—1, = Td for some trace T on Q'R. This terminology is motivated by the
following situation.



394 JOACHIM CUNTZ AND DANIEL QUILLEN

Let u,: R — R', 0<t< 1, be a one-parameter family of homomorphisms,
and let 7' be a trace on the algebra R'. We claim that the traces 7'y, and 'y,
on R are then homotopic in the above sense, provided that we can differentiate
and integrate with respect to ¢ as usual. In order to avoid analytical consid-
erations we present the argument when u, is a polynomial family in the sense

that u,x is a polynomial function of ¢ with values in R’ for each x € R.

Proposition 4.2. The traces t,, T, on R are homotopic iff there is an algebra
R’, a one-parameter polynomial family of homomorphisms u:R— R',anda
trace © on R’ such that ty=t'uy and v, =7u,.
Proof. (=) Suppose T is a trace on Q'R such that T, -1, =Td. Let R
be the semi-direct product algebra R & Q'R ,let u,: R — R’ be the family of
homomorphisms given by u,x = x + tdx, and let 7’ be the trace on R’ given
by 7x =1yx, 7 (xdy) = T(xdy). Then we have 7, =1t'u,, 1, =7u,.

(<) Let u,: R — R’ and 7’ have the indicated properties, and let u, be
the derivative of u, with respect to ¢. Then

1
9) T(xdy)=/ r'(u,xaty)dt
0

defines a trace T on Q'R, since the right side is a Hochschild 1-cocycle. Alter-
natively, the integrand is the trace on Q'R obtained by pulling 7" back by the
R-bimodule homomorphism Q'R — R’ induced by the derivation #, relative
to u,. Finally we have T(dy) = t'u,(y) — t'u,(y), hence the traces 7'u,, T'u,
on R are homotopic. O

We can now proceed to the dual interpretation of X(R). Consider the su-
percomplex X* = Hom(X(R), V) of linear functions on X (R) with values in
V . Even elements of this supercomplex are linear functions g(x) on R, and
odd elements can be viewed either as traces T on Q'R , or as Hochschild 1-
cocycles f(x,y). The transpose of b sends g(x) to g([x, y]), hence an even
cocycle in X* is the same as a trace on R. The transpose of td is T — Td,
or f(x,y)~ f(1, x), hence the even coboundaries are just the traces on R
which are nullhomotopic. Thus the even cohomology
(10) H'(X") = Hom(H,_(X(R)), V)
is the space of homotopy classes of traces on R with values in V', and this
implies that H _(X(R)) = HDR is the universal space for homotopy classes of
traces on R. Moreover, the canonical surjection X(R) — R, can be interpreted
dually as the map sending a trace to its homotopy class.

An odd cocycle in X* can be viewed either as a trace 7 on Q'R such that
Td = 0, or as a Hochschild 1-cocycle f(x, y) satisfying f(1,y) = 0. Now
(8) implies f(1,yz) = f(¥, z) + f(z,y), so the condition f(1,y) = 0 is
equivalent to f being a cyclic 1-cocycle. Furthermore, odd coboundaries are
of the form g([x, y]), and these are the same as cyclic 1-coboundaries. Thus

H™(X") is the cyclic cohomology of degree one with values in V' in agreement
with (7).
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On the other hand, a trace 7" on Q'R such that Td = 0 can be viewed as a
homotopy from the zero trace on R to itself. Thus a cyclic 1-cocycle on R is
analogous to a loop in the space of traces on R with respect to the homotopy
relation for traces defined above.

We next recall from [Q1] an important example of the supercomplex X(R).

Let R be a free algebra, i.e., the tensor algebra T(V) = @, V®" on a vector
space V . In this case we have a canonical isomorphism of R-bimodules
(11) RV®RZQ'R, X®VU®y+— xdvy.

Passing to commutator quotient spaces yields a canonical isomorphism of vector
spaces

ReVSQ'R,  x®v e i(xdv)
thereby identifying QIRh and @, ver.
Let 0 on V®" be the forward shift cyclic permutation operator and define

N, on V" to be Z;.':_Ol o’ . Then X (R) is the direct sum of C regarded as a

supercomplex concentrated in even degree and
®n -0 ®n
DrE Dr
N
n>1 7 n>1

Since we are in characteristic zero, the kernels of 1 — o and N, equal the
images of N, and 1| — o respectively, so we have

(12) H+(X(R)) =C, H (X(R))=0
for a free algebra.

[-adic filtration of X(R). Let I be an ideal in the algebra R. By the universal
property of Q' with respect to derivations we have

Q'(R/I)=Q'R/IQ'R+Q'RI +dI = Q'R/IdR + dRI + dI
since Q'R = RdR =dRR. Passing to commutator quotient spaces yields
(13)  Q'(R/D),=Q'R/[Q'R, R|+ IdR +dI = Q'R /y(IdR +dI).

n+1

Consider the [-adic inverse system of algebras (R/I"""). We then have a
tower of quotient complexes of X(R) given by

(14) XR/I™Y: R s QR I AR +d(1M).

It is better, however, to work with slightly different quotient complexes having
nicer properties.

We define the I-adic filtration of X(R) to be the decreasing filtration given
by the subcomplexes

F'" X(R): 1" s y(I"™ dR + I'dI),

(15) 2n n+l n n
FX(R): I +[I", R) s 5(I"dR)
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for n > 0 and F," X(R) = X(R) for p < 0. These are closed under the diﬁ‘ereq-
tials b, td because by(I"dI) =[I", I1c I"*" and hd(I"*') c Tobu(’d11"™)
Cc h(I"dI). Since IdR C dI + dIR we have

(16) b(I"'dR) c y(I"dI)

so we can shorten the formula for FIZ"“X (R) if we want. In practice it is
usually easier to work with (15).

Corresponding to this filtration is a tower of supercomplexes Z(R, ) =
(Z*(R, I)) where
(17) Z"(R,I)=X(R)/F/X(R).
Thus we have
2" (R, D: RII™ s Q'R I dR + I'dI),

(18) 2n n+1 n 1 n
™R, I): R/I"™ + 1", R) s Q'R /4(I"dR)

for n>0,and 2”(R, I) =0 for p < 0. The ground level Z°(R, I) is (R/I),
as a supercomplex concentrated in even degree. Since {(RdI) C y(IdR + dI)
we have

(19) Z'(R, )= X(R/I)

and the surjection # l(R ,I) - & 0(R , I) can be identified with the surjection
(4) for the algebra R/I. In particular, even when I = 0 the tower Z°(R, I)
can have two nontrivial layers.

Comparing (14), (18) we have maps of quotient complexes of X(R) as fol-
lows:

20) - X(R/I"HYS2ZPR, DS ZR, ) - X(R/TY) -

Thus the towers 2°(R, I) = (Z”(R, I)) and (X(R/I")) have the same inverse
limit which we denote
(21) Z(R,I)=lim Z"(R, I) = lim X(R/I""")

and call the I-adic completion of X(R). This completion is naturally a topo-
logical supercomplex.

We next establish some functorial properties of the I-adic filtration F, ,” X(R)
and tower Z°(R, I). These are clearly functors of the pair (R, I).

Lemma 4.3. One has 27 (R, I) > ZP(R/I™", 1/I"") for p<2n+1.

Proof. In general if n: R — R’ is a surjective homomorphism, I is an ideal in
R,and I' = nl, then n,: X(R) — X(R') is surjective, and it maps Fle(R)
onto FAX(R'), so that we have the identification

Z*(R',I')= X(R)/F/ X(R) + Kern,.

In the case of the quotient algebra R'=R/I "1 we have Ker n, C F, ,2"“X (R,I)
by (20), hence Z7(R',I'Y=2Z°(R,I) for p<2n+1. O
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This lemma implies that the tower 2°(R, I) can be obtained from the in-
verse system of algebras (R// "“). Consequently there is a map Z(R, I) —
Z(S, J) induced by any homomorphism (R/I"*') = (S/J"*"), not only ho-
momorphisms (R, I) — (S, J).

Given algebras R, .S there is a canonical surjection of supercomplexes
(22) a: X(R®S)— R, ® X(S)
given by a(r®s) =4(r) ® s and

(23) a(i((r, ® s,)d(r, ®s,))) = t(r,r,) ®t(s,ds,).
For background we mention that « is induced by the canonical DG algebra
surjection
QR®S) = Qp(R®S)=RQS
from differential forms to relative differential forms with respect to R (cf.

[CQL, 2.8]), and that when R is the matrix algebra A, C it is the natural trace
map X(M,S) — X(S).

Lemmad.4. Let I Cc R, J C S beideals, andlet M denote the ideal I®S+RRQJ
in R®S. Forall p one has

«(FLX(R®S) Y u(I') ® FI 2 X(S).
i>0
Proof. We can suppose p > 0. Let p = 2n be even. Since

n . .
Mn — ZII ® Jn——l
i=0
one has

n+1
FyX(R®S),=> I'eJ"™'" ‘+Z[1 ®J" ', R®S],
i=0 i=0

F'X(R®S)_ Zu( I'eJ")d(R®S)).

Usinga([r, ® s,, r, ® 5,]) = i(r;r,) @ [s,, 5,] and (23) we have
n+1
aFy X(R®S),) Y 1) e +Zu(1 Yo [J", 8]
i=0 i=0
c Y e FMX(S),
i>0

2n—2i

o F'X(R®S) )cZu YeuJ"'ds) c Y 1) ® F;

i>0

X(S)_.

This proves the lemma when p is even, and the odd case is similar. O
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5. IDENTIFICATION OF X (RA)

Let RA be the algebra given by the space Q4 of even forms equipped with
the Fedosov product

(1) wol =wé—-dwdé.

Note that 4 = Q°4 is a subspace of RA4 but not a subalgebra. This subspace
generates RA by virtue of the identities

(2) dada,=aa,-a,ca,,

(3) ayda,---da,, = a,c(da,da,)o---ol(da,, ,da,,).
The algebra RA has the following universal property [CQ1].
Proposition 5.1. Given an aigebra R and a linear map p: A — R such ihai

p(1) = 1, there exists a unique homomorphism p,: RA — R suchthat p,a = pa
forall ae A.

Proof. The uniqueness of p, follows from (2) and (3), because one must have
4) pagday ---day,) = plag)w(a,, ay) -~ w(ay,_, , y,)

where w(a,, a,) = p(a,a,) — pla,)p(a,) is the curvature of p.

To prove the existence, we define p, by (4) and note that it is well defined
because the right side is multilinear and vanishes when a, = 1 for some i > 1.
To show p, is a homomorphism, consider the subset S C RA consisting of x
satisfying the condition

p(xoy)=p(x)p,(y) Vy€RA

We have to show S = RA. Now it is easily checked that S is a subalgebra of
RA, so it suffices to verify this condition when x is an element a of A4, since
A generates RA. We can suppose y has the form aw, w = da,---da,, .
Then

p.(acayw) = p (aayw — dadayw)
= plaay)p,(w) — w(a, ay)p,(w)
= p(a)p(ay)p,(w)
=p,(a)p (ayw),
concluding the proof. 0O
Corollary 5.2. RA is a free algebra.

Indeed, if we choose a lifting of A into A, then this lifting extends to a
homomorphism T(4) — RA, which is easily seen to be an isomorphism by
considering universal mapping properties. 0O

We note that there is a canonical surjective homomorphism R4 — A sending
an even form to its component of degree zero. If 14 is the kernel, then

(5) 14=F ™4
k>0
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and A = RA/IA is a functorial way of presenting 4 as the quotient of a free
algebra. We call 4 = RA/IA the universal extension of A, because by 5.1 it
is universal with respect to algebra extensions 4 = R/I equipped with a linear
lifting p: A — R such that p(1) = 1. In the same manner RA/IA"Jrl appears
as the universal nilpotent extension of order < n of 4.

We next study X(RA). As RA is a free algebra, the homology of X(RA)
is essentially trivial as we have seen. However, this reflects the fact that RA
only depends on the underlying vector space of 4 and the identity element. It
is necessary to bring in the ideal /A4 to take account of the product in 4, and
our aim is to describe X(RA) in a way suitable for determining the homology
of the quotient complexes 27 (RA, IA).

Consider the RA-bimodule QI(RA) and its commutator quotient space. In
order to avoid confusion with the differential d on QA , we use § to denote
the canonical derivation from RA to QI(RA). Since a derivation RA — M
is equivalent to a lifting homomorphism from RA into the semidirect product
RA @ M, it follows immediately from the universal property of RA that one
has an equivalence between derivations D: RA — M and linear maps A - M
vanishing on ! given by restricting D to 4. Using the universal property of

QE(RA) we thus obtain a canonical isomorphism of RA-bimodules

(6) RA®A®RAS Q' (RA), x®a®x — xdax'.

This gives rise to an isomorphism on commutator quotient spaces
RA®ASQ'(R4),, x®ar b(xda)

which can be written

(7) Q 45 Q'(R4),,  xdaw y(xda).

From now on we identify QI(RA)h with the space of odd forms by means of

this isomorphism. We then have

(8) h(xda) = xda

for x an even form and a € 4.

Combining this identification with R4 = Q"4 we can identify X(RA) and
QA as (Z/2)-graded vector spaces. We are now going to compute the differen-
tials in X(RA) in terms of this identification.

To avoid confusion with b on QA, let # denote the differential in X (RA)
from odd degree to even: Bh(xdy) =xoy —yox. Then

B(xda)=xoa—-aox=xa—ax —dxda+dadx = b(xda) - (1 + k)d(xda)
where x is the Karoubi operator §3 (4). In other words,
(9) B=b-—(1+K)d:Q A— Q" A.

To obtain the other differential §d we calculate the 1-cocycle (xJdy) on RA.
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Lemma 5.3. If y € Q™" A4, then’
2n—1

h(xdy) = ZK (xoy)+ Zx (xy) + k2" (xdy).

Proof. We proceed by 1nduct10n on n startmg from n =0, where the formula
is simply (8). Suppose n > 0. To prove the formula we can assume y has the

form y = y'da,da, with y' € Q?24. Then
b(x0y) = h(xd(y' o da,da,)) = b((x o y")d(da,da,)) + h((da,da,x)5y’)

where we use the fact that the Fedosov product of two forms is the ordinary
product when one of the forms is closed. By the induction hypothesis the second
term on the right is

2n—-3
ZK (dadayx)oy )+ > k'd(da,da,xy’) + k" *(da,da,xdy’).
Jj=0
As (da,da,x) oy = daday(x o) = K*((x 0 y')da,da,) = k*(x o y) and
similarly daldazxy' = xz(xy) , daldazxdy' = Kz(xdy) , this is

n—1 . 2n—1
- ZKZJb(x oy)+ Z K’d(xy) + lczn(xdy).
Jj=1 j=2

Writing x' = x oy’ the first term is
b(x'8(da,da,)) = 4(x'd(a,a, — a, o a,))

= h{x'&(alaz) —(x'o a,)da, —(a,° x')éal}
=x'd(a,a,) — (x' 0 a,)da, — (a, 0 x')da,
= x'd(alaz) - x'alda2 - azx'da1 + dx'dalda2 + dazabc'a'al
= [x'a'al s @]+ (1 + x)(dx'daldaz)
= —b(x'dalda,_) +(1+ rc)d(x'daldaz)
=—b(xoy)+(1+K)d(xy)

where we have used d(xoy) =d(xy). Adding the above expressions gives the
desired formula. O

Setting x = 1 in the formula of the lemma gives

2n+1
h(dy) = Z Y oy+ | D K |d
j=0
whence the differential in X (RA) from even tc odd is given by

(10) b6 =-N.b+B:Q 4> Q 4

where N,.b is a suggestive notation for the operator given by > =0 "¥¥b on
Q"4
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I A-adic filtration. We now show that the IA4-adic filtration F,';X (RA) coin-

cides with the Hodge filtration F"QA under our identification. To save writing
weput Q=QA, R=RA, I =1A4. Let I" denote the nth power of I in R,
i.e., with respect to the Fedosov product.

Lemma 5.4. For n > 0, we have
In _ @ Q2k i

k>n
I 5R @ Q2k+l
k>n
In+l + [In , R] _ b92n+l @ @QZk ,
k>n
b(InH(SR + In(SI) — b92n+2 o ®92k+1'
k>n

Proof. Let J, = @, Q% . From the definition of Fedosov product we have
Jyod, CJ,., . As J1_= I, it follows that I" C J,, . The other inclusion J, C I"
follows from (3), proving the first formula.
Using this description of I” and (8) we have §(I"04) = @, Q%! Simi-
larly 5.3 yields {(I"d1) C Di>n Q%+ Adding these yields the second formula.
Using this formula for y(I"dR) we have

", R]= By(I"6R) = ) Par.
k>n
Modulo "' = ;- Q% | this is »bQ*"*!, which proves the third formula.
Finally using 5.3 we see that modulo h(I"“&R) = Dion Q%! the space

h(I"6I) is spanned by the elements h(xdy) with x € Q™ and y € Q’. As
h(xdy) = —b(xy) plus higher order terms, we find that y(/"d1) is congruent to

bQ*™? modulo Dion Q%! proving the last formula. O
We summarize the above calculations as follows.

Theorem 5.5. There is a natural identification of X(RA) with QA compatible
with the (Z/2)-grading such that the canonical 1-cocycle {(xdy) on RA with
values in QI(RA)b is given by 5.2, and such that the differential in X(RA)
is given by (9) and (10). Furthermore, the filtration F,';X (RA) of X(RA)
coincides with the Hodge filtration F"QA of QA.

6. HomoTOPY TYPE OF X(RA) AND Z(RA, IA)

Let X = X(RA), F’X = F) X(RA), & =2Z(RA,14),and Q=QA. In
the preceding section we 1dent1ﬁed X with Q as (Z/2)-graded vector spaces
in such a way that the differential in X is S & J where

B=b-(1+Kk)d:Q - QF,
d=-N:b+B:Q" - Q.
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Here N _.b means Z;:OI kb on elements of Q”" and b6 has been shortened
to J to simplify the notation. Furthermore, we have F’X = F”Q under this
identification.

Now B &4 is similar to b + B in the respect that it is a linear combination
of b and d multiplied by polynomials in x. In order to compare these dif-
ferentials we bring in the spectral decomposition associated to the operator x,
which was discussed in §3.

Let P and P_, be the spectral projections corresponding to the eigenvalues
1 and —1 respectively, andset P, _, =P+ P_, Pll_1 =1- Pl,—l' We then

have the splitting
(1) Q=PQoP QoP _

1

 Q

where (x — 1)2 =0on PQ, x=-1on P_,Q,and both x —1 and k+ 1 are
invertible on Pll’ _,2. This splitting is respected by d, b, B, B, d since these
operators commute with x. Furthermore, we have corresponding splittings
with the same properties when Q is replaced by either of the inverse systems
(FFQ), (Q/F?Q).
Lemma 6.1. (i) Let ¢ be the scaling operator which is multiplication by c,
on Q, where c,, = c,,,, = (=1)"n!. Then on PQ and P_ Q we have
c(Bod)c '=b+B.
(ii) On P_,Q the operator o is an isomorphism from even degree to odd.
(iii) On PIL, _SQ the operator B is an isomorphism from odd degree to even.
Furthermore, the corresponding assertions hold when Q is replaced by either of
the inverse systems (F*Q), (Q/F’Q).
Proof. (i) We know that kb = b and xd = d on PQ by §3 (13), and that
k=-—1on P_ Q. Hence on PQ and P_,Q we have k’b=b and k’d =d.
Thus

1 2n+1 i 1
on elements of degree 2n + 1 and
n—1 .
(3) 5=—ZKZJb+B=—nb+B

j=0
on elements of degree 2n . Conjugating by the scaling operator ¢ removes these
numerical constants, proving (i).

(ii)) On P_,Q we have k = -1, B = 0, and B and ¢ after rescaling
become b from odd to even and even to odd respectively. Using 3.1(a), (c)
we also have (—1)"b = b and (—1)""'d = d on elements of degree n, so
b =0 on elements of odd degree and d = 0 on elements of even degree. Since
bd +db =1—k =2, it then follows that b on P_ Q is an isomorphism from
even degree to odd with inverse %d , proving (ii).
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1
(iii) On P; _,Q the operator

(b-1+x)d)’=x"-1

is invertible, hence so is b = (1 + k)d . Thus g, which is b — (1 + x¥)d from
odd degree to even, is an isomorphism.

These arguments in the case of Q apply verbatim to F’Q, Q/F’Q, and
the inverse systems of these spaces. 0O

Let us now regard Q as a supercomplex with differential b+ B . Thus X, Q
can be viewed as supercomplexes having the same underlying (Z/2)-graded
vector space, but with different differentials f ®J, b+ B. We can interpret
(1) both as a splitting of the supercomplex X

(4) X=PX®P_ X&P _X

into subcomplexes and as a splitting of the supercomplex Q. Similar assertions
hold for the inverse systems of supercomplexes (F”X), (F’Q) and for the
towers 2 = (X/F’X), 6Q = (Q/F’Q).

By 6.1(i) we have isomorphisms

(5) c: PX 5 PQ, c:P_ X>5P_Q

compatible with differentials. Hence we have maps of supercomplexes cP: X —
Q, P Q - X, and also with P here replaced by P_, or P, _,.

Theorem 6.2. The maps
(6) P:X—-Q, c'P:Q-X

are inverse modulo homotopy, so X and Q are homotopy equivalent supercom-
plexes. The corresponding assertions hold when X, Q are replaced by the inverse
systems of supercomplexes (FFX), (FPQ) and by the towers &, 6Q.

Proof. Since the differential 6 in P_, X from even degree to odd is an iso-
morphism by 6.1(ii), the odd operator on P_, X which is the inverse of J on
odd elements and zero on even elements is a special contraction. Similarly by
6.1(iii) there is a special contraction on Pll, _1X, so on combining these we

obtain a canonical special contraction on P_ X & Pli, _1X . Consequently there
is a canonical special deformation retraction (P, h) of X onto PX associated
to the splitting (4). In particular P: X — PX and the inclusion PX C X are
inverses modulo homotopy.

On the other hand, we have from 3.2 a canonical special deformation re-
traction (P, Gd) of Q onto PQ. It follows from these special deformation
retractions and the first isomorphism in (5) that ¢P, which is the composition
of the homotopy equivalences

x2px SpPQcQ,

is a homotopy equivalence, and that c'Pisa homotopy inverse for cP.
The same arguments apply verbatim to the inverse systems (F’X), 2. 0O
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Remark. This theorem holds with P, _, instead of P in (6). Indeed, the map
ch _ 1 X — Q is homotopic to cP because the difference factors through
P_ Q which is contractible.

As a first application, we combine the result that X and Q are homotopy
equivalent with the fact that RA is a free algebra by 5.1 and the computation
in §4 of X(R) for a free algebra R. This yields

% H (Q4) = H,(X(RA)) = {‘C’ V=t

0, V=—,
for the homology of QA4 with respect to b+ B. Using the functoriality of this
formula in the case of the homomorphism C — 4 we deduce 1.2.
Secondly, because F”X and F?Q are homotopy equivalent, the homology
of FPX is given by the computations at the end of §1. In particular we mention
(8) HC A=H,_ . (F,,X(RA), n>0,

n—1+2

for later reference.

Next, the result that the towers 2 and 6Q are homotopy equivalent implies
that &2 is a special tower whose associated homology can be expressed in terms
of the cyclic type homology of A4 as in §1 (29). Conversely, 2 may be used
instead of 6Q to calculate the cyclic type homology and cohomology associated
to A.

The tower Z° is a functor of the algebra A, and to take account of this
it is convenient to introduce the notation 2, = 2°(R4, IA4). The maps (6)
determine a canonical isomorphism

9) Z, ~0Q4
in the homotopy category of towers Ho.9 , so that Z, represents the cyclic

homology type of A in the sense of the discussion at the end of §2. In particular
we have the following formulas:

(10) HC,A=H, (%),
(11) HP,A=H(Z,),
(12) HC"(4, B) = H, ,,,(Hom"(Z,, 2,)).

We next discuss in more detail the meaning of (10) in the case of cyclic
homology of even degree.
Let R=RA, I =1A. From (10) we have

HC,A=H, (Z"(R, 1))
(13) =H, (R/I™' +", R15 Q'R /y(I"dR))
= Ker(R/I"™"' +[R, R1 > Q'R /y(I"dR)).
Thus we have an exact sequence
(14) 0— HC,, AL R/I"" +[R, R1 % Q'R /y(I"5R)

where y is the map on even homology induced by c'p: Q/F no .
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Let us now examine the result that y is injective more closely. On the level
of dual spaces this means that any cyclic cohomology class in H C* A can be
represented by a trace on R/I "1 We are going to prove this dual assertion by
essentially the same methods used above, but in the dual setting of cochains and
traces. Our purpose is to give some insight into the proof of Theorem 6.2 as
well as to link our methods to the dual viewpoint of Connes and Cuntz [Co2],
[CC], [Cul], [Cu2], which played an important role in the development of the
present paper.

We begin with some terminology. By a cochain on A we will mean a linear
functional f on Q. A cochain f can be identified with a sequence (f)),>¢ >

where

(15) flag, ..., a,) = flayda,---da,)

can be any (n+ 1)-multilinear functional on A4 which is simplicially normalized
in the sense that it vanishes whenever a;, = 1 for some i > 1. The support of
S is the set of n such that f, # 0. Any operator T on differential forms gives
rise to a transpose operator f — f7T on cochains.

We next describe the traces on R/I "*1 in cochain terms. Note that a linear
functional 7 on R = Q" can be identified with an even cochain, i.e., with
support contained in the set of even integers. Let ¢ be the scaling operator of
6.1(i), so that 7¢~' has the components

(-1)*

(16) (2 )t = Tk

Proposition 6.3. With this notation t is a trace on R iff tc—l(b +B)=0 and
‘L'C_I(ICZ -1)=0.

Proof. Since [R, R] is the image of the differential 8, we see that 7 is a trace
iff

17) B=tb—(1+Kk)d)=0

in which case we have 0 = 7(b—(1 +K')d)2 = t(rc2 —1). But when % =1 the
condition (17) may be rewritten rc"l(b + B) =0 as in the proof of 6.1(i). O

Since I"*! = Din Q* by 5.4, it is clear that T(I"H) =0 iff 7 has support

contained in [0, 2n]. Hence this proposition yields an equivalence f = 7c”!

between traces 7 on R/I"+1 and even b+ B cocycles f supported in [0, 2n]
and fixed by k2.

Since y in (14) is induced by ¢~'P, its transpose sends a trace T on R/I
to the cohomology class represented by the cocycle t¢”'P. To see this map is
surjective, let £ € H C*4 and represent ¢ by an even cocycle f supported
in [0,2n]. Now 1 — P =[b+ B, Gd] as (P, Gd) is a special deformation
retraction, so we have f — fP = fGd(b + B), where fGd is an odd cochain
supported in [1,2n — 1]. But fP(b+ B) = 0 implies fPBb = 0, whence
fP(x — 1) =0 by §3 (13). Hence & is represented by the cocycle fP which

n+1
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is fixed by k¥ (compare Connes’ process [Co2] of replacing a cocycle by a ‘nor-
malized’ cocycle in his sense). In particular, fP is fixed by K? ,80 T= fPc
is a trace on R/I "1 such that t¢”'P = f P’ = fP, which proves the desired
surjectivity.

Finally we mention that besides the homology groups associated to the tower
&Z our methods can also be used to determine the homology of X (R/I"“) .
This supercomplex is slightly larger than X 21 in odd degree because one
divides by

h(1n+15R + 5(1n+1)) _ NKZan+2 o ®92k+1
k>n
instead of the last subspace described in 5.4. Only the image of PIL’ _, isaffected
by this change, and one readily calculates the homology:

HDy(R/T"™") = H (X(R/I"*")) = HD, 4,

HC,(R/I™) = H_(X(R/I""")) = HC,,, 4@ (1~ k)",

(18)

2n+1

In particular any class in HC“"" A is represented by a cyclic 1-cocycle on

R/In+l

7. CARTAN HOMOTOPY FORMULA

Let u: R — S be a homomorphism of algebras. Then u extends uniquely
to a DG algebra homomorphism u_: QR — QS given by

u, (xodx,---dx,) = ux,d(ux,)---d(ux,).

Moreover, u, commutes with b as well as d , hence it commutes with operators
generated by b,d,eg x,B,P.

Let #: R — S be a derivation relative to u, i.e., #(xy) = uxuy +uxuy . We
view # as a first order variation of u and define the Lie derivative L(u, i1): QR
— QS to be the induced variation of u, in the following sense.

Let Cl[e] = C @ Ce, ¢’ = 0 be the algebra of dual numbers. The tensor
product algebra C[e]®QS = QS®eQS is naturally a DG algebra such that ¢ has
degree zero and de = 0. One has a homomorphism u+é&# from R to the degree
zero subalgebra C[¢]®S . By the universal property of QR this homomorphism
extends uniquely to a DG algebra homomorphism QR — C[e] ® QS , which we
can write f + e¢g where f, g: QR — QS. Clearly f = u_, and we define
L(u, u) to be the map g. Thus L(u, &) is the map such that

u,+eL(u, u): QR — Cle] ® QS

is the unique DG algebra homomorphism extending u + &% in degree zero.

One sees easily from this definition that L = L(u, ) is a derivation relative
to u, which commutes with d and restricts to # on elements of R. Hence
one has

L(xydx, ---dx,) = uxyd(ux,)---d(ux,) + zn: uxgd(ux,)---d(ix;)---d(ux,).

J
j=1
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Moreover, these properties and §3 (2) imply that L commutes with b, hence
it commutes with operators generated from b, d suchas x, B, P.

As a consequence the Lie derivative on differential forms descends to a map
of supercomplexes L = L(u, #): X(R) — X(S) which on elements is given by

L(x)=1ux,  L(§(xdy)) =b(ixd(uy) + uxd(iy)).

Our aim now is to derive an analogue for the X complex of the Cartan
homotopy formula, namely to show that the Lie derivative L: X(R) — X(S)
is homotopic to zero in an explicit way. For this purpose we need two more
ingredients, the first being an appropriate interior product operation.

The derivation # extends uniquely to an R-bimodule map v: QRS
given by v(xdy) = uxuy. We define the interior product i = i(u, t1): QR —
QS to be the map of degree —1 given by the composition

Q'R=Q'Re, Q" 'R 50, Q" 's=0Q""'s.

One thus has the formula
i(xgdx, ---dx,) = uxyux,d(ux,)---d(ux,).

From the definition given one sees that i is a map of R-bimodules: i(wx) =
i(w)ux and similarly for left multiplication. This implies that i and b anti-
commute:

ib+bi=0.

The other ingredient needed for our homotopy formula requires that R is
quasi-free in the sense of [CQ1]. This means that R satisfies the conditions of

Proposition 7.1. The following conditions are equivalent.
(a) R has the lifting property with respect to square-zero extensions, i.e., any

homomorphism v: R — S/J, where J is an ideal in S such that J =0,
lifts to a homomorphism u: R — S. Notice that this means R has the lifting
property with respect to all nilpotent extensions.

(b) There exists a linear map ¢: R — Q’R satisfying the identity

(1) d(xy) = x¢y + ¢pxy +dxdy.

Proof. We consider the square-zero extension RR/IR2 of R, which may be
identified with R @ Q*R equipped with the Fedosov product modulo forms
of degree > 2. A map ¢ as in (b) is equivalent to a lifting homomorphism
I:R— RR/IR2 via the relation /(x) = x — ¢x. To prove (a) implies (b), let
S = RR/IR2 ,J = IR/IR2 , and let v be the obvious isomorphism of R with
S/J . The homomorphism u given by (a) is then a lifting homomorphism
[/, proving (b). Conversely, given a homomorphism v: R — S/J, J2=0
as in (a), choose a linear lifting p: R — S of v such that p(1) = 1, and
let p,: RR — S be the induced homomorphism 5.1. Then p, lies over v,
hence it carries /R into J, so it kills IR? , thereby giving a homomorphism
: RR/I RS S lying over v . Assuming (b), we have a lifting homomorphism
I:R— RR/IR2 , and then @/ is the desired homomorphism u in (a). O
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We can now present our Cartan homotopy formula. Let ¢ be as above and

let h = h¢(u, %) be the linear map of odd degree from X(R) to X(S) given
by

hyx = higx,
hih(xdy) = i(xdy + b(x¢y)).

To see h, is well defined we verify that xdy+b(x¢y) is a Hochschild 1-cocycle
and apply 4.1:

(2)

xd(yz) +b(xd(yz)) = xydz + xdyz + b(xydz + xpyz + xdydz)
=xydz +xdyz + b(xydz) + b(zxpy) — [xdy, z]
= (xydz + b(xy¢z)) + (zxdy + b(zx¢y)).

Here we use that b kills [x¢y, z], which follows from B =0.
Let 8 stand for the differential (b, §d) in the X complex.

Proposition 7.2. One has L = 0h + ho .
Proof. We have

(bhy + h,bd)x = bigx + i(dx + bpx) = i(dx) = ux = L(x)

establishing the formula in even degree.
Next we have

(kdh))b(xdy) = bdi(xdy + b(x¢y)) = hd (uxuy) = h(d(ux)uy + uxd(iy))
where hdib = —dbi = 0, since tdb =0 on Q'S. Also we have
(hob)h(xdy) = hyb(xdy)
= hig(xy — yx)
= hi{[x, ¢¥] +[¢x, y]1 + dxdy — dydx}

= b{[ux, igy] + [idx, uy] + uxd(uy) — uyd(ux)}
= h(ixd(uy) — uyd(ux))

as i is a bimodule map over R. Combining these gives
(1dh, + hyb)b(xdy) = h(ixd(uy) + uxd(iy)) = L(4(xdy))
completing the proof. O
We record for later reference the formula
(3) hob(xdy) = b(ixd(uy) — ityd (ux))
established in the course of this proof.

Adic behavior. Let I ¢ R, J C S be ideals and consider the corresponding
adic filtrations of the X complexes §4 (15). We recall that if u(I) C J, then
u, maps F{ X(R) into F}X(S) for all p. We next examine the adic behavior
of the Lie derivative L = L(u, ).
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Proposition 7.3. Assume u(I) C J. Then for all p one has

FP2X(S),
FPX(S) ifa(l) c J.

Proof. One may verify this directly from the definition of the adic filtration
using the derivation property of the Lie derivative, but a less computational
proof with other uses goes as follows.

Let us return to the definition of the Lie derivative on differential forms as the
coefficient of ¢ in the DG algebra homomorphism QR — C[e]® QS extending
u+eu: R — Cle] ® S. We note that this DG algebra homomorphism is the
composition '

L(F/X(R)) C {

(u+eu

QR "5 Q(Cle] ® S) -5 Cle] © QS

where & is the canonical surjection extending the identity in degree zero. It
follows that L: X(R) — X(S) is the coefficient of ¢ in the composition

u+su)

(4) X(R) "—" X(Cle] ® S) = Cl[e] ® X(S)

where a is induced by &. We note also that « is a case of the map a in 4.4.
Now u + et carries I into the ideal M = K® S+ C[e]® J of Cle]® S,
where K = Ce in general and K = 0 in case #(/) C J. Hence (u + eu),

carries F; X(R) into F, X(C[e]® S), which by 4.4 is carried by o into

14 p—2 _
K e () c ) LA el FO),  E =g
FIX(S)+eFJX(S),  K=0,

i>0
whence the result. 0O

The next proposition describes the adic behavior of the Cartan homotopy
h=h%u,u).

Proposition 7.4. Assume u(I) C J. Then for all p

FP2X(S),
h(F{X(R)) C { FF7'x(S), a()cJ,
FPX(S), (R) C J.

Proof. Let n > 0. By induction we obtain the following iterated version of (1):

B(Xg X)) = D Xgr Xy BX))X;,

0<j<n

+ Z Xo X XXy Xy dX Xy, X,
0<j<k<n
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Since A, =hi¢ and i¢(R) C i(RARdR) C Su(R)dS , we have

hO(I"“)cui(Z Ponr"7 + Ifdn"“"'dn""‘)

0<j<n 0<j<k<n

cb(z FuRdsI" 7+ Y qu(I)J"*“fdJJ”"‘)

0<j<n 0<j<k<n
ch (J"u(R)ds + 3 J"'l_iu(I)JidJ) .
0<i<n
Thus
hW(J"dS +J"'dT),
(5) hy(I"™") c { 1(J"dS), u(l)c J,
WIS +J"dT),  u(R)C J.
Using (3) we have
hy(LI", R]) C hyb(I"dR) C h(a(I")dS + u(R)d(J"))

Ch ( S s umsds + Y J"“"'a(R)J"dJ).

0<j<n 0<j<n
Thus
h(J""'ds),
(6) hy(I" + U™, R) c{ pa"ds +J"'d),  a)cJ,
h(J"dS), i(R) C J.

Since b(I"$R) C b(I"dRdR) C [I"dR, R], one has
hi(I"dR) C i(I"dR + b(I"$R)) C i(I"dR) C J"u(R).

Thus
JU+ ", 8,
(7) hb(I"dR)c { J", ulycJ,
J .S, wR) CJ.
Finally

hb(I"dD) c i(I"dI + b(I"$I)) C i(I"dI +[I"dR, R]) c J"u(I) + [J"u(R), S]
SO

J",
(8) hy(I"™ ' dR+ 1"l c { I+, 8], ad)cJ,
J u(R) C J.

The proposition follows from (5)—(8). O
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Finally we would like to point out that by means of the argument used to
prove 7.3 one can deduce the case of the preceding proposition in which there
is no restriction on # from the case #(I) C J. We first give the argument in a
general situation.

Proposition 7.5. Let T = @, T, be a graded algebra, and let v: R - T ® S
be a homomorphism. Write v = > v,, where v,: R—T,®S, and let Dv be
the derivation y_ nv, relativeto v. Suppose I C R, J C S are ideals such that

vo(I) C Ty ® J . Then both maps aL(v, Dv), ah®(v, Dv): X(R) - T, ® X(S)
carry FIX(R) into @,50(T,), ® F7~>"X(S) forall p.

Proof. Let M be the ideal T, ®S+7®J of T®S,where T, =T\ ®T,&®--- .
Then v(I) c M, Dv(R) C M, so by the last cases of 7.3 and 7.4 we know that
L(v, Dv), h®(v, Dv) send F/X(R) into Fy X(T ®S). This in turn by 4.4 is
mapped by a into

BT, )) @ Fy "X (S) co(Ty@ T, &) ® Fy X(S)

>0
(T, @) @ F) 2 X(S) + -+

whence the result. O

We apply this when T = C[e] with ¢ of degreeoneand v =u+eu: R—-TQ®
S. In this case Dv = et and one has aL(v, Dv) = eL(u, u), ah¢(v , Dv) =
sh¢(u , ), and this proposition yields the first cases of 7.3 and 7.4.

8. HOMOTOPY PROPERTIES

The Cartan homotopy formula concerns an infinitesimal change in a ho-
momorphism. We now integrate this formula in the case of a suitable one-
parameter family of homomorphisms #,: R — § in order to show that the
maps «,.: X(R) — X(S) for different ¢ are homotopic. In keeping with our
algebraic setting we restrict to families depending on ¢ in a polynomial manner,
so that we can differentiate and integrate with the usual rules. By introducing
topologies and suitable differentiability hypotheses one can handle more general
families by means of the same formulas.

We begin with some preliminaries on polynomial families.

Let W be a vector space, and let W[t] = W ® C[¢] be the space of polyno-
mials in the indeterminate ¢ with coefficients in W . We may interpret ¢ as
a complex variable and identify elements of W[t] with polynomial functions
from C to W.

A family of maps f,: V — W, t € C, will be called a polynomial family
when fv is a polynomial in ¢ for all v € V. Such a family is equivalent to a
map V — W[i].

Since the operations of differentiation and integration on polynomials are
given algebraically by suitably rescaling the coefficients, it is clear that these
operations make sense for polynomial families, and moreover they satisfy the
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hi-ty= [ (&) ar

Suppose given a polynomial family of homomorphisms %,: R —» S, t € C,
i.e., a homomorphism R — S[t]. The derivative

d
1= gt

usual properties such as

u

is defined, and it is a polynomial family such that #, is a derivation relative to
u, . Moreover the maps u,,, L(u,, #,) from X(R) to X(S) form polynomial
families such that 4

—u
dt ™
Assuming ¢ given for R as in 7.1 (hence R must be quasi-free), we have
l(u,, u,) =10, h¢(ut, #,)] by 7.2. Now hd’(ut, u,) is easily seen to be a poly-
nomial family, so the integral

t*

=L(u,, ).

(1 Hu) = /1 W (u,, u)dt
0

is a well-defined map of odd degree from X(R) to X(S). We have

4 L6 trd
@ © )= [ 0. hw, e [ (Eun) dt =u,, - u,,
0 0
which proves the following homotopy property for the X complex.

Proposition 8.1. The map H¢(ut): X(R) — X(S) is a (chain) homotopy be-
tween the induced maps u,,: X(R) — X(S) for t =0, 1. Consequently u,, is
independent of t modulo homotopy.

We next consider the situation where ideals are present. Associated to a
pair (R, I) there is the inverse system (F ,” X(R)) of subcomplexes of X(R),
the corresponding tower Z°(R, I) of quotient complexes, and the comple-

—

tion Z(R, I). These objects are functorial with respect to homomorphisms
u: (R, I1)- (S, J).

Assume ¢ given for R and consider a polynomial family of homomorphisms
u,: (R, I)— (S, J), or equivalently a homomorphism (R, I) — (S[t], J[t]).
Define ¢ to be the number 0 in the restricted case where u, is constant modulo
J, and put € =1 in general. By 7.3 we have for each p a polynomial family
of maps

h(u,, ): FPX(R) —» FP°X(S),
hence we obtain

Lemma 8.2. The map Hd’(u,): X(R) — X(S) carries F/X(R) into F} °X(S)
forall p.

Combining this with 6.2 we derive the following homotopy property for HD,
and HP,; cf. [G]. Recall that HD, = SHC, , C HC, .
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Proposition 8.3. If v,: A — B is a polynomial family of homomorphisms, then
the induced maps v,,: HD,A — HD,B and v,,: HP,A — HP, B are indepen-
dent of t.

Proof. The family of homomorphisms u, = Rv,: (R4, I4A) — (RB, IB) in-
duced by v, is easily seen to be a polynomial family. Using 8.2 we see that
H‘b(ut) induces a map 2"**(RA, I4) - Z"(RB, IB), which is a homotopy
between the maps

L RA, IA) » Z"(RA, IA) 2= Z"(RB, IB)
for t =0, 1. It follows by passing to homology of degree n+2Z that the maps

HC,,,A> HC A2 HC,B
coincide for t =0, 1. . .
We also have a map of completions Z(RA4, I4) — Z(RB, IB) induced

by H ¢(ul) , which is a homotopy between the maps between these completions
induced by u,, u,. Consequently v,, v, induce the same map on periodic
cyclic homology. O

Let us return to the homomorphism u,: (R, I) — (S[¢], J[¢]) and consider
the inverse system (F I" X(R)) of supercomplexes and similarly for (S, J). The
following is clear from 8.2.

Proposition 8.4. The map H ¢(ut): X(R) — X(S) induces a map of inverse sys-
tems H®(u)): (FFX(R)) — (F'™°X(S)) which is a homotopy between the in-
duced maps u,,: (F{ X(R)) — (F;}°X(S)) for t=0, 1.

A similar result holds for the tower Z’(R, I), but one can do better. The
following is immediate from 4.3.

Lemma 8.5. Let R, = R/I"' I = I/I""'. Then the canonical surjections
R — R, induce an isomorphism of inverse systems

n’>"n

(3) Z(R, 1) lim Z(R,, I,),

i.e., a corresponding isomorphism at each level.

As I, is the kernel of the surjection R, — R, this shows that the tower

Z'(R, I) can be obtained from the tower of algebras (R,). Consequently,
if (S, J) is another pair and S, = S/J "*1 then we have an induced map
Z(R,I)— Z(S, J) associated not only to a homomorphism (R, I) — (S, J)
but to any homomorphism (R,) — (S,,).

It will be useful to give some e(luivalent descriptions of homomorphisms

(R,) — (S,). Let R = limR,, I = !in I, be the I-adic completions of
R, I, and define S, J similarly. These completions have natural topologies,

e.g., a neighborhood basis of zero in R is given by the completions I, m > 0.
The following is easily verified.
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Proposition 8.6. The following data are equivalent:

(i) A homomorphism u: (R,) — (S,) of towers of algebras.

(ii) A compatible family of homomorphisms u": R — S, such that uo(I )=0.
Note that in this situation u" is a homomorphism (R, I)— (S,, J)).

(iii) A homomorphism (R, I)— (S, J).

(iv) 4 continuous homomorphism (R, I)— (S, J).

The next proposition gives the functorial and homotopy behavior of 2°(R, I)
with respect to (R,) .

Proposition 8.7. (a) 4 homomorphism u: (R,) — (S,) induces a map u,:
Z(R,I) - Z(S,J) of towers of supercomplexes, and in this way Z (R, I)
becomes a functor of (R,,).

(b) Assuming ¢ given for R, a homomorphism u,: (R,) — (S,[t]) deter-

mines a map H®(u,): (Z°(R, 1)) — (Z?~°(S, J)) which is a homotopy be-
tween the induced maps u,,: (Z"(R, I)) — (Z"°(S, J)) for t=0, 1.
Proof. We have already established (a) by observing that u gives compatible ho-
momorphisms (R, I,) — (S, , J,), which give compatible maps Z°(R,, I,) —
Z(S,, J,), which in turn yield the desired map u, : Z(R, I) —» Z(S, J) by
8.5. However, for the homotopy assertion (b) we want a different construction
of u, because R, need not be quasi-free when R is quasi-free. Instead we
observe that u is equivalent by 8.6 to a compatible family of homomorphisms
u": (R, I)—(S,, J,), sowe have compatible maps u,: Z (R, I) - Z(S,, J,)
which yield », by 8.5. Similarly if u;‘: (R, I) — (S,[1], J,[t]) is the compat-
ible family of homomorphisms corresponding to u,, then we have compatible
maps of towers

HW)): (2 (R, 1) = (Z"7(S,, J,)
so using 8.5 we obtain a map
H(u): (& (R, 1) = (Z"(S, 1)
which is easily seen to have the properties asserted in (b). O
Finally we consider the completion
Z(R,I)=lim 2" (R, I) = lim X(R/I").

In the first place this is naturally a topological supercomplex with the inverse
limit topology. Secondly, if I, J are two ideals defining the same adic topology,
ie, IcJ™, JcI™ for some m, then the inverse systems (R/I"), (R/J")
are isomorphic as pro-objects and hence we have a canonical isomorphism

Z(R,I)=Z R, J).

The following proposition describes the functorial and homotopy properties
of the completion.

Proposition 8.8. (a) A continuous homomorphism u: R — § induces a continu-
ousmap u,: Z (R, I)— Z(S, J) of topological supercomplexes.
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(b) Assuming ¢ given for R, a continuous homomorphism u,: R S

determines a continuous map H® (u,): Z (R,I)— 2 (S, J) of odd degree which
is a homotopy between the induced maps u,, , u,

Proof. (a) If u: ﬁ: S is a continuous homomorphism, then u'T is open,
hence it contains I for some m. Replacing I by I does not change the
completions, so we can suppose # is a continuous homomorphism (ﬁ T ) —
(.§ ) ). In this case u is equivalent by 8.6 to a homomorphism (R,) — (S,),
and we have an induced map of towers Z°(R, I) —» Z(S, J), hence a contin-
uous map on completions by taking the inverse limit.

(b) Here S[]" = !E_l S, [1] is the algebra of formal power series in ¢ whose

coefficients form a sequence in S tending to zero. As in the proof of (a),
we can suppose after replacing I by some power that u, corresponds to a

homomorphism (R,) — (S,[¢]). The desired continuous map H¢(ut) is then
obtained from the corresponding map in 8.7(b) by taking the induced map on
inverse limits. 0O

9. DERIVED FUNCTOR ANALOGY

In this section we apply our homotopy results to develop an analogy with
the construction of derived functors, in which an extension 4 = R/I with R
quasi-free plays the role of a projective resolution of A, and the tower (R, I)
corresponds to a functor applied to this resolution. In this way we establish that
up to homotopy equivalence this tower is independent of the choice of quasi-
free extension.

Consider an algebra R and an algebra extension B = S/J. If R is a free
algebra, then any homomorphism v: R — B can be lifted to a homomorphism
u: R — S. The same is true by 7.1 if R is quasi-free and S is a nilpotent
extension of B.

Lemma 9.1. Assume either that R is free or that R is quasi-free and S is a nilpo-
tent extension of B. Given homomorphisms v,: R — B[t] and uy, u;: R — S
lifting vy, v, , there exists a homomorphism u,: R — S[t] which lifts v, and
Jjoins ug, u, .
We consider the diagram with exact rows
0 —— J[tg] —— S[t] —— B[t] — 0

l ! !

00— JxJ — SxS —— BxB —— 0

where the vertical arrows evaluate a polynomial at 0, 1. These arrows are
surjective, hence we obtain a surjective algebra homomorphism

S[t] = (S x S) X g5 Bl1]

whose kernel is contained in J[t]. Now the homomorphism u,: R — S[7]
we seek is a lifting of the homomorphism ((u,, #,), v,) from R to this fibre
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product algebra. This lifting exists when R is free by the surjectivity. When J
is nilpotent, so is J[¢], hence S[¢] is a nilpotent extension of the fibre product,
and the lifting exists if R is quasi-free. O

We next establish similar lifting properties for the towers of algebras (R,,),
(S,) associated to pairs (R, I), (S, J).

Proposition 9.2. Assume R is quasi-free.

(i) Given a homomorphism v: Ry, — S, there is a homomorphism u: (R,) —
(S,) which lifis v, i.e., is such that u at level zero is equal to v .

(ii) Given a homomorphism v,: R, — S[¢] and liftings u,, u,: (R,) — (S,)

of vy, v, respectively, there is a homomorphism u,: (R,) — (S,[t]) which lifts
u, and joins uy, u, .
Proof. (i) The desired homomorphism u is equivalent to a compatible family
of homomorphisms #": R — S, for n > 0 such that 4° is the canonical
surjection R — R, followed by v. As R is quasi-free and S, — S,_, are
square-zero extensions, such a family can be constructed inductively by choosing
u" to be a lifting of u"".

(ii) Let uy, u;: R — S, be the families corresponding to %, u, . The de-
sired homomorphism %, is equivalent to a compatible family of homomor-
phisms u;: R — S, [] such that u; joins ug, u] , and such that u? is R— R,
followed by v,. Such a family can be constructed inductively by applying the
preceding lemma successively to the square-zero extensions S, — S, _,. O

The following is analogous to the key step in the construction of derived
functors.

Theorem 9.3. Let A = R/I, B = S/J be algebra extensions with R quasi-
free. Then any homomorphism v: A — B can be lifted to a homomorphism
u: (R,) — (S,), and the induced map u,: Z (R, I) — Z(S, J) modulo homo-
topy depends only on v .

Proof. This is a consequence of 8.7 and 9.2. Observe that if u,, u, are two
liftings of v, then by applying 9.2(ii) in the case of the constant homotopy v, =
v we see that u,, u, are joined by a restricted family u,. Thus 8.7(b) applies

with ¢ = 0, and we have an odd degree map of towers H¢(ut): Z(R,I) —
Z(S, J) which is a homotopy between u,, , u,,. O

This result implies by well-known arguments that for any quasi-free exten-
sion A = R/I, i.e., with R quasi-free, the tower Z’(R, I) is determined up
to homotopy equivalence by A, and moreover that modulo homotopy it is a
functor of 4. We can express this idea in the following way using the universal

extension. Let R, A= RA/IA""", and recall that 2, = Z(RA, I4).
Corollary 9.4. (a) For any extension A = R/I there is a canonical map
(1) &, > Z(R,I)

in the homotopy category of towers Ho , which is obtained by choosing any
homomorphism (R,A) — (R,) lifting the identity map A — R/I and taking
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the induced map on & towers. When R is quasi-free w is an isomorphism in
HoT .

(b) Given extensions A' = R'/I', A = R/I, a homomorphism v: A — A,
and a homomorphism u: (R:,) — (R, lifting v, we have a commutative square
in HoY :

Z, —— ZR,I)

(2) 2 |-
&, —— ZR,I
This is a straightforward consequence of the theorem.

Combining (a) with §6 (9) we obtain for any quasi-free extension 4 = R/I
a canonical isomorphism
(3) 0QA~Z (R, I)
in the homotopy category of towers Ho7 . Thus Z(R, I) is a special tower
which represents the cyclic homology type of 4 in the sense of the discussion
at the end of §2. In particular the homology associated to this tower is given by
the cyclic type homology of 4.

We next apply 9.4 to derive some key results in [Q2] which were originally
obtained by means of spectral sequences.

Consider an arbitrary extension A = R/I, and following the Hochschild
tradition choose a linear lifting p: A — R respecting identity elements. By the
universal property of R4 the lifting p gives rise to a homomorphism (R,A4) —
(R,) lifting the identity map of 4. Hence by 9.4 we get a map of towers
Z,=Z(RA, I14) - Z (R, I) whose homotopy class w is independent of the
choice of p. From

HC,,d=H,(Z,")

% H, (2R, D)

= H,(R/I""' +I", R] 5 Q'R,/y(I"dR))

= Ker(R/I""' +[R, R] - Q'R /4(I"dR))
where the first line comes from §6 (10), we obtain a canonical map
(5) y: HC, A — R/I""" +[R, R = HC,(R/I"").

In terms of the cochain notation of §6 this map can be described dually as car-
rying a trace 7 on R/[ "1 to the class of the even cochain f with components

(6) Loy, -y ay,) = %r(p(ao)w(al ) w(ay, |, a,,))

where  is the curvature §5 (4). Thus we find that f isa b+ B cocycle whose
cohomology class is independent of the choice of p. Previous versions of this
type of result can be found in [Q1, Theorem 2, p. 148], [Q2, Theorem 1, p.
225].

When R is quasi-free the arrow w in (4) is an isomorphism, so we obtain
the first exact sequence of the following proposition; cf. [Q2, I, 5.14].

(4)
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Proposition 9.5. Given an extension A = R/I, then if R is quasi-free we have
an exact sequence

(7) 0— HC,, A% HCyR/I"") % Q'R /4(I"dR)
and if R is free we have exact sequences

(8) 0— HC,,,,A—I""'/lI", 11— R/[R, R],
9) 0 HC

A= 1", 11— R/C +[R, RI.

We note that the exact sequences (8) and (9) have the following dual interpre-

tations. Izeﬁne an I-adic trace on I"*' to be a linear functional which vanishes
on [I', I"] for i+ k =n+ 1. From the identity

k
[xy ylyk] =Z[yi+l”.ykxyl”'yi—l’yi]
i=1

obtained by iterating the Hochschild 1-cocycle identity §4 (8) for flx,y) =
[x, y], we deduce [I/, I*] c [I’**™", I] for k > 1. Hence a linear functional
on I"*! is an I-adic trace iff it vanishes on [I”, I]. Then (8) and (9) identify

elements of HC*"*'4 and HC***'4 with I-adic traces on I"*' modulo the
restrictions of traces and reduced traces on R respectively.

To prove (8) we consider for an arbitrary extension the composition of canon-
ical maps

HC

2n+1

A= H_(%2n+l)
% H_(Z™ (R, 1))
=H_(R/I""' s Q'R (" dR + 1"d1))

(10) 1 n+1 n n+1
=Ker(Q R,/4(I"" dR+1"dI +dR) —» R/T"")

L, Ker(IR, RI/UI", 11 - R/T"™")
= (R, RInI"™")/U", 1)
where the arrow labeled b is induced by the surjection

(11) b: Q'Rh/h(dR) —[R,R],  b(xdy)~[x,)]

and we have used the inclusion [I™*', R] c [I", I]. When R is free, (11) is
an isomorphism since the odd degree homology of X(R) vanishes. Thus both
the arrows w and b in (10) are isomorphisms, yielding the exact sequence (8).

In deriving 9.3 and 9.4 we used the homotopy property 8.7 of the tower
Z (R, I) and the homotopy lifting property 9.2 for quasi-free algebras. How-
ever, a simpler version of our arguments using instead 8.4 and 9.1 shows that
for an arbitrary extension 4 = R/I there is a canonical map modulo homotopy

(12) (F/4X(R4)) = (F/ X(R))
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which is a homotopy equivalence when R is free. Consequently we have a
canonical map

HC

2n+1

A=H, (F5 X(RA))
A H+(F[2n+1X(R))
=H+(In+1 Sh(1n+ldR+IndI))
=Ker(I""' /1", N % Q'R))

where the first line comes from §6 (8). When R is free this map is an isomor-
phism, yielding the exact sequence [Q2, I, 5.12]

(13) 0 HCy, A— 1" II", N Q'R

2n+1

Moreover, as R is free we have H (X(R)) = C, so the kernel of §d: R — Qth
is C+[R, R]. This gives the exact sequence (9), concluding the proof of 9.5. O

Finally we mention that the formula §6 (18) for the homology of X (R/I "“)
in the case of the universal extension generalizes to an arbitrary quasi-free ex-
tension A = R/I in the form
HDy(R/I""") = HD, A,

HC,(R/I""Y=HC,,, A& (1 - o)W

2n+1

(14)

where W = [(I/] 2)® A]("“) is the circular tensor product of order n + 1 of

the A-bimodule I/1 2 , and o is the forward shift cyclic permutation. This is
proved in the last section of [Q3].

10. GOODWILLIE’S THEOREM AND BIVARIANT PERIODIC CYCLIC HOMOLOGY

As another application of 9.4 we derive a strong form of the theorem of
Goodwillie [G] about the invariance of periodic cyclic homology under nilpotent
extensions.

Let A — A be a nilpotent extension, and let R be any quasi-free algebra
mapping onto A’ . Then we have 4" = R/J, A = R/I where J, I are ideals
in R such that I™ c J C I for some m. Let v: A' - 4 and u: (R/J""") >
(R/I™") be the obvious maps.

From 9.4 we obtain a homotopy commutative square of towers

Z, —— Z(R,J)

(1) 2 |
Z, — Z(R, 1)

where the horizontal arrows are homotopy equivalences. Applying the inverse
limit functor we obtain a homotopy commutative square of topological super-
complexes such that both horizontal arrows are homotopy equivalence of topo-
logical supercomplexes, by which we mean that the homotopy inverse map and
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the homotopy operators joining the two compositions to the identity are con-
tinuous.

Now Z(R, J) is the completion of X(R) for the topology defined by the
filtration Ker{X(R) — X(R/J")}, and similarly for Z (R, I). As the ideals
I, J contain powers of each other, the topologies coincide, so the map on
inverse limits induced by u_ is an isomorphism of topological supercomplexes.

From these observations we deduce at once

Theorem 10.1. If A' — A is a nilpotent extension, then the induced map 2/’”;/ —

Z, is a homotopy equivalence of topological supercomplexes. In particular, we
have HP,A' = HP A.

We turn next to bivariant groups associated to periodic cyclic homology.
There are two natural candidates for bivariant periodic cyclic cohomology we
might consider. On one hand, one can follow Jones and Kasse [JK] and make
bivariant cyclic cohomology periodic by inverting the S operation. On the
other hand, one can consider the supercomplexes calculating periodic cyclic
homology, form an appropriate mapping supercomplex, and use this to obtain
bivariant groups. We will take the latter for our definition, since it is better
from the standpoint of Goodwillie’s theorem, as we will see.

Given algebras 4, B, we define the associated bivariant periodic cyclic coho-
mology groups by

2) HP'(4, B) = H,(Hom (Z, , ;)

where Homc(é'; , Q’i) is the space of continuous linear maps §2 (5). Thus

an element of HP" (A4, B) is a homotopy class of continuous maps Z,— 2
respecting the gradings and differentials, where the homotopy relation is defined
using continuous homotopy operators. In particular a homomorphism 4 — B
determines a class [4 — B] in HP*(A4, B). There is an obvious cup product
operation

HP'(4, B)® HP” (B, C) » HP"™ (4, C)

given by composition.
Using bivariant periodic cyclic cohomology we may formulate 10.1 as follows.

Corollary 10.2. Given a nilpotent extension A — A, there is a class in
HP*(A, A") which is the inverse of the class [A' — Al € HP*(A', A) with respect
to cup product. Equivalently, A" — A induces isomorphisms on HP*(—, —)
with respect to either variable.

The inverse class in HP* (A4, A') will be called the Goodwillie class of the
nilpotent extension.

We next consider the bivariant groups defined by making bivariant cyclic
cohomology periodic. We have seen in §2 that the bivariant cyclic cohomology
groups of Jones-Kassel may be expressed as

HC"(4, B) = H, ,,(Hom"(Z,, 2,))
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where Hom* (Z,, Z5) is the subcomplex of Homc(é‘; , Q/i) consisting of the

maps f: é’; — é\; of order < k, i.e., such that f induces f: 2, — 25 K
for all p. The inclusion of this subcomplex gives rise to a canonical map

3) HC*(4, B) » HP*"™ (4, B)
compatible with cup product.

Jones and Kassel consider the inductive limit of the bivariant cyclic coho-
mology under the S operation. This yields the bivariant groups

(4) ST'HC"(4, B) = H,(Hom™(Z,, Z,))

where Hom™ is the union of the Hom" .

We now ask whether the analogue of 10.2 holds with S™'HC* in place of
HP*, in other words, whether for any nilpotent extension A" — A there exists
aclassin ST'HC" (4, A') inverse to the class of the homomorphism A4’ — A4.
In order to investigate this question we introduce the following terminology.

We will say that the nilpotent extension 4 — A4 has size < n, wherg\ n is an
integer > 0, if there exists a homotopy inverse for the induced map 27, — 2,
having order < 2n. This is equivalent to the Goodwillie class being in the
image of the map HCz"(A, A"Y > HP* (A4, A"). Define the size s(4' — A4) to
be the least such 7 if one exists, and set s(4’ — 4) = co otherwise.

It is clear that if a class exists in S~ H C(A, A') inverse to the class of the
homomorphisms A’ — A, then the size is necessarily finite. We are going to
prove the existence of nilpotent extensions of infinite size, thereby showing that
the analogue of 10.2 does not hold for S'HC*.

We begin by showing the size of a nilpotent extension can be as big as its
order. Recall that R, 4 = RA/I A™" is the universal nilpotent extension of A4
of order < n.

Lemma 10.3. For any n > 0 there exists an algebra A such that s(R,A — A) >
n.

Proof. Consider an arbitrary algebra 4,put R=RA, I =14, R, =R A4, and
let m = s(R, — A). There is nothing to prove if m > n, so suppose m < n.
By the definition of size the induced map 23 — 2, has a homotopy inverse

of order < 2m . The proof of 10.1 shows that"up to homotopy equivalence we
can identify this induced map with the isomorphism

ZR, I"HYSZR, 1
of completions of X(R). Thusif g denotes the inverse isomorphism, we know
that g is homotopic to a map f of order <2m.

Note that FIZ”X (R) C F, ,(L.X (R), hence we obtain the commutative square
on the left

o0 g

ZR,I) —*— ZR, 1" HP A =~ HPR,

I ! I I

™R, 1) —— Z°R, "™ HC, A —L— HC,R,
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where the vertical arrows are the canonical surjections. Taking homology of
even degree yields the square on the right, where the vertical arrows are the
canonical maps from periodic cyclic to cyclic homology. The bottom arrow is
easily seen to be the map ' of §9 (7), hence it is injective.

On the other hand, because f has order < 2m we get similar commutative
squares:

PR, ) —L . PR, 1Y HP A =~ HPR,
™R, 1) —— PR, I") HC, A — HC,R,

Now the two squares on the right have the same top and right arrows. Using
the injectivity of y we see that

Ker(HP A — HC,,A) = Ket(HP, A — HC, A).

But it is easy to produce algebras 4 such that this is false, for example, the
Weyl algebra with 2n generators, which has HP, A = HCy, A = C for k>n
and HC, A = 0 for kK < n. One also has a smooth commutative example
given by the tensor product of 2z copies of the Laurent polynomial algebra
Clz, z_l]. For such an A the size of the extension R, is > n, which proves
the lemma. O

The next two lemmas establish some formal properties of the size.

Lemma 104. (i) If A — A and A" — A are nilpotent extensions and there
exists a homomorphism A" — A" over A, then s(4' — A) > s(4" — A).
(ii) If A" — A" and A' — A are nilpotent extensions, then

s(A4" - A)<s(A" - 4')+5(4' - A4).
Proof. This is straightforward from the definition. 0O

Lemma 10.5. Let p: B — A be a homomorphism of unital algebras, and let
i: A — B be a homomorphism of the underlying nonunital algebras such that pi
is the identity map on A. Then s(R,A— A) < s(R,B — B).

Proof. Let m,: R|A — A denote the canonical surjection, and similarly for B.
We can assume n = s(R,B — B) is finite, whence there exists a homotopy

inverse f for mp,: 2’}(‘3 — 25 having order < 2n.

We consider first the case where i: 4 — B is a unital homomorphism. The

composition
> i [ o Rl 5
2= 2y 1’2213 g %QIA
has order < 2n and satisfies n,, (R,p), fi, =p,ng, fi, ~p,i, =1. Since 7,
is a homotopy equivalence, this composition is necessarily a homotopy inverse
for n,, . Thus we have s(R,4 — 4) <n, which was to be proved.
The same argument works in general because cyclic homology theory can
be defined on the category of nonunital algebras; cf. [K2]). Thus a nonunital
homomorphism i: 4 — B determines an induced map 2, — 25 defined
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modulo homotopy, or equivalently, a class in H CO(A , B) . To be more specific,
we note that i: 4 — B is equivalent to a unital aigebra homomorphism i,: 4 —
B, where A is the algebra obtained by regarding 4 as a nonunital algebra and

adjoining an identity element. Moreover we can identify 4 with the product
algebra C x A. Thus we have maps

i
#x %

where the middle arrow is a homotopy equivalence by the additivity of cyclic
homology for a product of two algebras. Using this we obtain a map i,: 2, —
%, defined modulo homotopy, which satisfies p,i, ~ 1 as one easily checks.

Then the induced map on the inverse limits i, : é‘; — Z, also satisfies p i, ~
1, permitting the argument given above in the unital case to proceed. O

0,1
Ly == e} Ty~ Zouy

Proposition 10.6. There exists an algebra A such that s(R,A — A) = oo,
i.e., such that the Goodwillie class in HP'(A, R, A) does not come from
ST'HC*(4, R A).
Proof. Put

m= sgps(RlA — A).

Since R4 — A maps to any square-zero extension of A, it follows from
10.4(i) that any square-zero extension has size < m. Then 10.4(ii) implies for
any extension 4 = R/I and integer p > 0 that

p 4 L
SRIT® — 4) < S s(R/I” - R/ ) < pm.
j=1

Combining this with 10.3 in the case n = 2 — 1, we obtain for each p an
algebra A such that

p 2°
2’ — 1 <s(RAJIA® — A) < pm.

This implies m = oo, i.e., there exists a sequence of algebras 4, such that
s(R,A, — A,) tends to infinity.
Let B be any algebra such that

co@P4,cBc]]4,
n n

andlet p,: B— A, and i,: A, — B denote the obvious projections and injec-
tions. Note that p, is a homomorphism of unital algebras and i, isa homomor-
phism of the underlying nonunital algebras such that p,i, is the identity. By

10.5 we have s(R,B — B) > s(R, 4, — A4,) forall n,so s(RiB— B)=o00. 0O

11. NISTOR’S BIVARIANT CHERN CHARACTER

The problem of associating a bivariant Chern character in HC" (4, B) with
certain (“ p-summable”) cycles for the bivariant K-theory KK (4, B) has been
studied by several authors including Wang and Kassel. The most useful and
elegant results in this direction have been obtained by Nistor [N]. We now apply
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our framework to construct in a simple way a bivariant Chern character of the
same type as Nistor’s but with better bounds. One can show our construction
is essentially equivalent to Nistor’s, but this point will not be discussed here.

Let A, B, L be algebras and let J C L be an ideal. Let 7 be a J-adic trace
on J?  that is, a linear functional vanishing on [J', J’] for i+j = p. In appli-
cations to Fredholm modules L, J, T are respectively the algebra of bounded
operators on Hilbert space, the Schatten ideal of p-summable operators, and
the canonical trace on trace class operators.

Suppose given a quasi-homomorphism from A to B consisting of two ho-
momorphisms ¢, 9: A - L® B which are congruent modulo the ideal J® B .
Improving on Nistor’s result slightly, we will construct elements

(1) Ch’™ (9,7, 1) € HC*™(4, B)

for 2m > p — 1 (rather than m > p — 1) such that Ch*"**(p,
SCh"(9, 9, 7).
We begin with some preliminary constructions. Let

#n - Jn/Z[Jia Jn—i]

i=0

9, 17) =

and let # : J" — J,' be the canonical surjection. Then #, is the universal J

adic trace on J" with values in a vector space.
Let S be the graded algebra

s=@@"J" ccieL

n>0

where ¢ is an indeterminate. Then

(2) S, =PIy

n>0

so that a J-adic trace on J" is equivalent to a homogeneous trace of degree n
on S.

We next define certain inhomogeneous traces 4,,: S — J#2 "+ for m > 0.
Let
e z
P,(2) = ][[l (1 - 2;(—_1)

and define p,, by
t,("x) =31 = (=) )P (n)#,, ., (x), xeJ"
This is well defined since the numerical function of » vanishes for 0 < n <2m.

Lemma 11.1. (i) u, isatraceon S.

(i1) u, vanishes on K™ where K istheidealin S generated by (l—tz)J 2
m
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(iii) One has a commutative square

S Py J#2m+3

<1—2m%1>1 li

S K J#2m+l

where D = tg; is the degree operator on S and i is the map induced by the

i . Im+3 _ 2mel
inclusion J°"> c o

Proof. 1t is clear from (2) that u, descends to S, , so (i) holds.
We can also describe u,, as the composition of the map

16, -6_,)P,(D): S - J"*!

where 6, evaluates a polynomial in ¢ at +1, followed by # The asser-
tion (iii) follows immediately from this description.

Finally as D is a derivation of S and P, (D) has degree m in D, we see
that P, (D) maps K™ into K = Y,.,(1—£))¢"J*"", which is killed by 4, ,

proving (ii). O

2m+1 °

Consider now the quasi-homomorphism ¢, 9: 4 - L ® B and set
p=39+9):A—-LeH,
g=3p-9):4—-J®H.

Then p+tq: A — S ® B is a linear map respecting identity elements, whose
curvature is

a,®a,— (1 -1)qaqa, : A - (1-)J’®BCK®B.

By the universal property 5.1 of RA there is a unique homomorphism u: RA
— S ® RB such that

up,= (1 ®p5)(p+ tq)

where p, denotes the canonical inclusion of A as a subspace of RA and
similarly for p,. Since p +1q: A — (S/K) ® B is a homomorphism, we have

u(IA) CK®RB+ SQ®IB.
Let x,, denote the composition
X(RA) 5 X(S® RB) % S, ® X(RB) 3 J,"*' ® X(RB)

where u,, strictly speaking is 4, ® 1. We now examine the behavior of x,,
with respect to the canonical filtration F;, = F{,X(RA) and similarly for B.

Proposition 11.2. The map yx,,: X(RA) — J,,,Z'"J'1 ® X(RB) respects the super-
complex structure and has order < 2m, i.e., it maps F}, to J,,2 ml ®F,”B_2'" for
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all p. There exzsts an odd map h: X(RA) — 2"‘” ® X(RB) of order <2m+2
such that [0, hl = X,, — iX,,,, -

Proof. The first assertion is clear from

p U D
Fi4 = Fxerpisels
SN WK FLY (44)
i>0

13 J#2m+l ® FIpB—Zm (#m(Km+l) — 0)

For the second assertion we extend D to S®RB and Su ®X(RB) as D® 1.
Then
Du: RA—-S®RB— SQ®RB

is a derivation with respect to u, and one has a Lie derivative L(u, Du) fitting
into a commutative diagram:

X(RA) — X(S ® RB) —*~ S, ® X(RB)

X(S® RB)—>S5,® X(RB)
By 7.2 there is an odd map h¢(u, Du): X(RA) — X(S ® RB) such that

L(u, Du) =[8, h®(u, Du)).

The existence of ¢ asin 7.1(b) follows from the fact that RA is a free algebra.
In fact there is a canonical choice for ¢, characterized by ¢p, =0.
Using 11.1 (iii) we have

Am~— ixm+1 = ('um - i'um+l)au*
_ 1
T 2m+1

lﬂ aL(u, Du)

u,, Dau

2m+
=[0, h]

2m+1/‘ ah¢(u, Du) . By the first case of 7.4 we see that h¢(u, Du)
maps F}, to F}éeuzQ B+serp » Which we have already seen is mapped by u,,a to
J#z'"“ ®F1p3 2=2m  Thus hhas order <2m+2. O

where h =

Let 7 be a J-adic trace on J2™*! ,and let 7-x,: X(RA) — X(RB) be x,,

followed by the map from J,f"'““l ® X(RB) to X(RB) induced by 7. By the
first statement of the preceding proposition 7-x, is a map of supercomplexes
having order < 2m with respect to the canonical filtrations. Thus it determines

a map of special towers 2, — 27[2m], whose class in H Cz'"(A , B) is defined
tobe Ch*™ (¢, @, 7).
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By the second statement the difference t-x,, —7-x,,,, » Where the latter map

is defined using the restriction of 7 to J 2m+3 , has the form [§, 7 - h], where
t-h has order < 2m+2. This shows that SCh*™ (¢, 7, 1) = CK*™ (9, 7, 7).

12. CHERN CHARACTER

In this section we use the description of periodic cyclic homology as the
homology of Z(RA, IA) in order to construct the canonical Chern character
maps from K;4 to HP,_,,A for i = 0, 1. Given an extension 4 = R/I,
one knows that idempotent and invertible matrices over A4 can be lifted to the
nilpotent extension R/I", and more generally to the I-adic completion R. We
exploit this fact to define canonical maps from K;4 and K, A4 to the homology
of Z| (R, I) generalizing the familiar ‘index’ pairings, in which elements of
K,A pair with traces on R/I ", and elements of K A pair with traces on / "
cf. [Q2, 11, §2]. In the case of the universal extension A = RA/IA we obtain the
Chern character maps from K-theory to periodic cyclic homology. The material
in this section is a natural development of ideas introduced by Fedosov [F] in
his version of the index theorem.

We begin by constructing canonical additive maps

(1) K,R — Ker{R, % Q'R}=HDR, [e]+ ftr(e),

(2) K,R—Ker{Q'R > Ry = HHR,  [g]+~ ftr(g” dg).

For any vector space V' let M,V be the vector space of k x k matrices
with entries in V', and for x € M, V' let tr(x) € V' be the sum of its diagonal
entries. If R is an algebra, then the maps

otr: M,R—R,,  ftr: MQ'R— Q'R

are traces on the matrix algebra M, R and the M, R bimodule of matrix 1-
forms respectively.
The Grothendieck group K,R may be defined as the abelian group with
generators [e] for each idempotent matrix e over R, subject to the relations:
(1) [e]=[€] if ¢ = geg™" in M,R.
(2) le®e]=[e]+[e].
(3) [e]=0 if e is the zero matrix in M, R.
Using this definition we obtain easily an additive map K,R — R, sending [e]
to htr(e).
Upon applying d to e’ = e we obtain ede = de(l —e), dee = (1 —e)de,
hence

hr(ede) = htr(e’de) = htr(ede(1 — e)) = htr((1 — e)ede) = 0.

Similarly htr((1 — e)de) = 0, whence htr(de) = 0. This shows that htr(e) is
killed by 4: R, — Q'Rh , S0 we obtain the map (1).

Next recall that K| R is the inductive limit of the groups of invertible matrices
GL, R made abelian. If g € GL, R, then we have a corresponding class [g] €
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K,R and a matrix 1-form g ldge MkQIR. Since

itr((g,8,) " d(g,8,) =titr(g; ' &) dg,g, + &, dg,)
=titr(g, 'dg,) +htr(g, dg,)
we obtain easily an additive map K,R — Qth sending [g] to htr(g—la’ g). As

b(htr(g~'dg)) =tr(g”'g) —tr(gg” ) =0
this yields the map (2).

Lifting idempotents and invertibles. Let us consider an extension 4 = R/, and
let R, I be the I-adic completions of R, I. We propose to construct canonical
additive maps

(3) KA—H, ,#ZR, 1), i=0,1,
by lifting idempote/\nt and invertible matrices over 4 to R, and then using the
maps (1), (2) for R.

We begin with K 4. The following is well known, but we give a proof in
order to obtain a useful formula.

Lemma 12.1. An idempotent matrix e over A lifts to an idempotent matrix over
R which is unique up to conjugation.

Proof. If e € M, A, then upon replacing the extension 4 = R/I by the exten-
sion of matrix algebras M, = M, R/M, I, we can assume e € 4.

It is easier if instead of the idempotent e we work with the equivglent in-
volution 2¢ — 1. Let z be any lifting of 2e — 1 to an element of R. Then
22 belongs to the group 1 + T under multiplication. Because the exponential
map [ —» 1+17 is bijective, this group is uniquely divisible. Hence the inverse
of z*> hasa unique square root (zz)‘l/2 in this group. Then s = z(zz)_l/2 is
a lifting of 2e — 1 to an involution in R, and é = $(1+5) is a lifting of e to
an idempotent.

To prove the uniqueness up to conjugacy, let s' be another involution in
R lifting 2¢ — 1. Then s's has a unique square root ¥ in 1+ I. Since
(su"s)2 = su"%s = sss's = u®, we have su”'s = u by uniqueness. Then

-1 . .
usu ' =uls = , showing that s, s’ are conjugate. O

Let us now extract a formula for the idempotent € lifting the given idempo-
tent e which is constructed in this proof. We have z = 2x — 1, where x is a
lifting of e to an element of R. The element (22)'/ 2 is given by the binomial
series

- - 1-3..-(2n—1) n
() =2 =y -2

As 1-22 = 4(x — x2) we obtain
!
P ; ( 1) (2n).( 2)2n.
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This formula clearly holds more generally with matrices, so we obtain the fol-

lowing.

Lemma 12.2. Given an idempotent matrix e € M, A, let x € MkIAQ lift e. Then
N 1 (2n)! 2.2n
€=X+<X—E)Z—n?)—2' x—x)

n>1

is a lifting of e to an idempotent matrix in Mkﬁ.

It follows easily from the first lemma that we have an isomorphism Koﬁ ~

K,A . Using (1) for R we obtain a canonical map

K,4 — HD R = H (X(R))
sending [e] to htr(é), where é is a lifting of e to an idempotent matrix over R.

Composing with the map on H, induced by the obvious map X (R) — Z (R, I)
then yields the desired map

K,A— H (Z(R, I)).
We next discuss K, 4.
Lemma 12.3. If g € GL, A, then any lifting of g to a matrix over R isinvertible.

Proof Let p, g be arbitrary liftings of g, g - respectively to matrlces over
R andlet x =1—-g¢gp, y =1-pq, so that x, y have entries in I. Then
pq=1-y, gqp =1—x are invertible with inverses given by geometric series.
Thus p, g are invertible, and

(4) p=Y " =) x"q
n>0 n>0
since p~ ' =q(1-y)"'=(1 —x)_lq. O
This lemma implies that 1 + Mkf is a group under multiplication and that
GLA=GL,R/1+ M,I.
It follows that K, A4 is Lhe quotient of K lﬁ by the subgroup of classes [1 — x]

with x a matrix over /. R
We next use the map (2) for the algebra R:

K,R - Ker(Q'(R), & R).

In order to obtain a map defined in K; A, we must kill elements of the form

btr((1 — x) " d(1 = x)) = —ftr ((Zx ) )
n>0

where x is a matrix over I. Consider the element of I ,

xn+1
tr(log(1 —x)) = —tr | Y perll B

n>0
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We have

xn+l 1 n ; ni "
bhd (tr (n 1 =T ;htr(x dxx ) =ftr(x dx).
If we could take the infinite sum of these equations, we would have
nd(tr(log(1 — x))) = fitr((1 — x)”'d(1 - x))

which would be surprising in view of the algebraic character of Q! (ﬁ)h . How-

ever, what is clearly true is that this identity holds in QI(R/ I ")h for each n,
since only finite sums are needed in this case. Thus we have a well-defined map

(5) K, A — Ker (L‘L“ Q' (R/1"), > E) /dT

sending [g] to htr(p-ldp), where p is any lifting of g to a matrix over R.
Upon dividing out by the larger space dR on the right, we obtain the desired
map

(6) K,A— H_(Z(R, I)).

Clearly (5) gives a finer invariant for elements of K4 than (6). This is
related to the fact that the map from algebraic K-theory to periodic cyclic
theory factors through the negative cyclic theory HC ™ .

Pairing of K-classes with traces. Before proceeding to the universal extension,
we discuss how the canonical maps (3) generalize the index pairings which pair
elements of K,4 and K, 4 with traceson R/ ™ and traces on I"” respectively;
cf. [Q2, I, §2]. .

First we note that composing our map K 4 — H _(Z°(R, I)) with the map

on homology induced by the surjection Z (R, I)— X(R/I™) gives a map
(7 KoA — H (X(R/I™)) C HCy(R/I™).

Now a trace 7 on the algebra R/I"™ is the same as a linear functional on
H CO(R/I'") . Composing 7 with (7) gives the linear functional on K4 sending
[e] to t(tr(é)), where é is a lift of e to an idempotent over R/I™. This
effectively identifies (7) with the index pairing between elements of K,4 and
traces on R/I".

Similarly we have a map

(8) K,A— H_ (X(R/I™)=HC,(R/T")

so a cyclic cohomology class of degree one on R/I™ determines a linear func-
tional on KA. If the class is represented by the cyclic 1-cocycle f on R/I ",
then the linear functional sends [g] € K| 4 to trf (p_1 , D), where p is a lift
of g to R/I™.

Let us now consider a trace 7 on I"” considered as an R-bimodule, that is,
a linear functional on I™ vanishing on [R, I™]. Then t determines a class

in HC'(R/I'") as follows. Extend 7 to a linear functional ¥ on R. Then
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(b‘c)(ro, r,) = i([ry, r;]) is a cyclic 1-cocycle on R which vanishes if either r,
or r, isin " Hence it descends to give a cyclic 1-cocycle

flro+ 1", r, + 1) = #([ry, ;1)
on R/I™. A different choice of extension changes this cyclic cocycle by bhk,
where 4 is a linear functional on R/I™, so we obtain a well-defined class
[t]e HC'(R/I™).

Let us write ([7], [g]) for the value on [g] of the linear functional on K4
associated to the class [t]. We now compute this number.

Let p, g be liftings of g, g_1 respectively to matrices over R, and let
x=1-¢qp, y=1-pgq, sothat x, y have entries in /. Note that gy = xq,
hence gy" = x"q for all n. The matrix

m—1 m—1
n n
=X o"=3 x"q
n=0 n=0
satisfies pg, = Y. 01(1 —y)y" =1-y" and similarly ¢, p = 1 - x". Thus
q,, is an inverse for p mod I™ and we have

1-pg,=(1-pg9)", 1-g,p=(1-gp)"

Writing p+I™ for the residue class of p modulo matrices of the appropriate
size over 1™, we have .

([, g =t f(+ 1™ p+1") =tr f(g,, + 1", p+1")
=tri(lg,,,p]) =trt(q,p» —D,9)
=tr7(1 - pq,,) —trt(l —gq,p)
=tr7((1-pq)™) —tre((1 - qp)").

This shows that up to sign ([7], [g]) is the index of [g] with respect to 7 in
analogy with the index theory of pseudo-differential operators. Thus the index
pairing between elements of K, 4 and traces on [ ™ can be obtained from (8).

In principle the families of maps (7) and (8) for different m contain less
information than the maps (3) involving Z (R, I) because of the Milnor exact
sequence for the homology of a tower of supercomplexes.

The /llniversal extension. For the universal extension we know that the homology
of Z(RA, IA) is the periodic cyclic homology, hence (3) yields canonical maps

9) K,A— HP A4, i=0,L1

We now apply our discussion to compute these maps and identify them with
the Chern character maps in cyclic homology theory.

Let EA be the IA-adic completion of RA4, and note that it can be identi-
fied with Q"4 equlpped with the Fedosov product. Similarly we can identify
MkRA with M, Q4 equipped with the Fedosov product.

Given an 1dempotent matrix e over A, we consider the obvious lifting of
it to a matrix over RA given by the inclusion AcQta , and then apply 12.2
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to obtain an idempotent matrix. Since ¢ —eoce = de? is closed, and Fedosov
product coincides with ordinary product when one of the forms is closed, we

obtain the matrix
(10) Z (2 (e - %) de™ e M Q" 4
n>1

which is idempotent for the Fedosov product and is a lifting of ¢ over A. The
trace of this matrix

(11) tr(é) = tr(e) + Z (2n S ((e - %) de2") eQt4

n>1

N
||

is then an even cycle in Z (RA, I14), whose homology class represents the image
of [e] € K,A4 under (3) in the case of the universal extension. Thus by 6.2 and
the following remark we know that upon applying the homotopy equivalence
cP (or cP, ,_1) to this cycle we obtain the b + B cycle representing the image
of [e] in HP_A. Now

(o{ (o)) (oo o) (- )

since dee = (1 —e)de. Hence tr(é) is x-invariant, so cP carries (11) to the

k-invariant b + B cycle
(2?1)’ 2+
€ tr{{e— 5 de’" ) e Q4

(12) tr(e) + Y _(-1)"
n>1
representing the class in HP, A corresponding to [e] under (9).
Given an invertible matrix g over A4, we lift it in the obvious way to the

matrix g over RA, which by 12.3 must be invertible. Let g[_l] denote the
inverse, that is, the inverse of g with respect to the Fedosov product. We can

compute this inverse by (4) using p = g and g = g_l considered as matrices

over RA. As 1—go g_1 =dgdg™" is closed, we find that the inverse of g
with respect to the Fedosov product is

(13) =Y g '(dgdg™

n>0

The classin H_ (f (RA, 14)) corresponding to [g] € K, 4 is represented by
the odd cycle which is the image of btr(g[_llé g) € Ql(RA)!1 in
lim Q' (R4/14"), ~ Q™ A,
Using h(xda) = xda we see that this odd cycle is
(14) dotr(e'(dg ™ dg)'dg) = Y (g™ 'dg(dg”'dg)")

n>0 n>0
which we know is killed by the differential f. Now

k(tr(g 'dg(dg 'dg)") = tr(dgg 'dg(dg~'dg)" 'dg™")
= —tr(gdg '(dgdg™")")
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so (14) is invariant under k2. Applying c¢P; _, we obtain the K’-invariant
b+ B cycle

(15) > (-1)'nltr(g”'dg(dg ™ dg)")

n>0
representing the image of [g] in HP_A. Averaging then gives the homologous
k-invariant b + B cycle

(16) 3 (-1)'nir(g” dg(dg ' dg)" ~ gdg~ (dgdg ™).

n>0
We summarize this discussion as follows.

Proposition 12.4. (1) Given an idempotent matrix e over A, (10) is then an
idempotent matrix with respect to the Fedosov product which is a lifting of e.
The even form (12) is a k-invariant b + B cycle representing the image of [e]
under the canonical map (9) from K,A to HP_A.

(2) Given an invertible matrix g over A, (13) is then the inverse of g with
respect to the Fedosov product. The odd forms (15) and (16) are respectively
Kk>-invariant and k-invariant cycles which represent the image of (g] under the
canonical map from K, A to HP_A.

This result shows that the maps (9) we have constructed coincide with the
usual Chern character maps; cf. [K3, §§9, 10].

13. COMMUTATIVE ALGEBRAS

The purpose of this section is to discuss special features of the above theory
in the case of a commutative algebra.

Let us recall that for any algebra 4 we have the space QA4 of its noncommu-
tative differential forms, which comes equipped with a canonical DG algebra
structure and operators d, b, k, B, P. In particular, we have the mixed com-
plex (QA, b, B) giving rise to the cyclic type homology of 4. Furthermore we
have the algebra R4 and supercomplex X(RA), which by §5 can be constructed
from QA and its structure.

Suppose now that 4 is commutative. Then we also have the ordinary de
Rham complex €, considered in algebraic geometry. This may be defined
abstractly as the universal (super) commutative DG algebra generated by A4,
and it may be constructed concretely as the exterior algebra over A of the
module QL of Kahler differentials. Let

(1) u:QA—-Q,

be the unique homomorphism of DG algebras extending the identity on A in
degree zero. Then u is surjective and it identifies €2, with the quotient of QA
by the ideal generated by supercommutators [w, 7].

We next observe that the operators d, b, k, B, P on QA descend to Q.
Indeed, d descends to the differential d of Q,, and b descends to the zero
operator by §3 (2). The rest are generated from d and b, so they descend to
give the operators

(2) b=0, k=1, B=Nd, P=1, onQ
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as is easily checked. In particular, putting ji = (N!)_1 u, where N! is the
scaling operator which multiplies by n! on QZ , we have a surjection of mixed
complexes

(3) ji:(Q4,b,B)—(Q,,0,d).
To simplify matters, we will assume
4) Q5 =0, n>»0.

This holds if A is essentially of finiie type, for smooth algebras [L, Appendix
E] in particular. One can avoid this assumption Ey working appropriately with
the truncated algebra €, /QZ" and completion €, .

From (3) we then obtain a surjection of supercomplexes

(5) i (Q4,b+B) - (Q,, d)
whence a canonical map
(6) HP,A— H,(Q,,d)

from periodic cyclic homology to (Z/2)-graded de. Rham cohomology. When
A is smooth the theorem of Hochschild-Kostant-Rosenberg [HKR], [L, 3.4.4]
says that (3) is a quasi-isomorphism of mixed complexes (i.e., with respect
to the differential b). As a consequence one deduces that the map (6) is an
isomorphism.

We turn next to the analogues of R4 and X(RA) that arise when we carry
out the constructions of §5 using Q, in place of Q4. Let R, be the algebra
given by the space Q; equipped with the Fedosov product. This algebra was
originally constructed in the case of differential forms on a manifold by Fedosov
[F] in his version of the index theorem. There is a surjective homomorphism

(7) p:RA—R,

given by (1), and R, is a nilpotent extension of 4 by the assumption (4).
There are two possible analogues of X(RA). On one hand we have X(R,),
and on the other hand we can mimic the description of X(RA) in terms of QA4
given in 5.5 to obtain the supercomplex (2,, B @ J) where
B=-2d:Q,-Q),, 6=Nd:Q,-Q,.

Using (2) we see that the Hochschild 1-cocycle 5.3 on RA with values in
Q™ A descends to the bilinear map

(8) (x, )~ |yld(xy) + xdy

from R, to Q,, hence this must be a Hochschild 1-cocycle. Furthermore, it
is clear we have a canonical surjection of supercomplexes

9 X(Ry) — (Q, B&9)

given by the identity in even degree and the map Q' (R A)n — Q, corresponding
to the Hochschild 1-cocycle (8).
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Composing this map with the scaling isomorphisms

Q. Bod) S (Q,, Nd) L (Q,, d)

where ¢ is as in 6.1, we obtain the bottom arrow a of the square

X(RA) —£— (Q4,b+B)

(10) “'l lﬂ

X(R,) —— (Q,,4d)

which is easily seen to be commutative; here X(RA) = Z (RA, IA) and cP is
a homotopy equivalence by 6.2.

When A is smooth j is a quasi-isomorphism, hence u: R4 — R, induces
an injection HP A — H (X(R,)). Formulating this dually we have proved

Proposition 13.1. If A is smooth, then every periodic cyclic cohomology class of
A comes from a trace or cycle 1-cocycle on the nilpotent extension R, .

Remarks. (1) Given an arbitrary nonnegatively graded commutative DG algebra
Q,let R be the algebra of its even elements under Fedosov product. The pairing
defined by (8) is then a 1-cocycle on R, and one has a map of supercomplexes
a: X(R) - (Q, d)
generalizing the map in (10).
(2) Although it will not be needed, we mention the calculation of QI(R Ay
in terms of differential forms. Define the operator

n n—1 1
9: Q- Q% '®,Q,

by
8, &)= Z("l)j—lfx "‘Ej""fn‘@fj
j=1

where the & ; are 1-forms. For x,y € Q; put

w(x,y)=x0(dy)—dxdy € Q; ®, QL.

One can show that y is a 1-cocycle with respect to Fedosov product on even
forms, and that it induces an isomorphism

Q'(R,), SQe,Q,, 4xéy)— y(x,y)

with inverse x ® da — {(xda).

Finally we consider the composition of the Chern character from K 4, K A4
to periodic cyclic homology with the canonical map (6) from the latter to (Z/2)-
graded de Rham cohomology. Applying j to the b + B cycles §12 (12) and
(15) we obtain the closed forms in the de Rham complex

(11) > ﬂtr(edez"),

n
n>0
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n! -1, \2n+1
(12) %mtf((é’ dg)" ")

where we have used that tr(dez") =0 for n > 0 by virtue of the supercommu-
tativity of Q. These agree with the usual Chern character forms associated to
e, g except for the extra signs (—1)" in (11) and the missing signs (—1)" in
(12).

Ignoring these signs for the moment, let us consider the construction of the
Chern character given in §12 in light of the square (10). To obtain the Chern
character in de Rham cohomology it suffices to lift e, g into R,, take the
corresponding cycles in X(R,), then map to the de Rham complex by a. This
unusual construction goes back to Fedosov’s version [F] of the index theorem.

The signs we have mentioned result from the fact that we use the differential
b + B in the supercomplex defining periodic cycle homology. If instead we
use —b + B, the signs (—1)" occurring in §12 (12) and (15) are absent, and
we obtain the usual Chern character forms in the de Rham complex. This
observation suggests that it might have been better from the viewpoint of signs
if from the outset we had defined the supercomplexes associated to a mixed
complex, e.g., QR/F"QR and X(R) using the differential B — b.

14. TENSOR PRODUCTS

In this section we examine the behavior of the - X complex when we form the
tensor product S® T of two algebras S and 7. We wish to compare X(S®T)
with the tensor product of the supercomplexes X (S) and X(7). It turns out
that X(S) ® X(T') lies intermediate between X(S#7) and X(S ® T), where
S#T is a certain square-zero extension of S® T'.

Let x’s denote elements of S, and let y’s denote elements of 7. Let
F = S x T be the free product algebra, and let J = F[S, T]F be the ideal
generated by all commutators [x, y]. The quotient algebra F/J can then be
identified with the tensor product algebra S ® T in such a way that x ® 1 and
1 ®y correspond to the congruence classes of x and y modulo J. We define
S#T to be the quotient algebra F/J 2

In [CQI, 1.4] we gave a Fedosov type description of F analogous to the ones
for RA and QA. This description to first order says there is a vector space
isomorphism

(1) SeTeQ'seQ' TS F/J’

given by x ® y = xy, x,dx, ® y,dy, — xyy,[x,, y,]. Moreover, the product
on the left side corresponding to the product in F/J 2 s given by

(2) (X ®¥y) 0 (X, ®Y,) = XoX; @ V¥, — Xod X, ® a'_yoyl

together with the obvious left and right multiplication of S® T on Q'seQ'T.
It is easy to check (2) directly, namely, we have

(xoyo)(xlyl) = XoX\ VoV — Xolx, yo]yl
= XoXYo¥1 — XolX1» Yoy i1+ Xyolx, » ]
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in F/J 2 , and the corresponding element in S® T & Q'S QT is
XoX; ® Yo¥; — Xod X, ® d(Yoy,) + Xod X, ® yody, = XoX; ® Yoy, — Xod X, ® dyyy,
as claimed.

We now consider the tensor product X(S) ® X(T') of the supercomplexes
X(S) and X(T). To simplify the notation we suppress the f symbol used
previously for the canonical map to the commutator quotient space, so that
X,dx, now stands for an element of Q'S or Q'F , Or its image in some quotient
space of either of these, which will be clear from the context. Similarly we

write b, d instead of b, td for the differentials in the X complex. Then
X(S)® X(T) is the supercomplex

S®T Q's,eT
al
® hrd ®
aO
Q's,0Q'T, SeQ'T,
where
5. = del —-1®b 5 = bl 1®b
07 \1®ed bel )’ 17\ -1®d dol)’

We now show X(S)® X(T) is isomorphic to 2 2(F , J), which we recall is the
following quotient of X (F):
F]J*+[J,F1s Q'F/[Q'F, F1+ JQ'F.
Proposition 14.1. One has an isomorphism of supercomplexes ¢: X (S)®X(T) =
Z*(F, J) given by
d(x®y)=xy,
P(xodx; ® ¥ody,) = Xo¥olX; > ¥1],
d(xydx, ® y) = x4dx,y,
d(x ® yody,) = xy,dy,

(3)

where the elements on the right are to be interpreted as the images in & 2(F , J)
of the indicated elements of F and Q'F.

Proof. As (1) gives an isomorphism of Qs ® Q'T with J /J 2 as bimodules
over S® T = F/J, it induces an isomorphism

SeTeQ's,eQ'T, > F/J* +[J, Fl.

This shows ¢ is an isomorphism in even degree.
Next, because F is the free product S * T, the inclusion homomorphisms
from S and T to F induce a canonical F-bimodule isomorphism

FesQ'SeFoFe, Q' Te, F3Q'F

This follows easily from the universal properties of the free product and Q.
Tensoring on both sides with F/J gives an isomorphism of (S ® T')-bimodules

TeQ'SeTeSeQ' TesS S Q' F/JIQF+Q'FJ
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such that y, ® x,dx, ® y, — y,X,dx,y, , and similarly on the other summand.
Identifying the commutator quotient spaces as

(TeQ'S®T),SQ'S,0T,  y,®xdx,®y, — X,dx, ®,¥,,
(S®QIT®S)h:>S®QlTu, Xo ®Yody, ® X, = XX, ® yody, ,
we obtain an isomorphism
Q's,eTeseQ' T, S Q'F/Q'F, F1+JQ'F

which is the map ¢ in odd degree.
Thus ¢ is an isomorphism, and it remains only to check that it is compatible

with the differentials. Let 8, § denote the b, d differentials in 2 2(F ,J). We
have
Bo(xodx; ® y) = B(xgdxy) =[xy, x;]
=[xoy, X1 = X1y, X1+ [xg, X, 1y
= ¢(=xydx, ®dy +[x,, x,]® )
= ¢9,(xydx, ®y)
where we have used that [[x,, ¥], x,]1 € [/, F] vanishes in %Z(F, J). Also
6¢(x0dx1 ®y0dy1) = d(xoyo[x1 > y]])
= Xo¥oldx,, y,1+ xo¥olx, , dy;]
= xodx; [y Yol + [x9, X, 1¥ody,
= ¢(—xydx; ® [V, 1+ [xy, X1 ® ¥ody))
= ¢9,(xydx, ® yody,)
where we have
XoVod X,y = YoXodX¥| = XodX, V¥,
and
XgYo¥1dX, = Yoy Xodx, = XodX,yo¥; »
because a differential form containing a factorin [S, 7] vanishes in &2 2(F , J).
The other cases are easily verified. O
Remarks. (1) This result implies the Kunneth formula
HP(S®T)=HP(S)® HP(T)

when S and T are quasi-free. Indeed, in this situation F is quasi-free [CQ1,
5.3], so the tower Z(F , J) represents the cyclic homology type of S® 7. On
the other hand, S® T I/)gs Hochschild cohomological dimension < 2, so the
canonical surjection of Z(F, J) onto & 2(F , J) is a quasi-isomorphism and
Z 2(F , J) calculates HP(S®T). Since X(S) calculates HP(S) and similarly
for T, the desired formula follows from the proposition.

(2) The isomorphism ¢ is clearly natural (i.e., a morphism of functors of S
and T), but it is not completely canonical, as it depends upon the order of the
pair of algebras S, T in the following way. Let

bor: X(S)® X(T) S Z*(F, J)
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denote the isomorphism just constructed. One can compare ¢¢, with ¢,
where

o: X(S)® X(T) > X(T) ® X(S)

is the commutativity isomorphism for the tensor product of supercomplexes.
One finds that ¢§}¢Tsa is the identity on the subspaces QISh eQ! T,, QISh T

and S®§21Tb,but on S® T one has

$ordrs0(x@Y) =x®y —dx@dy

SO Pgp # 070 . .
We now use the preceding proposition and the canonical surjections

X(S#T) = X(F/J*) - ZXF,J) - X(F|J) = X(S®T)
to obtain natural surjections
X(S#T) L X(S) e X(T) & X(S® T)

such that gf is the map on X supercomplexes induced by the canonical sur-
jection 7: S#T — S ® T . Note that g is given by the formulas (3) where the
expressions on the right are to be interpreted as elements of X(S® T). Like ¢
the map f depends on the ordering of the pair S, 7. The map g however is
canonical, since the order ambiguity is killed by g.

Let k: X(S®T) — S, ®X (T) be the canonical surjection induced by the DG
algebra homomorphism Q(S ® 7)) — S ® QT extending the identity in degree
Zero, 1.€.,

k(x®y)=t(x)®Vy,
k((x() ® yo)d(xl ®y1)) = h(-xoxl) ®yody1-
One easily verifies that
kg =e®1: X(8)® X(T) — S, ® X(T)

where &: X(S) — S, is the canonical surjection between levels 1 and 0 of the
Hodge tower of QS '; here S[1 is to be regarded as a supercomplex concentrated

in even degree.
The following summarizes these facts.

Proposition 14.2. One has a commutative diagram

X(S#T) —2L- X (S) ® X(T)

(4) l / lml

X(SeT)—*-5,®X(T)

where the arrows are natural surjections of supercomplexes.

We now apply this result to study the homotopy behavior of the X complex.
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Proposition 14.3. Let A be a quasi-free algebra, and let u: A — S ® T be
a homomorphism. Then ku,: X(A) — S, ® X(T) can be lifted to a map of

supercomplexes X(A) — X(S)® X(T).
Proof. As S#T is a square-zero extension of S® T, we can lift # to a homo-
morphism u,: A — S#T . By 14.2 the composition

X(4) 2 x(54T) L X(8) ® X(T) 225 5, ® X(T)

gives the desired map. O

To understand the significance of this result, consider the mapping super-
complex Hom(X(A4), X(T)) and note that ku_ gives rise to a map of super-
complexes

(5) S; — Hom(X(4),, X(T))

sending a trace 7: Sh — C to (t® 1)ku,. The proposition implies that if we
regard S; embedded as a subcomplex of X(S)* by the transpose of ¢, then
(5) extends to a map of supercomplexes

(6) X(S)" - Hom(X(4), X(T)).

Consequently, if the trace 7 is nullhomotopic, i.e., T = 7'd for some trace 7’

on Q'S , then the odd operator corresponding to 7' under (6) is a nullhomotopy
for the operator corresponding to 7. This proves

Corollary 14.4. If the trace 1 is nullhomotopic, then (1 ® 1)ku,: X(A) — X(T)
is nullhomotopic.

As an example, consider S = C[¢] with

1
W) =) - £0), T (fnde) = /0 f(dt.

In this situation a homomorphism 4 — S ® T is a polynomial family of ho-
momorphisms u,: 4 — T, and the map from X(4) to X(T) associated to 7
is the difference of the induced maps u,, , «,, . The proposition says that these
induced maps are homotopic when A4 is quasi-free, which provides another
proof of the second assertion in 8.1. With some more work one can obtain the
actual Cartan homotopy formula of §7 by concretely constructing the lifting u,
used above.

Let us now assume S to be commutative. In this case we can think of u as
a family of homomorphisms from A4 to 7T parametrized by the spectrum of
S.

We have S =S, QlSh = Q¢,and X(S) = Qg/Q;', where Q7" denotes the
ideal in the ordinary de Rham complex consisting of forms of degree > n.

We shall prove the following higher order version of 14.3.

Proposition 14.5. With these assumptions the map ku,: X(A) - S® X(T) can
be lifted to a map of supercomplexes

X(4) — lim (Q5/Q5") ® X(T)).
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Proof. Let R, be the algebra of even elements of Q, = Q./ Q;" equipped with
Fedosov product; clearly R, ., = R, and R, = R, =S. By §13 (9) there is
a canonical map of supercomplexes

a: X(R,) — Qg/Qg"

given by the identity in even degree, and h(xdy) — |y|d(xy) + xdy in odd
degree. v

Now R, is a nilpotent extension of S, hence R, ®T is a nilpotent extension
of S® T, and so R #T , which is a square-zero extension of R, ® T, is also
a nilpotent extension of S ® T'. Thus we have a tower of nilpotent extensions
R #T of S®T, and as A4 is quasi-free, there is a compatible family of homo-
morphisms u,: A — R #T lifting u. This gives a compatible family of maps
of supercomplexes

X(4) 2= X(R#T) L X(R) © X(T) 225 (Qg/Q7") ® X(T)

which starts with ku, when n =0, as one sees from the proof of 14.3 and the
fact that o = ¢ for n = 0. This proves the proposition.

As a consequence, we have a map of supercomplexes

(7 DQ5)" — Hom(X(4), X(T))

n>0

extending (5), which associates to any (finite dimensional) current # an operator
fi: X(A) — X(T) of the same parity such that to the boundary of 7 corresponds
the operator [d, #j]. In particular, a closed current gives rise to a map of
supercomplexes of the same parity whose class modulo homotopy depends only
on the homology class of the current.
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