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Introduction

In general, if Aisaringand I C A a two-sided ideal, one defines the K-theory of A
relative to I to be the mapping fiber of the map of K-theory spectra induced by the
canonical projection from A to A/I. Hence, there is a natural exact triangle of spectra

K(A, ) — K(A) — K(A) > K(A,D)[-1]
and an induced natural long-exact sequence of K-groups
> KA D) > Ky(A) = K AD S K (AD > ...

If the ideal I C A is nilpotent, the relative K-theory K(A,I) can be expressed
completely in terms of the cyclic homology of Connes [14] and the topological
cyclic homology of Békstedt-Hsiang-Madsen [7]. Indeed, on the one hand, Good-
willie [21] has shown that rationally

KA ®Q - HC,(A®QI®Q) <« HC1(AD®Q,
and on the other hand, McCarthy [47] has shown that p-adically
K (A, 1, Zy) — TCy(A,L;p, Zp) .

In both cases, the argument uses the calculus of functors in the sense of Good-
willie [22,23]. Thus, the problem of evaluating the relative K-theory is translated
to the problem of evaluating the relative cyclic theories. The definitions of cyclic
homology and of topological cyclic homology are given in Sect. 3.7 below.

Let A be a commutative algebra over a field k and suppose that A is a regular
noetherian ring. By Popescu [50] (see also [54]), this is equivalent to A being
a filtered colimit of smooth k-algebras. It is then possible by the above approach
to completely evaluate the groups K, (A[x]/(x°), (x)) for truncated polynomial al-
gebras over A relative to the ideal generated by the variable. The calculation of
Connes’ cyclic homology follows from Masuda and Natsume [46] and Kassel [38],
but see also the Buenos Aires Cyclic Homology Group [24]. The topological cyclic
homology was evaluated by Madsen and the author [28,30].

If the field k has characteristic zero, the relative K-groups are expressed in terms
of the (absolute) differential forms Q% = Q:/z of the ring A. In short, QF is the
initial example of an anti-commutative differential graded ring E* with a ring
homomorphismA: A — EO. The result, which we prove in Sect. 3.11 below, then
is a natural (in A) isomorphism of abelian groups

Kyt (Alx))(x), (0) < P (9?52'”)871 '
m>1

Here the superscript e — 1 on the right indicates product. In particular, the relative
K-groups are uniquely divisible groups. For e = 2 and q = 3, this was first obtained
by van der Kallen [56].
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If the field k has positive characteristic p, the relative K-groups are expressed in
terms of the (big) de Rham-Witt differential forms W.Q% of the ring A. One defines
W.Q7 as the initial example of a big Witt complex [30]. The result, which we prove
in Sect. 3.13 below, then is a natural (in A) long-exact sequence of abelian groups

o @ng?;zm % @Wme!)/q(zm — Ky (A[x]/(xe), (x)) — ..

m>1 m>1

In particular, the relative K-groups are p-primary torsion groups. The result for
A a finite field, e = 2, and q < 4 was obtained first by Evens and Friedlander [15]
and by Aisbett, Lluis-Puebla and Snaith [2]. The big de Rham-Witt groups and the
map V, can be described in terms of the more familiar p-typical de Rham-Witt
groups W.Q2; of Bloch-Deligne-Illusie [5,35]. There is a canonical decomposition

Wi = [[wes,
d
where on the right 1 < d < m and prime to p, and where s = s(m, d) is given by
p*'d < m < p°d. Moreover, if we write e = p*¢’ with ¢ prime to p, then the map V,
takes the factor W,Q% indexed by 1 < d < m to the factor W,,Q% indexed by
1 < de’ < me by the map

€V WQL — Wy, Q5 .

If k is perfect and if A is smooth of relative dimension r over k, then the groups
Wm.QZ are concentrated in degrees 0 < g < r. The de Rham-Witt complex is
discussed in Sect. 3.8 below.

Finally, we remark that regardless of the characteristic of the field k, the spec-
trum K(A[x]/(x¢), (x)) is a product of Eilenberg-MacLane spectra, and hence, its
homotopy type is completely determined by the homotopy groups.

All rings (resp. graded rings, resp. monoids) considered in this paper are as-
sumed to be commutative (resp. graded-commutative, resp. commutative) and
unital. We denote by N (resp. by Ny, resp. by I,,) the set of positive integers (resp. non-
negative integers, resp. positive integers prime to p). By a pro-object of a category
C we mean a functor from N, viewed as a category with one arrow from n + 1 to ,
to G, and by a strict map between pro-objects we mean a natural transformation.
A general map between pro-objects X and Y of C is an element of

Homyy, (X, Y) = lim colim Home (X, Yy,) .
n m

We view objects of C as constant pro-objects of C. We denote by T the multiplicative
group of complex numbers of modulus one and by C, C T the subgroup of order r.
A map of T-spaces (resp. T-spectra) is an ¥ -equivalence if the induced map of
C,-fixed points is a weak equivalence of spaces (resp. spectra), for all C, C T.

This paper was written on visits to the Australian National University and the
University of Tokyo. Itis a pleasure to thank the two institutions for their hospitality
and support.



Topological Hochschild Homology

We first recall the Hochschild complex associated with the ring A. This is the cyclic
abelian group HH(A). with k-simplices

HHA)=A® ... A (k+ 1 factors)
and with the cyclic structure maps

dag®..Qa) =) ® ... a0, @ ... ® ag , 0<r<k,

=aqay®a; Q... Qar1 r=k,
A ®..Qa) =0 ...04,QR1®a1 ®...Qa, 0<r<k,
(A ® .. a) = ®ay®a; ® ... @ aj .

The Hochschild homology groups HH,.(A) are defined as the homology groups of
the associated chain complex (with differential given by the alternating sum of the
face maps d,), or equivalently [58, theorem 8.4.1] as the homotopy groups of the
geometric realization of the underlying simplicial set

HH(A) = |[k] — HH(A)] .

It was discovered by Connes that the action of the cyclic group of order k+ 1 on the
set of k-simplices HH(A); gives rise to a continuous T-action on the space HH(A),
see [41, 7.1.9] or [37].

We next recall the topological Hochschild space THH(A). The idea in the defini-
tion is to change the ground ring for the tensor product in the Hochschild complex
from the ring of integers to the sphere spectrum. This was carried out by Bok-
stedt [6] and, as it turns out, before him by Breen [10]. To give the definition, we
first associate a commutative symmetric ring spectrum A in the sense of Hovey-
Shipley-Smith [34] to the ring A. Let S! = A!/0A! be the standard simplicial circle,
and let S’ = S! A ... A S! be the i-fold smash product. Then

A; = |[k] > A{S}/Alsox}]
isan Eilenberg-MacLane space for A concentrated in degree i. Here A{S} } is the free
A-module generated by the set of k-simplices S}, and A{sx} is the sub-A-module
generated by the base-point. The action of the symmetric group 2; by permutation
of the i smash factors of §' induces a X;-action on A;. In addition, there are natural
multiplication and unit maps

Bigt AiNAy = Apy, Mt S Aj,

which are 2; x Yy-equivariant and 3;-equivariant, respectively.
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Let I be the category with objects the finite sets
i={1,2,...,i}, i>1,

and the empty set 0, and with morphisms all injective maps. We note that every
morphism in I can be written (non-uniquely) as the standard inclusion followed
by an automorphism. Concatenation of sets and maps defines a strict monoidal
(but not symmetric monoidal) structure on I. There is a functor G¢(A; X) from
I**! to pointed spaces that on objects is given by

Gi(A) (igy > i) =F(S* A .. ASK Ay AL AR (3.1)

where the right-hand side is the space of continuous base-point preserving maps

with the compact-open topology. Let:: i, — i, be the standard inclusion and write

i =i, + j,. Then Gr(A) (io, s ly ey ik) takes the map
S9N ASTA L ASKD Aig Ao NA;

1r

A NA;
to the composite
SON L ASTALLASE S SOA L ASTA L ASKAST

fAnj, ~

S A A ANAL A L AA;

io
= Aig Aeee ARy NAG A LA

Hirgr Aig Ao NAG A N A,
where the first and third maps are the canonical isomorphisms (in the symmetric
monoidal category of pointed spaces and smash product [43]), and where we have
suppressed identity maps. The symmetric group Xy acts on S’ and Ki; and by
conjugation on G (iy, ..., ..., i;). This defines the functor Gy on morphisms.

One now defines a cyclic space THH(A). with k-simplices the homotopy colimit
(see [9, SXII] for the definition of homotopy colimits)

THH(A) = hocko}im Gr(A) . (3.2)
Jrt
Although this is not a filtered homotopy colimit, it still has the desired homotopy
type in that the canonical map
Gk(A) (igs .. » i) = THH(A) (3.3)

is (ip + ... + ix — 1)-connected. The proof of this approximation lemma is similar to
the proof of the lemma in the proof of Quillen’s theorem B [51] and can be found
in [44, lemma 2.3.7]. We define the face maps

d.: THH(A)y - THHA).;, 0<r<k; (3.4)
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the degeneracies and the cyclic operator are defined in a similar manner. We let
0,: I*! — [* be the functor given by

0 (fgs oo i) 0= (igp.osiy Uiy oosiy) » 0<r<k,
= (it Uigsip s y) > r=k,
on objects and similarly on morphisms, and let
6,: G(A) = G100,
be the natural transformation that takes the map

SON L ASTA L ASK LZI-O A ANA;

r

VAN /\Aik

to the composite

SOA L ASTHL A ASK S S0A L ASTASH A LA SK

o~ ~ o~ ~

— Aio/\"'/\Air/\AirH /\"'/\Aik

Hiripy) ~ ~ ~
Afo/\"'/\AirJrirH /\.../\A,‘k,

if 0 < r <k, and to the composite

Skt A G A ASKT S8 A A ST A Sik

=
0

AN NA;,

i

S

~

Z,—k /\Z,‘O /\K,‘1 AL NA;

12

k-1
Bigig ~ ~ ~
— Aik+i0 /\Ai1 VANRI /\Aik—l ,

if r = k. Here again the unnamed isomorphisms are the canonical ones. The face
map d, in (3.4) is now defined to be the composite

hockoym Gr(A) ﬂ) hocko}im Gi-1(A) 00, O hOC(zlim Gi_1(A) .
Ik Ik I
Then Bokstedt’s topological Hochschild space is the T-space

THH(A) = |[k] — THH(A)| . (3.5)

The homotopy groups THH,(A) can be defined in several other ways. Notably,
Pirashvili-Waldhausen [49] have shown that these groups are canonically isomor-
phic to the homology groups of the category #(A) of finitely generated projec-
tive A-modules with coefficients in the bifunctor Hom, as defined by Jibladze-
Pirashvili [36].
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The Topological Hochschild Spectrum

It is essential for understanding the topological cyclic homology of truncated
polynomial algebras that topological Hochschild homology be defined not only as
a T-space THH(A) but as a T-spectrum T'(A).

In general, if G is a compact Lie group, the G-stable category is a triangulated
category and a closed symmetric monoidal category, and the two structures are
compatible [40, I1.3.13]. The objects of the G-stable category are called G-spectra.
A monoid for the smash product is called a ring G-spectrum. We denote the set
of maps between two G-spectra T and T’ by [T, T']c. Associated with a pointed
G-space X one has the suspension G-spectrum which we denote again by X. If A
is a finite dimensional orthogonal G-representation, we denote by S* its one-point
compactification. Then the G-stable category is stable in the strong sense that the
suspension homomorphism

[T, T = [TAS,T ASg (3.6)

is an isomorphism [40, .6.1]. As a model for the G-stable category we use sym-
metric orthogonal G-spectra; see [45] and [33, theorem 5.10].

Let X be a pointed space. Then there is a functor G¢(A; X) from I to pointed
spaces that is defined on objects by

Gr(A;X) (igs ... i) = F (SO A .o ASK, A Ao ARy AX)

and on morphisms in a manner similar to (3.1). If n is a non-negative integer, we let
(n) be the finite ordered set {1, 2, ..., n} and define I™ to be the product category.
(The category I'?) is the category with one object and one morphism.) The category
1™ is a strict monoidal category under component-wise concatenation of sets and
maps. In addition, there is a functor

Uy: I — 1

given by the concatenation of sets and maps according to the ordering of (n). (The
functor L takes the unique object to 0.) Let G,(C”) (A; X) be the functor from (I()k+!
to pointed spaces defined as the composition

(A4, X) = G(AX) 0 (U
There is a cyclic space THH!™ (A; X) with k-simplices the homotopy colimit

THH{" (4; X) = hocolim G\"” (4; X)
(I(n))k+l
and with the cyclic structure maps defined by the same formulas as in (3.4), the only
difference being that the concatenation functor LI in the formula for the functor
9, must be replaced by the component-wise concatenation functor LI, Then we
define the T-space

THH" (4;X) = |[k] — THH}" (4; X)| .

3.3
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An ordered inclusion 1: (n) — (n') gives rise to a T-equivariant map
1,: THH™(A;X) — THH")(4;X) ,

which, by the approximation lemma (3.3), is an equivalence of T-spaces, provided
that n > 1. For n = 0, there is canonical T-equivariant homeomorphism

NY(A) A X > THHO(4;X) ,

where the first smash factor on the left is the cyclic bar-construction of the pointed
monoid given by the ring A which we now recall.

We define a pointed monoid to be a monoid in the symmetric monoidal category
of pointed spaces and smash product. The ring A determines a pointed monoid,
which we also denote A, with A considered as a pointed set with basepoint 0 and
with the multiplication and unit maps given by multiplication and unit maps from
the ring structure. Let N¥ (IT) be the cyclic space with k-simplices

N =IO A...AII (k+1times) (3.7)
and with the Hochschild-type cyclic structure maps
di(Ty N o0 ATIE) =TT A ool ATLTT i A oo A TR 0<i<k,
ST AT A oo ATy i=k,
S(Mo Ao AT) =T A . ATGALATAAN...AT, 0<i<k,
B(To A . AT) ST ATIQ AT A oo AT

Then N(IT) is the geometric realization.

We define of the symmetric orthogonal T-spectrum T(A). Let n be a non-
negative integer, and let A be a finite-dimensional orthogonal T-representation.
Then the (n,A)th space of T(A) is defined to be the space

T(A)n1 = THH™ (4;8" A §%) (3.8)

with the diagonal T-action induced by the T x T-action, where the action by one fac-
tor is induced by the T-action on A, and where the other is the canonical action by T
on the realization of a cyclic space. Similarly, we give T(A),, 1 the diagonal %,,-action
induced by the >, x3,-action, where the two factors act by permutation respectively
on (n) and on the smash factors of S” = S' A... AS!. In particular, T(A)go = NY(A).
The definition of the 3, x X,y x T-equivariant spectrum structure maps

/ ’
Opnn/ AN - T(A)n,/l AS" A SA - T(A)nJrn/,)lGB)l”

is straightforward, but can be found in [20, section 2.2]. We also refer to op. cit., ap-
pendix, for the definition of the ring spectrum product maps

BuAn/ Az T(A)n,/\ A T(A)n’,/l/ — T(A)nJrn/,AEB/\” >
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which are >, x 2,y x T-equivariant with T acting diagonally on the left. With this
product T(A), becomes a commutative T-ring spectrum. The following result is
proved in [29, proposition 2.4].

Proposition 1 Suppose that n > 1. Then the adjoint of the structure map
511,;1’,/1,/\’: T(A)yr —> F (Sn A S > T(A)nJrn’,/lGB/l”)
is an ¥ -equivalence of pointed T-spaces.

As a corollary of the proposition, we have a canonical isomorphism
THH,(A) = [ST ATy, T(A)]p -
We also define a Hochschild T-spectrum H(A) and a map of T-spectra
£: T(A) - H(A),

which is called the linearization map. The construction of H(A) is completely anal-
ogous to that of T(A) but with the functor Gi(A) replaced by the functor G;(A)
that is defined on objects by

(A (igy .. »3) = F (sio A ASHAS ... ® A),-W__,H-k)

and on morphisms in a manner similar to the formulas following (3.1). There are
k + 1 tensor factors on the right and the ground ring for the tensor products is the
ring of rational integers.

Equivariant Homotopy Theory

Before we proceed, we discuss a few concepts and elementary results from the
homotopy theory of G-spaces. We refer the reader to Adams [1] for an introduction
to this material.

The homotopy category of pointed spaces is equivalent to the category of pointed
CW-complexes and pointed homotopy classes of pointed cellular maps. Similarly,
the homotopy category of pointed G-spaces is equivalent to the category of pointed
G-CW-complexes and pointed G-homotopy classes of pointed cellular G-maps.
Let G be a compact Lie group. Then a pointed G-CW-complex is a pointed (left)
G-space X together with a sequence of pointed sub-G-spaces

x=sk  XCskeXCskiyXC..Ccsk,XC..CX,

34
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and for all n > 0, a push-out square of (un-pointed) G-spaces

only
[1,0D" x G/Hq > sk,1 X
\ \
v Pn \
L, D" x G/Hq > sk, X,

with each H, C G a closed subgroup, such that the canonical pointed G-map

colimsk, X — X
n

is a homeomorphism. The map ¢, restricts to an embedding on the interior of
D" x G[Hy. We say that the image of this embedding is a cell of dimension # and
orbit-type G/H,.

A pointed G-map f: X — X' between pointed G-CW-complexes is cellular if
f(sk, X) C sk, X', foralln > —1.

Lemma2 Let G be a finite group, let X be a pointed G-CW-complex of finite
dimension, and let d(H) be the supremum of the dimension of the cells of X of
orbit-type G/H. Let Y be a pointed G-space such that Y is n(H)-connected. Then
the equivariant mapping space F(X, Y)© is m-connected with

m =inf{n(H) —d(H) | H € Oc(X)} .

Here O;(X) denotes the set of subgroups H C G for which X has a cell of orbit-type
G/H.

Proof We show by induction on n > —1 that F(sk, X, Y)C is m-connected. The case
n = —1 is trivial, so we assume the statement for n — 1. One shows as usual that
the map sk,—; X » sk, X has the G-homotopy extension property, and that the
induced map

F(sk, X, Y)¢ — F(sk,_; X, Y)®

has the homotopy lifting property [52]. The fiber of the latter map over the base-
point is canonically homeomorphic to

G
F (sk, X/ skt X, Y)¢ 5 F (\/ S" A G[Hags, Y)

S TTF(S" A GlHaw, Y)© S T F (57 Y),
a a

where the first map is induced by the map ¢,,. But the space F(S", YH«) is (n(H,)—n)-
connected and n(Hy) — n > m, so the induction step follows. Since X = sk, X, for
some 7, we are done.
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Pointed Monoid Algebras

Let A be a ring, and let IT be a discrete pointed monoid, that is, a monoid in
the symmetric monoidal category of pointed sets and smash product. Then the
pointed monoid algebra A(IT) is defined to be the quotient of the monoid algebra
A[IT] by the ideal generated by the base-point of I1. For example,

Alx][(x*) = A(IT,) ,

whereIl, = {0,1,x, ...,x°'} considered as a pointed monoid with base-point 0 and
with the multiplication given by x* = 0. There is a canonical maps ¢: A — A(II)
and 1: IT — A(IT) of rings and pointed monoids, respectively, given by ¢(a) = a- 1
and i1(7r) = 1 - 7. The following is [29, theorem 7.1].

Proposition 3 Let A be a ring and IT a pointed monoid. Then the composite

T(A) AN (IT) 25 T (AUD) A N (A(ID) 5 T (AGID))
is an # -equivalence of T-spectra.

Before we give the proof, we mention the analogous result in the linear situation.
The derived category of abelian groups is a triangulated category and a symmetric
monoidal category. A monoid for the tensor product is called a differential graded
ring. If C.is a simplicial abelian group, we write C, for the associated chain complex.

If R. is a simplicial ring, then R, is a differential graded ring with product given by
the composite

] -
R.®R, > (RR.®R), Z R,,

where the left-hand map is the Eilenberg-Zilber shuffle map [58, 8.5.4]. If A is
a (commutative) ring, then HH(A). is a simplicial ring with the product

(@ ®...0 a) - (ag ® ... @ a) = apdy ® ...  aay,
and hence HH(A), is a differential graded ring. We claim that the composite
HH(A), ® Z(NY (1)), — HH(A(IT)), ® HH(A(IT)), 55 HH(A(T)).

isaquasi-isomorphism. Indeed, this map is equal to the composite of the Eilenberg-
Zilber map

HH(A), ® Z(NY (I)), — (HH(A). ® Z(NY (1)), ,

which s a quasi-isomorphism [58, theorem 8.5.1], and the map of simplicial abelian
groups

HH(A). ® Z(N% (IT)) — HH(A(IT)). ® HH(A(IT)). > HH(A(IT)).

3.5
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which is an isomorphism, since the tensor product of simplicial abelian groups is
formed degree-wise.

Proof (Proof of proposition 3) We shall use the following criterion for a map
f: X — Y of symmetric orthogonal T-spectra to be an # -equivalence. Suppose
that for all integers n > 0, all finite dimensional orthogonal T-representations A,
and all finite subgroups C C T, the induced map

(fn,/l)cz (Xn,jl)c — (Yn,)l)c

is (n+ dimg(A°) + £c(n, A))-connected, where ec(n, A) tends to infinity with n
and A. Then f: X — Y is an ¥ -equivalence of T-spectra. This follows directly
from the definition of ¥ -equivalence [33,45].

We note that a C-equivariant isometric isomorphism A — A’ between two
finite dimensional orthogonal T-representations induces a natural C-equivariant
homeomorphism T(A),, 2 = T(A),,v. Hence, for a given finite subgroup C C T,
it suffices to consider the map

() (T(A)n2)S ANYUDC — (T(AUT)),0)¢

induced by the map of the statement in the case where A is a direct sum of copies

of the regular representation oc. To prove the proposition, we show that the map

(/"n,m(,c)C is (n 4+ m + m — 1)-connected. We first unravel the definition of this map.
The composite of canonical maps

F(SOA .. AS% Ay Ao ARG A STMC) A D
— F(SOA .. AS® Ay Ao AR ATTNED A grimec) (3.9)
— F(SOA .. AS% AUy A ... AA(IT);, A S™H9C)
defines a natural transformation of functors from I**! to pointed spaces
Gi(4; 8"eC) A N (IT) — Gy (AUIT); S™€)

If we pre-compose on both sides by the functor (L1,)**!, we get a similar natural
transformation with G,((”) in place of Gy. Taking homotopy colimits over (I)k*1,
we obtain a map

THH,” (4; §""°¢) A N (IT) — THH}" (A(IT); S""¢) .

Here we have used that taking homotopy colimits and smashing by a (fixed) pointed
space commute up to canonical homeomorphism. Finally, as k varies, these maps
constitute a map of cyclic spaces, and hence we get an induced map after geometric
realization

THH"™ (4; §""°¢) A N¥(IT) — THH"™ (A(IT); S""¢) .
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This is the map f, 0. of the statement. Here we have used that the geometric
realization of a smash product of pointed simplicial spaces is canonically homeo-
morphic to the smash product of their geometric realizations.

We next give a similar description of the induced map of C-fixed points (fy, e, )C.
The C-action on the domain and target of the map f;, o, we recall, is the diagonal
action induced from a natural C x C-action, where the action by one factor is
induced by the C-action on ¢¢, and where the other is the canonical action by
the cyclic group C C T on the realization of a cyclic space. The latter C-action is
not induced from simplicial C-action. However, this can be achieved by edge-wise
subdivision, which now we recall.

Let X. be a simplicial space, and let r be the order of C. Then by [7, lemma 1.1],
there is a canonical (non-simplicial) homeomorphism

>

Dyt [[k] = (sd, X)i| = |[k] > X

where sd, X. is the simplicial space with k-simplices given by
sd (X )k = Xi(kr1)-1
and simplicial structure maps, for 0 < i < k, given by

di: sd (Xo)k = sd(Xo)k-1 > d; = diodivksry 0 ... 0 disr-1)(ks1) >

1

sit sd (X = sdr(Xke1 > S) = Sie(r—1)(k#2) © --- O Six(k+2) O Si -

If X. is a cyclic space, then the action by C on sd,(X.)r, where the generator
™I acts as the operator (f,(k+1)-1 JARIT compatible with the simplicial structure
maps, and hence induces a C-action on the geometric realization. Moreover, the
homeomorphism D, is C-equivariant, if we give the domain and target the C-
action induced from the simplicial C-action and from the canonical T-action,
respectively.

In the case at hand, we now consider

sd, THH. (A; Snmgc)k = THH (k1)1 (A; S"+mpc)

with the diagonal C-action induced by the C x C-action, where the generator
™" of one C-factor acts as the operator (tr<k+1),1)k” on the right, and where the
action by the other C-factor is induced from the C-action on @c. This action is
not induced from an action on the individual terms of the homotopy colimit that
defines the right-hand side. However, if we let A, ;: I¥! — 11" be the diagonal
functor given by

Argigy oo sik) = (G0y een sy ene oo 510 -5 1K) >
then the canonical map of homotopy colimits

hocolim Gi(ks1)-1 (A3 8""%¢) © Ay — hocolim Gyii1)-1 (43 8"%¢)
Tkt1 Irk+1)
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induces a homeomorphism of C-fixed sets. On the left, the group Cacts trivially on
the index category, and hence the action isinduced from an action on the individual
terms of the homotopy colimit. A typical term is canonically homeomorphic to

F((S° A oo ASN, (R A oo AR A STHC)

Moreover, the group C acts on the mapping space by the conjugation action
induced from the action on the two r-fold smash products by cyclic permutation
of the smash factors and from the action on §"*"°C induced from the one on gc.
The canonical maps

F((59 A oo ASN, (Rig A oo AR A STMOC) A (I KDY
— F((S° A . ASY, (A A oo AR AITMED)NT A grtmec (3.10)
—F ((Sio A ASOY (A A Lo AAID) T A S”*’"QC)

are C-equivariant and their composite defines a natural transformation of functors
from I**! to pointed C-spaces

(G(k+1)r71(A; §Tmecy A N(C;Zﬂ)r,l(ﬂ)) oAk

— Geny-1 (AUT); S™™C) 0 Ay .

If we pre-compose both sides by the functor (u,)*"!, we get a similar natural
transformation with G,i") in place of Gy. Taking C-fixed points and homotopy
colimits over (I )**1, we obtain the map

(sd, (THH (45 877ec) A N (1T ))k)c

— (sd, THH"™ (A(IT); $"ec) ) .

As k varies, these maps constitute a map of simplicial spaces, and hence we get
an induced map of the associated geometric realizations. Finally, this map and the
canonical homeomorphism D, determine a map

(THH™ (A; S"*) A N (IT))© — THH®™ (A(IT); ")

This is the map of C-fixed points induced by the map f,, ;o of the statement. Here
we have used that geometric realization and finite limits (such as C-fixed points)
commute [16, chap. 3, §3].

It remains to show that (fn,mpc)C is (n+2m — 1)-connected as stated. As we have
just seen, this is the geometric realization of a map of simplicial spaces. It suffices
to show that for the latter map, the induced map of k-simplices is (n + 2m — 1)-
connected, for all k > 0. Finally, by the approximation lemma (3.3), it suffices to
show that for i, ... , i large, the maps of C-fixed points induced by the maps (3.10)
are (n+ 2m — 1)-connected. Let i = iy + ... + #.



K-Theory of Truncated Polynomial Algebras 85

We first consider the second map in (3.10). The canonical map
ZJ’ ANIT — Z(H)]

is (2j — 1)-connected. Indeed, this map is the inclusion of a wedge in the corre-
sponding (weak) product. It follows that the canonical map

(g A ... NA, /\H“"“))M A Srmec

— (A A ... NAWD);)" A STHMeC

is (2ir + n + mr — 1)-connected. Let C; C C, and r = st. Then the induced map of
Cs-fixed points is n(C;)-connected with n(C;) = 2it + n+ mt — 1. The supremum of
the dimension of the cells of (S A ... A S%)"" of orbit-type C; is d(C;) = it. Hence,
by lemma 2, the map of C-fixed points induced from the second map in (3.10) is
n-connected with

n=inf{n(CS)—d(Cs)|Cs C C,} =i+n+m-—1.

Hence, this map is (n + 2m — 1)-connected, if i > m.
Finally, we consider the first map in (3.10). We abbreviate
X=8"A..ASk Y=A A AA,
7 = Sn+mgc, P= HA(kJrl))

and consider the following diagram.

F(XAr’ Y/\r /\Z) /\P/\r > F(XAr, Y/\r /\Z/\PAr) (311)
3 L2
v N \
F (P/\r’F(X/\r, YA A Z)) > F (XM,F(PN, YA A Z))

where the map 3 is the adjoint of the (pointed) Kronecker delta function
§: PV APV - S

The top horizontal map in (3.11) is equal to the first map in (3.10). We wish to
show that it induces an (n + 2m — 1)-connected map of C-fixed points. We prove
that the map of C-fixed points induced by the left-hand vertical map in (3.11) is
(n + 2m — 1)-connected and leave the analogous case of the right-hand vertical
map to the reader. So consider the following diagram, where the map in question
is the top horizontal map.
3C
F(XM, Y AZ)C AP > F(PM,F(X", Y™ A 2))°

3 a*
Y Y

~

F (P, F(X", Y A Z)C) = F(P,F(X™, Y™ A 2))°
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The left-hand vertical map is the inclusion of a wedge in the corresponding
product. The summands F(X"", Y A Z)€ are (n + m — 1)-connected by lemma 2,
and hence this map is (2(n + m) — 1)-connected. The right-hand vertical map
is induced from the inclusion A: P — P" of the diagonal. The map A* has
the homotopy lifting property, and the fiber over the base-point is canonically
homeomorphic to the mapping space

F (P JA(P), F(X", YN A 2))€ .

The connectivity can be evaluated by using lemma 2. Since P""/A(P) has no cells
of orbit-type C/C, we find that this space is (n + tm — 1)-connected, where ¢ is the
smallest non-trivial divisor in r. Since t > 2, we are done.

A similar argument shows the following result.

Proposition 4 Let A be a ring and IT a pointed monoid. Then the composite

H(A) ANY(IT) — H (A(IT)) A N¥ (A(IT)) 5 H (A(IT))

is an # -equivalence of T-spectra.

The Cyclic Bar-construction of 11,

The T-equivariant homotopy type of the T-spaces N (I1,) that occur in proposi-
tion 3 for truncated polynomial algebras was evaluated in [28]. The result, which
we now recall, is quite simple, and it is this simplicity which, in turn, facilitates
the understanding of the topological cyclic homology of truncated polynomial
algebras.

There is a natural wedge decomposition

\/ N¥(1,, i) > N¥(1IT,)

ieNy
where N9 (I1,, i) is the realization of the pointed cyclic subset N (I1,, i) generated
by the 0-simplex 1, if i = 0, and by the (i — 1)-simplex x A ... A x, if i > 0. The
T-space N (I1,0) is homeomorphic to the discrete space {0,1}. For i > 0, we let
d = [(i — 1)/e] be the largest integer less than or equal to (i — 1)/e and consider the
complex T-representation

A=CleC2)®...eCA),

where C(t) denotes the representation of T on C through the ¢-fold power map.
The following result is [28, theorem B].
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Theorem 5 There is a canonical exact triangle of pointed T-spaces

id A pr
SN ATICer T SM ATIC — N (I, i) > M A TICyen [-1],

where d = [(i — 1)/e] and where the right and left-hand terms are understood to
be a point, if e does not divide i.

We sketch the proof. By elementary cyclic theory, N*(I1,, i) is a quotient of the
cyclic standard (i — 1)-simplex A”™! = A"! x T. In fact, it is not difficult to see that
there is a T-equivariant homeomorphism

(A7YC;i - A7) Ag Ty — NY (e i)

where A"l is the standard (i — 1)-simplex with C; acting by cyclically permuting
the vertices and A™¢ C A™! is the face spanned by the first i — e + 1 vertices. It
is also easy to understand the homology. Indeed, the reduced cellular complex of
N9 (I1,) is canonically isomorphic to the Hochschild complex of Z[x]/(x¢), and the
homology of the latter was evaluated in [24]. If e = 2, C;-A"2 = A"}, and the result
readily follows. If e > 2, however, the homological dimension 2d is smaller than the
topological dimension i—1, and the main difficulty is to produce an equivariant map
of degree one from the sphere St to N(I1,, ). It is the complete understanding
of the combinatorial structure of the so-called cyclic polytopes [13,17] that makes
this possible.

Topological Cyclic Homology

We recall the definition of the cyclic homology of Connes [14] and the topological
cyclichomology of Bokstedt-Hsiang-Madsen [7]. We first give the definition of the
version of cyclic homology that was defined independently by Loday-Quillen [42]
and Feigin-Tsygan [55] and that agrees with Connes’ original definition rationally.

In general, if G is a compact Lie group and H C G a finite subgroup, then there
is a canonical duality isomorphism in the G-stable category

X AGJHy, Y AS¥) = [X,Y AGIH,]; (3.12)

where g denotes the Lie algebra of G with the adjoint action [29, section 8.1]. If
G =T, the adjoint representation t is trivial, and we fix an isomorphism R St

Let E be a free contractible T-CW-complex; any two such T-CW-complexes are
canonically T-homotopy equivalent. We use the unit sphere E = S(C*) with the
standard T-CW-structure with one cell in every even non-negative dimension.
Then the cyclic homology of A is defined by

HC,(A) = [ST,H(A) AE,], . (3.13)

3.7
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There is a canonical isomorphism
[ST, H(A) A E, ] < [ST, (H(A) AE)T]

and hence the group HC,(A) is canonically isomorphic to the gth homotopy group
of the T-group homology spectrum

H. (T, H(A)) = (H(A) AE;)" [+1]

(compare [40, theorem 7.1] for the dimension-shift). There is a canonical exact
triangle of pointed T-CW-complexes

T, = ski(E,) — sko(E,) = Ty [=2] > Ty [-1],
which induces an exact triangle of T-spectra
H(A) ATy — H(A) Asky(Er) — H(A) ATy [-2] 2 H(A) ATy [-1] .
The boundary map induces Connes’ (B-)operator
d: HHy(A) — HHg1(A), (3.14)
where we use the duality isomorphism (3.12) to identify
HH,4(A) > [ST ATy, H(A) A S| =[S, H(A) A Ty lr

The operator d is the d*-differential in the spectral sequence induced from the
skeleton filtration of E. The spectral sequence is a first quadrant homology type
spectral sequence with Eit = HH;(A), for s even, and zero, for s odd. Moreover, the
groups HH,. (A) together with the operator d form a differential graded ring.

The definition (3.14) of the Connes’ operator d makes sense for every T-
spectrum. The operator d is a derivation, for every ring T-spectrum, but, in general,
it is not a differential. Instead, one has

dod=doi1=10d,

where 1 is the map induced by the Hopf map n: $1! — $1.
We now explain the definition of topological cyclic homology, and refer to [20,
27,29,31] for details. Let p be a fixed prime and consider the groups

TR} (A;p) = [ST A T[Cpr1y, T(A)],, - (3.15)
There is a canonical isomorphism
[STATICpr T(A)], < [$%,T()7 ],

and hence the group TR} (A;p) is canonically isomorphic to the qth homotopy
group of the C,-1-fixed point spectrum

TR"(A;p) = T(A)"" .
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By using the duality isomorphism (3.12), we can define a derivation
d: TRZ(A;p) — TRZH(A;p)

in a manner similar to (3.14). The canonical projection from T/Cpu-1 to T/Cy2
induces a natural map

. nea. —1/4.
F: TRY(A;p) — TRy (A;p)
called the Frobenius, and there is an associated transfer map
. n—1 . n .
Vi TRy (A;p) — TRE(Asp)

called the Verschiebung. The two composites FV and VF are given by multiplication
by the integer p and by the element V(1), respectively. Moreover,

FAV =d+(p—-1).
There is an additional map
. n . n—1 .
R: TRy (A;p) — TRY (A;p)

called the restriction, whose definition we now explain.

In general, an isomorphism of compact Lie groups f: G — G’ induces an
equivalence of categories f* from the G'-stable category to the G-stable cate-
gory [40, IL.1.7]. In particular, the isomorphism given by the rth root

o: T > T/C,

induces an equivalence o* from the T/C,-stable category to the T-stable category.
We consider the following exact triangle of pointed T-CW-complexes.

E, — SO—>E—3>E+[—1].

Here F is defined as the mapping cone of the left-hand map, which collapses E to
the non-base point of $°. It induces an exact triangle of T-spectra

T(A) A E, — T(A) — T(A) AE > T(A) A E[-1] .

The T-spectrum T(A) has the additional property that there is a natural ¥ -
equivalence of T-spectra

r: ol (T AE)? 5 T(4),
and hence the exact triangle above induces an exact triangle of T-spectra

0! (T(A) AE)T — gET(A)S 5 T(4) > ¢ (T(A) AE) P [-1].
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This induces an exact triangle of C,:-2-fixed point spectra
n R n—1 9
H. (Cp1, T(A)) — TR™(A;p) = TR (A;p) > H. (Cpr1, T(A) [-1],
which, in turn, gives rise to a long-exact sequence of homotopy groups
.o = Hy (Cp1, T(A)) — TR (4;p) > TR (4;p) > ...
Here the left-hand term is the C,»-1-group homology spectrum
H. (Cpr1, T(A)) = (T(A) AE) P,

whose homotopy groups are the abutment of a first quadrant homology type
spectral sequence

E}, = Hy (Cpn1, THH,(A)) = Hyy; (Cp1, T(A)) .

The spectral sequence is obtained from the skeleton filtration of E considered as
a Cpi1-CW-complex, and the identification the E*-term with the group homology
of Cyn-1 acting on THH..(A) uses the duality isomorphism (3.12). We refer to [31,
§4] for a detailed discussion.

One defines TC"(A; p) as the homotopy equalizer of the maps

R,F: TR"(A;p) — TR" (A;p)

and TC(A;p) as the homotopy limit of the spectra TC"(A;p). Hence, there is
a natural long-exact sequence of pro-abelian groups

.. = TC;(Asp) — TR (A;p) = TR;(Asp) > TC,,(Asp) — ..
and a natural short-exact sequence
0 — R'im TC;,, (A;p) — TCy(A;p) — im TC;(A;p) — 0.

Here we use the restriction map as the structure map for the pro-systems, but we
could just as well have used the Frobenius map. We shall use the notation TF;(4; p)
to denote tl‘le pro-abelian group consisting of the groups TR} (4; p), for n > 1, with
the Frobenius as the structure map.

The de Rham-Witt Complex

The Hochschild homology groups HH,(A) form a differential graded ring, with
the differential given by Connes’ operator, and there is a canonical ring homomor-
phism A: A — HH(A). The de Rham complex Q7 is the initial example of this
algebraic structure, and hence there is a canonical map

A: Q4 — HHy(A) .
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Analogously, the groups TR (A; p) form a more complex algebraic structure called
a Witt complex [27]. The de Rham-Witt complex W.Q% is the initial example of
this algebraic structure, and hence there is a canonical map

A: W04 — TRI(A;p) .

The construction of W.Q} was given first for [F,-algebras by Bloch-Deligne-
Illusie [5, 35], who also showed that for k a perfect field of characteristic p and
X — Spec k smooth, there is a canonical isomorphism

HI(X, W.Q%) — Hi (X|W(k))

of the (hyper-)cohomology of X with coefficients in W.Q% and the crystalline
cohomology of X over Spec W(k) defined by Berthelot-Grothendieck [3]. Recent
work by Madsen and the author [27,31] has shown that the construction can
be naturally extended to Z,)-algebras (where p is odd) and that the extended
construction is strongly related to the p-adic K-theory of local number fields. See
also [19,26].

Suppose either that A is a Z,)-algebra with p odd or an I,-algebra. Then we
define a Witt complex over A to be the following (i)-(iii).

(i) A pro-differential graded ring E* and a strict map of pro-rings

A: W.(A) > E

from the pro-ring of Witt vectors in A.
(ii) A strict map of pro-graded rings

F: Ef — EF,
such that AF = FA and such that foralla € A,
Fd\([a],) = A[al,—)P 'dA([alu-1)

where [a], = (a,0,...,0) € W,(A) is the multiplicative representative.
(iii) A strict map of graded E*-modules

V:FE | — Ef

such that AV = VA and such that FdV = d and FV = p.

A map of Witt complexes over A is a strict map f: Ef — E* of pro-differential
graded rings such that A’ = fA, F'f = fF and V'f = fV. We call F the Frobenius,
V the Verschiebung, and the structure map of the pro-differential graded ring the
restriction.

It is proved in [27, theorem A] that there exists an initial Witt complex over A,
W.Q3%, and that the canonical map .Q?A,n( > W,Q% is surjective. The following
result, which we will be need below, is [27, theorem B].



92 Lars Hesselholt

Theorem 6 Suppose either that A is a Z,)-algebra, with p an odd prime, or an IF,-
algebra. Then every element o € WHQZM can be written uniquely as a (direct)
sum

@ = ag) (¥, + Dby (e, dlt],

jeNy jeN
n—1

+ 30 (v (a1l + v (811 ) )
s=1 jelp

: - - -1
with ag; ) e W,_01 and b§7 ) ew, ol

If A is a regular F,-algebra, then the structure of the groups W,Q} is well
understood [35]. There is a multiplicative descending filtration by the differential
graded ideals given by

Fil' W,Q% = V'W,_,Q1 + dV'W,_ Q%" .

The filtration has length # and the filtration quotients can be expressed in terms
of the de Rham complex of A and the Cartier operator [35, 1.3.9].

Cyclic Homology of A[x]/(x¢)
As we recalled in the introduction, there is a natural isomorphism

K, (Alx)/(x%), (x)) ® Q ~ HCyy (A[x]/(x), (x)) ® Q .

We use the calculation of the T-equivariant homotopy type of N (I1,) to derive
a formula that expresses the left-hand groups in terms of the rational Hochschild
homology groups of the ring A.

Proposition 7 There is a natural isomorphism, valid for all rings A,

P HH; 2(A) ® Q > HC, (Alxl/(x), () ® Q,

ieN\eN

where d = [(i — 1)[e].

Proof We recall that the composite

H(A) ANY(IT,) - H (A[x]/(xe)) ANY (A[x]/(xe)) A H (A[x]/(xe))
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is an equivalence of T-spectra. Hence, theorem 5 gives rise to an exact triangle of
T-spectra
A id A pr 1
\/ H(A) A SM AT[Cyoy — \/H(A) A SMATIC
iceN ieN

— H(Ax]/(x), (1) > \/ H(A) A $% A T/Cpes [-1],

i€eN

which induces an exact triangle of T-group homology spectra. The associated
long-exact sequence of homotopy groups takes the form

<o —> @ H, (T, H(A) A $* A T[Cyer) — @D Hy (T, H(A) A SM A TICyy)
iceN ieN

— HC, (Alx]/(x%), (x)) 2 @Hq_l (T,H(A) A KN T/Cijes) — -+
iceN

There is a natural isomorphism
H, (T, H(A) A $* A T/C;y) < H, (Ci, H(A) A $M) .
Moreover, the edge-homomorphism
Hy (Ci, my(H(A) A SM)) — H, (C;, T(A) A SY)
of the spectral sequence
E}, = H, (C;, m(H(A) A $*) ® Q) = Hiy, (C, H(A) A SM) @ Q

is an isomorphism. Indeed, for every C;-module M, the composition

H{(C, M) 5> H, ({1}, M) 25 H,(C, M)

is equal to multiplication by i = [C; : {1}]. In the case at hand, this map is an
isomorphism. But Hy({1}, M) is zero, for s > 0, and therefore also H;(C;, M) is zero,
for s > 0. Next, the action by C; on H(A) A S extends to an action by T, and
therefore, it induces the trivial action on homotopy groups. Hence, we further have
an isomorphism

HH, 54(A) = m(H(A) A SM) S Hy (G, m(H(A) A SM))
Finally, one sees in a similar manner that, after tensoring with QQ, the map
pr,: Hy (T,H(A) A S A T/C,-/e+) — H, (T,H(A) A S A T/C,-+)

becomes an isomorphism. Hence, after tensoring with Q, the top left-hand term
of the long-exact sequence above maps isomorphically onto the direct summands
of the top right-hand term indexed by i € eN. The proposition follows.



Topological Cyclic Homology of A[x]/(x°)

We recall that for every ring A and every prime p, the cyclotomic trace induces an
isomorphism

Ky (A[x][(x), (x), Zy) = TG, (Alx][(x), (x), Zy) -

In this paragraph, we evaluate the topological cyclic homology groups on the right
in terms of the groups

TR, (A;p) = [ST A T[Cpr1y, T(A) ASH]

Indeed, we shall prove the following formula.

Proposition 8 Let e = p’¢’ with ¢’ prime to p, and let A be an [F-algebra. Then
there is a natural long-exact sequence of abelian groups

. - vy .
- = 1_[ hlgnTR;,Vl,Ad(A;p) — l_[hlrznTR;,l,Ad(A;p)

jeely j€lp

- TCy (Alx]/(x), (x); p) 3 H lim TR (Asp) — -+

jeelp

where d = [(p""!j — 1)/e]. The analogous sequence for the homotopy groups with
Z[p*-coefficients is valid for every ring A.

Let A be a finite dimensional othogonal T-representation, and let A’ denote the
T-representation Q;/\CP. Then the restriction map induces a map

R: TR} ;(A;p) — TRI ) (4;p) .

This is the structure map in the limits of proposition 8. We note that, if j € I,
andr € N, and if we let d = [(p"!j— 1)/e] and d' = [(p"%j — 1)/e], then (1) =
Ay as required. Moreover, by [29, theorem 2.2], there is a natural long-exact
sequence

o = Hy (Gt T(A) A SY) — TR (4;p) = TRI L (Asp) — -

Since the left-hand term is zero, for g < dimg(A), it follows that the map R in
this sequence is an epimorphism, for g < dimg(A), and an isomorphism, for
q < dimg(A). Hence, the limits of proposition 8 are attained. In addition, we see
that the jth factor of the upper right-hand term of the long-exact sequence of
proposition 8 is non-zero if and only if g — 1 > 2[(j — 1)/e] and that the jth factor
of the upper left-hand term is non-zero if and only if g — 1 > 2[(p"j — 1)/e]. Hence,
the products are finite in each degree q.
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Proof (Proof of proposition 8) From proposition 3 and theorem 5, we get an exact
triangle of T-spectra

\/ T(A) A S* A TICrer "B \/ T(A) A $% ATIC,

iceN ieN
(3.16)

T (Alx/(x), (1)) > \/ T(4) A 4 A T/Cyer [-11,

iceN

where d = [(i — 1)/e]. We wish to evaluate the map of homotopy groups of C,-1-
fixed points induced by the map of T-spectra in the top line. We first consider the
top right-hand term in (3.16). By re-indexing after the p-adic valuation of i € N,
this term can be rewritten as

n—1
\/ T(A) A SM A T|Cprmrjy v \/ \/ T(A) A SM AT[Cprmj
jeN r=1 jelp

and hence the C,i-1-fixed point are expressed as a wedge sum

Co
\/ €t (T(A) A SM ATICprrjy) 7"
jeN
-l Cpnfr
AVAVE = (pp, L (T(A) A $% A TYCy1;,) P 1) .
r=1 jelp
Moreover, for every T-spectrum T, there is a natural equivalence of T-spectra
* TCpm * (TICom; Com 5 % T ATICom; Cpm
me A me( / Pm]+) - me( N / p"’]+) B
and the p”'th root defines a T-equivariant homeomorphism
T/Cﬁ. —~) Q;m (T/Cpmj+)cpm

Hence, the wedge sum above is canonically equivalent to the following wedge sum
of T-spectra.

\/ @5t (T(A) A S2) "™ ATYC,
jeN

v \/ Vo ( 1 (T(A) A S A ’H‘/Cj+)c"n_r .

r=1 jel,

(3.17)

Here, in the top line, i = p”’1 j» and in the bottom line, i = pH j» and in both cases,
d = [(i— 1)/e]. The following easy result is [27, lemma 3.4.1].
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Lemma 9 Let T be a T-spectrum, letj € I,,andlet:: Cj/C; — T/C; be the canonical
inclusion. Then the map

VP, 4+ AV (T) @ 141 (T) = 1y (€T A TG

is an isomorphism.

The wedge decomposition (3.17) and lemma 9 gives rise to an isomorphism of
the following direct sum onto the gth homotopy group of the top right-hand term
of (3.16).

D (TR, Asp) @ TR, 4, (43p)
jeN
(3.18)

@@@(TRq AP B TR, (45p)).

jelp =1

The same argument gives an isomorphism of the following direct sum onto the
qth homotopy group of the top left-hand term of (3.16).

@ ( a1, (Ap) © TRE, Ad(A;P))

jee'N

n—1
o @ @ (TR, i) ® TR, (4sp))

jEE/Ip r=v+1

(3.19)

Here in the top line m = min{n, n — v + v,(j)}. Moreover, the map of gth homotopy
groups induced by the map id A pr in (3.16) preserves the indices of the direct sum
decompositions (3.18) and (3.19) of the gth homotopy groups of the target and
domain. It is given on the summands in the bottom lines of (3.18) and (3.19) by
the following maps [29, lemma 8.1].

V7 TR (Asp) — TR, (A;p),

¢V TR, (Asp) — TR, (Asp).

We now assume that A is an [F,-algebra and consider the groups in (3.18) for
varying n > 1 as a pro-abelian group with structure map given by the Frobenius
map. The Frobenius map takes the summand with index j € N in the top line
of (3.18) for n to the summand with index pj € N in the top line of (3.18) for n — 1.
It takes the summand with index j € I, and 1 < r < n -1 in the bottom line
of (3.18) for n to the summand with the same indices in the bottom line of (3.18)
for n — 1. Finally, it takes the summand with index j € I, and r = n — 1 in the
bottom line of (3.18) for n to the summand with index j € Nin the top line of (3.18)
for n — 1. It follows that the projection onto the quotient-pro-abelian group given
by the bottom line of (3.18) is an isomorphism of pro-abelian groups. Indeed, the
sub-pro-abelian group given by the upper line of loc.cit. is Mittag-Leffler zero since
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the sum is finite. The value of the Frobenius map on the summands in the bottom
line of (3.18) follows immediately from lemma 9 and the relations FV = p and
FdV = d. We find that

F=p: TR, (A;p) — TRY_, (A;p),
=id: TR, ; (A;p) = TR}, (A;p).

It follows that the pro-abelian group with degree n term given by the direct
sum (3.18) and with structure map given by the Frobenius is canonically iso-
morphic to the pro-abelian group with degree n term the direct sum

@@TRQ 1 /‘d(A;p)

r=1 jelp

and with structure map the canonical projection. A similar argument shows that
the pro-abelian group with degree n term given by the direct sum (3.19) and with
structure map given by the Frobenius is canonically isomorphic to the pro-abelian
group with degree n term the direct sum

@ @T ql/‘d(A;p)

r=v+l jee Ip

and with structure map the canonical projection. Hence, we have a long-exact
sequence of pro-abelian groups with degree n terms

n—1
/VV
— @ D0 DD
r=vtl jee'l, r=1 jelp

(3.20)
— TE! (A[x]/(x), (x); p) @ D TR , (Aip) > -

r=v+1 ]EE/IP

and with the structure map given by the canonical projection in the two terms of
the upper line and in the right-hand term of the lower line and by the Frobenius
map in the left-hand term of the lower line. In particular, the pro-abelian group
TFé(A[x]/(xe), (x); p) satisfies the Mittag-Leffler condition, so the derived limit
vanishes. Hence, we have an isomorphism

TEy (Alx)/(x), (x); p) — Lim TE{ (A[x]/(x), (x);p)

and the long-exact sequence (3.20) induces a long-exact sequence

=TT TR0 = TR 1o, (450)

rzv+l jeel, r=1 jelp,

— TF, (AL, sp) > T [ TR, (A5p) — -+

r>v+1 ]ee/Ip

(3.21)
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of the limits. Finally, the restriction map induces a self-map of the sequence (3.21)
which on the two terms of the upper line and the right-hand term of the lower line
is given by the map

R: TR, ,_, (A;p) — TR;?H; (A;p) .

As we remarked after the statement of proposition 8, this map is an isomorphism
for all but finitely many r. It follows that the map

TF, (ALx]/(x), (x); p) 5 TR, (A[x]/(x%), (x); p)

is surjective and identifies TC,(A[x]/(x°), (x); p) with the kernel. Indeed, the self-
map R — id of the sequence (3.21) is a split surjection with compatible sections on
the remaining terms. Finally, the long-exact sequence of the statement is obtained
as the long-exact sequence of kernels of the self-map R —id of the sequence (3.21).

The Characteristic Zero Case

We use the description of the cyclic homology and topological cyclic homology
from the paragraphs above to prove the following result.

Theorem 10 Suppose that A is a regular noetherian ring and a (Q-algebra. Then
there is a natural isomorphism of abelian groups

Ky (Al ) < @B (@57)

m>1

where the superscript e — 1 indicates product.

Proof We first show that the relative K-groups with Z,-coefficients are zero. By
McCarthy [47], the cyclotomic trace induces an isomorphism

K, (Alx])(x), (x), Zp) = TCq (Alx]/(x), (x); p> Zp)
and for every spectrum X, there is a natural short-exact sequence
0 — R'lim mg01(X, Zfp¥) — 1my(X, Zp) — limmy(X,Z[p") — 0.

Hence, by proposition 8, it suffices to show that the groups TR}, (4; p, Z[p") are
zero. Moreover, there is a natural long-exact sequence

o = Hy (Gt T(A) A SY) — TR (A;p) > TRI L (Asp) — -+
and a natural spectral sequence

E}, = Hy (Cp1, m(T(A) A SY)) = Hypy (Cpm1, T(A) ASH)
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The same is true for the homotopy groups with Z/[p"-coefficients. Hence, it will be
enough to show that the groups

m (T(A) A SN Z[p") = THH —gimg ) (A, Z[p")

are zero. But these groups are at the same time A-modules and annihilated by p*.
Therefore, they are zero, for every Q-algebra A. It follows that in the arithmetic
square (which is homotopy-cartesian [8])

K (Alx]/(x), (x)) = 1, K (Alx)/(x), (x)); (3.22)

v \

K(A[X]/(Xe)y(x))(@ - <HPK(A[X]/()CE)>(X)); >Q >

the spectra on the right are trivial, and hence the left-hand vertical map is an
equivalence. Hence, the canonical maps

K, (A[x]/(xe), (x)) — HC, (A[x]/(xe), (x)) <~ HCy, (A[x]/(xe), (x))

are isomorphisms and the common group uniquely divisible. The statement now
follows from proposition 7 and the fact that the canonical map

Q% — HH,(A)

is an isomorphism. The latter is true for A a smooth QQ-algebra by Hochschild-
Kostant-Rosenberg [32], and the general case follows from Popescu [50]. Indeed,
the domain and target both commute with filtered colimits.

The Groups TR, (4; p)

In this paragraph, we evaluate the groups
TR! , (4;p) = [S? A T[Cprry, T(A) A S,

for A a regular [F,-algebra. In the basic case of the field F,, or, more generally,
a perfect field of characteristic p, the groups were evaluated in [29, proposition
9.1]. To state the result, we define

s = dime(A%) ,

for all s > 0, and ¢; = 00, for s < 0. Then there is a canonical isomorphism of
graded abelian groups

P wikl-2m] - TR, (kp),

Lyp—r<m<lp—1—r

3.12
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where the sum is over all integers m, and where r is the unique integer such that
Ly < m < L, 1_,. Equivalently, the‘ group TRZ%(k; p) is isomorphic to W, (k), for
q=2mand?,_, <m<4¥,1,,andis zero, for g is odd.

The groups TR_, (A; p) naturally form a differential graded module over the
differential graded ring TR (A; p). Hence, we have a natural pairing

W, Q% ®w, ) TRI_; (kp) — TR, (A;p) . (3.23)

Theorem 11 Let A be a regular [F,-algebra, and let A be a finite dimensional
complex T-representation. Then the pairing (3.23) induces an isomorphism of
graded abelian groups

@w,gj;[—zm] = TR",(A;p) .

Ly <m<lp—1—

Proof The domain and target of the map of the statement both commute with
filtered colimits. Hence, by Popescu [50], we can assume that A is a smooth k-
algebra. Moreover, if f: A — A’ is an étale map of k-algebras, then the canonical
map

W,(A") Qw,(4) TRZ% (A;p) — TRZ%(A%P)

is an isomorphism. The analogous statement holds for the domain of the map of
the statement. By a covering argument, we are reduced to consider the case where
A is a polynomial algebra over k in a finite number of variables, see [30, lemma
2.2.8] for details. Hence, it suffices to show that the statement for A implies the
statement for A’ = A[t].

The following result follows by an argument similar to [27, theorem C].

Proposition 12 Let A be a finite dimensional orthogonal T-representation, and
let A be a Z,)-algebra. Then every element 0™ € TR}, (A[t]; p) can be written
uniquely as a (direct) sum

@ =3 g1, + Y by e, ],

jeNy jeN
n—1

Y (VS (agj;.-ﬂ [t]fn,s) +dVs (bgg‘” [t]fn,s))
s=1 jeIP

with a7 € TR (4;p) and b7 € TR, (A;p).
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Proof We outline the proof. The group TR, (A[t]; p) is the qth homotopy group
of the T-spectrum

obr (T (Alr]) A SH) P (3.24)

LetIT = {0,1,¢, %, ...} bethe sub-pointed monoid of A[¢] generated by the variable.
We recall from proposition 3 that the composite

T(A) AN (D) 25 T (AL1]) A N (A1) 5 T (AL1])

is an ¥ -equivalence of T-spectra. Moreover, the T-space N (IT) decomposes as
a wedge sum

\/ N1, i) > N(),

IS\

where N9 (I1, 1) is the realization of the cyclic subset of N (II) generated by the
0-simplex 1, if i = 0, and by the (i — 1)-simplex t A ... A £, if i > 0. Hence, the
T-spectrum (3.24) can be expressed, up to ¥ -equivalence, as a wedge sum

\/ Q;n—l (T(A) A\ S/1 AN (H’pn—lj))cpn—l
j€No

ATV 65 (6 (1) 51 A8 (1775 7).
s=1 jelp
In addition, there is a natural equivalence of T-spectra
Ol (T(A) A SN A 05N (IT, p™) 7"
5 0 (T(A) A S AN (1T, p)) 7"
and a T-equivariant homeomorphism
A: NY(IT,j) 5 05N (IT,p")P" .

Hence, we obtain the following wedge decomposition, up to ¥ -equivalence, of the
T-spectrum (3.24).

\/ @ (T(A) A ST AN(L)
jeNy

n—1

VNV 6 (e (1) £ 895 AN, )

s=1 jelp

Cps
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We claim that the induced direct sum decomposition of the gth homotopy group
corresponds to the direct sum decomposition of the statement. To prove this, one
first proves that the map

TR}, (4;p) ® 23, — TRL, (Alt;p)

that takes a ® # to f(a)[t], and a® #'dt to f(a) ¢}, 'd[t], is an isomorphism onto
the direct summand 71*(9;”_1 (T(A) A S’l)cp”‘1 A NY(IT)). We refer to [27, lemma
3.3.1] for the proof. Secondly, one shows that if T is any T-spectrum, and if j € I,,
then the map

Vit + AV my(T) @ o (T) > (03T A TG )

is an isomorphism. Here 1: Cj/C; — T/C; is the canonical inclusion. This is
lemma 9. This completes our outline of the proof of the proposition.

As we recalled in theorem 6 above, the de Rham-Witt groups of A[t] can be
similarly expressed in terms of those of A. We can now complete the proof of
theorem 11. Let EX(A) denote the left-hand side of the statement. We claim that
every element o™ € EL(A[t]) can be written uniquely as a direct sum

@ =3 Jag) ek, + 3 07 e el

j€Ny jeN
n—1

3 3 (V (ol e ) + ave (o100
s=1 jelp

with agf*s) € El_{(A) and bg*s) € EIZ1(A), or equivalently, that the map
n—1
PEW & PE(A) o P EPE(A) @ ELLA) — ELA[L])
jeNy jeN s=1 jelp

given by this formula is an isomorphism. On the one-hand, by theorem 6, the
right-hand side is given by the direct sum

@ <@ Wrgz‘fzm @ @ WrQZIZm)@

Lp—r<m<ly—1—r " jENy jeN

S (OB (warmow.ar™)).

Cp—r<m<ly_1—r s=1 jelp

(3.25)
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and on the other-hand, by the definition of El(A), the left-hand side is given by the

direct sum
@ @ qu2m®@ @ W.quzm

jeNy Ly—r=<m<ly—1-r jEN Ly—r<m<ly_1-r

n—1
@@ @ (WQqun@WquZm)'

=1 jelp y—s—r<m<lp—s—1-r

(3.26)

The top lines in (3.25) and (3.26) clearly are isomorphic, and the bottom lines both
are seen to be isomorphic to the direct sum

@ @ @(WQan@WQQIZm)
r=1 Lp1<m jelp

This proves the claim.

The Positive Characteristic Case

The following result was proved by Madsen and the author in [28,30] but stated
there in terms of big de Rham-Witt differential forms.

Theorem 13 Suppose that A is a regular noetherian ring and an [F,-algebra, and
write e = p"¢’ with ¢ not divisible by p. Then there is a natural long-exact sequence
of abelian groups

> PP Wl 2m 2V = PP wai™

m=1 jeel, m=1 jelp
1-2
- K (A, () > P P we2f ™"
m=1 jee'lp

where s = s(m, j) is the unique integer such that p*'j < me < p’.

Proof We recall that by Goodwillie [22], there is a canonical isomorphism

Ky (Alx]/(x%), (x)) ® Q ~ HCyy (A[x]/(x), (x)) ® Q .

But proposition 7 shows that the groups on the left are zero. Indeed, the groups
HH..(A) are A-modules, and therefore, annihilated by p. If £ is a prime, then by
McCarthy [47], the cyclotomic trace induces an isomorphism

Ky (ALx)(x), (x), Z¢) = TCq (Alx][(x), (x); €, Z¢)

3.13

13
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and for every spectrum X, there is a natural short-exact sequence
0 — R'lim g1 (X, Z[€) — my(X, Zyg) — limmy(X, Z[¢") — 0.
v v

The groups TC,(A[x]/(x%), (x); £, Z[€") are given by proposition 8 in terms of
the groups TRY_, (A; {,Z[¢"). We claim that the latter are zero, for £ # p. In ef-
fect, we claim the slightly stronger statement that for every prime ¢, the groups
TR}, (A;€) are p-groups of a bounded exponent (which depends on ¢, g, n,
and A). The proof is by induction on n > 1 and uses the natural long-exact
sequence

s = Hy (Cort, T(A) A SY) — TRI(4;€) = TR, (A;0) — -+
and the natural spectral sequence
EZ, = Hy (Cpn1, m(T(A) A $1)) = Hyyr (Con1, T(A) ASH)
Since the groups
1 (T(A) A $*) = THH —dimg 1) (A)

are A-modules, and hence annihilated by p, the claim follows. We conclude from
the arithmetic square (3.22) that the cyclotomic trace

Ky (Alx]/(x), (x)) = TC, (Alx]/(x%), (x); p)

is an isomorphism. The right-hand side can be read off from proposition 8 and
theorem 11. For notational reasons we evaluate the group in degree q — 1 rather
than the one in degree g. We find that the jth factor of the upper right-hand term
of the long-exact sequence of proposition 8 is given by

lim TR , 4, (4;p) < P waimy,
m>0

where s is the unique integer that satisfies
[0 = Dfe] = m < [(p%j = Dfe]
or equivalently,
ij <(m+1e<pi.

Writing m instead of m + 1, we obtain the upper right-hand term of the long-

exact sequence of the statement. The upper left-hand term is evaluated simi-
larly. Finally, because the isomorphism of theorem 11 is induced by the pair-
ing (3.23), the map V" in the long-exact sequence of proposition 8 induces
the iterated Verschiebung V" of the de Rham-Witt complex. The theorem fol-
lows.
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We first proved theorem 13 in [28] in the case of a perfect field k of characteristic
p, and the extension to all regular noetherian IF,-algebras was given in [30]. Our
main motivation was that the more general case makes it possible to also evaluate
the groups NK,(R) = K,(R[t], (t)), which occur in the fundamental theorem for
non-regular rings, in the following situation.

Corollary 14 Let A be a regular noetherian ring that is also an IF,-algebra, and
write e = p'¢’ with ¢’ prime to p. Then there is a natural long-exact sequence of
abelian groups

= D P w2 ) = PP waliii

m=1 jeel, m>1 jelp,
q—1-2m
~ NKg (AL > D D we 2l i) )
m=1 jeel,

where s = s(m, j) is the unique integers such that p*!j < me < p¥j.

Proof We have a natural split-exact sequence
0 — NK, (A[x]/(x), (x)) = NK, (Al[x]/(x)) = NK (A) — 0.

Since A is regular, the fundamental theorem shows that the right-hand term is zero.
Hence, the left-hand map is an isomorphism, and the left-hand group is given by
theorem 13.

We remark that Weibel [57] has shown that the groups NK,(A) are naturally
modules over the big ring of Witt vectors W(A). We do not know if this module
structure is compatible with the obvious W(A)-module structure on the remaining
terms of the long-exact sequence of corollary 14.

Miscellaneous

As e varies, the spectra K(A[x][(x®)) are related by several maps. Let ¢ = de and
let my: A[x]/(x¢) — Alx]/(x) and 15: A[x]/(x) — A[x]/(x) be the maps of A-
algebras that take x to x and x“, respectively. Then there are maps of K-theory
spectra

i tae: K (ALK)[2)) = KAL),
5 K (A[x]/(xe)) — K (A[x]/(xel)> ,

which are related in a manner similar to that of the restriction, Frobenius, and
Verschiebung, respectively. It remains an unsolved problem to determine the value

(3.27)

14

3.14
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of these maps under the isomorphisms of theorems 10 and 13 above. Another very
interesting and open problem is to determine the multiplicative structure of the
groups K, (A[x][(x°), Z[p).

There are two limit cases, however, where the maps (3.27) are well understood.
One case is a recent result by Betley-Schlichtkrull [4] which expresses topological
cyclic homology in terms of K-theory of truncated polynomial algebras. To state
it, let I be the category with objects the set of positive integers and with morphisms
generated by morphisms r; and f; from ¢ = de to e, for all positive integers e and
d, subject to the following relations.

n=hH=id, rgrg =t , fifo =far> rafe =fara.

Then there is a functor from the category I to the category of symmetric spectra
that to the object e assigns K(A[x]/(x°)) and that to the morphisms r; and f; from
¢ = de to e assign the maps 7 and 14, respectively. The following result is [4,
theorem 1.1].

Theorem 15 There is a natural weak equivalence of symmetric spectra

TC(As p, Zfp") = holim K (A[x]/(x), Z{p") [1]

Another case concerns the limit over the maps 7z} This limit was considered first
by Bloch [5] who used it to give a K-theoretical construction of the de Rham-Witt
complex. This, in turn, led to the purely algebraic construction of the de Rham-
Witt complex which we recalled in Sect. 3.8 above. The K-theoretical construction
begins with the spectrum of curves on K(A) defined to be the following homotopy
limit with respect to the maps 7.

C(A) = holimK(A[x]/(xe), (x)) [1].

This is a ring spectrum in such a way that the ring of components is canonically
isomorphic to the ring of big Witt vectors W(A). If A is a Z,)-algebra, the ring
W(A) has a canonical idempotent decomposition as a product of copies of the
ring of p-typical Witt vectors W(A). These idempotents give rise to an analogous
decomposition of the ring spectrum C(A) as a product of copies of a ring spectrum
C(A; p) whichis called the p-typical curves on K(A). The following result was proved
by the author in [25, theorem C]. The corresponding result for the symbolic part
of K-theory was proved by Bloch [5] under the additional assumption that A be
local of dimension less than p. The restriction on the dimension of A was removed
by Kato [39].

Theorem 16 Let A be a smooth algebra over a perfect field of positive characteris-
tic p. Then there are natural isomorphisms of abelian groups

Ci(A;p) ~ TR, (A;p) &~ WQ .
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Finally, we briefly discuss the K-theory of Z[p® relative to the ideal generated by
p- The cyclotomic trace also induces an isomorphism

K, (Zlp%, (p)) = TC4 (ZJp* (p)sp)

and hence one may attempt to evaluate the relative K-groups by evaluating the
relative topological cyclic homology groups on the right. The following result of
Brun [11,12] was proved by these methods. It generalizes earlier results by Evens
and Friedlander [15] and by Aisbett, Lluis-Puebla and Snaith [2].

Theorem 17 Suppose that 0 < g < p — 3. Then K,(Z[p®, (p)) is a cyclic group of
order p/®~V, if g = 2j — 1 is 0dd, and is zero, if q is even.

We remark that the groups K, (F,[x]/(x°), (x)) and K,(Z[p*, (p)) have the same
order, for 0 < g < p — 3. The order of the former group is given by the formula
of theorem 17, for all non-negative integers g, but this cannot be true for the latter
group. Indeed, by Suslin-Panin [48, 53], the canonical map

Ky (Zp, (p), Zp) — lim K, (Z[p*, (p))

is an isomorphism, for all integers g. The left-hand group is non-zero, if g is even
and divisible by 2(p — 1). Hence the groups K,(Z/p®, (p)) cannot be zero for every
even integer g and positive integer e. This comparison also shows that K, (Z/p®, (p))
cannot be a cyclic group for every odd integer g and every positive integer e.
But this also follows from the result of Geisser [18] that the group K5(Z[9, (3)) is
isomorphic to Z/[3 & Z/3.
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