WITT VECTORS OF NON-COMMUTATIVE RINGS
AND TOPOLOGICAL CYCLIC HOMOLOGY

by LARS HESSELHOLT*

INTRODUCTION

Classically, one has for every commutative ring A the associated ring of p-typical Witt vectors W (A).
In this paper we extend the classical construction to a functor which associates to any associative ring A
an abelian group W(A). The extended functor comes equipped with additive Frobenius and Verschiebung
operators. This more general algebraic structure arises naturally in topology: the topological cyclic homology
defined by Bokstedt-Hsiang-Madsen, [BHM], associates to any ring A a (—2)-connected spectrum TC(A; p).
We write TC.(A;p) = 7« TC(A4;p). In paragraph 2 below we prove

Theorem A. For any associative ring A,
TC_1(A;p) = W(A)F,

the coinvariants of the Frobenius endomorphism F: W (A) — W (A).

While it is unlikely that the higher groups TC.(4;p) admits an algebraic description in general, this
has been expected when A is an Fj-algebra. For in this case, TC(A4;p) is a generalized Eilenberg-MacLane
spectrum. In paragraph 3, we evaluate the topological cyclic homology of a free associative IF-algebra
without unit. It turns out to be concentrated in degree —1, and since the topological cyclic homology of a
simplicial ring may be computed degree wise, we obtain

Theorem B. Let A be an associative F,-algebra. Then
TC*(A,])) > Lt W(A)F,

the left derived functors in the sense of Quillen of the functor W (—)p.

In an earlier paper, [H], we evaluated the complex of p-typical curves in Quillen’s K-theory in terms of the
fixed sets of Bokstedt’s topological Hochschild homology. In corollary 3.3.6 below, we evaluate this complex
for a free associative F,-algebra without unit. The resulting complex bears a close resemblance with the
de Rham-Witt complex of a commutative polynomial algebra, as exhibited by Deligne-Illusie, [I], but in
contrast to the latter, it is concentrated in degrees 0 and 1.

Let K.(A;Z,) denote the p-adic K-groups of the ring A, that is, the homotopy groups of the p-completion
of the spectrum K (A). Similarly, let TC.(A;Z,) denote the homotopy groups of the p-completion of the
spectrum TC(A4; p). The main result of [HM] states that if k is a perfect field of positive characteristic p and
A a finite algebra over the Witt ring W (k), then the cyclotomic trace of [BHM] induces isomorphims

When A is an Fp-algebra, TC(A;p) is already p-complete, so we have
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Theorem C. Let k be a perfect field of positive characteristic p and let A be a finite associative k-algebra.
Then the p-adic K-groups of A are given by

Kl(A, Zp) = Li+1W(A)F,

the left derived functors of W(—)p.

We note that at primes [ different from p and rationally, one has K.(4;Z;) = K.(A/J;Z;), where J C A
is the radical. Moreover, A/J being semi-simpel, the latter splits as a product of l-adic K-groups of finite
division algebras over k. These are known when k is a finite field by Wedderburn’s theorem and Quillen’s
original calculation.

All rings considered in this paper will be associative but not necessarily commutative or unital unless
otherwise stated. We shall write G for the circle group.

It is great a pleasure to thank Mike Hopkins for several enlightning conversations. The idea that topological
cyclic homology should allow a description as the derived functors of some other functor is due to him.



1. WITT VECTORS

1.1. For any commutative ring A, one has the associated ring of Witt vectors W (A), [W]. In this paragraph,
we extend the definition of W(A) to all associative rings. If the ring A is not commutative, W (A) will of
course only be an additive group.

Let A be an associative ring and let [A4, A] denote the subgroup of commutators, that is, the additive
subgroup generated by elements of the from xy — yx, z,y € A. We recall the ghost map

(1.1.1) w: AN — (A/[A, AN

given by the Witt polynomials
wo = Qo

wy = ag + pay

2
2
we = ab + pal + pas

Here p is a fixed prime. One may of course factor w through the equivalence relation which identifies two
vectors a and b when their ghost components wy,(a) and w, (b) are equivalent modulo commutators, for all
n > 0. We shall see that it is possible to divide this requirement by p™.

1.2. Let B = Z{x1,...,x,} be the non-unital ring of polynomials in the non-commutating variables
r1,...,%s and recall that the non-unital free monoid I" of all finite words in the variables z1,... ,z, forms
an additive basis for B. The length of a word defines a grading on I" and we let I';, denote the graded piece
of degree n. The infinite cyclic group C acts on I';, by cyclically permuting the letters in a word. An orbit is
called a circular word and two words are called conjugate if they are in the same orbit. We denote a typical
word by @ and a typical circular word by w. Note that words are conjugate precisely when they viewed as
monomials in B differ by a commutator. We refer to the element of a circular word which is smallest in
the lexicographical order as the preferred representative. For any subset S C T, we let S denote the set of
preferred representatives of the circular words given by the elements of S. We define a partition

(1.2.1) T =[] Tna
d|n
Here I'y, 1 = {z7, ..., 2"} is the subset of trivial words and I'y, 4, d > 1, is defined recursively as follows:
Igag=Tq—- H Lae
e|ld,e£d

ma=Taax---*Tqq (n/d factors)
I‘n)d == C . I‘;l,d'

We define non-commutative polynomials

(1.2.2) Ag(zy,... x)= Y @

and write 0x(z1,... ,2s) = Ak (21, ..., 24).

Proposition 1.2.3. For alln > 1,

(le)" —fo = Z dAqg(zq, ... ,xs)"/d—i-en(a:l,... , Ts),
i=1

i=1 d|n,d#1

with €,(x1,... ,xs) a commutator.

Proof. Let t denote the generator of C' and suppose that w € I/ ,. We claim that t™@ € I/, , if and
only if dlm. If d divides m then obviously t"® € F;l) 4; We prove the converse. First note that if we write
W = X4 Tiy ... Ti, ,, then

ik < Ldk+1,
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whenever 0 < k<n/d—1and0<I<d—-1.Ifm=de+r withl<r<d-—1and tmdeI‘;hd then also
Ldk—r < Tdk—r+l

forall 0 < k <n/d—1and 0 <1 <d—1. It follows that all the letters are equal contradicting that & is
non-trivial. Hence the claim.
From the definitions Ag(z1,... ,25)"% =3 L@ and so the claim shows

dAg(z1,. .. x)"d = Z O+ enal®r, ..., Ts)

L:JEFn,d

with €, 4(z1,... ,25) € [B, B]. Now the proposition follows from (1.2). O

1.3. Let A be an associative ring and suppose that A has an additive endomorphism ¢: A — A which
preserves the commutator subgroup and satisfies that for all x € A and all n > 1,

1

(1.3.1) " = p(a2P" ) (modulo p™A + [A, A]).

We have the following non-commutative version of a lemma of Dwork.

Lemma 1.3.2. A sequence (wg,w1,...) is in the image of the ghost map
w: ANo — (A/[A, A))No

if and only if w, = ¢(w,—1) modulo p™ A + [A, A], for alln > 1.
Proof. If (wg, w1, ...) is in the image of w, then

n— -2

S(wn_1) = ¢(ad ) +po(a )+ .. 4" pan_1)

and so w, = ¢(w,—1) modulo p”A + [A, A]. Conversely, we may assume by induction that there exists
elements ag, ... ,a,_1 € A such that

pnfl pn72 n—1
Wn—-1 = Qg +pa1 +-- 4D Gp—1

modulo commutators. Since ¢ maps commutators to commutators and satisfies (1.3.1), we get that

n n—1
pwn—1) =ay +pa) +---+p" b,

modulo p™A + [A, A]. By assumption, w,, = ¢(w,—1) modulo p”A + [A, A], so we see that there exists a,,
such that

n n—1
wy, =af +pal 4+ +ptay

modulo [4, A]. We note that the class of a,, modulo commutators is uniquely determined. O

Let A = Z{S} be the free associative ring without unit generated by the set S and define ¢: A — A by

(1.3.3) 6> ax®) =" aza”,

where the sum runs over finite words in S. Then ¢ is an additive endomorphism, which preserves commutators
and (1.2.3) furnishes and induction argument which shows that (1.3.1) holds. Given a linear ordering of the
set of variables S, we define a preferred section

oo: AJ[A Al — A

of the projection as follows: a basis for A/[A, A] is given by the set of circular words w with letters in S. We
define ogw to be the preferred representative in the class w and extend by linearity. In the proof of (1.3.2)
we may choose a,, to be this preferred representative of its class modulo commutators. Therefore, we have
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Addendum 1.3.4. If A = Z{S} is the free associative ring without unit on a linearly ordered set S, then
there is a preferred set section
o:w(AN0) — ANo

of the ghost map. O

We define a new series of non-commutative polynomials r, s > 0. Here 75 is a polynomial in the variables
Zij,Yij, where i =0,1,...,s,j=0,1,... ,n;. Let

ni
€ = E Lij¥Yij — YijLig,
j=0

then rg = ¢y and rg, for s > 1, is defined by the recursion formula

(1.3.5) Th = € — 00 (p_"(wn(ro, ey Tn—1,0) — ¢lwp_1(ro, . .. ,rn_l)))).

Now let A be any associative ring. The values of the polynomials 75, s > 0, as the variables z;; and y;;,
1>0,j=1,...,n; run through all elements of A defines a subset

(1.3.6) N(A) c AN,

We note that N (A) is non-canonically bijective to [4, A]"o. Indeed, choose a representation € = > x;y; —y;;
of each commutator in A. Then for a given (rg,r1,...) € N(A), we can define ¢; recursively using (1.3.5).
The commutators €;, ¢ > 0, obtained this way are uniquely determined by the vector (rg,r1,...) € N(A).
In particular, if A" — A is a surjective ring homomorphism then N(A’) — N(A) is also surjective.

Lemma 1.3.7. The preimage of zero under the ghost map
w: ANo — (A/[A, A))No

contains N (A), and the two subsets are equal if A/[A, A] has no p-torsion.
Proof. We show by induction that wy,(rg,...,r,) =0, the case n = 0 this being trivial. We have

Wn(roy .. ,Tn) = wn(To, ... ,7m—1,0) + p"ry
and by (1.3.5) and induction p™r,, = —wy,(ro,... ,7n—1,0) modulo commutators. Hence N(A) is mapped to

zero by the ghost map.
Conversely, choose a bijection of N(A) and [A, A]"°, and suppose that (ag,as,...) is mapped to zero by

the ghost map. Let us write 7} (eg,... ,€en—1) for the second term on the right in (1.3.5). We must find a
sequence (€, €1, ... ) of commutators such that the following equality holds
ap = €y — 70 (€05 s €n_1).

We are given that for every n > 0,

agn—kpafn +...4+p"a, =0

modulo commutators and may assume by induction that a; = r;(€o, ... ,€;), for ¢ < n — 1. The argument
above implies that
p" p" ! n—-1p _ n./
rg +pri  +...+p" T rh_ =p"r(e0,... ,€n—1)
modulo commutators, and hence p"(a,, + /,(€o, ... ,€n—1)) is a commutator. Therefore, if A/[A, A] has no
p-torsion, a, + 77, (€o, ... ,€n—1) is a commutator €,. This proves the induction step. O



1.4. We now consider the free associative ring with out unit
U= Z{ao,bo,al,bl, NN }

with the generators ordered as indicated and let ¢: U — U be as above. We define non-commutative sum
and difference polynomials s; and d; by

(1.4.1) (s0,81,...) = o(w(ag,a1,...)+wbg,bi,...)),
o (do,dl,...) = o(w(ao,al,...) —’w(bo,bl,...)).
Then s; is a non-commutative polynomial in the variables ag, by, . .. , a;, b; and similar for d;. We note that

if we map U to the commutative polynomial ring on the same set of generators, the polynomials s;(a, b) and
d;(a,b) are mapped to the classical Witt sum and difference polynomials.
We define an equivalence relation on the set ANo of vectors in A by

(1.4.2) a~b < d(ab) e N

and note that the ghost map factors through it. For if a ~ b, then w(a) — w(b) = w(d(a,b)) = 0.

Lemma 1.4.3. Let m: A’ — A be a surjective ring homomorphism and let a and b be two equivalent vectors
in A. Then there exists equivalent vectors a’ and b’ in A’ such that ma’ = a and wb’ = b.

Proof. In the equation r = d(a, b) either two of the indeterminates determines the third. Indeed,
di(ao, bo, N bz) = a; — bl + polynomial in ap, bo, P A I bifl.

Now let a and b be equivalent vectors in A and let » = d(a, b); then r € R(A). We choose a vector o’ in A’
and ' € R(A’) such that ma’ = a and 7r' = r and let b’ be the unique solution of the equation r’ = d(a’, ).
Then 7b" satisfies the equation r = d(a, 7b’), and hence wb’ = b. O

Proposition 1.4.4. The set of equivalence classes
W(A) =A%/~
with the composition a+b = s(a, b) is a functor from associative rings to abelian groups such that the ghost
map w: W(A) — (A/[A, A))No is a natural homomorphism.
Proof. Tf A/[A, A] has no p-torsion, then lemma 1.3.7 shows that the ghost map

w: W(A) — (A/[A, A])No

is an injection onto a subgroup and w(s(a, b)) = w(a)+w(b). For a general A, we choose m: A" — A surjective
with A’/[A’, A’] p-torsion free. If a1 and ag are equivalent vectors in A then by lemma 1.4.3 we can find
equivalent vectors aj and aj in A’ such that maj = a; and ma) = ap. This shows that the composition
a+ b = s(a,b) factors through the equivalence relation of (1.4.2). To prove associativity, given vectors a, b
and ¢ in A, we choose lifts a’, b’ and ¢’ to vectors in A’ and calculate

s(a,s(b,c)) = ws(a',s(t/, ) = ws(s(a’,¥'), ) = s(s(a,b),c).

The additive inverse of a is given by d(0,a). One shows that this factors through the equivalence relation
and verify the remaining abelian group axioms in a similar manner. 0

Definition 1.4.5. We call W(A) the group of Witt vectors over the ring A.

We note that for any pair of rings W(A x B) =2 W(A) x W(B). In particular, if A is an algebra over a
commutative ring k, we get a pairing

(1.4.6) W(k) x W(A) — W(A)
and an argument similar to the proof of (1.4.4) shows that this makes W(A) a module over the ring W (k).
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1.5. Welet U’ = Z{»ao, aj, ...} with the variables ordered as indicated and note that U’ contains the Witt

polynomials w; = agl + ...+ pla;. Let fi = fi(ag,a1,... ,a;+1) be the non-commutative polynomials given
by
(fo, f1,.-.) = o(wi,we,...),

where o is the section of addendum 1.3.4. We have
fo=al+par, f1=1-p" Na} —d1(af), par) + pas,...

and in general the Kummer congruences show that f, = a? modulo p. Now let A be a ring and define the
Frobenius operator by

(151) FW(A)HW(A), F(ao,al,):(fo,fl,)

An argument similar to the proof of proposition 1.4.4 shows that F' is well-defined and additive. We also
note that if A is an F,-algebra, then F(ag,a1,...) = (af,al,...). We define the accompanying Verschiebung
operator by

(1.5.2) VWA - W(A), V(ag,a1,...)=1(0,a0,a1,...).
Again this is well-defined and additive. Moreover,
FV =p.

Indeed, if F’ and V' are operators on (A/[A, A])No such that F'w = wF and V'w = wV, then one easily
calculates F'V’ = p. Hence we have F'V = p on W(A) whenever A/[A, A] has no p-torsion. But taking Witt
vectors preserves surjections, so the formula holds in general.

1.6. The relation polynomials r; and the sum and difference polynomials s; and d; all have the property,
that they only depend on the variables x;,ys; and as, bs, respectively, with s < ¢. Therefore, we can repeat
the construction of W(A) starting from vectors of length n and get the group of Witt vectors of length n,

(1.6.1) Wo(A) = A"/ ~
with addition given by the first n sum polynomials,
(ag, a1, yan—1)+ (bo,b1, ... ,bn_1) = (80,81, -+ ,8n—1)-
Therefore, W(A) may be identified with the inverse limit of the W,,(A) over the restriction maps
(1.6.2) R:W,(A) - W,_1(4), Rl(ag,...,an-1)=(ag,...,an_2).
The Frobenius and Verschiebung operators reduce to
F:Wn(A) = Waa(4),  ViWha(A) — Wi (A),

which, on the other hand, induce the original operators F, V:W(A) — W(A) on the limit over R.
Proposition 1.6.3. The sequences

0— Wa(A) L5 Wopi(4) 25 Wi(4) — 0
are exact.

Proof. Let Ny(A) C A® denote the analogue of (1.3.6). We choose representations of all commutators in A
such that we get a bijection between N4 (A) and [A, A]®. A representative of a typical element in the kernel
of R™ has the form

a=(T0y-  ,The1sQhy- - 5 Qpik—1)
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with (rg,...,7k—1) € Nk(A). Let €g, ... ,ex—1 be the corresponding sequence of commutators; let
T = (T0y e yThe1,Tky -+ s Tntk—1) € Npti—1(4)
be the vector which corresponds to the sequence of commutators €g, ... ,€x—1,0,...,0. We now let b be the

unique solution to the equation r» = d(a,b). Then b is equivalent to a and by inspection of the difference
polynomials, we see that b has the form

b=(0,...,0,bg,... ,bpyr—1)-
This shows that ker R C im V*. The opposite inclusion is trivial. O
Remark 1.6.4. We note that W1 (A) = A/[A, A], so in particular, proposition 1.20 gives an exact sequences
0 — Wi(A) 5 Wy (A) 25 A/[A, A] — 0.

We recall that when A is commutative, R™ has a natural multiplicative (but of course, non-additive) section
given by the Teichmiiller character,

(1.6.5) T: A — Wpia1(4), 7(a) =(a,0,...,0).
In the non-commutative setting, we still have the map 7, but it does not in general factor over A/[A4, A]. In

fact, although W, (A) is bijective to the product (A/[A, A])™, there exists no natural bijection. To see this,
suppose there were a natural set section

v: AJ[A, Al — Wa(A)

of the restriction, and consider the ring homomorphism ¢: Z[c] — Z{z,y} given by ¢(c) = zy — yx. Let us
write A = Z{z,y}. By naturality, we would have a commutative diagram

Zld —2— Wa(Zld) ——  Z[]

I Lk

AJ[AA] —2— Wa(4) —E— AJ[A, 4]

Since v is a section of the restriction, v(c) = (¢, f(c)) for some f(c) € Z[c], so F(v(c)) = ¢ + pf(c). By the
commutativity of the diagram, we have

(1.6.6) (xy —yz)? +pf(ry —yr) =0

modulo commutators. We shall see that this is impossible. We have f(c¢) = Y a,c¢™ and hence
Fay—yo) = Y anloy — yo)".

Here (zy — yx)™ is a homogeneous polynomial of degree 2n, which is not a commutator unless n = 1. Since
(xy — yx)P is homogeneous of degree 2p we must have f(c) = apc?, and then (1.6.6) becomes

(vy — yx)? + pay(vy —yx)? =0

modulo commutators. Now (xy — yx)P is divisible by p but not by p? modulo commutators. Therefore, this
equation is not satisfied for any integer a,.



1.7. Let S be a linearly ordered set and let A = F,{S} be the free associative F,-algebra without unit
generated by S. In this section we evaluate the group of Witt vectors W (A). The calculation is inspired by
Mlusie’s paper [I].

Consider the free associative Q,-algebra without unit generated by S,

L= @P{S};

we recall the structure of the Hochschild homology of L. Let €y be the set of circular words with letters in
S, that is, the set of orbits of the action of the infinite cyclic group C' on the set I' of finite non-empty words
in S by cyclically permuting the letters in words. The period of w, by which we mean the length 7w of the
orbit w, divides the length |w| of the word, and then

(1.7.1) HH,(L/Qp) = Qp(Q0) ® A{e}, dege=1
with Connes’ B-operator given by the formula
Bw®1l) = (jw|/mw) w®e.
The map ¢: L — L of (1.3.3.) induces a map of the Hochschild groups which satisfies
(1.7.2) Bé = ppB.

Let D* be the complex obtained from HH,(L/Q,) by inverting ¢ and with the differential given by (1.7.2);
we describe D* in more detail.
Let C),, be the quotient of C' of index n and note that

Qo = [ [ Map(C, 5)/C

n>1

where the action by C' on the set of maps is induced from the action on C,,. We let C'p be the profinite and
hence topological group
Cp - lin Cpn7
n
where the limit is over the natural projections. In other words, C’p is the additive group of p-adic integers
written multiplicatively. Then C' C C'p acts by multiplication and we define

(1.7.3) Q=[] ZxMap(C, x C4,9)/C,
(d,p)=1

where the action by C on the mapping space is induced from the diagonal action on C'p x Cy. We write

elements of 2 as
w = (d;r,[a]),

where d is a natural number prime to p, r € Z and [a] is a C-orbit of continuous maps from C'p x Cq to S.
By the length of w we mean the rational number |w| = p”d and by the period we mean the length 7w of the
orbit [a]. The period is finite because « is continuous.

We identify Qo C Q with the subset of those w where |w| is an integer and divisible by 7w. More generally,
we define €,, C Q to be the subset of those w such that p™|w]| is an integer divisible by 7w and note that

(1.7.4) o=Jo

n>0
We have bijections
(1.7.5) [ = Qnoys fldir o)) = (dsr +1,[a]), n>1,
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which induce a bijection f:Q — €, and the inclusion Q¢ C 2, followed by the bijection f™:Q, — Qg is
equal to ¢": Qy — Q. Hence € is the set obtained from €2y by inverting ¢ and

D* =Qu{(Q) @ A{e}, dege=1

with the differential B given by the formula (1.7.1).
We define a sub complex E* C D* as follows: call an element 7= "
all w € Q, and let

weq TwW @ € integral if =, € Zy, for

(1.7.6) E* = {7 € D*| 1 and Br are integral}.

More concretely, E*, i = 0,1, is a free Z,-module on the generators e;(w), one for each w € €, given by the
formulas

w®1 i vp(mw) <7
eo(w) =

(1.7.7) PP @1 i vy (rw) > 7

e1lw)=w®Re.

The linear automorphism F: D* — D* induced from the bijection f:Q —  and and the endomorphism
V = pF~! both restrict to momomorphisms of the subcomplex E*, and moreover,

(1.7.8) FV=VF=p, BF=pFB, VB=pBV.
The complex E* has a decreasing filtration given by
(1.7.9) Fil"E' = V"E' + BV"E"™!

and we write £ = E*/Fil" E*. In other words, Fil" E’ is the free the submodule of E’ on generators
p™ei(w), where m = min{n,n +r — v,(7w)}. We note that Ef = HH,(A).

Let K be the free Z,-module generated by {y and note that K C E°. We compose the restriction of the
section og: A/[A, A] — A to Q¢ C A/[A, A] with the map 7: A — W (A) to obtain a map ¢o: Qo — W(A).
We then extend this by linearity to a map

to: K — W(A)

using that W(A) is a Z,-module.

Theorem 1.7.10. The map vy extends uniquely to a linear embedding 1: E® — W (A) such that Vi = (V.
Moreover, this extended map induces isomorphisms

1:EY — W, (A),
for allm > 1.
Proof. If w ¢ o then we can write
eo(w) — pvp(ﬂ'w)frw — va(ﬂ'w)frwo,

where wy = (d; vp(mw), []) € Qo. It follows that

(1.7.11) E°=) V'K

n>0

from which the uniqueness of the extension immediately follows. On the other hand, if an extension exists,
it must be given by ¢ = V"4 on the submodule VK C E°. To see that this gives a well-defined map, we
must show that

Vg =V"g: VTKNV'K — W(A).
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Suppose that m < n. Then V"K NV"K = V™(K N V" ™K), so we may assume that m = 0. Suppose
that wy € Qg and let x = V"™wy. We assume that x € K. This means that if we write z = p"w then w € Q.
Now recall that g is canonically bijective to the set of circular words in S and note that if @ is the preferred
representative of w, then preferred representative of wy is @”". We find

w(z) =p™(@,0,...) = F"V"(@,0,...) = (0,...,0,&"",0,...) = V*(@"",0,...) = V"(t0(wo))

and hence we get a well-defined map 1: E® — W (A) which commutes with V.
To prove the second part of the theorem, we recall that V: E© — E° is a monomorphism so that

vn. EO/VEO N V’n,EO/Vn+1EO

is an isomorphim. Moreover, we have K N VE? C pK and also pK = VFK C VK C¢ KNVE°. This gives
a map K/pK — E°/VE° which is an isomorphism by (1.7.11). Finally, K/pK = A/[A, A] and the map of
short exact sequences

0 —— AJ[AA] X~ E,, —— E° ——0

| g |
0 —— AJ[AA L Wiy (A) —E Wo(A) —— 0

furnishes an induction argument which finishes the proof. O

Corollary 1.7.12. The group of Witt vectors W (A) is canonically isomorphic as a Z,-module to the set of
infinite formal sums Y _q Tweo(w) with x, € Z, such that vy(z,) > v,(7w) — r and for every N > 0 the
set

weN
{w e Qvp(z,) < N}
is finite. Moreover, the Frobenius F: W (A) — W (A) is induced from the map f:Q — Q of (1.7.5).

2. TOPOLOGICAL CYCLIC HOMOLOGY

2.1. In this paragraph we prove theorem A of the introduction. The result was established for commutative
rings in [HM]. The topological cyclic homology functor associates to any unital ring A a (—2)-connected
spectrum TC(A;p). We first recall how this is defined and how one may extend the definition to all associative
rings. For a thorough treatment see [HM]. In this paragraph, G will denote the circle group S!. The finite
subgroup of G of order r will be denote Ci..

For any unital ring A, one has the topological Hochschild spectrum T'(A) defined by Bokstedt, [B]. This is
a G-equivariant spectrum indexed on a complete G-universe U in the sense of [LMS]. Therefore, the obvious
inclusion map

(2.1.1) F..T(A)%= — T(A)%"

from the C)s-fixed set to the Cs-fixed set is accompanied by a transfer map going in the opposite direction
Vi T(A)S — T(A)Cr-.

We call the maps F, and V, the rth Frobenius and Verschiebung, respectively. However, T(A) has an

additional structure: it is a cyclotomic spectrum, see [HM] §2. In particular, there is an extra map, called

restriction,

(2.1.2) R.:T(A) — T(A).

The restriction and Frobenius maps satisfy

(213) RTRS = Rrs, FrFs = Frs, RrFs = FSRTv
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and on the level of homotopy groups, one has in addition
R, Vs =VsR,, F.V,=r.

We shall often restrict attention to the p-subgroups Cp» for some prime p. We then simply write R, F' and
V instead of R,, F,, and V.

In general it is very difficult to analyze the fixed sets of an equivariant spectrum. However, for a cyclotomic
spectrum, and in particular for T'(A), one has the following fundamental cofibration sequence of spectra

(2.1.4) T(A)nc,n N T(A)Cw RN T(A)m1.

The left hand term is the homotopy orbit spectrum whose homotopy groups are approximated by a strongly
convergent first quadrant homology type spectral sequence

E2, = Hy(Cpr;mT(A)) = w1yt T(A)nc,n

where mT'(A) is a trivial Cpn-module.
Consider the functor

(2.1.5) TR(A; p) = holim T(A)%»"
R

The Frobenius maps F: T(A)»" — T(A)“»"~* induce a self map of TR(A;p), which we also denote F, and
now topological cyclic homology is defined as the homotopy fixed set

(2.1.6) TC(A;p) = TR(A; p)".

It is canonically equivalent to the homotopy fiber of F' — id: TR(A;p) — TR(4;p).
More generally, if A — B is a map of unital rings, the relative topological Hochschild spectrum

T(A — B) = hofiber(T(A) — T(B))

is again a cyclotomic spectrum, so the above discussion applies to T'(A — B) as well. Now if A is a possibly
non-unital ring, we can form the associated unital ring Z & A with multiplication given by the formula

(x,a)(x',a’) = (2, za’ + az’ + ad’).
This is an augmented ring with augmentation ideal A and we define
(2.1.7) T'(A)=T(ZoAS7Z).

If A is unital, we have the ring homomorphism ¢:Z ® A — A given by ¢(x,a) = x - 1 + a and hence a ring
isomorphism € x ¢: Z @& A — Z x A. Moreover, the topological Hochschild spectrum preserves products such
that we get a G-equivariant equivalence T(Z & A) — T(Z) x T(A), i.e. for all closed subgroups C' C G, the
induced map of C-fixed point spectra is an equivalence. It follows that in this case, we have a canonical
G-equivalence

T'(A) — T(A).

We shall therefore simply write T'(A) for the spectrum in (2.1.7). As already mentioned T'(4) is a cyclotomic
spectrum, so we can define TR(A4;p) and TC(A;p) by the formulas (2.1.5) and (2.1.6), respectively. Finally,
we note that since homotopy limits commute, we get a cofibration sequence of spectra

(2.1.8) TC(A;p) — TC(Z @& A;p) = TC(Z;p).

If k is a unital ring and A is a k-algebra, we could also form the associated unital k-algebra k& A and define
a functor T"(A) =T(k® A 5 k). However, since the topological Hochschild spectrum only depends on the
underlying ring of a k-algebra, T"(A) is canonically G-equivalent to T”(A). This is easily seen by considering
the ring k& (Z® A) X Z® (k ® A). So for k-algebras, we can replace Z by k in (2.1.8).
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2.2. We note that for any ring A,
FlT(A) == HHl(A), 1= 07 1,

where we remember HHy(A) = A/[A, A]. For commutative rings, HH; (—) preserves surjections of rings, but
for unital rings in general, this is not true. Instead one has an exact sequence

HH, (A) — HH, (A/I) — I/[I, A] — A/J[A, A]

for any two-sided ideal I C A.

Lemma 2.2.1. For any unital ring A, there is a unital ring B and a ring homomorphism B — A such that
HH;(B) — HH;(4), i=0,1,

are surjections and such that B/[B, B] is a free abelian group.

Proof. Let V = Z{A} be the free associative unital ring on the underlying set of A. Then V/[V,V] is a free
abelian group and HHy (V') — HH(A) is surjective. However, HH; (V') — HH;(A) need not be a surjection.
To obtain this, we first construct, for each cycle z € A ® A, a ring homomorphism U, — A such that the
class of z is in the image of the induced map HH;(U,) — HH;(A). Suppose that

n
=1

let U, be the associative ring on generators x; ., ¥ »; ¢ = 1,...1n;; subject to the relation

n

(2.2.2) D (@iYiz — Yiowiz) = 0.
i=1

Then there is a unique ring homomorphism U, — A which sends x; . and y; . to a; and b;, respectively.
Under this map, the cycle 2’ = Y | x; . ® y; - is mapped to z. Hence the class of 2z’ is mapped to the class
of z under the induced map

Now let B be the generalized free product of V and the U, as z runs through all cycles in A ® A, that is,
the coproduct in the category of unital associative rings. Concretely, B is the associative ring on generators
a € A and z; ., ¥ ., where z runs through all cycles in A ® A and i = 1,... ,n;, subject to the relations
(2.2.2). We have a ring homomorphisms B — A and, for each cycle z, U, — B such that the composite
U, — B — A is the original map U, — A. Hence the induced map

HH, (B) — HH; (A)

is surjective. Finally, we choose a linear ordering of the set of generators. Then a basis for B/[B, B] is given
by the circular words in the variables a, z; , and y; , which does not contain a factor = ,yi .. O

Proposition 2.2.3. For any associative ring A, the sequence
0 — meT(A) AN moT(A)C»m £, T (A)Cr =1 — 0

is exact.

Proof. The fundamental cofibration sequence (2.1.4) induces a long-exact sequence of homotopy groups
c._, 0 N C.n R C
- = mT(A)" " = mT(A)nc,n — moT(A)""" — meT(A)"»"~" — 0.
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Moreover, the edge homomorphism of the spectral sequence of (2.1.4) gives an isomorphism
tn:moT(A) — moT(A)nc,n

and [HM], lemma 3.2 shows that N o, = V™. We must show that the boundary map 0 is trivial.
Suppose first that A/[A, A] is p-torsion free. By (2.1.3) the composition

moT(A) L5 moT (A L5 T (A)

is multiplication by p™, and therefore in this case, V" is injective. Suppose next that A is a unital ring and
let B — A be as in lemma 2.2.1. We consider the diagram

T (B)ne,, —— mT(B)%" —— mT(B)% " —2— 0

l ! l

WlT(A)thn L} ﬂ-lT(A)Cp" L 7T1T(A)CP"’1
The spectral sequence (2.1.4) gives an exact sequence
HH; (B) =% mT(B)¢,. — HHo(B)/p" HHy(B) — 0

and similar for A. Tt follows that 717 (B)nc,. — mT(A)nc,. is surjective. An induction argument based
on the diagram above now shows that m7(B)®»™ — mT(A)“»™ is surjective, for all m > 0, and hence

9:mT(A)%m—1 — T T (A)nc,n

is trivial. This proves the proposition for any unital ring, and finally, the general case follows from (2.1.7)
and the 3 x 3-lemma. O

For any ring A, there is a natural map of sets
(2.2.4) Ap: A — mT(A)C.

This was defined in [HM], 3.3, for unital rings and extends by (2.1.7) and naturality to all rings. Let
m: A — A/[A, A] be the projection. Then one has the following formulas, proved in op. cit. lemma 3.3.2:

(2.2.5) R.oA, =7, F.oA,=rm.

We consider the following map of sets

n—1

(2.2.6) I: AP (A%t T(ao,.. . an—1) = Y VH{(Apn-i-i(as)),
i=0

where [n — 1] = {0,1,... ,n — 1}. We also consider the map of spectra

(2.2.7) @: T(A)rm=1 — T(A)n1,

which on the i’th factor is given by R*F™~1~%, It induces an additive map on homotopy groups, which we
also denote w, and the relations (2.2.5) show that

(2.2.8) ol =w: A1 — (4/[A, A1,
where w is the ghost map of (1.1.1).
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Theorem 2.2.9. For any associative ring A, the map I factors to an isomorphism of abelian groups
I: W, (A) — moT(A)%m—?

which commutes with the operators R, F and V.

Proof. We show by induction that the map I of (2.2.6) is surjective, the case n = 1 being trivial. The
fundamental cofibration sequence (2.1.4) gives an exact sequence

A —>V7171 7r0T(A)CP’"”*1 LA 71'0T(A)CP"*2 — 0

and it follows from [HM], lemma 3.3.1 and lemma 3.3.2, that the image of I(aq, ... ,a,_1) under R is equal
to I(ag,...,an_2). Therefore as ag, ... ,a,_o varies, the elements I(ay, ... ,a,_1) of 7TOT(A)CP”*1 form a
set of coset representatives of the image of A under V"~ !. Hence Iis surjective. In particular, it follows
from (2.2.4) that the image of the homomorphism

w: T (A) =t — (A/[A, A1
is equal to the image of the ghost map.
Suppose that A/[A, A] has no p-torsion. Then by (1.3.6) the ghost map w: W, (A) — (A/[A, A1 is a
monomorphism. Therefore, to prove the theorem in this case it suffices to prove that the same holds for the

map w above. Again we proceed by induction from the trivial case n = 1. In the induction step, we use the
following map of exact sequences

T (Anc,, , —— mT(A)% 1 —Fm mT(A)% 2 —— 0

[ o o

0 — moT(A) — s T A1 I perA)rA —— 0
The left hand vertical map is the transfer associated with the projection
pr: T(A) AN ECpn—1 — T(A) Nc,,,—, ECyn—
and ¢ and 7 are the inclusion as the last coordinate and the projection away from the last coordinate,

respectively. The left hand square commutes by [HM], lemma 3.2, and the right hand square by loc. cit.
lemma 3.3.1 and 3.3.2. Moreover, the composition

7T(4) 2 mT(A)nc,, , = mT(4)

is multiplication by p"~! and hence trf is injective. Therefore, 1w is injective by induction and the five lemma.

In the general case, we choose a ring epimorphism A" — A such that A’/[A’, A’] has no p-torsion. Then
moT (A") — myT(A) is onto and an induction argument based on the diagram

moT(A) 0 rgT(A) Gt B (A G ———

! l l

mT(A) L0 m T4t R (A)Crr —— 0
shows that so is moT'(4’)%»"~* — moT(A)“»"~*. Hence I factors to a surjection of abelian groups
I: W, (A) — moT(A)m—1.
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Moreover, we have the following commutative diagram

0 —— w4 Y0 W) —E . Wi (4) —— 0

ll I l[
n—1
0 —— mwT(A) -, moT(A)om—1 SEEL N T (A)%—2 ——— 0

with the rows exact by (1.6.3) and (2.2.3), respectively. The claim now follows by induction and the five
lemma. 0

We can now prove theorem A of the introduction. The homotopy groups of the spectrum TR(A4; p) defined
in (2.1.5) are given by Milnor’s exact sequence

1 (1) . Cpnfl R . 3 X Cpnfl
0 — lim*/m; T (A) — m; TR(4;p) — lian(A) — 0.

For ¢ = 0 the maps in the limit system on the left are all surjective and hence the derived limit vanishes.
Therefore, we obtain that for any associative ring

(2.2.10) TRo(A; p) = W(A).

Finally, TC(A4;p) is the homotopy fiber of F' — id: TR(A;p) — TR(A;p) and since TR(A; p) is a connective
spectrum, theorem A follows.

3. FREE ALGEBRAS

3.1. In this paragraph, we evaluate the topological cyclic homology of a free associative Fj,-algebra without
unit and prove theorem B of the introduction.

Let k£ be a unital ring and let S be a set. The free associative k-algebra with unit generated by S, which
we denote k{S}, is the monoid algebra of the monoid (S) of all finite words in .S under concatenation. We
recall that for any monoid T, one has the cyclic bar-construction N (T") introduced by Waldhausen. It is a
cyclic set in the sense of Connes with n-simplices

(3.1.1) N&() =1+t

and cyclic structure maps

di(707,_.7”yn) :(707"'771'71"%17'-'5771) 30S71<n

= (Y0, Y15+ -+ Yn—1) Ji=mn
$i(Yos -5 vm) =0y 5 Y L Yit1s ooy m) ,0<i<n
tn('YO,--- 7'777«) = (7”7705"' ;'Ynfl)-

In particular, N9 (T") is a simplicial set so we can take its geometric realization. The amazing fact about
cyclic sets is that the realization carries a continuous action by the circle G, see e.g. [J].

We shall use theorem 7.1 of [HM] to study the topological Hochschild homology of k{S}. It states that
there is a natural equivalence of G-spectra indexed on U

(3.1.2) T(k{S}) =g T(k) AN ((S))s

where the smash product on the right is formed in the category of G-spectra indexed on . The infinite
cyclic group C' acts on (S) by cyclically permuting the letters in a word, and for each orbit w, the subset of
N ((S)) consisting of those simplices (@, ... ,wy) for which the product & * - - %@, € w is preserved under
the cyclic structure maps. We denote this cyclic subset by N¥((S);w) and note the spliting

(3.1.3) N(($) = TT N¥((S);w).
weRo
The realization decomposes correspondingly. Recall the notion of length and period of circular words from

1.7.
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Lemma 3.1.4. Let C(w) denote the cyclic group of order |w|/nw. There is a G-equivariant equivalence
INY((S)w)] =~ §'/Cw)+,

which depends on a choice of representative for the circular word w.

Proof. We choose a representative @ for the orbit w and write |w| =n + 1. If 0 = (&g, ... ,&k) is a simplex
in N¥(({S);w), there exists by definition u, € C such that u, - &g * - - - * @y = ©. Hence the simplex o is
determined by the following data: the ordered partition (Jwol,... ,|ws|) of |w| and the element u, € C, or

equivalently, a weakly increasing function 6,: [n] — [k] and the element u, € C. Moreover, two simplices o
and o’ are equal if and only if §, and 6, are equal and the product u, 'u, acts trivially on w. We also note
that w is a transitive C-set with isotropy group the subgroup of C of index 7mw.

We recall that the cyclic category A has the same objects as the simplicial category A but more maps:
the automorphism group of [n] is cyclic of order n 4+ 1 with a preferred generator 7, and any morphism
f € A([k],[n]) decomposes uniquely as f = uf, with u € Auta([n]) and 0 € A([n], [k]). Also recall the
standard cyclic set

which is the free cyclic set generated by the identity ¢y,: [n] — [n]. Suppose @ = xg ...z, with z; € S. Then
there is a unique cyclic map
a:Afn] — N ((S);w)

which maps ¢, to the n-simplex (xq,...,2,). The automorphism group of [n] acts on A[n] through cyclic
maps; let C(w) denote the subgroup of index ww. It follows readily from the characterization of the simplices
in N¥((S);w) that « factors to an isomorphism of cyclic sets

a:Afn]/C(w) — N ((S);w).

The realization of A[n] is homeomorphic to S' x A", where G acts by multiplication in the first variable.
Moreover, the homeomorphism may be chosen such that 7,, € Auta([n]) acts by the formula

1

- n+17u15 aunvuo)v

Tn(T;ug, ... yup) = (z

when we identify S! with R/Z, see [HM], 6.2. It follows that we have a G-equivariant homeomorphism
INF((S);w)| = 8! Xy A™

Finally, S1/C(w) is a strong G-equivariant deformation retract of S* Xc(w) A™. O

If the set S is linearly ordered, then we have a preferred representative of w. For later reference we note
that if a word @ is a preferred representative then so is any iterated concatenation @ * -- - x @ of it.

Proposition 3.1.5. Let k be a ring and let IE{S} be the free associative k-algebra without unit generated
by a linearly ordered set S. Then there is a preferred equivalence of G-equivariant spectra indexed on U

T(R(S}) =, \/ T(k)AS"/Cw)s,

weRo

where the wedge runs over the set )y of non-empty circular words in S.

Proof. The associative k-algebra with unit k{S} is augmented over k and the augmentation ideal is the
free associative algebra without unit generated by S. Moreover, the map T(k{S}) — T'(k) induced by the
augmentation corresponds under (3.1.2) to the map which collapses all the non-trivial summands w in (3.1.3)
to the base point. Now the claim follows from (2.1.7) O
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3.2. Let T be a G-spectrum indexed on a complete G-universe U and let j:U“ — U be the inclusion of the
trivial universe. We write j*T for the G-spectrum indexed on % obtained by forgetting the value of 7' on
non-trivial representations. We also call j*T a spectrum with a G-action or a naive G-spectrum. In this
section, we determine the structure of the C,-fixed point spectrum

J(TASHCor ),

which is a spectrum with a G/C,-action.

The rth root defines a group isomorphism p: G — G/C, which allows us to view a spectrum D with a
G/C, action as a spectrum pg, D with a G-action. If T' is a spectrum with a G-action, we write 7'(i) for the
spectrum 7" with G acting through the ith power map.

Proposition 3.2.1. Let T be a G-spectrum indexed on U. For positive integers r and s, let d = (r, s) be
the greatest common divisor and write ' = r/d and s’ = s/d. Then for every pair of integers m and n such
that mr 4+ ns = d there is a natural non-equivariant equivalence

PG, (T NS Cay) = i (G )4 A plg, T (mr"))

given by a chain of equivariant maps of spectra with a G-action.

Proof. We recall from [LMS], p. 89, the duality equivalence of G-spectra indexed on U,
TAS'/Cop ~, SF(S'/Coy,T).
It induces, in particular, an equivalence of spectra with a G-action
(T NS Coy) ~, j*SF(S'/Coy,T) = SF(S'/Coy, §*T).

We evaluate the C).-fixed points of the spectrum on the right. To this end, we recall that if G is any group,
H C G a closed subgroup and X a left G-space, then the function space F(G/H,,X) carries both a left
G-action and a left action by the Weyl group WH. The G-action is by conjugation and the left WH-action
is induced from the right action of WH on the canonical orbit G/H. Moreover, evaluation in H defines a
WH-equivariant homeomorphism

X"~ F(G/H, X).

If we apply this space-wise in the spectrum at hand, we get a G/C,-equivariant isomorphism
F(G/Cys,j*T)" 2 F(G/Cry, F(G/Cuy, j*T)) 2 F((G/Cr x G/C)+,§°T)C.

For a spectrum D with a G x G/C,-action and integers ¢ and j, we write D(i,j) for the spectrum D with
a new G x G/C,-action given by (g1,92) - * = gigix. With this notion in hand, the spectrum on the right
hand side of the equation above may be written more precisely as

F((G/Cr(1,1) x G/Cs(1,0))4, 5T (1,0)) 4.
We note the G x G/C,-equivariant homeomorphism
G/C-(1,1) x G/C4(1,0) =2 G(r,r) x G(s,0)

which raises the first and second coordinate to the rth and sth powers, respectively. The choice of m and n
with mr 4+ ns = d specifies a linear isomorphism of the torus on the right hand side above

(3.2.2) G(r,r) x G(s,0) = G(d,mr) x G(0,—rs/d); (z,w) — (z"w", z~%/w"/9),
and finally, the map
F((G(da mr) X G(Oa _Ts/d))Jraj*T(L 0))GXCT - F(G(Ts/d)Jrvj*TCd (mr/d)),
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which takes a function ® to the function ¢ given by ¢(w) = ®(1,w), is a G/Cy-equivariant isomorphism
when G/C,. acts on the function spectrum on the right by conjugation. We can view this as a spectrum with
a G/Cy-action via the dth root map pc,: G/Cr — G/C,

pe,F(Grs/d)y, 7T (mr/d)) = F(p¢, G(rs/d)., (pg, 5" T (mr/d)),

so in all we obtain an isomorphism of spectra with a G-action
P, F(G)Cos ¥ T) 2= pf  F(G(r's') 1, (05, 5T (mr")).

Finally, the equivalence of [LMS], p. 89, gives us a chain of G-maps which induces a non-equivariant equiv-
alence

2pe, F(G('s) 4, (06,5 T (mr")) = pg, (G(r's )+ A pg, 3" T (mr)).
In effect, this is just Spanier-Whitehead duality, but given by a chain of equivariant maps. g

Remark 3.2.3. Suppose that m’ and n’ is another pair of integers such that m’r +n’'s = d, say, m’ = m + ks
and n’ =n — kr. Then there is an isomorphism of spectra with a G-action

ki pc, (G(r's")+ A pgdj*Tcd)(mr’)) - C, (G(r's") 4 A p*cdj*TCd)(m'T’)),

given by k.(g,t) = (g, g"t), and as one readily verifies, the equivalences of (3.2.1) are compatible, for varying
choices of m and n, with these isomorphisms.

Let o € (G ) be the element which reduces to zero in 77 (S°) and to the identity in 77 (S1). We get a
degree one map

(3.2.4) 6:m T L w1 (G AT) B 1o 1 T

as the composition of exterior multiplication by ¢ and the map induced from the action map. More generally,
for C' C G a finite subgroup, we may apply the construction above to the naive G-spectrum pch and get
amap 6: T — 7,1 TC. We recall from [H] that J is a differential provided that multiplication by n € 7
on 7,7 is trivial. In general, one has §§ = nd.

Corollary 3.2.5. A pair of integers m and n with mr + ns = d determines an isomorphism
Qo T (T A Sl/CS+)C’" — 1T @ my_1TC1,

and if also m'r +n's = d, then (s © a1 )(a,b) = (a + kb, b), where ks = m’ —m.

Proof. The underlying non-equivariant spectrum of the naive G-spectrum on the right hand side of (3.2.1)
is equal to S}F AT independently of the choice of m and n. Hence

(T ASY/Co ) 2, T @, T,
where we use o to identify the right hand side as a direct sum. The isomorphism, however, depends on m

and n, and different choices differ by the isomorphism of (3.2.3). The claim now follows from the definition
of 4. O

Suppose that 7’ is a divisor in r. We next evaluate the map on homotopy groups induced from the obvious
inclusion of non-equivariant spectra

E i (TASY/Cop)C — (T ASY)Cop )
Let d and d’ be the greatest common divisors of r and s and ' and s, respectively, and let ¢ = rd’/r'd.
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Addendum 3.2.6. If m and n are integers with mr + ns = d, then m’ = mq and n’ = nd’/d is a pair of
integers with m'r’ +n's = d' and

(am’n’ o FT/T/ o 04;117’)(0/, b) = (qu/d/a + (q — l)an/d/b, Fd/d/b)

where 1 € 7.

Proof. The proof of (3.2.1) gives, in particular, an equivalence of non-equivariant spectra
emn: (TN S')Csy)Cr — TF(S,TC).

Chasing through the argument, one sees that there is, with the particular choices of m’ and n/, a strictly
commutative diagram of non-equivariant spectra

(T AS'/Cop)r = BF(S},TC)
J,FT/T, lEF('Ide/d’)
(T'ASY/Cyy)Cr 22 SIR(SL, TC)

where ¢: 1 — S is the g-fold covering. Now let ¢': £°S! — £3°S' be the Becker-Gottlieb transfer and
recall that under Spanier-Whitehead duality

YF(SL,T9) ~T% AEP S,

the map F(q,id) on the left corresponds to the map id A¢' on the right. Finally, we recall that under the
isomorphism 7% (S1) = 7% g 7d_,,

¢'(a,0) = (qa + (¢ = 1)nb,b).
Hence the given formula for F;. /.. |

Finally, it follows immediately from the definition of 6 and (3.2.1) that, for any choice of m and n with
mr 4+ ns = d, the map

(3.2.7) 8:m (T ASY/Co ) — mai i (T ASY)Coy)Cr

is given by
(mn 060 a1t ) (a,b) = (0, (rs/d?*)a).

3.3. In this section we evaluate the topological cyclic homology of the free associative F,-algebra without

unit generated by a linearly ordered set S. In passing, we also give a calculation of the p-typical curves on
K (A) using theorem A of [H].
Suppose that k is a perfect field of characteristic p > 0 and recall from [HM], theorem 5.5, that

(3.3.1) m T (k)5 2 Sy (ky{om}

where o0, is a polynomial generator of degree 2. The Frobenius, Verschiebung and restriction maps extend
the corresponding maps on the coefficient ring W, (k) and

F(Ui )= 0'31_1, V(Ui )= pO’jl, R(U;) = pi/\;ofl_l,
where A\, € W,,_1(F,) is a unit. For degree reasons, the differential § of (3.2.4) is trivial. Therefore in this
case, the identification of the homotopy groups in (3.2.5) is canonical, i.e. independent of the choice of m

and n. Now recall the complex E* defined in (1.7.6).

18



Theorem 3.3.2. Let A be the free associative Fj,-algebra without unit generated by a linearly ordered set
S. Then there is a canonical isomorphism

T (A ~ B @ S{0,}, dego, =2,
which is compatible with the restriction, Frobenius, Verschiebung and differential when these operators act
on the extra generator o, as in (3.3.1).
Proof. The decomposition in (3.1.5) is equivariant, so we get an induced decomposition of the Cpn-fixed set.

The homotopy groups of each summand are given by (3.2.5),

(3.3.3) mT(A) S = P z/pm,  i>0,
weN,

where m = m(w) = min{n,r — vp(n1w) + 1}. Moreover, it follows from [HM], theorem 7.1, that under this
decomposition the restriction map

R:m, T(A)m=t — 7w, T(A)%m—2
takes the summand indexed by ¢(w) to the summand indexed by w by the restriction map
(3.3.4) R: . T(F,)»m" — m,T(F,) rm-2

and annihilates summands which are not indexed by elements in the image of ¢: Q¢ — . We can use the
bijections of (1.7.5) to index the sum above by ,,_; rather than Q. One gets

(3.3.5) mT(A) %= @ z/pm,  i=0,

wENy 1

with m = min{n,n +r — v,(7w)}. Letting elements in Q — Q,_1 correspond to the trivial group, we may
view the sum (3.3.5) as indexed by 2. In this setup, the restriction map preserves the index w: it annihilates
summands with w € Q—,,_5 and is given by (3.3.4) on the remaining summands. Comparing this to (1.7.9),
we see that the homotopy groups are as stated and that the isomorphism commutes with the restriction map.
It remains to be shown that the Frobenius, Verschiebung and differential are as stated.

The Frobenius is induced from the inclusion F:T(A)%»"~' — T(A)%"=2 and hence it preserves the
index in (3.3.3) and covers the bijection f:$,—1 — Q,_2 in (3.3.5). We consider the summand indexed by
w € Q-1 and let s = p"~w|/7w. On this summand, F is the map

Fri(T(Fp) A SI/CS-F)CT'TH1 — mi(T(Fp) A SI/CS-F)CPW2

induced from the inclusion, and was evaluated in (3.2.6). Let pr: Z/p™ — Z/p™ ! be the projection. Since
the fixed point spectra T(IF,,)CPT are all Eilenberg-MacLane, multiplication by n is trivial, so we get

pr ,ifr > vy(nw)
F=<p ,ifr<uv,(mw)andiiseven
id ,ifr <vp(nw) and i is odd.

The claim for F' and V readily follows. Finally, the claim for the differential follows from (3.2.7). 0

Let E* be the complex from 1.7 and let E* be completed complex

E* =limE*
—

n

and let F, 'V, o: E* — E* be the operators induced from the Frobenius, Verschiebung and differential operators
on E*.
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Corollary 3.3.6. Let A be as above, then
TR, (A;p) = E*

compatible with the Frobenius, Verschiebung and differential.
Proof. The groups TR;(A4;p) = m; TR(A;p) are given by Milnor’s exact sequence

- (1), Cpn,l ) . . ) Cpn71
0 — lim mir1T(A) — TR, (4;p) — lim 7;7°(A) — 0.
The extra generator o, vanishes in the limit, since R(03) = p*A3of_,. Finally, for i = —1,0 the maps in

the limit system on the left are surjective, so the derived limit vanishes. O

Let
]_[ Map(C, x Cy4,5)/C
(d,k)=

where the dth summand is the set of continuous maps from C'p x Cy to the discrete set S.
Corollary 3.3.7. The topological cyclic homology of A is concentrated in degree —1 and

~ (D7),

ceX

the group of infinite sums ) _ s a0, ay € Zy, where, for every n > 0, all but finitely many a, € p"Z,.
Proof. The previous result gives an exact sequence

1F1 QFl

0 — TCy(A4; p)—>E —>TCO(A p)—>E OHTC—I(AQP)_’O

and shows that the remaining groups vanish. We first prove that F — 1: E' = E'is an isomorphism.
Recall that E' consists of infinite sums Y weq dwel(w) such that, for every n > 0, only a finite number
of the coefficients a,, has vp(a,) < min{n,n + r — vy(nw)}. The Frobenius, given by Fei(w) = ei(fw),
acts invertibly making E' an Z[F, F~']-module, and the topology on E! is such that this extends to a
Z[F)[F~1]-module structure. Hence F — 1 is an isomorphism with inverse

= iF‘i.

Recall that the Frobenius operator on EO s given by

eo(w) ,if r > v(7w)
peo(w) , if r < vp(nw)

Feo(w) = {

and let £2 and E° be the submodules of sums 3" ayeq(w) supported on the w € Q with 7 > v,(mw) and
r < v,(nw), respectively. We define o: E° — E° to be the automorphism given by @eo(w) = eo(fw) and
note the commutative diagram with exact rows

0 —— E9 E° E° 0
J/ga—l J/F—l lpg&—l
0 —— EY E° E° 0.

The right hand vertical map is an isormorphism with inverse

(pp—1)"" == p'¢’

>0
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and finally, we have a split exact sequence

0-E) TLEY S (D), —0,
ocX

where € is induced from the map e: Q2 — X given by e(d;r, [o]) = (d; [a]). O

Proof of theorem B. We choose an equivalence P, — A of simplicial rings such that each Ps is a free
associative Fp-algebra without unit. Then W (P.)r is a simplicial abelian group and by definition L. W (A)r
is the homology of the associated chain complex, [Q]. We recall that there are equivalences of spectra

TC(A;p) ~ TC(P,; p) ~ holim TC(Py; p).
AP

The skeletal filtration of the homotopy colimit of spectra on the right yields a strongly convergent right half
plane homology type spectral sequence

Ej, =7 TC(P;p) = msy¢ holim TC(Ps; p).
A°P

Finally, the E'-term is concentrated on the line t = —1 by (3.3.7) and Eslﬁ1 = W(Ps)r by theorem A. O

Remark 8.3.8. It is in order to note that in contrast to the case of a free associative algebra over F), the
topological cyclic homology of a free commutative algebra over IF,, is not concentrated in a single degree. We
let I', denote the set of ordered tuples i = (i1,... ,%m) With 2 < i <iy < ... < iy <n, for m > 1, and let
1) = {0}. Given ¢ € I/, we denote by J(i)" the set of n-tuples k = (k1,...,ky,) with ks € N[1/p] such that
ki, # 0 for all i; € 4. The infinite cyclic group C acts on J(2)’ by t -k = pk = (pki,... ,pky,); let J(i) denote
the orbit space. Finally, we let

G ={(i[K]) i€ I, [k] € J(D)}-

Then one has

(3.3.9) TCp1(Fp[X1,... . X)) = ( P Zy),
9€Gm
It is non-zero if and only if 0 <m <n — 1.
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