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Abstract Forevery commutative ring A, one has a functorial commutative ring W (A)
of p-typical Witt vectors of A, an iterated extension of A by itself. If A is not commu-
tative, it has been known since the pioneering work of L. Hesselholt that W (A) is only
an abelian group, not a ring, and it is an iterated extension of the Hochschild homol-
ogy group H Hy(A) by itself. It is natural to expect that this construction generalizes
to higher degrees and arbitrary coefficients, so that one can define “Hochschild—Witt
homology” W H H,(A, M) for any bimodule M over an associative algebra A over a
field k. Moreover, if one want the resulting theory to be a trace theory, then it suffices
to define it for A = k. This is what we do in this paper, for a perfect field k of positive
characteristic p. Namely, we construct a sequence of polynomial functors W,,,, m > 1
from k-vector spaces to abelian groups, related by restriction maps, we prove their
basic properties such as the existence of Frobenius and Verschiebung maps, and we
show that W), are trace functors. The construction is very simple, and it only depends
on elementary properties of finite cyclic groups.
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Introduction

Recall that to any commutative ring A, one canonically associates the ring W (A) of
p-typical Witt vectors of A (a reader not familiar with the subject can find a great
overview for example in [12, Section 0.1]). Witt vectors are functorial in A, and W (A)
is the inverse limit of rings W,, (A) of m-truncated p-typical Witt vectors numbered
by integers m > 1. We have W (A) = A, and for any m, W,,11(A) is an extension of
A by W, (A).

If A is annihilated by a prime p and perfect—that is, the Frobenius endomorphism
F : A — A is bijective—then one has W,,(A) = W(A)/p™, and in particular, A =
W (A)/p.If Aisnotperfect, this is usually not true. However, if A is sufficiently nice—
for example, if it is the algebra of functions on a smooth affine algebraic variety—then
W (A) has no p-torsion. Thus roughly speaking, the Witt vectors construction provides
a functorial way to associate a ring of characteristic 0 to a ring of characteristic p.

Historically, this motivated a lot of interest in the construction. In particular, one
of the earliest attempts to construct a Weil cohomology theory, due to Serre [23], was
to consider H" (X, W(Oyx)), where X is an algebraic variety over a finite field k of
positive characteristic p, and W(Oy) is the sheaf obtained by taking the Witt vectors
of its structure sheaf Oy.

This attempt did not quite work, and the focus of attention switched to other coho-
mology theories discovered by A. Grothendieck: étale cohomology first of all, but also
cristalline cohomology introduced slightly later. Much later, Illusie [12] discovered
what could be thought of as a vindication of Serre’s original approach. They proved
that any smooth algebraic variety X over a perfect field k of positive characteristic
can be equipped with a functorial de Rham—Witt complex W2, an extension of the
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usual de Rham complex QX In degree 0O, one has WQ?( = W(Oy), but in higher
degrees, one needs a new construction. The resulting complex computes cristalline
cohomology H_,; (X) of X, in the sense that for proper X, one has a canonical iso-
morphism H,,. (X) = H" (X, WQY), and cristalline cohomology is known to be a
Weil cohomology theory.

Yet another breakthrough in our understanding of Witt vectors happenned in 1995,
and it was due to Hesselholt [9]. What he did was to construct Witt vectors W (A)
for an arbitrary associative ring A. Hesselholt’s W (A) is also the inverse limit of its
truncated version W,,(A), and if A is commutative and unital, then it coincides with
the classical Witt vectors ring. But if A is not commutative, W (A) is not even a ring—it
is only an abelian group. We have Wi (A) = A/[A, A], the quotient of the algebra A
by the subgroup spanned by commutators of its elements, and for any m, W, 1(A) is
an extension of A/[A, A] by a quotient of W, (A).

In the context of non-commutative algebra and non-commutative algebraic geome-
try, one common theme of the two constructions is immediately obvious: Hochschild
homology. On one hand, for any associative ring, A/[A, A] is the 0-th Hochschild
homology group H Hy(A). On the other hand, for a smooth affine algebraic variety
X = Spec A, the spaces H°(X, Qi){) of differential forms on X are identified with
the Hochshchild homology groups H H;(A) by the famous theorem of Hochschild,
Kostant and Rosenberg. Thus one is lead to expect that a unifying theory would
use an associative unital k-algebra A as an input, and product what one could call
“Hochschild—Witt homology groups” W H H, (A) such that in degree 0, W H Hy(A)
coincides with Hesselholt’s Witt vectors, while for acommutative A with smooth spec-
trum X = Spec A, we would have natural identifications WH H; (A) = H 0(x, WQ’%).

But “expect” is perhaps a wrong word here, since this relation to Hochschild
homology is already made abundantly clear in Hesselholt’s work. In fact, while the
main construction in [9] is purely algebraic, its origins are in algebraic topology—
specificaly, the theory of Topological Cyclic Homology and cyclotomic trace of
Bokstedt et al. [3,11], itself a development of Topological Hochschild Homology
of Bokstedt [2]. Among other things, [3] associates a certain spectrum T R(A, p)
to any ring spectrum A. If A is a k-algebra, chark = p, then TR(A, p) is an
Eilenberg-Mac Lane spectrum, thus essentially a chain complex. The Witt vectors
group W(A) constructed explicitly by Hesselholt is the homology group of this
complex in degree 0. He also proved [8,10] that for a commutative k-algebra A
with smooth spectrum X, all the homotopy groups of the spectrum 7 R(A, p) coin-
cide with the de Rham-Witt forms H%(X, WQY). Thus the homotopy groups of
TR(A, p) are already perfectly good candidates for hypothetical Hochschild—Witt
homology groups. What we lack is an algebraic construction of these groups in degrees
> 0.

However, while the relevance of Hochschild homology for Witt vectors has been
well-understood by topologists from the very beginning, one of its features has been
somewhat overlooked. Namely, Hochschild homology is in fact a theory with two
variables—an algebra A and an A-bimodule M (that is, a module over the product
A° ® A of A with its opposite algebra A?). To obtain H H, (A), one takes as M the
diagonal bimodule A, but the groups H H, (A, M) are well-defined for any bimodule.
Moreover, Hochschld homology has the following trace-like property: for any two
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algebras A, B, a left module M over A° ® B, and a left module N over B’ ® A, we
have a canonical isomorphism

L L
HH,(A,M ®p N) = HH,(B,N Q4 M),

subject to some natural compatibility conditions. This was axiomatized and studied
in the recent work of Ponto [22], with references to even earlier work. It has also been
observed and axiomatized under the name of “trace theory” and “trace functor” in
[15]. The essential point is this: if one wants to have a generalization of Hochschild
homology that is a functor of two variables A, M and has trace isomorphisms, then it
suffices to define it for A = k—there is general machine that automatically produces
the rest. Thus one can trade the first variable for the second one: instead of constructing
WHH,(A) for an arbitrary A, one can construct W H H, (k, M) for an arbitrary k-
vector space M. This is hopefully simpler. In particular, it is reasonable to expect that
WHH;(k, M) = 0 for i > 1, so that the problem reduces to constructing a single
functor from k-vector spaces to abelian groups.

One possible approach to this is to go back to the original paper [1] of Bloch
that motivated [8, 12], and use algebraic K -theory. It seems that this approach indeed
works; in fact, a definition along these lines has been sketched by the author a couple
of years ago and presented in several talks. The main technical ingredient of the
definition is a certain completed version of K; of free non-commutative algebras in
several variables. The construction works over an arbitrary commutative ring, not just
over a perfect field, and provides a version of “universal”, or “big” Witt vectors; the
p-typical Witt vectors that we discuss here are then extracted by a separate procedure.
Unfortunately, the complete construction turns out to be longer than one would wish,
and the rather elementary nature of the resulting Witt vectors functor is somewhat
obscured by the machinery needed to define it. This is one of the reasons why despite
many promises, the story has not been yet written down.

The goal of the present paper is to alleviate the situation by presenting a very simple
and direct alternative construction motivated by recent work of V. Vologodsky. In a
nutshell, here is the basic idea: instead of trying to associate an abelian group to a
k-vector space M directly, one should lift M to a free W (k)-module in some way,
use it for the construction, and then prove that the result does not depend on the
lifting. The resulting definition only works over a perfect field k of characteristic p
and assumes that we already know the classical Witt vectors ring W (k). However,
it produces directly an inverse system of p-typical Witt vectors functors W, and it
only uses elementary properties of cyclic groups Z/p"Z, n > 0. The functors W, are
polynomial, thus the “polynomial functor” of the title.

The paper is organized as follows. The longish Sect. 1 contains the necessary
preliminaries. Most of the material is standard, and we include it mostly to set up
notation. We also give a short recollection on the theory of Mackey functors, the only
piece of relatively high technology required in the body of the paper. In principle, even
this could have been avoided. However, Mackey functors do help—in particular, they
provide for free some very useful canonical filtrations on our Witt vectors, and explain
the origin of the projection formula relating the Frobenius and the Verschiebung maps.
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Sections 1.3 and 1.4 give an overview of Mackey functors, Sect. 1.5 contains some
less standard material specifically adapted to our needs, and Sect. 1.6 shows how
things work for cyclic groups. We should mention that an intimate relation between
7./ p"Z-Mackey functors and m-truncated p-typical Witt vectors is very well known
and documented in the literature.

Having finished with the preliminaries, we give our two main definitions, those of
Witt vectors and of restriction maps between them. This, together with the proof of
correctness, is the subject of Sect. 2. Section 3 explores the basic structure of the Witt
vectors functors W, constructed in Sect. 2. We also prove that W,,, are pseudotensor
functors (this is Sect. 3.3), and give a slightly more explicit inductive description of
W, that is closer to [9] and to the original construction of Witt (this is Sect. 3.4).
Then in the last Sect. 4, we recall the definition of a trace functor from [15], and prove
that our Witt vectors W), are trace functors in a natural way. We finish the paper with
some results on compatibility between all the structures we have on W,,, namely, the
pseudotensor structure of Sect. 3.3, the trace functor structure of Sect. 4.2, and some
remnants of the Mackey functors structure that they carry by definition.

As mentioned above, after we define Witt vectors functors on k-vector spaces and
equip them with trace isomorphisms, constructing a Hochschild—Witt complex for any
k-algebra A with coefficients in an A-bimodule M becomes automatic. However, in
the present paper, we do not do this. We feel that exploring the resulting Hochschild—
Witt complex deserves a separate treatment, and we relegate it to a companion paper
[18]. The same goes for the comparison results with Hesselholt’s Witt vectors and with
the de Rham—Witt complex. Any possible comparison results with T R(A, p) would
require much more technology than we presently have, so will return to it elsewhere.
Another very interesting subject for comparison is a version of non-commutative Witt
vectors given recently by Cuntz and Deninger [4]. At the moment, we do not know
what is the relation between the two constructions, and we feel that it deserves further
research.

1 Preliminaries
1.1 Small categories

For any category C, we will denote by C° the opposite category. We will denote by
pt the point category (one object, one morphism). For any group G, we will denote
by pts the groupoid with one object with automorphism group G. For any integer
[ > 1, we will simplify notation by letting pt; = ptz,;7. We note that for any functor
F : C; — (C; between categories Cy, Co, giving a G-action on F is equivalent to
extending it to a functor

F :ptg x C; — ptg x Ca (1.1)

that commutes with projections to pt. If the functor £ admits a left resp. right-adjoint
functor F’, then G acts on F’ by adjunction, and F is left resp. right-adjoint to F'.
For any small category I/ and any category C, we will denote by Fun(Z, C) the
category of functors from 7 to C. For any ring A, we denote by A-mod the cate-
gory of left A-modules, and for any small category I, we will simplify notation by
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letting Fun(/, A) = Fun(Z, A-mod). This is an abelian category; we will denote by
D(I, A) its derived category. In particular, for any group G, Fun(pts, A) is the category
A[G]-mod of left modules over the group algebra A[G]. For any functor y : [ — I’
between small categories, we denote by y* : Fun(I’, A) — Fun(I, A) the pullback
functor, and we denote by y, v : Fun(l, A) — Fun(I’, A) its left and right adjoint
(the left and right Kan extensions along y). The functor y* is exact, hence descends
to derived categories, and the derived functors L*y1, R"y, : D(I, A) — D(I’, A) are
left and right adjoint to y* : D(I’, A) — D(I, A).

If the ring A is commutative, then the category Fun(/, A) is a symmetric unital
tensor category with respect to the pointwise tensor product. For any functory : I’ —
I, the pullback functor y* is a tensor functor. Recall that a functor F : C; — C»
between unital symmetric monoidal categories is pseudotensor if it is equipped with
functorial maps

e:l— F(), pn:F(M)® F(N) > F(M®N), M,N €Cj, (1.2)

where 1 stands for the unit object, and these maps are associative and unital in the
obvious sense. A pseudotensor functor is symmetric if the maps p are also commu-
tative. Then a right-adjoint to a symmetric tensor functor is automatically symmetric
pseudotensor by adjunction. In particular, for any functor y : I’ — I, the functor
v4 : Fun(I’, A) — Fun(l, A) is symmetric pseudotensor.

We will assume known the notions of a fibration, a cofibration and a bifibration
of small categories originally introduced in [7]. We also assume known the following
useful base change lemma: if we are given a cartesian square

I

I
r—L
of small categories, and 7 is a cofibration, then 7z’ is a cofibration, and the base change

map L 7| o fi* = f*o L"m is an isomorphism. Dually, if 7z is a fibration, then 77" is
a fibration, and f* o R* 7, = R 7} o f;". For a proof, see e.g. [13, Lemma 1.7].

1.2 Trace maps

One specific example of a base change situation is a bifibration = : I’ — I whose
fiber is equivalent to a groupoid pt. In this case, for any E € Fun(/’, A) and any
objecti’ € I’ with image i = 7(i’) € I, the A-module E (i") carries a natural action
of the group G, and we have base change isomorphisms

mEG) = E()g, w.E®G) = EG)C,

where in the right-hand side, we have coinvariants and invariants with respect to G. If
the group G is finite, then for any A[G]-module V, we have a natural trace map
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o=y g:Vog— VO (1.3)
geG

whose cokernel is the Tate cohomology group H°(G, V). Taken together, these maps
then define a natural trace map

try :mE — n.E. (1.4)

This map is functorial in E and compatible with the base change. If E = x*E’ for
some E’ € Fun(/, A), then

tr; = |Glid: mr*E — ma*E’, (1.5)

where |G| is the order of the finite group G. In the general case, we denote by trf, :
E — E the composition

(i)

E —l> T*mE T*r,E — > E, (1.6)

where / and r are the adjunction maps, and we denote by
7. : Fun(I’, A) — Fun(l, A) 1.7)

the functor sending E to the cokernel of the map (1.4). Forany i’ € I’ withi = 7 (i’),
we have a natural identification 74 (E) (i) = H 0(G, E(i")). We note that even if the
categories I, I’ are not small, the map trj, : E — E of (1.6) is perfectly well-defined
for every functor E : I’ — k-mod.

Lemma 1.1 Assume that the ring A is commutative. Then the functor 7, of (1.7) is
pseudotensor.

Proof Since by definition, 7, is a quotient of a pseudotensor functor 7, it suffices to
check that the maps p of (1.2) for the functor 7, descend to maps 77, (M) ® o 7 (N) —
7t«(M®4 N), M, N € Fun(I’, A). This can be checked pointwise on /. Thus we may
assume that / = pt is a point, M and N are A[G]-modules, and 7, is the Tate
cohomogy functor H°(G, —). Then the claim is well-known (and easily follows from
the obvious equality trg(m @ n) =trg(m) ® n,m € M,n € NY c N). O

Finally, assume that we have a normal subgroup N C G with the quotient W =
G/N, and a bifibration = : I” — [ with fiber pt,; factors as 7 = 7’ o 7", where
" 1" — I is a bifibration with fiber pty, and 7’ : I’ — [ is a bifibration with
fiber W. Then we have a commutative diagram

~ tl’n/

7l o) b . om/

LA )l ltrn ln; (trm) (1.8)

tl'ﬂ/ ~
m o) T 7, o).
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In particular, we have
try =, (trp) o try = try om (tryn). (1.9)
Moreover, taking cokernels of the vertical maps in (1.8), we obtain natural maps

Iy i) o 7t, = 7/ (Coker(tr,»)) = Coker (| (try»)) — 7,

rq 7t — Coker(m, (tryn)) — m,(Coker(try»)) = 7, o 7.,

such that r; o l; = try/. By adjunction, these maps induce maps

’

v / v v v
gl > a*ose, rlia*om,— ., (1.10)

and we have

rioll =trl, 174! — . (1.11)

1.3 Mackey functors

Mackey functors were introduced by Dress [5], with current definition due to Lindner
[20]. Good expositions of the theory can be found e.g. [21,24]. We only give a brief
overview following [16, Section 2].

Assume given a group G and aring A. Denote by I' the category of finite G-sets—
that is, finite sets equipped with a left G-action. Denote by QT'¢ the category with
the same objects, and with morphisms from S to S given by isomorphism classes of
diagrams

(Y LAR JR N (1.12)

in I'g, with composition given by pullbacks. Any map f : S — S> between G-set
defines two maps fi : S — S», f* : S, — 87 in the category QI', one by letting
p1 = id, pp = f in (1.12), and the other by letting p; = f, p» = id. Sending f to
S« resp. f* gives inclusions I'g, I';; C QT'g. Say that a functor E € Fun(I'g, A) is
additive if for any S, S" € I' with disjoint union S| [S’, the natural map

E(S[[S) — E(S)® E(S)

is an isomorphism. An A-valued G-Mackey functor is a functor M from QTI' to left
A-modules whose restriction to I'g; is additive. Mackey functors form a full abelian
subcategory M(G, A) C Fun(QTg, A). The embedding functor M(G, A) —
Fun(QTl'G, A) admits a left-adjoint additivization functor Add : Fun(Ql'g, A) —
M(G, A).

If G = {e} is the trivial group consisting only of its unity element e, sothat ' = I
is the category of finite sets, then the category QT is in fact equivalent to the category
of free finitely generated commutative monoids, and M (G, A) is naturally equivalent
to A-mod. The functor M : OT' — A-mod corresponding to an A-module M under
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the equivalence sends a finite set S to M[S], the sum of copies of the module M
numbered by elements of the set S.
In general, any finite G-set S decomposes into a disjoint union of G-orbits: we have

s=[] 16/H. (1.13)

s€G\S

where H; C G are cofinite subgroups, and [G/H ], H C G acofinite subgroup denotes
the quotient G/ H considered as a G-set via the action by left shifts. Then by additivity,
the values of a G-Mackey functor M at all finite G-sets are completely determined by
its values M ([G/H]), H C G a cofinite subgroup. To determine M itself, one needs
to specify also the maps f, : M([G/H|]) — M(G/H))), f* : M([G/H]) —
M([G/H,]) for any G-equivariant map f : [G/Hi] — [G/H3]. For any composable
pair of maps f, g, we must have fy 0 g« = (f 0 2)x, &* 0o f* = (f o g)*. In addition,
given two maps f : [G/H|] — [G/H], g : [G/H2] — [G/H], we must have

g*of*=2fs*og_f, (1.14)
N

where the sum is over all the terms [G/H;] in the orbit decomposition (1.13) of
the fibered product S = [G/H1] X[g/u) [G/H>], and f; : [G/Hs] — [G/H3],
gs : [G/H;] — [G/H;] are the natural projections. We note that the existences of the
maps f, g implies that H;, H» C G can be conjugated to a subgroup in H C G. If
we do the conjugation, then we have a natural identification

G\S = G\([G/H1] x(6/m [G/H2]) = H\([H/H1] x [H/H2]) = Hi\H/H>.

Because of this, (1.14) is known as the double coset formula.

1.4 Fixed points and products

For any subgroup H C G, a finite G-set S is also an H-set by restriction, so that
we have a natural functor ¢ : ¢ — I'y. This functor preserves pullbacks, thus
induces a functor QWH : OI'6 — QOTI'y. The Kan extension Qlﬂ‘!H then sends
additive functors to additive functors, so that we obtain a functor

v = oyl M(G, A) > M(H, A).

This is known as the categorical fixed points functor. Note that the centralizer Zy C G
of the group H C G actson wH ,thus on W g0 that W can be promoted to a functor

UH MG, A) > M(H, A[Zy]). (1.15)

If H C G is cofinite, then ¥ admits a left-adjoint functor y* : 'y — TI'g that
sends a finite H-set S to (G x §)/H, where H acts on G by right shifts. This functor
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also preserves pullbacks, and moreover, the induced functor Qy ¥ QI'y — QT'g :is
also adjoint to Qv (both on the left and on the right). Then by adjunction, we have

wh = gy H* (1.16)

On the other hand, assume given a normal subgroup N C G, and let W = G/N be
the quotient group. Then every finite W-set is by restriction a finite G-set, so that we
obtain a functor I'yy — I'g. This has a right-adjoint ¢ : '¢ — 'y sending a G-set
S to the fixed points subset SV . The functor ¢ preserves pullbacks, and the induced
functor Q(p!N preserves additivity, so that we obtain the geometric fixed points functor

oY = Q¢! : M(G, A) - M(W, A).
The functor ®" has a right-adjoint inflation functor
InfiV = ™* : M(W, A) = M(G, A).

The inflation functor is fully faithful. Its essential image consists of G-Mackey functors
that are supported at N in the sense that M ([G/H]) = O unless H contains N.

Assume now that the ring A is commutative. The Cartesian product preserves
pullbacks in each variable, this gives a functor

m:Ql'g x OI'g — QOTl'g. (1.17)

The Kan extension m) does not in any sense preserve additivity; however, one can still
define a product on the category M (G, A) by setting

M, o My = Add(m (M, K4 M>)). (1.18)

This is a symmetric unital tensor product. It is right-exact in each variable. If G = {e}
is the trivial group, so that M (G, A) = A-mod, then M| o My = M| ® 4 M>, and the
unit object is the free module A. In general, the unit object is the so-called Burnside
Mackey functor A given by

A = Add(Qp1A), (1.19)

where p : ' — [ is the tautological embedding sending a finite set to itself with
the trivial G-action.

Since Y om = mo (Y x yH) and o om = m o (™ x @), both fixed
points functors W, ® are tensor functors with respect to the product (1.18). Since
the isomorphism ¥ o m = m o (Y¥ x ) is Zy-equivariant, the extended fixed
points functor UH of (1.15) is also a tensor functor.

While the product M o M; of two G-Mackey functors My, M, does not admit a
simple description, such a description is possible for the spaces of maps from M o
M, — M3 to a third G-Mackey functor M3. Namely, we have the following useful
result.
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Lemma 1.2 Assume given a commutative ring A, a group G, and three G-Mackey
Sfunctors My, My, M3 € M(G, A). Then giving a map

w:MioMy; — Mj

is equivalent to giving a map n : Mi((G/H]) @4 M2([G/H]) — M3([G/H]) for
any cofinite subgroup H C G such that for any map f : [G/H'] — [G/H] of G-sets,

we have
o (fif x f3) = fion,
po (fl xid) = fopo(idxfy), (1.20)
o (idx f7) = f7 oo (ff xid),

where [, [, f3, resp. L f*z, f*3 are the maps f* resp. fy for the Mackey functors
M, M>, Ms3.

Proof This is a reformulation of [16, Lemma 2.6]. O

Informally, the first equation in (1.20) means that the maps f* are multiplicative,
and the other two equations say that f, satisfies a version of the projection formula
with respect to f*. Note that among other things, Lemma 1.2 implies that for any
cofinite H C G, the evaluation functor M +— M ([G/H]) has a natural pseudotensor
structure. This can also been seens explicitly as follows. For H = G, we have a
functorial identification

M(IG/G]) = Qp* (M),
where p : ' — @' is the tautological embedding of (1.19), so that evaluation at
[G/G] is right-adjoint to the functor Qp,. Since Qp commutes with the product

functor (1.17), Qpy is tensor, and Qp* is pseudotensor by adjunction. For a general
cofinite H, precompose with the tensor functor W#

1.5 The functor Q

If the group G is finite, then the trivial subgroup {e} C G is cofinite, and the centralizer
Ziey C G is the whole G. Denote by

U= MG, A) > M({e}, A[G]) = A[G]-mod (1.21)

the corresponding extended fixed points functor (1.15). By (1.16), U sends a Mackey
functor M € M(G, A) toits value M ([G/{e}]) at the biggest G-orbit [G/{e}], and G
acts on M[G/{e}] via its action on G = [G/{e}] by right shifts. The functor U has a
left and a right-adjoint L, R : A[G]-mod = M({e}, A[G]) - M(G, A) given by

L(E) = (W*(E))g, R(E)=@*"(E)®, E € A[G]-mod, (1.22)
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where we simplify notation by writing ¥ = ¢}, and G acts both on E and on 1.
Explicitly, for any A[G]-module E and any subgroup H C G, we have

L(E)(G/H]) = (E[G/H)¢ = En,

1.23
R(E)(IG/H)) = (E[G/H)® = E". (123

We note that EX, Ey only depend on H and not on G. In fact, for any subgroup
H C G, the isomorphisms (1.16) and (1.22) provide canonical identifications

vl L(Ey=L'(E"), WIR(E)ZR(E), E e A[G]-mod, (1.24)

where L', R’ : R[H]-mod — M(H, A) are the functors L, R for the group H, and
E’ is E treated as an A[H]-module by restriction. In particular, taking H = {e}, we
see that U o L = U o R = 1d, so that both L and R are fully faithful. By adjunction,
we then have a natural trace map

tr: L — R. (1.25)

For any subgroup H C G, it is compatible with the identification (1.24).

Definition 1.3 For any A[G]-module E, the G-Mackey functor Q(E) is the cokernel
of the trace map (1.25).

It is clear that Q(E) is functorial in E, so that we obtain a functor
Q0 : A[G]-mod — M(G, A).

Explicitly, for any subgroup H C G, the map L(E)([G/H]) — R(E)([G/H])
induced by the trace map (1.25) is the trace map try of (1.3), and we have the identi-
fication 5 5

Q(E)(G/H]) = H(G, E[G/H]) = H*(H, E), (1.26)

where as in Sect. 1.1, H* (—, —) stands for Tate cohomology. The maps f, f* asso-
ciated to a G-equivariant map f : [G/H'] — [G/H] can aslo be described explicitly,
but we will need it only in one case: H = G, H' = N is a normal subgroup with the
quotient W = G/N, f : [G/H] — [G/G] is the only map. Then

fe=1,  fr=r], (127)

where lf,, r; are the natural maps (1.10) for the projection w : pt; — pt. We also
note that for any subgroup H C G, (1.24) provides an identification

vl O(E)= Q'(E"), E € A[G]-mod, (1.28)

where E’ is as in (1.24), and Q' is the functor Q for the group H.
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We will also need the following slightly more elaborate description of the functor
Q. Let Qv be the functor (1.1) associated to the action of G on Qvr, and consider the
full embedding

A[G]-mod = M({e}, A[G]) C Fun(QT, A[G]) = Fun(pt; x Ql'g, A).
Then for any E € A[G]-mod C Fun(pt; x QOI', A), we have
L(E) =mQVy*E, R(E)=m.QVy"E, (1.29)

where 77 : ptg x Qyg — QTG is the projection, and the trace map (1.25) coincides
with the trace map tr; of (1.4). Therefore Q(E) = 77, QY *E.

Lemma 1.4 For any finite group G and commutative ring A, the functor Q
A[G]-mod — M(G, A) of Definition 1.3 is symmetric pseudotensor, and for any
subgroup H C G, the functorial isomorphism (1.26) is compatible with the pseu-
dotensor structures.

Proof Since the functor U is tensor, its right-adjoint R is symmetric pseudotensor by
adjunction. Then as in Lemma 1.1, since Q is a quotient of R, the map ¢ of (1.2) for
the functor R induces a map ¢ for Q, and to prove that Q is pseudotensor, it suffices
to show that the maps p descend to the corresponding maps for Q—the associativity,
commutivity and unitality are then automatic. Moreover, compatibility of (1.26) with
the pseudotensor structures is also automatic, since the second of the isomorphisms
(1.23) is compatible with the pseudotensor structures by adjunction.
Since the product (1.18) is right-exact, Q(M) o Q(N) is the cokernel of the map

(L(M) o R(N)) ® (R(M) o L(N)) L2020 2y o R(V)

for any M, N € A[G]-mod, and since R is symmetric, it suffices to show that there
exists a functorial map
L(M)oR(N)— L(M ® N) (1.30)

that fits into a commutative diagram

L(M) o L(N) -2 R(M) o R(N)

l 2

LIM®N) — s R(M®N).

To see this, use (1.29). Denote y = y!¢}, and let Q% be the functor (1.1) associated to
the G-action on Qy. Since the product of a free G-set and an arbitrary G-set is free,
we have a commutative diagram
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y xid)o(t xid i
O x ptg x QI ~ZXVXD oy s 0T x 0T 2™ pty x OT'G

mxgal H

S _
OF x ptg x or 1xmed) pte x oF  —2 pt, x OTG,

where t : QI' x pt; — ptg x QI is the transposition, and since Q{/;* = Oy, this
diagram together with (1.29) induces a functorial projection formula isomorphism

L(E®@aUM)) =L(E)oM, E € A[G]-mod, M € M(G, A).

By adjunction, this isomorphism is compatible with the trace maps, and the inverse
isomorphism yields the map (1.30). O

1.6 Cyclic groups

Now fix a prime p, and let G = Z, be the group of p-adic integers. Then the lattice of
cofinite subgroups H C G is very simple—they are all of the form p™ G C G, m > 0.
In particular, finite G-orbits are numbered by non-negative integers, and it turns out
that the category M (G, A) admits a simple explicit description.

Namely, denote by / the groupoid of G-orbits and their isomorphisms, with [p™] €
I being the orbit [G/p™ G]. Explicitly, Aut([p™]) = Z/p™Z, so that I is the disjoint
union of groupoids pt,», m > 0. Let I}, C I be the full subcategory spanned by orbits
other than the point (in other words, I}, is the union of groupoids pt,» with m > 1).
Denote by i : I, — I the natural embedding. On the other hand, for any m > 1,
we have a natural quotient map Z/p™7Z — 7/ p™~'7Z and the corresponding functor
pt,n — pt,m-1. Taking all these functors together, we obtain a functor

w:l, — L
The functor 7 is a bifibration with fiber pt p» SO that in particular, we have the trace
map tr, of (1.4).

Lemma 1.5 (i) Foranyring A, the category M(Z,,, A) is equivalent to the category
of triples (E, V, F) of a object E € Fun(I, A) and two maps

. \%4 F .
i*E —— n*E —— i*E

such that F oV : i*E — i*E is equal to the natural map tr; of (1.6).

(i1) Assume that the ring A is commutative, and assume given G-Mackey functors
M, My, M3 € M(G, A) corresponding to triples (E{, V1, F1), (E2, Va, F2),
(E3, V3, F3). Then maps M| o My — M3 are in a natural one-to-one corre-
spondence with maps 1 : E1 ® 4 Eo — E3 such that wo (Fy X Fp) = Fzo i
and

wo (Vi xid)y=Viouo(idxF), pmo(idxVy)=Viopuo (F xid).
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Proof By definition, we have a natural embedding e : I — [’ that extends further
to an embedding € : I — QT. Fix amap p : [G/p"T!G] — [G/p" G] for every
m > 0. Then any morphism f : [G/p"G] — [G/p™ G] in G uniquely decomposes
as

f=Fop"™  feAu(G/p"G). (1.31)

and all the maps p together define a map of functors p : eoi — eom.In one direction,
the equivalence of (i) sends a G-Mackey functor M € M(G, A) toe*M € Fun(l, A),
with V. = p,, F = p*; the equality F o V = tr; follows from the double coset
formula (1.14). In the other direction, (E, V, F) gives a G-Mackey functor M such
that M([G/p™G]) = E([p™]), m > 0, and for any map f : [G/p"G] — [G/p" G],
we have

fe=EQHT oVi™ = F"T o E(f),

where ? € Aut([p™]) is given by (1.31). The double coset formula (1.14) then follows
from the equality F o V = trj,. Finally, (ii) immediately follows from Lemma 1.2. O

We note that if for any integer m > 0 we denote G,, = G/p" G = Z/p™Z, then
for any n > m, we have a fully faithful inflation functor

Infl’, : M(Gp, A) - M(G,, A), (1.32)
and for any m > 0, we have the fully faithful inflation functor
Infl,,, : M(G,,, A) - M(G, A). (1.33)

Therefore Lemma 1.5 also describes the category M(G,,, A) for any integer m > 0—
this is the full subcategory spanned by triples (£, V, F') such that E([p"]) = O for
n > m.

Apart from Lemma 1.5, one can also study G,,-Mackey functors by induction on
m. Namely, forany m > 1 and M € M(G,,, A), we have adjunction maps

1:LWUM) = M, r:M— RUM)), (1.34)

and we note that since U (/) and U (r) are isomorphisms, both the kernel Ker r» and
the cokernel Coker/ are supported at p"~'G| C G,,, so that both are effectively
G,—1-Mackey functors. We then introduce the following inductive definition.

Definition 1.6 1. A G,,-Mackey functor M € M(G,,, A) is perfect if eitherm = 0,
or the map/ of (1.34) is injective, the map r is surjective, and both Ker r and Coker /
are perfect G,,,_1-Mackey functors.

2. Assume given a perfect G,,-Mackey functor M. Then the co-standard filtration
F, on M is the increasing filtration such that F,, M = M and F;M = F;(Kerr),
0 < i < m — 1, and the standard filtration F* on M is the decreasing filtration
such that F"M = Iml, and FIM = q_l(Fi Cokerl), 0 <i < m — 1, where
q : M — Coker ! is the quotient map.
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Example 1.7 Already for m = 1, Definition 1.6 (i) is not vacuous. Indeed, let k be
a field of characteristic p = chark, and take E € Fun(l, k) with E([p™]) = 0,
m # 1, and E([p]) = k with the trivial action of G| = Z/pZ. Then the trace map
trz,pz : k — k vanishes, so that V = F' = 0 satisfies the condition of Lemma 1.5 (i).
The resulting G1-Mackey functor is not perfect.

As we see from Example 1.7, not all G,,-Mackey functors are perfect. However,
those of interest to us in the rest of the paper will be, and the standard and co-standart
filtrations will prove useful.

2 Witt vectors
2.1 Preliminaries on cyclic groups

Fix a perfect field k of positive characteristic p = chark. Let W (k) be the ring of
p-typical Witt vectors of the field k. Since k is perfect, we have W(k)/p = k, and
for any integer n > 1, we have the truncated Witt vectors ring W, (k) = W (k)/p".
We also have the Frobenius automorphism F : W (k) — W (k) lifting the absolute
Frobenius automorphism of the field k.

As in Sect. 1.6, let G = Z, be the group of p-adic integers, and for any integer
m > 0,letG,, =7Z/p™Z = G/p™G. Any finite G-set S decomposes as

s =115 @2.1)

i=0

where Sj;; C S is the union of elements s € S whose stabilizer is exactly p'G C
G. Any finite G,,-set S is canonically a G-set via the quotient map G — G,,; its
decomposition (2.1) only contains terms X;) with i < m.

Lemma 2.1 Assume given integers m > 0, n > 1 and a finite G,-set S, and consider
the free W, (k)-module E = W, (k)[S] spanned by S, with the G, -action induced
from S.

(i) We have a natural identification E Gm = W, (k)[S /Gl
(i1) Moreover, assume that n > m. Then we have a natural identification

HYGw. E)= @ Wui(®Si1/Gm),

0<i<m
where Sj;) C S are the components of the decomposition (2.1).

Proof (i) is obvious. For (ii), note that (2.1) induces a G,,-invariant direct sum decom-
position of E, so that it suffices to consider the case § = S;}, 0 < i < m. In this case,
S is actually a G;-set, and the G;-action on § is free. Therefore the trace map trg,, is
equal to p™ ! trg, by (1.5), and the trace map trg, is a bijection. O
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Note that for any integers m > 0, n > 1, the quotient map W, 41(k) — W, (k)
induces a natural map

H(G i, Woi1 ()[S]) = H (G, W (OLS]).

Lemma 2.1 (ii) then implies that this map is an isomorphism if n > m.
Now assume given a free finitely generated W, (k)-module E, and denote by

m

E(ny = E®W®P (2.2)
its p"™-th tensor power with the W, (k)-module structure given b
p p g y
a-e=F"a)e, acWyk),eeE®WbP" (2.3)

Let the group G, acton E,,) by permutations. Moreover, let E ém) be the same W, (k)-
module considered as a representation of G4 via the quotient map G,,+1 — G,
and denote

Om(E) = H' G, Eg)). Q) (E) = H*(Gps1. ). 2.4)
Then we have

EGm ~ (EEm))Gm+1 ,

(m) =

and trg,,, = ptrg, on E¢,) = Eém) by (1.9) and (1.5), so that we obtain a natural
map

<

t Q) (E) = OQum(E). (2.5)

Every element e € E gives an element ¢®”" ¢ E Em); this element is G,,41-invariant
and descends to elements

Coy € Op(E), emy = r(€fy) € Om(E). (2.6)
Lemma 2.2 Assume that n > m, and assume given two elements a, b € E such that
a=>b mod p. Thena(, = b, and am) = bm).-

Proof Since ey = r(ezm)), it suffices to prove the first claim. By functoriality, it
suffices to consider the universal situation: E = W,,(k)[S]is the free module generated
by a set S with two elements, so and s1, and we have a = s9, b = so + psi. Then
elements 5 of the set SP" are of the form

S=sr1) X Sp@) X -+ X Sp(pmy,s 2.7)

where f is a function that assigns O or 1 to any integer 1 < j < p™. For such an
element, denote

=Y

l<j=p™
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so that [s] is the number of integers j with f(j) = 1. Then we have

b —a®" =" plly e B = W, (k)[sP" 19", (2.8)
5

where the sum is over all elements § € S”" not equal to sg —that is, with [5] > 1.

m—i

Moreover, if 5 lies in S 5) for some integer i, then |5| must be divisible by p™~*, and

since [5] > 1, we actually have |5| > p” . Since p” ' >m —i + 1 forany i < m,
Lemma 2.1 (ii) implies that every term in the right-hand side of (2.8) vanishes after
projecting to H%(G 41, Eém)). O

2.2 Polynomial Witt vectors

Now fix integers n > m > 1, let E be a free W,,(k)-module, and consider the corre-

sponding W,, (k)[G,,]-modules E ), EEm—l) of (2.2). Denote

On(E) = Q(Em)). Op 1 (E) = Q(E(,,_)) € M(G, Wy(k)),

where Q(—) is as in Definition 1.3. Note that by (1.26), this notation is consistent with
(2.4)—the Mackey functor Q,, (E) gives Q,, (E) after evaluation at the trivial G, -orbit
[G./ G ], and similarly for é;n (E).Note also that since n > m, every W, (k)-module
is automatically a W, (k)-module by virtue of the map W, (k) — W, (k), so that we
have a full embedding W,, (k)-mod C W, (k)-mod.

Proposition 2.3 For any integer m > 1, there exists functors

W, W

m—1 *

: k-mod — M(G,—1, Wy (k))
such that for any free W), (k)-module E, we have functorial isomorphisms

On(E) ZInfly_ W (E/p), O, (E) = Infly_ W,,_(E/p),
where Infl are the inflation functors (1.32).

Proof The proofs of both claims are the same, so let us start with Wm. By (1.26), we
know that Q(E(n))([Gn/{e}]) = 0, so that Q,,(E) is supported at "Gy Cc G,
thus lies in the image of the fully faithful inlfation functor Infl}} _,. Denote by ¢ the
functor from free W, (k)-modules to k-vector spaces that sends E to E/p. We have
to show that Q,, canonically factors through ¢g. Since g is essentially surjective, the
issue is the morphisms: we have to show that for two free W), (k)-modules M, N, and
two maps a, b : M — N with g(a) = q(b), we have Qm (a) = Qm (b). Moreover,
since the functor Q m obviously commutes with filtered colimits, it suffices to consider
finitely generated free W, (k)-modules.
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Let E = Homyy, x)(M, N). This is also a free finitely generated W, (k)-module,
we have the action map

a:M®Wn(k)E—>N,

and the map a : M — N decomposes as

id g
M =M Qw, k) Wak) 9% N Qw, k) E LN N,
where @ : W, (k) — E is the map sending 1 to a.

Now, the p"-th tensor power functor is tensor, and the functor Q is pseudotensor by
Lemma 1.4. Therefore Q,, is pseudotensor, and the map Q,,(a) can be decomposed
as

ido @m (E)
—_— >

On(M) = Q,n(M) o A On(M) 0 Op(E) —2—

L ~ Oml@) ~
—L s 0,(M ®w,4) E) == 0, (N),

where A € M(G,,, W, (k)) is the Burnside Mackey functor, and i comes from the
pseudotensor structure on Q,,. We also have an analogous decomposition for b, so
that in the end, it suffices to prove that

On(@) = Om(b) : A— Ou(E).
But by (1.19) and (1.26), we have Hom(.,it, ém(E)) = I‘j{o((im, E(n), and in terms

of this identification, we obviously have Q,, (@) = a(m), Om(b) = bgny. Then we are
done by the second claim of Lemma 2.2.

For VT/,/n_ |» the argument is exactly the same, except that we need to invoke the first
claim of Lemma 2.2. O

Definition 2.4 For any k-vector space E and integer m > 1, the m-truncated extended
polynomial Witt vectors Mackey functor Wi (E) is the W, (k)-valued G,,—1-Mackey
functor provided by Proposition 2.3, and the W,, (k)-module of m-truncated polyno-
mial Witt vectors

is its value at the trivial G,-orbit [G,,/ G, ].

We note that by (1.26), m-truncated polynomial Witt vectors W,,(E) can be also
described as follows: we have

Wi (E) = Q(E) = H* (G, Emy), 2.9)

where E is any flat W,,, (k)-module equipped with an isomorphism E /p = E,and Oy,
is the functor (2.4).
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2.3 Restriction maps

The reader will notice immediately that Definition 2.4 only uses the functor W, of
Proposition 2.3. The role of the functor W/,/n is that it allows one to relate m-truncated
Witt vectors for different m.
Namely, we have natural maps r of (2.5), and taken together, they provide a canon-
ical map ~ ~
r: W, (E)— Infl_, W, (E) (2.10)

for any m > 1 and any k-vector space E.

On the other hand, if we @ke m = 0, so that G,,+1 = G| = Z/pZ, then we
tautologically have PVIO(Gl, E) = E /p for any n and any W, (k)-module E with
the trivial G-action, so that we have a canonical identification WO(E ) = E (since
Go = {e}, we have M(Gg, Wi(k)) = k-mod, so that W’(E) is simply a k-vector
space). But then, there also exists a canonical Frobenius-semilinear identification

HY(Z)pZ, E®P) = E
constructed e.g. in [13, Lemma 2.3]. Thus for m = 0, we have an isomorphism of

functors N -
W1 EW,,. (2.11)

It turns out that the same is true for m > 1, and we will now prove it.

Definition 2.5 For n > 1 and any free W,(k)-module E, a Z/pZ-equivariant
Frobenius-semilinear map c : E — E®W®P is admissible if the induced map

Q(c) : Wo(E/p) — Wi(E/p)
is the standard isomorphism (2.11).
At this point, we do not need to know the precise form of the identification (2.11).

It suffices to say that if £ = W,,(k)[S] is the free module spanned by a set S, then the
diagonal map § : S — S” induces a Frobenius-semilinear map

cs: E — E®WwP, Zas s> Zaf - 8(s), (2.12)
s S

and this map is admissible.

Proposition 2.6 Assume given integersn > m > 1, a free W, (k)-module E, and two
admissible maps c1, ¢y : E — E®"W®©P Then the corresponding maps

0"y, QS : WL (E/p) — Wy1(E/p)

coincide, and both are isomorphisms.
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Proof As in the proof of Proposition 2.3, it suffices to consider finitely generated
modules. Moreover, it clearly suffices to consider the case when E = W, (k)[S] for

some set S, and ¢ is the standard map cg of (2.12). In this case, at least Q(ci@p m)
is certainly an isomorphism by Lemma 2.1. We have the decomposition (2.1) of the
product S”, and it induces the decomposition

pm+l p" p
S ]_[ S{rcan X0 X Stp(my: (2.13)

where f is as in (2.7). However, if an element 5§ € Sl’m+l is fixed by some non-
trivial subgroup in G,,1, it must also be fixed by the smallest non-trivial subgroup
Z/pZ C Gpy1, the kernel of the quotient map G,,+1 — G,,. Therefore in the

m m+1
decomposition (2.1) for the G, 11-set SP - , all the terms except for S[";n_:]] lie in the
component of (2.13) corresponding to the constant function f = 0. By Lemma 2.1,
this means that if we decompose

m+l_
iy = Wa0IS”"'1 2 E[,,) & Eo, (2.14)

where Ej is spanned by all the other components in (2.13), then any element e €
Eo invariant under G,,4| vanishes after projection to the quotlent Win+1(E/p) =
HO (Gm+1, En+1y). The same is also true if we project to HO (H, E(n+1)) for some
subgroup H C G,+1, so that Q(Ep) = 0 by (1.26).

Now decompose

¢y = by + by,

with b; taking valuesin W, (k)[S >] i = 0, 1, and consider the binomial decomposition

=Y bray®--®@byspm), (2.15)

with the same meaning of f asin (2.13). Then all the terms except for bgg’ " take values
in Eg of (2.14), thus vanish after we apply the functor Q. Therefore we may assume
right away that by = 0, so that ¢ = a o cg for some endomorphism a : E — E of
the module E. Since c¢; is admissible, we must have ¢ = id modulo p, and then we
are done by Proposition 2.3. O

Corollary 2.7 For any integer m > 1, the standard isomorphism of Proposition rm
2.6 provides a functorial isomorphism (2.11), so that the morphisms (2.10) provide
functorial maps

R:Wpyt — Infl" Wy, R: Wi — Wi (2.16)

Proof For the first claim, it suffices to prove that the standard isomorphism of
Proposition 2.6 commutes with W, (f) for any morphism f : E; — Ej of free
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W, (k)-modules. If f is a split injection, so that E;, = E| & E’, then the claim is
obvious—we can choose bases in £ and Eﬁ , consider the corresponding base in E»,
and notice that the already the maps (2.12) commute with f.If f is surjective, the same
argument works. A general map is a composition of a split injection and a surjection
(say, via its graph decomposition). O

By virtue of Corollary 2.7, for any k-vector space E, we can consider the inverse
limit _ 5
W(E) = limInfl,,_; W,,(E) € M(G, W(k)), 2.17)
R
k

where Infl, are the inflation functors (1.33). We call it the extended polynomial Witt
vectors G-Mackey functor of the vector space E. Evaluating at the trivial orbit [G/ G],
we obtain the W (k)-module

W(E) = W(E/k)([G/G]) = lim W,,(E). (2.18)
R
£
We call it the polynomial Witt vectors module of the vector space E.

3 Basic properties
3.1 Exact sequences and filtrations

Let us now prove some elementary properties of the truncated Witt vectors functors
of Definition 2.4. We start with the following.

Lemma 3.1 Forany integer m > 1, the map Wm+ 1 — VT’mH given by multiplication
by p factors as

R ~ C
Wis1 —— Infl"_, W,, —— Wyi1,

where R is the restriction map (2.16), and C is a certain functorial map. Moreover, R
is surjective, and C is injective.

Proof Identify V'[V/,; = Wm+] asin Corollary 2.7, and let E be an arbitrary free W,, (k)-
module. Then by (1.9), (1.5) and (1.29), we have a commutative diagram

id pid
R(E,)) ——> R(Em) —— R(E|,))

TR S

pid id
L(E(m)) —> L(Egm) —— L(Eém)),
where tr are the trace maps (1.25). Taking the cokernels of these maps, we obtain the
desired factorization. The fact that R is surjective and C is injective then immediately
follows from Lemma 2.1. O
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Now for any k-vector space E and integer [ > 1, denote

)Z/IZ’ a0

C/(E) = <E®l> Cl(E) = <E®l

717’

where the cyclic group Z/ [Z acts by permutations, and for any m > 0, let C,,)(E) =
Cpm(E),C m(E) = CP" (E), with the k-vector space structure twisted by the absolute
Frobenius of k as in (2.3). Note that C,,,(E) and C m)(E ) canonically extend to G-
Mackey functors

Con)(E) = L(E(n)),  C"(E) = R(E(m)),
in the sense that we have natural identifications
Comy(EY(G/Gp]) = Ciomy(E), C™(EY(Gp/Gwl) =C™(E)  (32)

for any k-vector space E.

Lemma 3.2 For any integer m > 1, the natural maps R, C of Lemma 3.1 fit into
functorial short exact sequences

0—— a(m) SN Wont1 SN Infi™ _, W,, — 0, (33)
0 —— Infl"_, Won SN Wm—i—l - cm — 0.

Proof As in Lemma 3.1, identify Wer 1 = VNV,;1 Then by definition and (1.26), we
have U(W,,(E)) = H(Z/pZ. E,)) = E() for any free W, (k)-module E with
reduction E = E / p- Therefore we can take the adjunctions maps (1.34) as / and r in
(3.3). Then since U o Infl! _; =0, Rol = r o C = 0 by adjunction, and it suffices
to prove that the sequences are exact after evaluation at an arbitrary k-vector space E.
This immediately follows from Lemma 2.1 (chogse abasis S in E, and use the explicit
decompositions of Lemma 2.1 (ii) to compute W,). O

Corollary 3.3 Foranyintegerm > 1andk-vector space E, the G, -Mackey functor
Wi (E) is perfect in the sense of Definition 1.6 (i), and its assosiated graded quotients

ar', gr; with respect to the standard and co-standard filtrations of Definition 1.6 (ii)
are given by

gt W, (E) = Inf" ' Ciy(E), gr; W (E) = Infl" =1 CO(E)
forany O <i <m— 1.

Proof Clear. O
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Let us now evaluate our G-Mackey functors at the trivial G-orbit [G/G]. Then
(3.2) and (3.3) yield functorial short exact sequences

l R
0 ——> Comy(E) ——> Wpi1(E) —— Wpn(E) — 0,
0 — Wn(E) —S Wpii(E) —— Cc™(E) — 0.

In fact, we can say more. Namely, for any m > 0 and k-vector space E, denote by
®,, (E) the image of the trace map

trg, : Comy(E) — C"™(E).

Then for any m > 0, sending e € E(y) to ¢®? € Ey41) gives a functorial k-linear
map

C:Cumy(E) = Cinrn(E).

If the vector space E is finite-dimensional, then we can dualize this map to obtain a
functorial map

R:C"V(E) - c™(E),

and since both sides commute with filtered colimits in E, we can extend this map to
arbitrary k-vector spaces.

Lemma 3.4 For anym > 0 and any k-vector space E, we have functorial short exact
sequences

C
0 —— Cum(E) —— Cumyn(E) ——> Oppi(E) —— 0,

0 —— Dpuyppy(E) —— cm+h K cmpy g

(3.4)

and commutative diagrams

[
Wini1(E) —— CO"tD(E)  Couy ——— Wn(E)

r| L c| le (3.5)

Wn(E) —— C™(E)  Cinit) ——> W1 (E).

Proof Note that we have a functorial four-term sequence

t
"Gy C(m+1) R C(m) 0.

C
0 Cim) Cint1)

and Lemma 2.1 immediately shows that the sequence is exact (indeed, for any vector
space £ = k[S] with a basis S, the cokernel of the map trg, ., : Coni1)(E) —
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CMHD(EYis HO(Gpa1, E®P"™), this coincides with C+D (E) by Lemma 2.1 (ii),
and dually for the kernel Kertrg,,,,). Together with the definition of the functor
®,, this yields the exact sequences (3.4). As for (3.5), then since all the maps are
functorial, it suffices to check commutativity after choosing a basis S in E. Then the
first claim immediately follows from Lemma 2.1 and the definition of the restriction
map R : Wy,41 — W, and the second then follows by Lemma 3.1. m]

By induction, Lemma 3.4 shows that the functor C,,) has a natural increasing “co-
standard” F, filtration with gr; C(,,y = ®;,0 <i < m — 1, and the functor C™ has
a natural descreasing “standard” filtration F* with gr/ C" = & 0<j<m-1
The Witt vectors functor W, has both filtrations, and they are transversal. Here is a
picture of the associated graded quotient gr. W,, = gr’ gr, W,,, = gr, gr’° Wy,:

00

Dy D

b D Dy
..................... (3.6)

L0 D3

Do Oy ...l D,3 O,-0

The indices i, j correspond to rows and columns of the table that we number starting
from 0, and we have gr{ Wiy = @iy jy1-m,or0ifi + j +1 < m. Multplication by p
acts diagonally and induces an isomorphism gr; = gr;jrl] , or vanishes if j =m — 1.
The bottom row is the subfunctor C(,,—1y C W,,, and the rightmost column is the
quotient functor 1.

When we pass to the inverse limit (2.18), only the standard filtration F* survives—
we have gr' W(E) = Cy,i > 0, and W(E)/F'W(E) = W;(E) fori > 1. We can
also consider the inverse limit

C)(E) = lim C"™(E),
R

and it also carries the standard filtration. The second exact sequence of (3.3) then
provides a functorial isomorphism

W(E)/p = C)(E), (3.7)

and Lemma 3.1 shows that the W (k)-module W (E) is torsion-free.

3.2 Frobenius and Verschiebung

All the cofinite subgroups p"G C G, n > 0 in the group G = Z, are abstractly
isomorphic to G itself. For any integer n > 0 and coefficient ring A, denote by

Ut =wP"G . M(G, A) > M(G, A)
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the categorical fixed points functor with respect to the subgroup p"G C G, and
moreover, for any m > n, denote

W = WP O s M(Gyy A) = M(Gpyps A).

Since by (1.16) we obviously have W" oInfl,,, = Infl,,_,, oW", the notation is consistent.
In fact, it is even consistent in the sense that W"1 o W"2 = W™+ for any ny, ny > 0.

Lemma 3.5 For any k-vector space E and integers m > n > 1, we have a functorial
isomorphism

v Wm—i—l (E) = "Nvm—n—i-l (E(n))7

where E,) is the k-vector space (2.2). These isomorphisms commute with restriction
maps R and induce a functorial isomorphism

V'W(E) = W(E ).

Proof For Wm, the statement immediately follows from its definition and (1.28), and
compatibility with the restriction maps is clear from their construction. For W, pass
to the limit. O

~

Lemma 3.5 allows us to evaluate G-Mackey functors Infl,, W,,,11(E), m > 0 and
their inverse limit W (E) at non-trivial G-orbits [G/p"G], n > 1. Namely, for any
integer n > 1, denote

W™(E) = W(E)(IG/p"GD),
WE(E) = W (EY(Gm-1/P"Gmn—1D), m >n,
with WO(E) = W(E) and WO (E) = W,,(E). By (1.26), we have a natural isomor-

phism 5 ~
W(E) = H(Gmn, Egmy), (3.8)

with the same meaning of E asin (2.9). On the other hand, Lemma 3.5 provides natural
isomorphisms

W(E) = W(E@m), W'(E)= Wu_n(Ew), m>n. (3.9)

By definition, W"(E) and W, (E), m > n carry actions of the group G,,. If m = n+1,
then (3.9) reduces to an isomorphism

Wi (E) = W(Eu) = E@w. (3.10)
Effectively, W) 1 (E)issimply U (V~Vn+1 (E/k)), so thatin particular, the isomorphism

(3.10) is G,-equivariant. To see what happens for m > m + 2, equip W} (E) with
the standard and co-standard filtrations induced by those of Definition 1.6 (ii). Both
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filtrations are indexed by integers i,n < i < m — 1, and preserved by G,,. Then (1.24)
provides isomorphisms

W"Ciy(E) = Ciom(Ey), W'COE)=CO™(Ew), izn,
and Corollary 3.3 then shows that we have
gr' W(E) = Ci-m(Ew), gr' W(E) = Ci—n)(Ewm)) (3.11)

for any i, n < i < m. The G,-action in both cases is the residual action of
G, = Gi/p"Gi— on C(i_n)(Ew)) = (Ei))G;_, 1e3p. Ci—n)(Em)) = (E@))G;_,-
In particular, we have

g’ W(E)g, = Ciy(E) = gr W (E),

: 3.12
gr; W(E)9 = CO(E) = gr; Wy (E) G-12)

foranym > i >n > 0.

Remark 3.6 As soon as i > n, the residual G,-action on C(;_,)(E(,)), C(i_")(E(n))
does not coincide with action induced by the natural action on E(,). Explicitly, the
action of the generator 1 € Z/p"Z = G, is induced by the map

o = Gn®p o0 (0i_p ® id®? _1) : E(,’) — E(i)’

where oy, : E¢) = Eyyresp.oj—, @ E—y — E(—p) are the actions of the generators
of the groups G, resp. G;_,, and we use the identifications E¢y = (Eu))(i—n) =
(E(i—n))(n)- Infact, o; is not even conjugate to o,‘,g P77 Tosee this, it suffices to consider
the case when E is finite-dimensional, choose a basis, and compute the dimensions
of the space of invariants and coinvariants with respect to the two G,-action, e.g. by

Lemma 2.1.

Consider now the maps V and F provided by Lemma 1.5. Explicitly, these can be
described in terms of the isomorphisms (2.9) and (3.8)—by (1.27), we have

V=0 WY (E)—> W,(E), F=rl:WuE) — W.(E), (3.13)
where l;, r; are the maps (1.10), = : pt,, — pt is the natural projection, and we

factorize it as

e 7’

ptm ptl pt

Iterating the maps V and F, we obtain natural G,-invariant maps

V" WYE) - W(E), F": W(E) > W"'(E),
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and similarly for W) (E), m > n. Being G,-invariant, these maps factor through maps
V' W'YE)g, — W(E), F':W(E)—> W'(E)°", (3.14)

and again similarly for W, (E), m > n.

Lemma 3.7 For any k-vector space E and positive integers m > n > 1, the maps
(3.14) fit into short exact sequences
TN

0 —— W(E)g, —— Wn(E) —— Wpy_n(E) — 0,
0 —— Wpn(E) s Wy(E) ——s W(E)G — 0,

where R and C are the maps of Lemma 3.1.

Proof Since R and C are maps of Mackey functors, they commute with V and F, and
this immediately implies that R" 7 o V" = V"o R"™™ = 0on W) and F" o C"™" =
C" "o F" = 0on W,,_,. To prove that the sequences are exact, use induction on m —n.
If m = n, welet W' (E) = 0, and the statement is trivially true. For m > n, the lowest
non-trivial term in the standard filtration on W)} (E) is F" W, (E) = gr" W) (E),
and by (3.11), we have Wy (E)/gr" W, (E) = W,'_,(E). Then since taking G,-
coinvariants is a right-exact functor, the sequence

g Wi(E)G, — WA(E)G, — W!_ (E)g, — 0

is exact on the right. However, by (3.12), the map gr" W) (E)g, — Wu(E)
induced by V" s injective, so that the sequence is also exact on the left. Then
WI(E)/ gr" Wi (E)g, = W' (E)g, and W, (E)/ g™ W (E)G, = W,/ g™ W,
(E) = Wy—1(E), so that proving that the first one of our two sequences is exact for
W, is equivalent to proving it for W,,_;. By a dual argument, exactly the same holds
for the second sequence; this gives the induction step. O

Example 3.8 If E = k is one-dimensional, then it is immediately obvious from (2.9)
that W, (k) is the free W,,, (k)-module of rank 1, so that our notation is consistent. Then
Vi Wyu_1k) »> Wy, (k), F : Wy (k) > W,,_1(k) are the standard Verschiebung and
Frobenius maps of the Witt vectors ring W,, (k). Lemma 3.7 simply states that for any
n<m, V" : Wy_,k) — W, (k) is injective, with image p™ "W, (k) C Wy, (k),
and F" : Wy, (k) — W,,_, (k) is surjective, with kernel p" W, (k) C W,, (k).

Corollary 3.9 On W"(E), the map Flisan isomorphism, while the map V" fits into
a short exact sequence

0 —— (W(E))g, ——s W(E) —— W,(E) —> 0.

Moreover, for any integer i, we have H+1(G,,, W™(E)) = 0, while the group
H%(G,, W"(E)) is canonically isomorphic to W, (E).
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Proof The first statement follows from Lemma 3.7 by taking the inverse limit. For
the second statement, compute Tate cohomology H" (G, —) by the standard periodic
complex, and note that by Lemma 1.5, F"* o V" is the trace map trg, . O

3.3 Multiplication

Since both k and the Witt vectors rings W, (k), m > 1 are commutative, the categories
k-mod and M(G,,—1, Wy, (k)), m > 1 are symmetric tensor categories. We then have
the following result.

Proposition 3.10 For every integer m > 1, the extended Witt vectors functor W
of Definition 2.4 is symmetric pseudotensor, and the restriction map (2.16) of Corol-
lary 2.7 is compatible with the pseudotensor structures.

Proof Since Wm commutes with filtered colimits, it suffices to prove both claims after
restricting it to finite-dimensional vector spaces. As in the proof of Proposition 2.3, let
g be the essentially surjective reduction functor from the category W,, (k)-mod// c
W (k)-mod of free finitely generated W, (k)-modules to the category k-mod/ c
k-mod of finite dimensional k-vector spaces. Then for any target category C, the
pullback functor ¢* : Fun(k-mod/,C) — Fun(W,,(k)-mod//, C) is fully faithful,
and the same is true for the pullback functor

(g x ¢)* : Fun(k-mod’ x k-mod”, C)
- Fun(Wm(k)‘mOdff X Wm(k)_modff’ C)

Therefore to construct the maps (1.2) for the functor Wm, it suffices to construct them
for the functor Wm oq = Qm But we have Qm(E) = Q(Eqm)), the p™-th tensor
power functor is symmetric and tensor, and the functor Q is symmetric pseudotensor
by Lemma 1.4.

As for the restriction maps (2.16), what we need to prove is that they commute
with the structure maps €, i of (1.2), and this can be checked pointwise, that is, after
evaluating at arbitrary M, N € k-mod/ . Then it suffices to choose bases in M and N,
and notice that the standard map cg of (2.12) is obviously multiplicative. O

As an immediate corollary of Proposition 3.10, we can pass to the inverse limit
with respect to the restriction maps (2.16) and obtain a natural symmeric pseudoten-
sor functors structure on the extended Witt vectors functor W of (2.17). Another
immediate corollary is a symmetric pseudotensor structure on the polynomial Witt
vectors functors W,,, m > 1 and their inverse limit W obtained by evaluating at the
trivial G-orbit [G/G]. Since by Lemma 1.4, the pseudotensor structure on the functor
Q is compatible with the isomorphism (1.26), the pseudotensor structures on W,,,
m > 1 can also be characterized directly—these are the only pseudotensor structures
compatible with the isomorphism (2.9) and the obvious pseudotensor structure on the
functor Q,,.

We observe that the unit object in k-mod is the one-dimensional vector space k, and
the unit objectin W,, (k)-mod is the free module W,, (k) of rank 1. Then by Example 3.8,
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the map ¢ of the pseudotensor structure on the functor W), is an isomorphism. For any
k-vector space E, applying the map u to the tautological isomorphism k @ E = E
gives amap W, (k) ®w,, k) Wi (E) — Wy, (E), and this map is also tautologically an
isomorphisms. As it happens, these tautologies already give one thing essentially for
free.

Lemma 3.11 For any k-vector space E and integer m > 1, we have
VoF =pid: Wy(E) > W, (E).

Proof Applying Lemma 1.5 (ii) to the tautological isomorphism k ® E = E, we see
that it suffices to prove the claim for £ = k. But then F' and V obviously commute,
sothat VF = FV =trg,,7, and the Z/pZ-action on W, (k) is trivial. O

Another immediate corollary of the tautological isomoprhism W,, (k) = W,, (k) is
the existence of a functorial map

T : E = Hom(k, E) — W, (E) = Homy,, (x)(Wy, (k), Wy, (E)) (3.15)

induced by the functor W,,. The map 7 is not additive—it is only a map of sets, a
version of the Teichmiiller representative map for our polynomial Witt vectors W,,,.
However, it is obviously multiplicative, in the the sense that

Te®e)=uTE)RT(E)), e cE, (3.16)

and compatible with restriction maps (2.16), in that R o T = T'. Passing to the limit,
we obtain a functorial map of sets

T:E— W(E), E € k-mod. (3.17)

Spelling out the definition of the functor W,,, we see that one can describe the
Teichmiiller map (3.15) as follows. For any e € E, choose a free Wy, (k)-module
E so that E~’£ E /p, lift e to an element E € E, and consider the elements
em) € Om(E) = Wy(E), Eém_l) € Q,_(E)y =W, _ (E) of (2.6). Then both
these elements only depend on e by Lemma 2.2, the canonical isomorphism of Propo-
sition 2.6 sends ’evsz]) to €y, and we have

T(€) = Zmy = Spy_1) € Win(E) = W,,_ (E). (3.18)

For a more non-trivial application of Proposition 3.10, note that for any finite-
dimensional k-vector space E with the dual vector space E*, we have the natural
pairing map E ® E* — k. Together with the pseudotensor structure on W,,, it induces
a natural pairing

Wi (E) @,y ) Win(E*) —— Wi (E ® E*) —— Wy (k). (3.19)
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We observe that by Lemma 1.5 (ii), this pairing must be compatible with the maps F
and V in the following sense: we have

(V(a),b) = V((a, F(]))) € Wp(k) (3.20)

forany a € Wy—1(Eq), b € Wy, (E™).

Lemma 3.12 For any m > 1 and finite-dimensional k-vector space E, (3.19) is a
perfect pairing, so that Wy, (E) and W,,(E*) are dual modules over the Gorenstein
ring Wy, (k).

Proof Let W,,(E)* = Homyy,,x)(W,,(E), Wy, (k)) be the W, (k)-module dual to
Wi (E). Then the pairing (3.19) induces a map

p 2 Wi(E™) — W (E)*,

and we have to prove that this map is an isomorphism. If m = 1, we have W (E*) =
E*, Wi (E) = E, so the claim is clear. In the general case, we note that by Lemma 2.1
and (2.9), the source and the target of the map p are W,, (k)-modules of the same finite
length, so that it suffices to prove that p is injective. Assume by induction that this
is proved for W,,_1. Then since the Verschiebung map V : W,,_1(k) — W, (k) is
injective, (3.20) implies that for any a € Ker p, we have F'(a) = 0. By Lemma 3.7,
this means that « lies in the image of the map C”~!, and by induction, we have a = 0.

O

We note by Lemma 3.7 and (3.20), the perfect pairing (3.19) interchanges the
standard and costandard filtrations on W,,. In terms of the diagram (3.6), one notes
that the functors ®; are obviously self-dual, that is, we have ®;(E)* = ®;(E™), and
the pairing (3.19) then corresponds to flipping the table along the main diagonal.

Assume now given an algebra A over k. Then since W,, is symmetric pseudotensor,
Win(A), m > 1 and W(A) are rings, and if the algebra A is commutative, these rings
are also commutative.

Unfortunately, at this point our notation stops being consistent: for any commuta-
tive k-algebra A different from k itself, our ring W, (A) is definitely not isomorphic
to the standard m-truncated p-typical Witt vectors ring W,/ (A) of A, and W (A) is
not isomorphic to the standard Witt vectors ring W5’ (A). Indeed, already the asso-
ciated graded quotients with respect to the standard filtration are different: we have
gri W(A) = C;)(A) and gri W5t(A) = A. In fact, our construction is by its nature
relative over the field k, so that W (E/ k) would have been perhaps better notation for
our polynomial Witt vectors. In this sense, the standard Witt vectors ring ought to cor-
respond to W(A/A). Unfortunately, under our present definition of polynomial Witt
vectors this makes no sense, since the constrution crucially depends on the identifica-
tion (2.11), and it only holds for perfect k. As we have mentioned in the Introduction,
it is possible to give a competely different definition that does not require this assump-
tion, but this is much more difficult technically, and we will return to it elsewhere.
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3.4 Explicit descriptions

Let us now give some more explicit descriptions of the functors W,,. First of all, for
any set S and integer m > 0, denote

Com(S) = 8" /G, Ty = S/ G = Cmy (H\Cim—1)(S).

where the embedding C,—1)(S) C Cny(S) is induced by the diagonal embed-

ding § Pt C SP". Note that this is consistent with our earlier notation, in that we
have C() (k[ST) = k[C(n)(S)]. Then the Witt vectors Wy, (E) of the k-vector space
E = k[S] spanned by S are immediately given by Lemma 2.1—we have a natural
identification

Wn(E)Z @) Wi i(WICi)(S)].

0<i<m

Now more generally, assume given a k-vector space E graded by S, that is, assume
that we have

E:@Es

seS
for some k-vector spaces Eg, s € S.

Lemma 3.13 For any S-graded vector space E, and for any choice of splittings T :

Ciy(S) — S[f; of the quotient maps S[’:; — C(8), 0 <i < m, we have a natural
identification

WaE)Z B B Wui(Eenhiy ® - ® Eq(pypi)- (3.21)
0<i<m fef(,-)(S)

Proof For any i > 0, we have a natural decomposition

Epy=E®" = P E;1y®- ® Eppy.
fesv

so that the map Vi Wi (E@)) — Wy (E) induces a map

VI Wi (Ex(5)(1) ® - ® Eq(gypiy) = Win(E)
forany f € C(;)(S). To prove that the direct sum of these maps is an isomorphism, it
suffices to prove that it becomes an isomorphism after we pass to the associated graded

quotients with respect to the standard filtration. This immediately follows from (3.12)
and an obvious computation for the cyclic power functors C(;)(—), 0 <i < m. O
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Remark 3.14 The independence of the choice of T in Lemma 3.13 is not surprising.
In fact, as we will see in Sect. 4, W,,, has a natural structure of a trace functor in the
sense of [15]. In particular, this provides a natural identification

Wm(El K- ® En) = Wm(Ea(l) R ® Eo(n))

for any k-vector spaces E1, ..., E, and any cyclic permutation o of the set of indices
{1,...,n}

If a k-vector space is graded by integers, then we can lift it to a Z-graded flat
W (k)-module E, and then by (2.9), W,,,(E) inherits a natural grading. However, the
restriction maps R : Wy, 1 (E) — W, (E) do not preserve this grading—conversely,
they multiply it by p. To make the graded consistent with the restriction maps, we
need to rescale it by p”. Thus a natural grading on W,,(E), m > 1 and on the limit
W (E) is indexed not by integers but by elements a € Z[p~!] in the localization at p
of the ring Z. To see this grading in terms of the decomposition (3.21), denote

i

p

1= t(HU)

J=1

foranyi > 0Oand f € 6(,-)(2). Then the component Wy, (E), C W,,(E) of degree a
is given by

Wi (E)o = @ EB Win—i (Ez(£)() ® * -+ ® Er(p)(piy)- (3.22)

0<i<m |f|:pia

Passing to the limit, one obtains an obvious version of (3.21) and (3.22) for the limit
Witt vectors functor W.

We now observe that even if a k-vector space E has no distinguished basis or
grading, we still have the Teichmiiller representative maps (3.17), (3.15). We recall
that these maps are not additive. Nevertheless, combining them with the powers V"
of the Verschiebung map V, we can still obtain a functorial surjective map of sets

T:T]Em— WE) (3.23)

m>0

given by

T((eo,e1,...)) = Y V"(T(en)),

m=>0

where the sum is convergent with respect to the limit topology on W(E).
In principle, one can use the map (3.23) to obtain an alternative description of
the functor W (E) that is closer to the classical construction of Witt vectors. We will
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not do it completely. However, let us show how one can describe the first non-trivial
extension

0 —— WHE) v, W(E) E 0

in the standard filtration on W (E). The Teichmiiller map (3.17) gives a set-theoretic
section of the restriction map R, so that we obtain a functorial isomorphism of sets

W(E) = WYE) x E,
and in terms of this isomorphism, the abelian group structure on W (E) is given by
(e X €0) + (¢] x e1) = (e + €] — c(eq, €1)) x (eg x e1), (3.24)

where c(—, —) is a certain functorial symmetric 2-cocycle of the group E with coef-
ficients in W!(E) ¢ W(E). For any m > 2, we can project the cocycle ¢ to Wy, (E)
and obtain a cocycle

c:ExE— W(E) (3.25)

that gives the group W, (E).

Lemma 3.15 (i) Let M = Z[S] be the free abelian group generated by the set S =
{50, s1} with two elements, and for any integer n > 1, let o : §" — S" be the
eyclic permutation of order n. Then there exist elements ¢; € M®P', i > 1 such
that for any n > 1, we have

n pi—l )
o+ s =577 +s77 4+ Y Y ol T ) e MO (3.26)
i=1 j=0

(i) Moreover, for any such set of elements c;, 1 <i < m satisfying (3.26) forn < m,
the cocycle (3.25) is given by

c(eg, e1) = T(0 x c1(eo, e1) x c2(eq, e1) X cpm—1(e0, e1),  eo,e1 € E,

where T is the map (3.23), and c;(eg, e1) stands for the image of c; under the map
M — E sending so to ey and s1 to ej.

Proof For (ii), it suffices to use the interpretation (3.18) of the Teichmiiller map in
terms of the element Eszl), and recall that for any 7/ such that 0 < i < m, the map

Vi Q:n_l_l.(E(,-)) — Q;n_l(E) is induced by the trace map

trg, : H*(Gm—i, E{,_1)) = H(Gm. E{,,_})).



Witt vectors as a polynomial functor 393

For (i), assume by induction that we already have elements ¢;, 1 < i < m satisfying
(3.26) for n < m. Then the difference

_ m ®pm—l ®pm—1 . ®pm—[
Cm = (50 +5)®7 — 50 -5, — Z Z a’(c; )

is invariant under o, thus gives an element in H 0 (G, M ep" ). An element ¢, satisfies
(3.26) for n = m if and only if

pn171

en =Y oln)

j=0

thus to show that it exists, it suffices to check that c,, projects to O in the Tate coho-
mology group H(G,,, M®P"). This cohomology group is certainly annihilated by
p™ = |Gy, thus it does not change if we replace M with M ® Z,, and then (2.9)
provides an identification

H%(Gp, MEP") = W, (E),

where E = M/ p is treated as a vector space over the prime field Z/pZ. To see that
Cm projects to 0 in this group, it suffices to use the interpretation (3.18) of the map T’
in terms of the element €(,,), and apply (ii). O

Remark 3.16 Lemma 3.15 (i) has a priori nothing to do with the functors W,,, and
might admit an explicit combinatorial proof [for example, certain explicit polynomials
d; are introduced in [9], and the proof of [9, Proposition 1.2.3] seems to also prove
that they satisfy (3.26)]. Having obtained the universal polynomials ¢; in whatever
fashion, one might try to reconstruct the functors W,, by induction on m via (3.24).
However, one would then also need a Z/ pZ-action on W,,_1 (E®?) that produces the
quotient W,}, (E) = Wy_1(E®P)y /pZ» and this requires a structure of a trace functor
that we explore in Sect. 4. One might be able to reconstruct this structure explicitly as
well, but we did not pursue this.

4 Trace functors
4.1 Definitions and examples

A trace functor from a unital monoidal category £ to a category C is a functor P :
&€ — C equipped with functorial isomorphisms

N : PMM®N)—> PINQM), M, Ne&

such that for any object M € £, we have 11y = t)7,1 = id, and for any three objects
M, N, L € &, we have
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TL,M,N © TN,L.M © Tm,N,L = id, 4.1)

where 1 € £ denotes the unit object, we identify 1 ® M = M = M ® 1 by means of
the unitality isomorphism of the category &, and 74 p ¢ forany A, B, C € £ is the
composition of the map 74, pgc and the map induced by the associativity isomorphism
(BRC)®A=EBR®(C®A).

It seems that the notion of a trace functor has been around in some form at least
since 1960-ies. This particular definition is taken from [15], and it admits a conve-
nient repackaging using A. Connes’ cyclic category A. We recall (see e.g. [19] for
[6]) that objects in A correspond to cellular decompositions of a circle S'. For any
positive integer n > 1, we have a natural object [n] € A corresponding to the unique
decomposition with n O-cells, called vertices, and n 1-cells. We denote the set of
vertices by V([n]). Morphisms in A are homotopy classes of cellular maps satisfy-
ing certain condition. In particular, any morphism f : [n'] — [n] induces a map
[ V([n']) — V([n]); moreover, it is known that for any v € V ([n]), the preimage
f ~l(v) ¢ V([n']) carries a natural total order.

Now, for any monoidal category £, one constructs a category £ as follows:

(i) Objects in &7 are pairs ([{], E.) of an object [[] € A and a collection E, € &,
v € V([I]) of objects in £ numbered by vertices of [/].

(ii) Morphisms from ([/'], E) to ([/], E, ) are given by amap f : [I'] — [/]in A and
a collection of morphisms

for @ E,—>E, veV(n),
vef W

where the product is taken in the order prescribed by the total order on f~!(v).

We have a natural projection p : £ — A sending ([/], E.) to [{]. This projection is
a cofibration whose fiber over [/] € A is the product £ Vam of copies of £ numbered
by vertices v € V([I]). A map in £ is cocartesian with respect to p if and only if all
its components f, are invertible.

To avoid size issues, assume that the monoidal category £ is small. Then trace
functors from & to C form a category Tr(€, C) in an obvious way, and we have the
following result.

Lemma 4.1 The category Tr(£, C) is equivalent to the category of functors P : £% —
& such that P*(f) is invertible for any map f in E* cocartesian with respect to the
projection p.

The proof is in [15, Lemma 2.5]; let us just say that the correspondence P’ > P

simply restricts P to the fiber 5[D1] = £ of the projection p : £ — A over the object
[1] € A.

Remark 4.2 Lemma 4.1 has one immediate corollary. Note that the forgetful functor
Tr(&E,C) — Fun(&, C) is faithful. Thus if we have two functors P]u, P; &> C
corresponding to trace functors P, P, € Tr(€,C), and two maps a, a’ : Plu — P2n
such thata = a’ on EFI] C &, then Lemma 4.1 shows that a = a’ on the whole E7.
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If a monoidal category £ is symmetric, for example if £ is the category of vector
spaces over a field k, then any functor P : £ — C is tautologically a trace functor, with
the maps 7, , provided by the commutativity isomorphism of the category £. However,
even in this case, there could be some non-trivial trace functor structures. The basic
example of such considered in detail in [15] concern the cyclic power functor C;,1 > 1
of (3.1), and an explanation of how it works in terms of the eqivalence of Lemma 4.1
has been given in [17, Subsection 4.1]. Let us reproduce it.

Recall (e.g. from [6, Appendix]) that for any integer / > 1, the category A has a
cousin A; described as follows. For any [n] € A, the automorphism group Aut([n]) is
the cyclic group Z/nZ generated by the clockwise rotation o of the circle. If n = ml is
divisible by /, then T = o™ generates the cyclic subgroup Z/[Z C Z/nZ. Then objects
in [m] € A; are numbered by positive integers m > 1, and morphisms from [m’] to
[m] are t-equivariant morphisms from [m'l] to [m/] in the category A. Sending [m]
to [ml] gives a functor i; : A; — A. On the other hand, taking the quotient of a circle
S! by the automorphism 7 and equipping it with the induced cellular decomposition
gives a functor r; : A; = A, m;([m]) = [m]. The functor 7; is a bifibration with fiber
pt;. For any m, it also induces the natural quotient map 7; : V (i;([m])) — V([m]).

Now, it was observed in [17] that for any monoidal category £ and integer [ > 1,
we can construct a canonical commutative diagram

£
4

g g g
1 b
A d A il oL s

where the square on the right-hand side is cartesian, and the functor i lg sends ([m], c.)

to (i;([m]), c’), with the collection ¢! given by ¢!, = ¢z, v € V (i1([m])). Both ¢
and i lg are cocartesian functors with respect to the cofibrations p.

Assume now that £ is the category of finite-dimensional k-vector spaces, so that
the category Fun(& b, k) is well-defined, and consider the object

C} = nfif*T € Fun(&*, b,

where T € Fun(&" k) is the object corresponding to the tautological trace functor
€ — k-mod, V > V. Thenforany V € £ = E[HI] C &, we have Clu(V) = (V)

by base change. Also by base change, CIu : €% — k-mod satisfies the conditions of
Lemma 4.1, and corresponds to a non-trivial trace functor structure on C;.

4.2 Constructions

We now observe that exactly the same construction as for the cyclic power functor
can be used to make the polynomial Witt vectors W into a trace functor. Namely, let
k be a perfect field of characteristic p > 0, fix integers n > m > 1, and denote by
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Emy = W,y (k)-modff C W, (k)-mod the category of finitely generated free modules
over the Witt vectors ring W, (k). We have the quotient functor £,y — £,V — V/p,
where £ = k-mod/ is the category of finite-dimensional k-vector spaces. Since the
quotient functor is monoidal, it induces a functor g : Efn) — &% Consider the diagram
(4.2) with [ = p™, and to simplify notation, let

n & n &
1(7)71) == lpsr}:), JT[Sm) = T[p(n)

Then n[()'f,? is a bifibration with fiber pt n, o that we have the functor 7 (") . of (1.7).

Denote

0l =7 i ¢ pun(g?

pm* P Wn (k))a (43)

(n)’
where T € Fun(S(un), W, (k)) is the tautological functor corresponding to the embed-
ding £,y € W, (k)-mod, and T is T with the W, (k)-module structure twisted by
F™ as in (2.3). Note that by base change, QE,, satisfies the conditions of Lemma 4.1.

Moreover, er any E e 5(.,1). = €(tn)[l] C EEn), we have QEn(E) =~ HO%G,, Emy),
where E(,, is as in Proposition 2.3.

Proposition 4.3 (i) For any integer m > 1, there exists an object W,i €
Fun(E®, Wy, (k)) such that Q * Wm, independently of the choice of an integer
n > m, and we have W,,(E) = Wm(E)for any E € £ E[EI] c &

(ii) Moreover, for any m > 1, the restriction map R of (2.16) extends to a map

W;i; b= W,E,, and the Teichmiiller representative map (3.15) extends to a map

T:W — W

Proof For (i), note that g is essentially surjective, so that as in Proposition 2.3, the
issue is the morphisms: we have to check that for two morphisms a, b in 5(”) with

q(a) = q(b), we have Qm (a) = Qm(b). Every morphism f in S(n) decomposes as

fvo fe, where f, is cocartesian with respect to the projection p : EEn) — A, and f is
contained in a fiber of this projection. If g(a) = ¢ (b), then in particular p(a) = p(b),
so that we may assume that a. = b., and it suffices to check that QE,, (ay) = QE,, (bm).
Moreover every object [n] € A admits a morphlsm I [n] — [1], so that for any
object Ee &", we have a cocartesian map E — Eo with p(Eo) = [1]. Therefore we
may further assume that a,, and b, lie in the fiber £ = S[EI]) C & of the cofibration p.
Then the claim immediately follows from Proposition 2.3.

For (ii), the claim about the Teichmiiller map 7 is clear from its explicit description
given in the proof of Lemma 3.15, so what we need to construct is the restriction map
R. To do this, we imitate the construction of the restriction map R of Corollary 2.7.
Note that the functors i ,m+1, resp. 7 m+1 factor through i,m, resp. 7wpm—we have
natural functors

i

,7’? . Apm+1 d Apm
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such that i yn+1 = ipm o7 and Tyme1t = 7pm o 7. The functor 77 is a bifibration with
fiber pt,,; over an object of A, it is the fibration pt ,»+1 — pt,» corresponding to the

quotient map G,,+1 — G,,. Moreover, both 7 and 7 lift to functors

—>ED

) =Mm) . o8
(oW £ () pm

(n)pm+1
so that we have the same factorization, and 7 is also a bifibration with fiber pt e
Denote

Qm _ 7%(,,;)4.1 7}'<”)* (")*T(m)'

Then for any E € &) = 5(,1)[1 C E(H), we have Q;,:l(E) = I-VIO(Gm, Eém)), where
E/ (m) is as in Proposition 2.3, so that by the same argument as in (i), we have

0 =q*W,
for some W,/nJ € Fun(E?, W, (k)). Moreover, as in (2.5), we have a natural map
roWE s W
- 'm m»

so that it suffices to construct an isomorphism W,;f = Wi +1- By Lemma 4.1, this is
equivalent to proving that the isomorphism (2.11) of Corollary 2.7 is compatible with
the trace functor structures—that is, commutes with the maps , ,.

However, the category I of finite sets is also a monoidal category, with the monoidal
structure given by cartesian product, and we have a natural monoidal functor v : I' —

€ sending a finite set S to the vector space k[S]. Then VEW? 1> *W,;E correspond to
trace functors from I' to W (k)-mod, and since v is essentially surjective, it suffices
to check that (2.11) commutes with 7, , after restricting to I'. In other words, it
suffices to prove that it extends to an isomorphism v*W,,E = v*le +1- Moreover, the
pullback functor ¢* is fully faithful, and v factors through ¢ by means of a monoidal
functor T)’ : ' = &q. Therefore it suffices to extend (2.11) to an isomorphism
e: v*Q — U*Qn

m1- But by base change, v*Qm and vV Qu 41 are given by

~ v T ~Tx7(m ~x ~ "'F*Nm
v QIEE :ﬂprrH»l!n T( )1 % Qm+1 _nperll T( )’

where we denote 7" = i;;"ﬁ*T('"). The canonical maps cg, S € T" of (2.12) together
give a map

glhegm g, (4.4)
This map induces a map ¢ : V* 0} — v Q,unJrl whose restriction to I = F[:l cTI'fis
exactly the isomorphism (2.11). Since both Qm and Qu m+1 send cocartesian maps in

& to invertible maps, and every object in I'* admits a cocartesian map to an object in
F[ul], the map & must be an isomorphism everywhere. O
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As a corollary of Proposition 4.3, we see that the m-truncated polynomial Witt
vectors functors W,,,, m > 1 have natural trace functors structures at least if we restrict
them to finite-dimensional k-vector spaces, and the restriction maps R : W,,,.1 — W,
together with the Teichmiiller maps T : W; — W, are trace functor maps. Since there
functors commute with filtered colimits, both statements immediately extend to all k-
vector spacs. The inverse limit W = lim W, then also has a structure of a trace

functor, and the Teichmiiller map (3.17) is: trace functor map.

4.3 Extensions

Let us now prove that the trace functor structure on W is compatible with the two other
structures it has—namely, the structure of a G-Mackey functor, and the pseudotensor
structure of Proposition 3.10. As it happens, the proofs are quite straightforward, and
the main issue is formulating the exact meaning of compatibility.

For the pseudotensor structure, this is also straightforward. For any unital monoidal
category &, the category £2 = £ x £ is also unital monoidal with respect to the
coordinatewise monoidal structure. For any trace functor P from & to a category C,
we have a natural trace functor P2 : £2 — C2. If £ is symmetric, then the product
functor mg : € 2 _, £ is a monoidal functor, so that it defines a natural functor

mi—:(‘:zﬂ — &f

cocartesian over A. Moreover, the unit object 1 € £ extends to a natural cocartesian
section 15 : A — &7 of the projection p¢ : £ — A such that 1, ([n]) = 1Y) ¢
VD [n] € A.

Definition 4.4 A pseudotensor structure on a trace functor P from a symmetric
monoidal category £ to a monoidal category C with the product functor m¢ : C> — C
is given by functorial maps

e:1— Pi(1p), u:mcoP2”—> P”omi 4.5)

that are associative, commutative and unital in the obvious sense.

As for the G-Mackey structure, one immediate observation is that finite G-orbits
and objects [n] € A have one thing in common: their automorphisms form finite cyclic
groups. We emphasize this similarity by using the notation [p™], m > 0 for finite G-
orbits in Sect. 1.6. In fact, we have a natural functor § : I — A, §([p"]) = [p"],
where as in Sect. 1.6, [ is the groupoid of finite G-orbits and their isomorphisms.
Moreover, this functor fits into a commutative diagram

<1, —— 1
al l la (4.6)
AL A, NN
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where the squares are cartesian, and [,, i, 7w are as in Sect. 1.6. One is tempted to think
that one can add morphisms of G-orbits to morphisms already in A to obtain a bigger
category AR D A, and then try to imitate the definition of Mackey functors to obtain
some sort of a category Q AR. This is indeed possible; the resulting category is the
cyclotomic category that appeared e.g. in [14], and when the theory is fully developed, it
provides a notion of a “cyclotomic Mackey functor”. However, doing all this properly
requires a lot of work and a lot of space, and we will return to it elsewhere. For
the purposes of the present paper, we simply use an explicit description of G-Mackey
functors given in Lemma 1.5, and introduce the following somewhat ad hoc definition.

Definition 4.5 An F'V-structure on a trace functor P from a monoidal category & to
the category A-mod of modules over a ring A is a pair of maps

Pioif —V> Plont L) Pioif
P p p
such that FoV : PPoil — Pfo if is equal to the natural map trlg of (1.6).
P

&

p b

map tr , is well-defined even if the category £ is not small. Note that for any object
5

Here i nlf & ,u, — E? are the functors of (4.2), and we recall that the trace

Eecé= S[ul] C &%, we have a natural functor E* : I — £° given by
Gramy — € (T
EX([p™]) = ipm(E), 4.7

and we have p© o E? = §. Therefore by (4.6), for any trace functor P’ : £ — A-mod
equipped with an F'V-structure, and for any object E € &, the composition P% o E®
with the induced maps V, F satisfies the conditions of Lemma 1.5 (i) and defines an
A-valued G-Mackey functor.

Finally, assume that the monoidal category £ is symmetric, the ring A is commuta-
tive, and we are given a trace functor P from £ to A-mod that has both a pseudotensor
structure (g, p) in the sense of Definition 4.4 and an F'V -structure (V, F) in the sense
of Definition 4.5.

Definition 4.6 The structures (g, i) and (V, F) on a trace functor P from £ to A-mod
are compatible if we have

no(FxF)=Fopu, 4.8)
no(Vxid)=Vouo (idxF), 4.9)
o (idxV)=Vouo (F xid). (4.10)

We can now formulate our result about Witt vectors. Note that a pseudotensor
structure on a trace functor P from & to C gives a pseudotensor structure on the
underlying functor P : £ — C by restriction to the fiber & = EFI] C & Let& =
k-mod, the category of vector spaces over our perfect ring k of characteristic p, and
let C = W (k)-mod, the category of modules over the Witt vectors ring W (k).
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Proposition 4.7 The Witt vectors trace functor W from € = k-mod to abelian groups
of Sect. 4.2 has a natural W (k)-linear pseudotensor structure (¢, 1) and an FV -
structure (V, F) such that

(1) the two structures are compatible in the sense of Definition 4.6,
(i) (e, u) restricts to the pseudotensor structure of Proposition 3.10 on the fiber
k-mod = k-mod;,, C k-mod", and
(iii) for any object E € &, the functor Wi o E* : I — W (k)-mod with the maps V, F
corresponds to the extended Witt vectors Mackey functor W (E) of (2.17) under
the equivalence of Lemma 1.5.

Moreover, for any integer n > 1, the maps V, F of the F'V -structure induce W, 11 (k)-
linear functorial maps

WEDE g kmod We, ok

k-mod W(l)t jk-mod (4.11)
p b

and the pseudotensor structure (&, jt) induces a pseudotensor structure on the quotient
W, of the trace functor W.

Proof Asin the proofs of Propositions 3.10 and 4.3, it suffices to prove everything after
replacing £ with the category k-mod/ of finite-dimensional k-vector spaces, and then
passing to the categories £,y = W, (k)-mod/f, n > 1 by means of the fully faithful
pullback functor ¢*. Thus to construct a pseudotensor structure on W, it suffices to
construct a system of pseudotensor structures on trace functors Q, = ¢*W,, n > 1

compatible with the restriction maps R. Fix such an integer n, and to simplify notation,
g n S n
let m* = mi; ipn =i p,(, ), Tpn = rrp( ). Then since the tautological embedding

Emy C W, (k)—mod is a tensor functor, we have
D* 7MW >~ 7)) 7 T(")
and since i pn o m" = mtoi pn» this gives an isomorphism

mii* T(") o~ % T(Vl) &l T(")

Therefore to obtain a pseudotensor structure on Q El = T pnyl ;,, T™ it suffices to recall

that the functor 77 is pseudotensor by Lemma 1.1. On the fiber £ = E[ul] C &, QEZ
restricts to the functor Q,,, so that the compatibility statement (ii) immediately follows
from the characterisation of the pseudotensor structure on W,, given in Sect. 3.3. Then
Proposition 3.10 implies that our pseudotensor structures agree with the restriction
maps on 5?1] C &7, and as explained in Remark 4.2, Lemma 4.1 shows that they agree
everywhere.

To obtain the F'V-structure, note that for every n > 1, we have

- % ~ X - % n
iy Q5 = Aprai i T
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by base change. Simplify notation further by writing T = i;n LT 7 = Tyt
and let nN/ = 1,, 7" = 7 pn. Then (1.10) provides natural maps lj,, r;, and evaluating
them at 7', we obtain morphisms

V=T iV » nr0l . F=ri(T):ni0h, — it0)
whose composition F o V is exactly as required in Definition 4.5 by virtue of (1.11).

Moreover, since ¢* is fully faithful, the maps F and V descend to Witt vectors trace
functors W.u and give the diagram (4.11).

Now observe thatif choose anobject E € £ and restrict W,? and Wj 41 tothe category
I via the functor (4.7), then by (3.13), our maps V_and F restrict exactly to the maps
V and F corresponding to the Mackey functor W, 1 (E) under the equivalence of
Lemma 1.5. This implies in particular that the maps V and F for different integers
n agree with the restriction maps R on £ = 5[:1] c &% and then by Lemma 4.1,
they must agree everywhere. Therefore we can pass to the inverse limit and obtain
an FV-structure on the trace functor W7, Moreover, this FV-structure satisfies the
compatibility condition (iii).

To finish the proof, it remains to notice that the remaining condition (i) amounts to
checking (4.8), and this can be done pointwise, that is, after evaluation at an arbitrary
object Ecé&l. Moreover, by Lemma 4.1, it suffices to consider objects Ec E[Dl] c &,
and by (iii), the statement then immediately follows from Lemma 1.5 (ii). O

Acknowledgements The paper is the output of a project of some duration, and during the project, I had
an opportunity to benefit from discussions with many people. However, I must specifically mention at least
three of them. Firstly, it is hard to overestimate how much I owe to L. Hesselholt who essentially introduced
me to the subject and generously explained many hidden details. Secondly, I am very grateful to V. Franjou
for his enthusiastic support at the early stages of my work and for a lot of explanations about polynomial
functors. Thirdly, discussions with V. Vologodsky throughout the project were very useful, and the main
idea for the present paper is essentially due to him. Last but not least, it is a great pleasure and honor to
dedicate the paper to Sasha Beilinson. Over the years, I have benefited immensely from talking to him, on
all sorts of things both mathematical and non-mathematical, and his approach to mathematics is one of the
main inspirations for everything I ever did. As they say in Asia, “sixty more”!

References

—_

Bloch, S.: Algebraic K-theory and crystalline cohomology. Publ. Math. THES 47, 187-268 (1977)

2. Bokstedt, M.: Topological Hochschild homology. Bielefeld (1985) (preprint)

3. Bokstedt, M., Hsiang, W.C., Madsen, L.: The cyclotomic trace and algebraic K-theory of spaces. Invent.
Math. 111, 465-540 (1993)

4. Cuntz, J., Deninger, C.: Witt vector rings and the relative de Rham Witt complex. arXiv:1410.5249

Dress, A.W.M.: Contributions to the theory of induced representations. In: Bass, H. (eds.) Algebraic

K-Theory II, Lecture Notes in Math., vol. 342, pp. 183-240 (1973)

Feigin, B., Tsygan, B.: Additive K -theory. In: Lecture Notes in Math., vol. 1289, pp. 97-209 (1987)

Grothendieck, A.: Catégories fibrée et descente. SGA 1, Exposé VI, SMF (2003)

Hesselholt, L.: On the p-typical curves in Quillen’s K-theory. Acta Math. 177, 1-53 (1996)

Hesselholt, L.: Witt vectors of non-commutative rings and topological cyclic homology. Acta Math.

178, 109-141 (1997); see also an erratum. Acta Math. 195, 55-60 (2005)

10. Hesselholt, L.: Algebraic, K-theory and trace invariants, Proc. ICM, Vol. II. Higher Ed. Press, Beijing,

pp. 415425 (2002)

W

NS


http://arxiv.org/abs/1410.5249

402 D. Kaledin

11. Hesselholt, L., Madsen, I.: On the K-theory of finite algebras over Witt vectors of perfect fields.
Topology 36, 29-101 (1997)

12. Tllusie, L.: Complexe de de Rham-Witt et cohomologie cristalline. Ann. Sci. Ecole Norm. Sup. 12(4),
501-661 (1979)

13. Kaledin, D.: Non-commutative Hodge-to-de Rham degeneration via the method of Deligne-Illusie.
Pure Appl. Math. Q. 4, 785-875 (2008)

14. Kaledin, D.: Cyclotomic complexes. arXiv:1003.2810 (also published in Izv. RAS)

15. Kaledin, D.: Trace theories and localization. Contemp. Math. 643, 227-263 (2015)

16. Kaledin, D.: Mackey profunctors. arXiv:1412.3248

17. Kaledin, D.: Spectral sequences for cyclic homology. In: Algebra, Geometry and Physics in the 21st
Century (Kontsevich Festschrift). Progress in Math., Birkhéuser, vol. 324, pp. 99-129 (2017)

18. Kaledin, D.: Hochschild—Witt complex. arXiv:1604.01588

19. Loday, J.-L.: Cyclic Homology, 2nd edn. Springer, Berlin (1998)

20. Lindner, H.: A remark on Mackey functors. Manuscr. Math. 18, 273-278 (1976)

21. May, J.P.: Equivariant homotopy and cohomology theory, CBMS Regional Conference Series in Math-
ematics, vol. 91. AMS, Providence, RI (1996)

22. Ponto, K.: Fixed point theory and trace for bicategories. Astérisque 333 (2010)

23. Serre, J.-P.: Sur la topologie des variétés algébriques en caractéristique p. Universidad Nacional
Autonoma de Mexico and UNESCO, Mexico City, International symposium on algebraic topology,
pp. 24-53 (1958)

24. Thevenaz, J., Webb, P.: The structure of Mackey functors. Trans. AMS 347, 1865-1961 (1995)


http://arxiv.org/abs/1003.2810
http://arxiv.org/abs/1412.3248
http://arxiv.org/abs/1604.01588

	Witt vectors as a polynomial functor
	Abstract
	Introduction
	1 Preliminaries
	1.1 Small categories
	1.2 Trace maps
	1.3 Mackey functors
	1.4 Fixed points and products
	1.5 The functor Q
	1.6 Cyclic groups

	2 Witt vectors
	2.1 Preliminaries on cyclic groups
	2.2 Polynomial Witt vectors
	2.3 Restriction maps

	3 Basic properties
	3.1 Exact sequences and filtrations
	3.2 Frobenius and Verschiebung
	3.3 Multiplication
	3.4 Explicit descriptions

	4 Trace functors
	4.1 Definitions and examples
	4.2 Constructions
	4.3 Extensions

	Acknowledgements
	References




