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ABSTRACT. In this paper we study tensor products of affine abelian
group schemes over a perfect field k. We first prove that the tensor
product G; ®G5 of two affine abelian group schemes G1, G5 over a per-
fect field k exists. We then describe the multiplicative and unipotent
part of the group scheme GG; ® G3. The multiplicative part is described
in terms of Galois modules over the absolute Galois group of k. We
describe the unipotent part of G; ® G2 explicitly, using Dieudonné
theory in positive characteristic. We relate these constructions to
previously studied tensor products of formal group schemes.
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1 INTRODUCTION

Let C be a category with finite products. The category Ab(C) of abelian group
objects in C consists of objects A € C together with a lift of the Yoneda functor
Home(—, A): C°P — Set to the category Ab of abelian groups. Alternatively,
Ab(C) consists of objects A € C with an abelian group structure u: Ax A — A
with unit n: I — A, where [ is the terminal object in C, and morphisms
compatible with this abelian group structure.

On this additive category Ab(C), it makes sense to talk about bilinear maps:

DEFINITION 1.1. Let C be as above, and A, A’, B € Ab(C). Then a morphism
b € Hom¢(A x A', B) is called bilinear if the induced map

Home(—, A) x Home(—, A’) — Home(—, B)
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is a bilinear natural transformation of abelian groups. Denote by Bil(A, A’; B)
the set of such bilinear morphisms.

A (necessarily unique) object A ® A’ together with a bilinear morphism a: A X
A"+ A® A’ in C is called a tensor product if the natural transformation

HomAb(c)(A @A, —) = Bil(A4,A4";—); f foa,
is a natural isomorphism.

Goerss showed:

THEOREM 1.2 ([Goe99, Proposition 5.5]). Suppose C has finite products, Ab(C)
has coequalizers and the forgetful functor Ab(C) — C has a left adjoint. Then
tensor products exist in Ab(C). O

In this paper, we study tensor products in the category AbSchy of abelian group
objects in affine schemes over a field k, that is, abelian affine group schemes,
or, in short, affine groups. The category of affine groups is anti-equivalent to
the category Hopf,, of abelian (i. e. bicommutative) Hopf algebras over k.

CONVENTION. Throughout this paper, all groups and all Hopf algebras are
abelian.

Most of our results are known for finite affine groups, that is, groups X =
Spec H where H is a finite-dimensional Hopf algebra over k [DG70, Fon77].
The group schemes considered here are expressly not finite.

We first show that Thm. 1.2 is applicable in the cases of interest:

THEOREM 1.3. Tensor products exist in Hopf,. If k is perfect, then tensor
products also exist in AbSchy.

We will now briefly recall the classification of affine groups, formal groups, and
finite group schemes. An affine formal scheme in the sense of Fontaine [Fon77] is
an ind-representable functor X : alg; — Set from finite-dimensional k-algebras
to sets. The category Fgps, of (affine, commutative) formal groups over k
consists of the abelian group objects in the category FSchy of formal schemes,
i. e. functors G: alg; — Ab whose underlying functor to sets is a formal
scheme. The category Fgps, of formal groups is anti-equivalent to the category
FHopf,, of formal Hopf algebras, i. e. complete pro-(finite dimensional) k-
algebras H with a comultiplication H — H®H and an antipode.

There is an anti-equivalence of categories

Homy (—, k): Hopf, <= FHopf,, :Homf (—, k),
where Homj, (H, k) denotes the continuous k-linear dual. By passing to the

functors represented by these objects, we obtain an anti-equivalence between
the category AbSchy of affine groups and the category Fgps,, of formal groups,
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called Cartier duality [Fon77, §1.5] and denoted by G — G*. Thus we have the
following diagram of anti-equivalences:

*

)
AbSchy, @ Fgps,,

(=)
Spec | O spf| |o (1.4)
’ () Homy (—,k) ? (l

The category of finite group schemes is, in a certain sense, the intersection of
AbSchy and Fgps,, and thus Cartier duality gives an anti-auto-equivalence
G — G* of finite affine groups, which can be thought of as the inter-
nal homomorphism object G* = Hom(G,G,,) into the multiplicative group
Gy = Speck[Z]. In general, if G and H are affine groups, the group functor
Hom(G,G,,) : Alg, — Ab fails to be representable by an affine group scheme
(or even by a group scheme). If however G is finite and H = G,,, then this
functor is representable by a finite group scheme [Mill7, §11.c].

The reason for restricting attention to perfect fields in Thm. 1.3 is that the
category of affine groups over them is a product of the full subcategories of
multiplicative and of unipotent groups [Fon77, §1.7].

An affine group G is called multiplicative if Og®yk is isomorphic to a group ring
k[A] for some abelian group A4; it is not required that Og itself is a group ring,
but it has to be after base change to a separable (and hence algebraic) closure
k of k. It is unipotent if it has no multiplicative subgroups, which is equivalent
to its Hopf algebra H being conilpotent: for every element x € H, there is an
n > 0 such that the nth iterated reduced comultiplication "~V : H — (H)®"
on the augmentation coideal H=H /k is zero. The corresponding splitting on
the formal group side is into étale formal groups and connected formal groups.
A formal group G is étale if O is a (possibly infinite) product of finite separable
field extensions of k, and it is called connected if O¢ is local, or, equivalently,
if G(k') = 0 for all finite field extensions &k’ of k. The anti-equivalences of (1.4)
thus respect these splittings into full subcategories:

N (- N
AbSchy — AbSchy" x AbSchy, > Fgps§, x Fgps; — Fegps,,

Spcc(\lo ) Spf(l@
Homy (—,k)
Hopf, —— Hopf}" x Hopf" 7 FHopf¢ x FHopf{ — FHopf, .
Homy, (—,k)
(1.5)
Finite group schemes, which are both affine and formal, thus split into
four types: multiplicative-étale, multiplicative-connected, unipotent-étale, and
unipotent-connected, but such a fine splitting does not generalize to infinite
groups.
Theorem 1.3 does not give us an explicit way to compute tensor products. The
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main part of this paper deals with this. In order to do this, we use alternative
descriptions of the above categories:

THEOREM 1.6 ([Fon77, §1.7]). Let k be a field and T its (profinite) absolute
Galois group. Then the category Fgpsy, is equivalent to the category Modr of
abelian groups with o discrete I'-action. Concretely, the equivalence is given by

Grcolimy,cpr i G(K)

Fgpsp &— —— ———— Modr,

Spf map' (M,k) M

where k' runs through all finite field extensions of k. Similarily, the category
of multiplicative Hopf algebras is equivalent to Modr by

Gr: H—Gr(H®yk)

Hopfy' /7= Modr,

k(MY M
where Gr denotes the functor of grouplike elements of a Hopf algebra.

In characteristic 0, any unipotent Hopf algebra H is generated by its primitives
PH and isomorphic to Sym(PH) by [MM65]; in particular, the functor P is an
equivalence of categories with the category Vecty of vector spaces. We prove:

THEOREM 1.7. Let k be a field of characteristic 0 with absolute Galois group
L. Then under the equivalence of categories (Gr, P): Hopf, — Modr x Vecty,
the tensor product is given by

(M1, V1)@ (Ma, Va) = (M1 @ Mo, (Mi @ k)" @1, Vo ® (M2 @ k)" @1 Vi ® Vi @4 V2)
with unit (Z,0) with the trivial T-action on Z.

THEOREM 1.8. Let k be a field of characteristic 0 with absolute Galois
group I'. Then under the contravariant equivalence of categories AbSchy =~
Modr x Vecty, the tensor product is given by

(M1, V1) ® (Ma, Vo) = (Tor?(My, Ma), Vi @ Va).

Note that this tensor product does not have a unit since (Z,0) x (M,V) =0
for all (M, V) (the pair (Z,0) corresponds to the multiplicative group G,).

If k is a perfect field of characteristic p > 0, Dieudonné theory gives an equi-
valence of the category of affine groups over k with modules over the ring

R=W(k)F,V}/(FV —p,VF —p,¢(a)F — Fa,aV —Vé(a)) (a€ W(k)),

where W (k) is the ring of p-typical Witt vectors of k, (F, V') denotes the free
noncommutative algebra generated by two indeterminates F' and V (called
Frobenius and Verschiebung), and ¢: W (k) — W (k) is the Witt vector Frobe-
nius, a lift to W (k) of the pth power map on k. We denote the subring generated
by W (k) and F by F, and the subring generated by W (k) and V by V.
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Although not intrinsically necessary, it will be convenient for the formulation
of our results to restrict attention to p-adic affine groups over k, that is, affine
groups G that are isomorphic to lim,, G/p".

The following Theorem is essentially due to [DG70]:

THEOREM 1.9. Let Dmod} denote the full subcategory of left R-modules con-
sisting of those M such that every x € M is contained in a V-submodule of
finite length. Then there is an anti-equivalence of categories

D: {p-adic affine groups over k} — Dmod}, .

Under this equivalence, multiplicative groups correspond to R-modules where
V acts as an isomorphism, while unipotent groups correspond to those modules
where V' acts nilpotently.

DEFINITION 1.10. Let K, L € Dmodg, and write K % L for the F-module
TorYV(k) (K, L) with the diagonal F-action.
Define a symmetric monoidal structure ® on Dmody, by

K®LCHomz(R,K * L);

KL{f:R%K*L

(L F)f(Vir) = (V1) f(r)
(Fx1)f(Vr) =@« V)f(r) [

We let K®" L C K& L be the maximal unipotent submodule of K ® L, i.e. the
submodule consisting of those x € K @ L such that V"x = 0 for some n > 0.
It is clear that ®“ also defines a symmetric monoidal structure on Dmody .

We will not state the full formula for the tensor product of two affine group
schemes in all its intricate glory in this introduction (Cor. 13.3 for the impatient
reader). We will content ourselves with giving some special cases of the formula
for G1 ® GQ.

Recall that if G is a finite type group scheme, then 7o(G) is the group scheme
such that O () is the maximal étale subalgebra of Og. When G is not of finite
type, it is still the filtered limit of its finite type quotient groups G’, and we
define 71y (G) = lim mo(G") to be the corresponding pro-étale group (cf. Def. 4.2).

PROPOSITION 1.11. Let k be perfect of arbitrary characteristic, and let G, G
be two affine groups over k with Go of multiplicative type, i. e. Go = Spec k[M]"
for some M € Modr. Then G1 ® G4 is multiplicative, and

Oc, ® Og, = k[Hom® (to(G1) (k), M)]"

where Hom® denotes continuous homomorphisms of abelian groups into the
discrete module M, and T' acts by conjugation on Hom®(7o(G1)(k), M).

The formula for G; ® Gy when both GG; and G2 are unipotent is quite involved.
The tensor product of two unipotent group schemes does not need to be unipo-
tent. The following Theorem gives a formula for the unipotent part of Gi ® Go
(for the full formula, we again refer to Cor. 13.3).
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THEOREM 1.12. Let G1, G4 be unipotent groups over a perfect field k of positive
characteristic. Then the unipotent part of D(G1 ® G2) is isomorphic to

D(Gy) @ D(Ga).

In [Hed14], Hedayatzadeh studies tensor products of finite p-torsion group
schemes over a perfect field k of characteristic p > 0. He shows that the tensor
product G; ® G2 of two finite p-torsion group schemes G, G2 exists and is
a group scheme that is an inverse limit of finite p-torsion group schemes.
A monoidal structure X is then defined on the category of Dieudonné modules,
which is the same as the monoidal structure defined by Goerss in [Goe99].
Let D* be the covariant Dieudonné functor, which takes a finite p-torsion group
scheme G to D(G*), where G* is the Cartier dual. Hedayatzadeh then shows
that if G; and G2 are two finite p-torsion group schemes, then D*(G1 ® G2) is
naturally isomorphic to D*(G1)X D*(G3), that is, D* is monoidal. Our results
generalize his results on tensor products of finite p-torsion group schemes
to all affine group schemes over a perfect field k. The methods we use are
different from the ones of Hedayatzadeh’s, we work more in the spirit of [Goe99].

The tensor product of (non-formal) Hopf algebras is not studied in this paper.
The tensor product of graded Hopf algebras over a perfect field k£ has been stu-
died in detail by Goerss [Goe99]. His methods were later used by Buchstaber—
Lazarev [BLO7] to work out the tensor product of non-graded Hopf algebras.
The tensor product in the ungraded situation has also been studied by Hopkins
and Lurie in [HL13]. The main focus of this paper is the study of the tensor
product of formal Hopf algebras and the tensor product of affine group schemes
(over a perfect field). One problem which arises out of this paper is whether
the tensor product of two affine group schemes G; and G5 over a complete
discrete valuation ring R with a perfect residue field (such as Z,) exists. If
the tensor product does exist, one would then like to characterize G; ® G» in
terms of data coming from GG; and G5. For finite group schemes, this has been
carried out to some extent by [Hed14]|, but for general affine group schemes,
the problem is open.

We would like to thank the anonymous referee for many helpful comments and
suggestions.

2 TENSOR AND COTENSOR PRODUCTS

In this section, we will show that tensor products (in the sense of Def. 1.1) exist
in the category of affine groups and in the category of abelian Hopf algebras
over perfect fields k.

We can apply Theorem 1.2 to show the first part of Theorem 1.3:

THEOREM 2.1. Let k be a field. Then tensor products exist in the categories
Hopft,, of abelian Hopf algebras and Fgps, of formal groups.
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Proof. The category Hopf,, has all colimits, in particular coequalizers, and the
forgetful functor Hopf,, — Coalg, from abelian Hopf algebras to coalgebras
has a left adjoint, the free abelian Hopf algebra functor. By Theorem 1.2, the
tensor product exists. For the sake of concreteness, we give an explicit formula
for the tensor product Hy X Hy [Goe99, Lemma 5.4].

NotaTiON. We follow Sweedler [Swe69, §1.2] to denote the comultiplication A
in a Hopf algebra (or coalgebra) H by

Aa) = Za(l) ®a?.
(a)
The coaugmentation is denoted by e: H — k.

Now, for Hy, Hy € Hopf,, the tensor product H; X Hj is the quotient of the
symmetric algebra S(H; ® Hz) modulo the ideal generated by the elements

hahy @ ha = 3 ., (ha ® h$D) (B @ hS?)
hy @ (hahh) = Y, (0 @ ho) (RSP @ hf)
1® hg — e(he)1

h1 ®1—e(hy)l.

(2.2)

The comultiplication on H; X Hs is given by

Al @ ho) =Y Y (h{Y @ h8) @ (b @ n8),
(h1) (h2)

and the counit by
G(hl & hg) = G(hl)e(hg).

The category FSchy of affine formal schemes is equivalent with the category
Coalg;, of cocommutative k-coalgebras by the fundamental theorem on coalge-
bras over a field [Swe69, §2.2]: any coalgebra C'is the union of the directed set of
its finite-dimensional sub-coalgebras C;, and the functor C — Spf Hom(C}, k);
gives the desired equivalence. Since abelian group objects in FSchy, are precisely
formal groups, tensor products also exist in Fgpsy,. O

REMARK 2.3. The unit object in Hopf,, is the free Hopf algebra on the coal-
gebra k, which is the group ring k[Z]. Hence in formal groups, the unit is the
constant formal group Z = Spf kZ.

Dealing with the case of affine groups is not quite as straightforward. Although
the abelian group objects in Schy and in Coalg;, are in both cases the abelian
Hopf algebras, the tensor products are not the same; rather, they are dual to
each other. The tensor product of affine groups can be thought of as classifying
cobilinear maps of Hopf algebras.

To construct tensor products, we need to show that for a perfect field k, there
exists a free affine group functor, i.e a left adjoint to the forgetful functor
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AbSchy, — Schy, to the category of affine schemes. To construct this functor,
recall (e.g. from [GW10, Theorem 14.83]):

PROPOSITION 2.4. For any field k with absolute Galois group I', extension
of scalars from the category Alg,. to the category Algg r of k-algebras with a
continuous semilinear I'-action, is an equivalence. The inverse is given by I'-
fized points. O

We can now show the existence of tensor products of affine groups:

Proof of Thm. 1.3. The category AbSchy, of affine groups has coequalizers since
the category Hopf,, has equalizers, and the existence of tensor products of affine
groups follows from Theorem 1.2 if we can show that there is a cofree abelian
Hopf algebra functor on commutative k-algebras. By (1.5), it is enough to
construct a cofree multiplicative Hopf algebra functor and a cofree unipotent
Hopf algebra functor separately.

For the cofree multiplicative Hopf algebra, first suppose that k is algebraically
closed. We claim that k[A*] is the cofree multiplicative Hopf algebra on the
k-algebra A, where A* denotes the group of units of A. Indeed, let H = k[M]
be another multiplicative Hopf algebra. Then

Hompopt, (H, k[A™]) = Hom(M, A*) = Homayg, (k[M], A),

proving that k[A*] is cofree in this case.

For an arbitrary perfect field k, the absolute Galois group I' acts on the group
ring Ha =qot k[(A ® k)*], and the cofree multiplicative Hopf algebra on A is
given by the fixed points HY of this action. Indeed, let H be a multiplicative
Hopf algebra. By Thm. 1.6, H ®j k = k[M] for some I'-module M. Then

Homyyops, (H, Hy) = Hompope,  (k[M], Ha) =  Homp(M,(A®k)*)

where Hopfy, 1 is the category of Hopf algebras over k with a continuous semi-
linear I'-action. On the other hand, by Prop. 2.4,

Homayg, (H, A) = Homalg; (k[M], A ® k) = Homyjoa, (M, (A® k)*),

proving that HY is cofree.

The cofree unipotent Hopf algebra on a k-algebra A was first constructed by
Takeuchi [Tak74, Prop. 1.5.7]. This is the maximal cocommutative sub-Hopf
algebra of the cofree non-cocommutative unipotent Hopf algebra, which was
later constructed in [NR79]. The latter is, as a vector space, the tensor algebra
CA) =D, A®+r™ which obtains a comultiplication by splitting up tensors in
all possible ways, and the multiplication map is the unique algebra map giving
C(A) the structure of a Hopf algebra such that the projection map C(A) — A
is an algebra map. The cofree cocommutative unipotent Hopf algebra, then,
is the sub-Hopf algebra of symmetric tensors @D, ,(A%*")>*". To see that
this indeed is the cofree cocommutative unipotent Hopf algebra, note that a
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map [ : H — C(A) where H is cocommutative has image contained in the

sub-Hopf algebra of symmetric tensors. Thus, the cofree property follows from
[NR79, Prop. 1.3] O

EXAMPLE 2.5. The cofree cocommutative Hopf algebra on the algebra k is given
as follows. Its multiplicative part is k[k*]". In characteristic 0, its unipotent
part is the primitively generated Hopf algebra k[z], while in characteristic p, it
is the unique Hopf algebras structure on k[b(g), b(1), - - - ]/(b’()i) — bgy) with bg)
primitive and the Verschiebung acting by V(b(+1)) = by for ¢ > 0. Thus,
as opposed to the case of formal schemes (Rem. 2.3), this basic free object is
neither connected nor étale.

3 HOPF ALGEBRAS AND FORMAL GROUPS IN CHARACTERISTIC ZERO

Throughout this section, let k be a field of characteristic 0 with algebraic closure
k and absolute Galois group I'. The aim of this section is to describe the tensor
products of (formal) group schemes over k explicitly and constructively and
prove Thm. 1.7.

By (1.5), any Hopf algebra over k splits as a product H™ @ H" of a Hopf
algebra of multiplicative type and a unipotent Hopf algebra. The functor of
primitives P: Hopf; — Vect is an equivalence with inverse the symmetric
algebra functor Sym. It follows immediately that the tensor product H; X Hy
of unipotent Hopf algebras is isomorphic to Sym(PH; ® PHs).

The situation for Hopf algebras of multiplicative type is a bit muddier. Let
us first assume that k is algebraically closed. Then by Thm. 1.6, every Hopf
algebra H of multiplicative type is the group ring of its grouplike elements:
H = k[Gr(H)]. Thus the tensor product of multiplicative Hopf algebras is
given by Hy X Hy = k[Gr(H;) ® Gr(Hs)].

If Hy = k[A] is of multiplicative type and Hy = Sym(V) is unipotent then
there is an isomorphism of Hopf algebras

E[AJRSym(V) = Sym(A®V); [aJ@v—a®uviorac A, veV.
Here, following (2.2), [a] € A is grouplike, v € V' is primitive,

A(la] ®v) = ([a] ®v) ® ([a] ® 1) + ([a] ® 1) ® ([a] @ v)
~([a]@v)®@14+1® ([a] ®v)) € (K[A] K Sym(V)) ® (k[A] X Sym(V)),

and a ® v € Sym(A ® V) is primitive. This proves Thm. 1.7 when k = k. For
a general k, the equivalence

Gr xP: Hopfg — Ab x Vectj
is I'-equivariant and thus gives an equivalence
Hopfj, r — Modr x Vecty, 1 ~prop. 2.4 Modr x Vecty,

and Thm. 1.7 follows.

DOCUMENTA MATHEMATICA 24 (2019) 2525-2582



2534 TILMAN BAUER AND MAGNUS CARLSON

ExaMPLE 3.1. Let H; = Q[z] be the unipotent Hopf algebra primitively
generated by a variable . Denote by Q(z) the one-dimensional Q-vector
space generated by the element x, so that H; = Sym(Q(z)). Let Hy =
Q[z,y]/(x? + y*> — 1) be the Hopf algebra with comultiplication given by
r—rxRr—y®yand y — y®xr —x®y. Then Hy is multiplicative; in
fact, the map

1 1
Hy — Q[i][t,t7Y], =+ 5(t+t—1), = 5(# —it™h)

is an isomorphism of Hopf algebras between Ho and Q[i][t+']? = Q[t*!] e,

where Cy acts by sending a Laurent polynomial p(¢) to p(¢—1). This shows
that the Galois module corresponding to Hs is Z(3), the infinite cyclic group
generated by i, where I'q acts nontrivially through its quotient C.

The above results imply:

o X H, = Sym(Qz)) MSym(Q(z)) = Sym(Q(z @ x)) = H;

e Hy X H, corresponds to the Galois module Z(i) ® Z(i) = Z and thus
Hy K Hy = k|Z);

e H; X H, is the unipotent Hopf algebra associated with the vector space
(Z{i) © Q)" ® Q(x) = (Z(i) ® Q[i])* ® Q(z) = Q(i) ® Qlz) = Q
since Cy acts by negated complex conjugation. Thus Hy X Hy = H;.

By the equivalence of the categories of coalgebras and formal schemes, we can
rephrase Theorem 1.7 as follows:

COROLLARY 3.2. There is an equivalence of symmetric monoidal categories

Fgps;, — Modr x Vecty,

given by G — (HOmngsk (Z,Gr), Hompgps, (Ga, G)), with the monoidal struc-

ture on the target category as in Thm 1.7.

4 TENSOR PRODUCTS OF MULTIPLICATIVE AFFINE GROUPS

In this section, we will give an explicit description of the tensor product of
affine groups in any characteristic where at least one factor is of multiplicative

type.

DEFINITION 4.1. Given two affine groups G1, G2 over a field k, denote by
the operation on k-Hopf algebras which satisfies

OG1®G2 = OGI OG2'
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Let mo(G) be the étale group of components of an algebraic group G [Mill7,
§5.i], i. e. the initial étale group under G.

DEFINITION 4.2. Let G be an affine group over any perfect field k. The pro-
étale group of connected components is defined as

7io(G) = lim{mo(G’) | G’ finite-type quotient of G}.

Note that 7o(G)(k) = lim;cs mo(G;) (k) is a profinite I'-module, which is finite
if G is of finite type.

PROPOSITION 4.3. Let k be perfect of any characteristic, and let G, G be two
affine groups over k with G of multiplicative type, i. e. Go = Speck[M]' for
some M € Modr. Then G1 ® Gy is multiplicative, and

Oc, B O, = k[Hom® (7o (G1)(k), M)]"

where Hom® denotes continuous homomorphisms of abelian groups into the
discrete module M, and T" acts by conjugation on Hom®(7o(G1)(k), M).

Proof. We first show that G; ® G2 has no unipotent part and hence is multi-
plicative. By [DG70, IV §1 n® 2, Théoréme 2.2], it suffices to show that

HomAbSchk (Gl ® G, Ga) = HOm(Gl, HOm(GQ, Ga)) =0,

where the outer Hom is of group-valued functors. But by [GP11, Exposé XII,
Lemme 4.4.1] any group homomorphism from a multiplicative group over
Spec A into G, 4 must be trivial, for any k-algebra A. Thus Hom(Gs2, G,) = 0.
To determine the multiplicative part, let K be a multiplicative group, without
loss of generality of finite type. Then by [GP11, Exposé VIII, Corollaire 1.5],
the group-valued functor Hom(G3, K) is isomorphic to the constant group as-
sociated to the abelian group

HOmAb(ﬁ(OK),ﬁ(OGQ)) = HOmAb(ﬁ(OK), M)

after base change to k. In particular, it is representable. Since Hom(Gs, K)
is an fpqc sheaf, [DG70, IV, §1, n.° 3, Lemme 3.1] implies by descent that
Hom(Gs, K) is an étale scheme over k. Thus,

Homabsch, (G1 ® G2, K) 2 Homapsch, (G1, Hom(Gs, K))
= Homj pgep, (T0(G1), Hom(Ga, K)) (4.4)

since the identity component of G; must be in the kernel of any morphism to an
étale group. Furthermore, the category of pro-étale groups over k is equivalent
to the category of profinite I'-modules by the functor taking an étale group to
its k-rational points. Thus, (4.4) is isomorphic to

Homjyoq, (70(G1)(k), Homap (Gr(Ok), M)),
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where the inner Hom carries the discrete topology. By adjunction, this is in
turn isomorphic to

Homyoq,. (Gr(Ok ), Homy, (0 (G1) (k), M)).
By Thm. 1.6, this is just
Homapsen, (Spec k[Hom$,, (70(G) (k), M)]Y, K),
concluding the proof. O

EXAMPLE 4.5. Let u, be the affine group taking a k-algebra to its nth roots
of unity, and assume for simplicity that & is algebraically closed. Then

tn @ pin, =2 Spec k[Hom® (7o (un ) (k), Z/nZ)].

If the characteristic of k& does not divide n, then w, = Z/nZ, so that
7o(un) (k) = Z/nZ, which gives pu, ® p, = Z/nZ. However, if the characteristic
of k does divide n, this is not true. For example, if n = char(k), then

EXAMPLE 4.6. For the group Gy, over a perfect field k, we have that
70(Gm) (k) = 0, since Gy, is of finite type and connected after base change to k,
which gives the equality 7o(G,,) = m0(Gy,) = 0, so, a fortiori, 71o(Gy,)(k) = 0.
Hence

G, ® G = Spec k[HomSy, (70(G,, ) (k), Gr(Og))]' = 0
for all affine groups G. This shows that the tensor product of affine groups

cannot have a unit.

ExXAMPLE 4.7. Let k be an algebraically closed field of characteristic p > 0.
The constant group Z/pZ is unipotent, and Prop. 4.3 gives that

Z/pZ @ p, = Spec k[Homaw(Z/pZ,Z/pZ)] = p,.

Thus the tensor product of a unipotent group and a multiplicative group does
not need to be trivial.

LEMMA 4.8. Let k be perfect of any characteristic and G = k[M]" the multi-
plicative group corresponding to a I'-module M. Then

#0(G) = Jim Spec k[M)F,

where M’ < M runs through the finitely generated submodules of torsion prime
to p if char(k) = p and through all finitely generated torsion submodules if
char(k) = 0.

In particular,

7o(G) (k) = lim Hom (M, k™).
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Proof. By its definition, #o(G) = lima s Spec k[M']", when M’ runs through
all finitely generated submodules of M. Thus it suffices to show that

mo(G) = k[M']",

when G is of finite type (i.e. M is finitely generated) and M’ is its torsion
submodule (torsion prime to p if char(k) = p > 0.) The inclusion M’ — M
induces a I'-equivariant map k[M’] — k[M]. It is enough to prove the theorem
when k = k. By the structure of finitely generated abelian groups, it suffices
to show that mo(Speck[M]) = 0 for M = Z (and M = Z/nZ where n =
p* if char(k) = p > 0) and that mo(Spec k[Z/nZ]) = Speck|Z/nZ] if p { n.
Indeed, since Spec k[Z] 2 G,,,, we have that mo(Spec k[Z]) = m9(G,,) = 0 and
analogously, since Spec k[Z/p"Z] = p,» we have that my(Spec k[Z/p"Z]) = 0
if 0 # char(k). If p t n, then Speck[Z/nZ] = Z/nZ, and clearly mo(Z/nZ) =
Z/nZ.

The second part follows by noting, that if G = Spec k[M]" for M an abelian
group, then

G(k) = Homag, (k[M], k) = Hom(M, k*).

O

For I'-modules M;, Ms, denote by M; * Mo the I'-module TorlZ (My, M) with
the “diagonal” I'-action defined as follows: if the I'-actions on M; are given
by pro-maps I' — End(M;), where End(M;) = {Hom(M', M;) } s <, £.q., then
the diagonal map

I' = End(M;) x End(Ms) = End(M; * M)
induces a continuous action.

COROLLARY 4.9. Let k be perfect of any characteristic, and let G; =
Spec k[M;]'' be multiplicative groups associated to T-modules M; (i = 1,2).
Then

Spec k[M * M,]"; char(k) =

G ® Gy 0
VU2 Spec k[Z[1/p] © (M M)]T;  char(k) = p > 0.

Proof. By Proposition 4.3 and Lemma 4.8, the first component is given by

Gr(Og, B Og,) = Hom®(#o(Spec k[M1]") (k)
)

Ms)
= c(}\l}/m Hom(Hom (M’ k*), My

),

where M’ runs through the finitely generated torsion submodules of M; (torsion
prime to p if char(k) = p). In characteristic 0, the largest torsion submodule
of k* is isomorphic to Q/Z, since Q C k and any torsion point of k* must be

a root of unity. Hence the above equals colim ;s Hom(Hom(M', Q/Z), Ms) =
M1 * MQ.

DOCUMENTA MATHEMATICA 24 (2019) 2525-2582



2538 TILMAN BAUER AND MAGNUS CARLSON

In characteristic p, Fp C k, and we see that any homomorphism M’ — k* must
factor through F. This latter group is isomorphic to the prime-to-p torsion in
Q/Z. Thus

c%l}/m Hom(Hom (M’ k™), My) = cg\l}/m Hom(Hom(M', Q/Z), Ms)

2 colim M’ x M.
M/

The statement now follows since Z[1/p] ® (M7 * M) = colimpy (M’ « My). O

Proof of Thm. 1.8. In characteristic 0, any unipotent étale group is trivial, and
hence 7o(G) = 7o(G™), where G™ is the multiplicative part of an arbitrary
affine group G. Furthermore, every unipotent Hopf algebra H is isomorphic to
Sym(P(H)). In particular, for H = Cof(A) the cofree unipotent Hopf algebra
on an algebra A,

PH = Hompopt, (Og, , Cof(A)) = Homayg, (k[z], A) = A
and hence Cof(A) = Sym(A). This shows that for unipotent groups G1, Ga,
O, B Og, = Sym(P(Oc,) ® P(Og,)). (4.10)

The theorem now follows from Cor. 4.9 . O

5 SMOOTH FORMAL GROUPS OVER A PERFECT FIELD OF POSITIVE CHA-
RACTERISTIC

From now on, let £ be a perfect field of characteristic p > 0 with algebraic
closure k and absolute Galois group I'. Although we are mainly interested in
affine and formal groups over the field k, certain universal objects are actually
mod-p reductions of smooth formal groups defined over W (k), the ring of (p-
typical) Witt vectors of k. Our arguments require considering a class of such
deformations of groups over k to W (k) (formal groups with a lift of the Ver-
schiebung) in analogy with the arguments employed in [Goe99]. This technical
section is concerned with setting up terminology and proving a classification
result (Thm. 5.5) for this class of deformations.

5.1 PSEUDOCOMPACT RINGS AND FORMAL SCHEMES OVER THEM

We give a brief overview of the notion of pseudocompact rings and modules
in the commutative setting. The reader may want to consult [GP11, Exposé
VIIg| or [Fon77, Ch.1, §3] for more details.

DEFINITION 5.1. A (unital, commutative) linearly topologized ring A is called
pseudocompact if its topology is complete Hausdorff and has a basis of neigh-
borhoods of 0 consisting of ideals I such that A/I has finite length as an
A-module.
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Similarly, if A is a pseudocompact ring, then a pseudocompact A-module M is
a complete Hausdorff topological A-module which admits a basis of neighbor-
hoods of 0 consisting of submodules M’ C M such that M/M’ has finite length
as an A-module.

Morphisms of pseudocompact rings and modules are continuous ring and mod-
ule homomorphisms, respectively.

We will denote by PC 4 the category of pseudocompact modules over a pseu-
docompact ring A.

Note that any Artinian ring is trivially pseudocompact, as is any complete local
Noetherian ring, such as W (k).

Given M, N € PCy, we can form the completed tensor product Mo N €
PC 4, which is the inverse limit of the tensor products M /M’ ® 4 N/N' where
M’ € M and N’ C N range through the open submodules of M and N,
respectively. A pseudocompact module M € PCy is topologically flat (or
equivalently, projective) if —@4 M is an exact functor. If it is a fortiori isomor-
phic to a direct product of copies of A, we call it topologically free. Then M
is projective if and only if it is locally topologically free, in the sense that the
base change M & 4 Ay, is topologically free for every maximal open ideal m < A.

DEFINITION 5.2. If A is a pseudocompact ring, we say that a commutative A-
algebra B is a profinite A-algebra if the underlying A-module is pseudocompact.
Denoting the category of finite length A-algebras by FAlg ,.

A profinite A-algebra B represents a functor Spf B: FAlg, — Set,
Spf B(R) = Hom¢ (B, R) (continuous homomorphisms).

A functor FAlg, — Set is a formal scheme if it is representable in this way.
A formal scheme Spf B is said to be connected if B is a local A-algebra. The
category of formal schemes has all limits. A formal group G over A is an
abelian group object in the category of formal schemes. We call G smooth
if for any finite A-algebra B and any square-zero ideal I C B, the canonical
map G(B) — G(B/I) is surjective. Any étale formal group is smooth, and
a connected formal group is smooth if and only if its representing profinite
A-algebra is a power series algebra [Fon77, §1.9.6].

5.2 SMOOTH FORMAL GROUPS WITH A VERSCHIEBUNG LIFT AND THEIR
INDECOMPOSABLES

Now let A = W (k) be the ring of p-typical Witt vectors over k and let V and F
be the Verschiebung and Frobenius operators on W (k). Let G be a formal
group over W (k) with representing formal Hopf algebra Og. An endomorphism
Vo: G — G is called a lift of the Verschiebung if its base change to k is the
Verschiebung on Gy. Note that unless £ = F;,, the map Vg is not one of formal
groups over W (k). Instead, denoting by Fyy(x) the Frobenius on W(k), we
have that Vg (az) = Fv;l(k) (a)Va(z) for a € W(k),z € Og. We say that Vg is
Fv;l(k)—linear.
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DEFINITION 5.3. The category ngs‘v/v(k) is the category whose objects are pairs
(G,Vg) where G is a connected, smooth formal group over W (k) and Vg is a
lift of the Verschiebung. A morphism (G1,Vg,) — (G2, Vg,) in ngsl‘g,(k) is
given by a morphism of formal groups f: G; — G such that fVg, = Vg, f.
Denote by Hy the full subcategory of complete W (k)-Hopf algebras represent-
ing objects in ngs}fv(k).

DEFINITION 5.4. The category My is the category whose objects are topolog-
ically free pseudocompact W (k)-modules M (Def. 5.1) together with a contin-
uous Fﬁ,}k)—linear endomorphism Vj;. A morphism

(M1, Var,) = (M2, Var,)

in My is a morphism f: M; — M; of pseudocompact modules such that
SV, = Van, f.

Denoting by I the augmentation ideal of Og € Hy, the (contravariant) func-
tor of indecomposables is defined by

—2
Q: Fgpsyyy — My, G Ig/lg,

—2
where I" is the closure of IZ in Og.
The following theorem is the main theorem of this section.

THEOREM 5.5. The contravariant functor
%
Q: Fgpsy )y = My
is an anti-equivalence of categories.

Two objects in ngsyv(k) will figure in the proof, namely, the co-Witt vector
and the finitely supported Witt vector functors, which will be introduced in
Subsection 5.3. Furthermore, the proof requires dualization of the category
ngs‘v/v( k)» and the dual category will be described explicitly in Subsection 5.4.

5.3 WITT VECTORS AND CO-WITT VECTORS

While our main interest is in the Witt vector and co-Witt vector constructions
for k-algebras, we will need them briefly also for W (k)-algebras. Thus we
give a brief review of these constructions for a general (commutative) ring
in this subsection. For a more detailed discussion, see [Fon77, Ch.2, §1] and
[Dem86, Ch. 3].

For aring A, the ring of (p-typical) Witt vectors W (A) has two operators F' and
V', where V(ag,a1,...) = (0,a0,a1,as,...) is the Verschiebung (shift) opera-
tor, and F is the Frobenius. If char(A4) = p then F(ag,as,...) = (af,a},...)
and VF = FV = p, but in the general case only the identity F'V = p holds.
The Frobenius F' is a ring map, while the Verschiebung V' satisfies Frobenius
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reciprocity: aV(b) = V(F(a)b. For k = A = F),, the Verschiebung is multipli-
cation by p on W (F,), while the Frobenius is the identity.
The truncated, or finite-length, Witt vectors W,,(A) are defined similarily as
sequences of length n + 1, and the Verschiebung naturally lives as a map
Vi Wn(4) = Whii(A)
Modelled by the short exact sequence 0 — Z, — Q, — Q,/Z, — 0 for the
case A = F,, we define for any ring A a natural short exact sequence of abelian
groups

0—W(A) - QW"(A) - CW"(A) — 0, (5.6)

where

QW™(A) = colim(W(A) L W(A) L o) = {(a;) € A% | a; = 0 for i < 0}

is the group of unipotent bi- Witt vectors, and

CWH(A) = QW (A)/W(A) = colim(Wp(A) L Wy (4) L5 -..).
is the group of unipotent co-Witt vectors. In [Fon77], a non-“unipotent” version
CW (A) of CW*(A) is constructed with

CW (A) = {(a;) € A%< | a; nilpotent for i < 0},

and in a similar way, the group-valued functor QW (A) of non-unipotent bi-Witt
vectors exists as an extension of QW™(A).

Note that it is generally not true that QW*(A) or QW (A) are rings or W(A)-
modules since V is not a ring homomorphism. However, we see that if A" is a
perfect subalgebra (for instance A’ = k) then the Frobenius homomorphism on
W(A’) is an isomorphism, and

W(A) @ Wp(A) = W,(A); z®aw (F"(x)a)

is a W(A’)-module structure on W,,(A) compatible with the V-colimits in the
definition of QW*(A) and CW*(A), and (5.6) is a short exact sequence of
W (A’)-modules.

Similarily, QW (A) and CW (A) become W (A’)-modules, and we have a natural
short exact sequence of W (A’)-modules

0—-W(A) - QW(A) - CW(A) — 0, (5.7)
and QW"(A) = QW (A) xcwa)y CW*(A).
For A = k, we have that QW (k) = QW*"(k) = Frac(W (k)) is the field of frac-
tions of W (k), and correspondingly CW (k) = CW*" (k) = Frac(W (k))/W (k) is

the injective hull of k in the category of W (k)-modules.
The subfunctors CW*¢ C CW and QW° C QW defined by

CWe(A) ={(...,a-1,a0) | a; nilpotent},
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and similarily for QW are called the groups of connected co-Witt vectors
and bi-Witt vectors, respectively. We denote by CW™¢ = CW* N CW™", the
intersection taken in C'W.

If A is a finite k-algebra or, more generally, a pseudocompact W (k)-algebra
(Def. 5.1), then the co- and bi-Witt groups CW(A) and QW (A) and their
connected relatives carry a natural, linear topology, in which they are complete
Hausdorff. An open neighborhood basis of 0 in CW (A) is given by

Un, 1 ={(a;) € CW(I) | a; =0 for i > —n}

where n > 0,1 < A with A/I finite length.
We need a finitary version of Witt vectors that is covariant in the length:

DEFINITION 5.8. Let A be a ring and nil(A) its nilradical. Write nil® (A) for
mﬂ(A)pk7 with nil®™ A = nil(A) for k < 0. For n € Z, define the subgroup

W™(A) = {(ag,a1,...) € W(A) | a; € nil""™ (A)} C W(A).

One verifies easily from the definition of the Witt vectors that this is a subgroup.
There are induced maps

i: W"(A) - W"TL(A) (inclusion),
F: Wm"(A) — W 1(A) (Frobenius, cf. [DK14, Lemma 1.4]), and
V: Wn(A) - W™ (A) (Verschiebung).

Let Wfin(A4) denote the union |J, W"(A). We call this functor from rings to
abelian groups the functor of finitary Witt vectors. The reason for this name
is that if A is a finite ring then Wf"(A) consists of finitely supported Witt
vectors.

The functors Wi, CW, CW*, CW™»¢, CW*¢, QW, and QW€ restrict to the
category of finite W (k)-algebras (that is, algebras whose underlying modules
are of finite length), and thus restricted are ind-representable (for the case of
CW and its relatives, see e.g. [Fon77, Ch.2, §4]) and thus formal groups.

We will sometimes for clarity use a subscript to denote which base ring they are
defined over. So, for example, CW), denotes the functor CW restricted to finite
k-algebras, while CWyy 1y is the restriction to finite W (k)-algebras. Obviously,
by further restriction CWyy (1) agrees with CWj, on finite k-algebras.

The formal schemes over W (k) underlying CW, CW¢, CW*, Wi are repre-
sented by pseudo-compact W (k)-algebras Ocw, Ocwe, Ocwu, Opin. These
rings are described in [Fon77, Ch.2, §3|, and we recall their description here. Let
R =W (k)[zg,2—-1,2_2,...] be the polynomial ring in infinitely many variables
and for r > 0, let J, = (x—,,2—r—1,...). Then

OCW = hmr,sZO(R/Jf«)’\
OCWC = Hmszo(R/ﬁg)A
OCW“ = Hm,_zo(R/ST)’:

DOCUMENTA MATHEMATICA 24 (2019) 2525-2582



TENSOR PRODUCTS OF AFFINE AND FORMAL GROUPS 2543

where (—) denotes W (k)-profinite completion. Similarly, the pseudo-compact
W (k)-algebra of Oyysn is the completion of the infinite polynomial ring
W (k)[zo,x1,...] with respect to the ideals J§ + J,,r,s > 0, where J, =
(Tpy Ty 1y Tpgy v o)
By base change to k, we obtain the defining pro-algebras for Ocw,, Ocwyg,
ch}g, and Owéin.

5.4 ALGEBRAS OVER Oy () WITH A LIFT OF THE FROBENIUS

The opposite category of topologically flat W (k)-modules (and -coalgebras)
can be described as in [GP11, Exposé VIIg] as a subcategory of the category
of O (r)-modules (resp. -algebras). We now recall these definitions.

Let Ow (k) : FAlgy (1) — FAlgyy (1) be the identity functor.

DEFINITION 5.9. An Oy (iy-module (O (x-algebra) M is a functor which to
any A € FAlgyy () associates an A-module (A-algebra) M (A) and which to any
morphism ¢: A — B gives a morphism

M(p): B®@a M(A) — M(B)

of B-modules (B-algebras), satisfying the obvious identity and composition
axioms. We follow the regrettable choice of [GP11] to call M admissible if
M(p) is an isomorphism for all ¢: A — B. We will furthermore call M flat if
it is admissible and if for any A € FAlgy, 4y, M(A) is a flat A-module.

Given an Oy ()-algebra C', we will call a morphism a : Oy () — C of Oy (x)-
modules an element of C and will write ¢ € C. When C' is admissible, giving
an element a € C is the same as giving an element of lim,, C(W, (k)). Given
an element @ € C and a finite W (k)-algebra A, we denote by a|4 € C(A) the
evaluation of a(A) at 1 € A.

THEOREM 5.10 (|[GP11, Proposition 1.2.3.E.]). The functor I: Mody ) —
Modoy,,, defined for N € Mody (x) and A € FAlgy, .y by
[(N)(A) = HomSoq,,,,,, (N, A) = Homjoq , (ABw k) N, A)

restricts to a strongly monoidal anti-equivalence between the category of topo-
logically flat W (k)-modules with the completed tensor product ®W(k) and that
of flat Oy 1)-modules with the objectwise tensor product.

In particular, this anti-equivalence extends to one between flat Oy ()-
coalgebras (respectively flat Oy (i)-algebras) and topologically flat W (k)-
algebras (topologically flat W (k)-coalgebras).

DEFINITION 5.11. An Oy )-algebras with a lift of the Frobenius is a pair
(C,F), where C is a flat Oy (y)-algebra (Def. 5.9) and F' is an algebra en-
domorphism of C such that F(k): C(k) — C(k) is the pth power map on
C(k). We denote by %ﬁf *) the category consisting of these, with the obvious

morphisms.
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Using Theorem 5.10, it is easy to see that this category is dual to the category
of topologically flat W (k)-coalgebras with a lift of the Verschiebung.

Let Ow ) [xX] = Ow x)[wo, 1, . ..] denote the flat Oy (1)-algebra which to any
A € FAlgy, () assigns the polynomial ring A[x]. For each n > 0, the element
w,, € Ow (x| is defined on A by the nth ghost polynomial

pn pn,—l n
Wyla =25 +pry  +-p Ty,

Clearly, whenever we have a sequence of elements a = (ag, 4, -..a,) of a flat
Ow (r)-algebra C', we can evaluate w,, at these elements to get an element

w,(a) € C.

LEMMA 5.12 (Dwork’s lemma for flat Oy (x-algebras). Let (C, F') € %Sv(k).
Let g = (go,gl, ...) be a sequence of elements in C such that for alln > 1,

9l wute) = Fw, (g, lw, (1)) € C(Wa (k).
Then there are unique elements q such that w,(q) =g for all n.
Proof. Define the algebra
CW (k) = lim C(W, (k).
where the limit is taken over the canonical projection maps
pn: C(Wa(k)) = C(Wn_1(K)).

Since C is admissible, we have that

C(Wn-1(k)) = C(Wa(k)) Ow,, k) Wn-1(F)

so that the maps p,, are surjective. Furthermore, since each C(W, (k)) is flat
as a W, (k)-module, C(W(k)) is torsion free over W (k). The endomorphism
F' yields an endomorphism C(W (k)) — C(W(k)), and the elements g yield
honest elements g, € C(W(k)). We now claim that -

Indeed, let
0 COW (k) - [[COa() — T[CWi(k)) — 0

be the exact sequence defining the limit, where lim* vanishes because the system
is Mittag-Leffler. Note that since W, (k) is a finitely presented W (k)-module,
tensoring with W,, (k) commutes with infinite products. Since

C(Wi(k)) @w ) Wa(k) = C(Wy(k))
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for i > n, the limit of the system {C'(W;(k)) ®w (x) Wn(k)}: is C(Wyp(k)). Thus
to show that C'(W(k)) @w ) Wn(k) coincides with this limit, it is enough to
show that the induced map

13

Torly s, (ﬁ CWilk)), Wa () ) — Torty o (TT €W (k)), W (k) )

i=1 i=1

is surjective. But this follows since the inverse system {C(W;(k))[p"]}: is
Mittag-Leffler. Indeed, by flatness we have that

C(Wi(k))[p"] = p'"C(Wi(k)),

where it is understood that p~" = 1 if ¢ < n. But given j, this implies that
the map

C(Witn(k))[p"] = 0! C(Wjsn (k) — pT"C(W;(k)) = C(W; (k) [p"]

is zero, since p’ = 0 in the latter algebra. In conclusion, C(W(k)) is a torsion-
free W (k)-algebra with a lift of the Frobenius. The usual Dwork lemma, applied
to C(W(k)), gives a sequence q € C(W (k)) such that w,(q) = gp. This se-
quence gives elements q satisfying the requirements of the lemma. Conversely,
we see that any sequence of elements q arises in this manner. o

Let Wt be the Oyy1)-Hopf algebra which to any A € FAlgy, () associates
the Hopf algebra A[zg, 21, 22, . ..] representing the functor taking a A-algebra
to its ring of p-typical Witt vectors. It comes with a Frobenius lift Fy. We
denote by HLpfSV(k) the category of pairs (I, Fgr), where H is an Oy 1)-Hopf
algebra and F is a lift of the Frobenius, with the obvious morphisms. Given
an Oy 1)-Hopf algebra H, we say that an element z € H is primitive if x|4
is a primitive element of H(A) for each A € FAlgyy (). We denote by PH the
primitives of an Oy (r)-Hopf algebra.

LEMMA 5.13. Let H € Hopffv Then there is a natural isomorphism

(k)"

e: HOmHOpf;(k) (Wt,H) — PH

giwen by e(f) = f(zo)-

Proof. This proof is the same as the proof of [Goe99, Proposition 1.9]; we
include a sketch for the reader’s convenience. The map e is injective by
Lemma 5.12 and the fact that F(f(z0)) = f(w,,). For the surjectivity, one
notes that given a primitive y € PH, all the elements FJ;(y) are primitive
as well. Using Dwork’s lemma again, we get a map f: Wt — H such that
f(w,) = Fj(y). It remains to show that f is a morphism of Oy ;)-Hopf al-
gebras and that f commutes with the Frobenius. Both of these are direct
applications of the uniqueness of Lemma 5.12. O
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5.5 PROOF OF THEOREM 5.5

There are two objects in the category ngs%(k) (Def. 5.3) which will play a key
role in the proof of 5.5, introduced to the reader in 5.3. The first is the functor

the functor of connected co-Witt vectors, with the Verschiebung lift VCW&/(k)

where
, 2,01, ao) = ( o, a_9, a_l).

Vows, (-

The other object is the functor W&V“(k) with the Verschiebung lift wain . For

A € FAlgy (1), the Verschiebung acts on an element (ag, a1, az, . ..) of WW(k) (A)
by shifting to the right. We have that

QW) = [TW®)
=0
where
V (@0, 1,22, ) = (Fiy (1), Fyp (g, (32), eHW

On the other hand, Q(CW‘fV o) = 691 oW (k), where @ denotes the profinite
completion of the direct sum. }n this situation, V' acts by shifting to the right
and taking Fv;l( k) of the components.

LEMMA 5.14. For M € My (Def. 5.4), there are natural isomorphisms
Hom i, (M, QW) = Homgy, ) (M, W (k)) = M*

and
Homu, (Q(CWyy (1), M) = Homyy ) (W (k), M) = M.

Proof. Let f: M — Q(W{‘Vr‘(k)) > TI2, W(k) be a map in My . Writing

f(a) = (fO(a)a fl(a)v .- ')7

we see that . _

f(VZ ) ( W(k)(fl( ))aFIX/Z(k)(fl+1(a))a)’
that is, foo Vi = Fv;i(k) o f;. Thus f +— fy gives the first natural isomorphism.
For the second claim, let f: Q(CW&V(,C)) — M be a map in My . Since

QICWy ) = @ZOW(k:) is free in the sense that any (not necessarily continu-

ous) homomorphism @;°, W (k) — M extends to a continuous homomorphism
from Q(CWﬁ/(k)), giving a V-linear homomorphism f: @;°, W (k) — M is the
same as giving a map W (k) — M. O
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LEMMA 5.15. For G, H € ngsgv(k), the natural map
Homngs“//V(k) (Ga H) - HomMV (Q(H)a Q(G>>
18 an injection.

Proof. Arguing as in [Goe99, Proposition 2.10], we denote by ngchW(k) the
category of connected formal groups over the fraction field QW (k) of W (k)
and by Mqw 1) the category of topologically free vector spaces over QW (k).
For a formal group G over W (k), we let Gow (x) be the base change to QW (k)
and will use the same notation for the base change of an element of My to
Maw (k)- We then have a diagram

HomngSXV(k) (G, H) HomMV (Q(H)7 Q(G))

l |

Hompgpse . (Gow k) How k) — Hommgy o, (QUH)qw k) @(G)ow (i) )-

QW (k)
The left hand vertical map is an injection since G and H are smooth, and so
is the right hand vertical map since Og and Op are power series rings. The
lower horizontal map is a bijection by [Fon77, Chapitre II, Proposition 10.6],
thus the upper horizontal map is injective. O

LEMMA 5.16. If G € Fgpsyy (i), then

Q: Homngs Y (WW(k)vG) — Homu, (QG, Q( W(k))) = Q(G)"
s a bijection.

Proof. By Lemma 5.15, this map is an injection. To prove surjectivity, we first
note that the functor I of Thm. 5.10 extends to an anti-equivalence between
the category ngs‘v/v(k) and the category of Oy (1)-Hopf algebras with a lift of
the Frobenius [GP11, Exposé VIIg, 2.2.1]. Under this duality, Wﬁ}l(k) with its
Verschiebung lift corresponds to the Oy (1)-Hopf algebra Wt of Lemma 5.13. To
see this, note that for any finite W (k)-algebra A, the Artin-Hasse exponential
gives a map
Wt(A) = LWy ) (A).

By [DG70, V, 84, n.° 4, Cor. 4.6], this map is an isomorphism modulo p. Thus,
the original map M(A) — 1 (W‘?[}‘(k))(A) is an isomorphism by two applications
of Nakayama’s lemma, the first application showing that it is surjective, and
then using the projectivity of I(W‘?[}](k))(A) to show that it is injective. By
duality, an element

z € Q(G)" = Homyy, (1, (Q(G), W (k))

gives a coherent family of primitives in I(G). By Lemma 5.13, this coherent
family of primitives gives amap I(G) > Wt = [ (WW(k)) and upon dualization
we get a map f: W, W(k) — @G of formal groups such that Qf = z. O

DOCUMENTA MATHEMATICA 24 (2019) 2525-2582



2548 TILMAN BAUER AND MAGNUS CARLSON

In preparation of the next proposition, note that the forgetful functor
My — M to the category of topologically free modules over W (k) has a
right adjoint J, taking M € M to JM =[[°, M with V acting by

V(mo, mi,ma,.. ) = (Flgll(k) (ml), FV?/l(k) (mg), .. .),

where by abuse of notation, we write Fyy ;) for the automorphism of M that
corresponds to the Frobenius on each component under the isomorphism M =

[T W(k).
Recall (Def. 5.1) that PCyy () denotes the category of pseudocompact modules
over W (k). We have a forgetful functor My — PCyy(y) (Def. 5.4).

op
ProrosiTION 5.17. The functor @: (ngs‘v/v(k)) — My has a left adjoint
Fr. For M € My, the counit map Q Fr(M) — M is an isomorphism.

Proof. We start by defining the functor Fr. Given M € My, we have a func-

torial resolution .
0—-MLJM S JM =0 (5.18)

where

d(mo, mi,ma,.. ) = (m1 - FW(k) (Vmo), mo — FW(k) (le), .. )

Choosing an isomorphism of M = [] W(k), we get an isomorphism JAM =
IL. Q(W&V“(k)). By Lemma 5.16, there is a map

f: D Wit = D Wit (5-19)
such that Qf = d. We define Fr(M) to be the pushout

n f n
Gaa Wif/i[/(k) 6904 Wif/i[/(k)

| 3

Spf W (k) —— Fr(M)

in the category ngs“,/v(k). An argument is required to see that this pushout
exists. The resolution (5.18) stays exact after applying the forgetful functor
My — PCyy (). This implies that the map (5.19) is injective in the category
of (not necessarily topologically flat) formal groups over W (k), since the kernel
ker f is a connected group satisfying Q(ker ) = 0. By [GP11, 2.4, Théoréme]
the pushout Fr(M) exists, is topologically flat, and the map ¢ is faithfully
flat, which implies that Fr(M) is smooth. Extending this construction in the
obvious way to morphisms between objects in My, we thus get a functor
Fr: My — ngs%(k) .
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Let us now show that Fr is adjoint to @ and that the counit M — Q Fr(M) is
an isomorphism. We start by showing that Q(g): QFr(M) — Q(P,,

W(k))
is an injection. Consider the base change of the exact sequence

in the category of formal groups over W (k) to k. We obtain an exact sequence
of formal groups over k,

0— Pwin ELN @ n s Fr(M) — 0.

Since all the groups involved are smooth, @ is exact, and we get that

Q(Fr(M)y) = Q(Fr(M))&k — QEP W) = EB W) ®

[e3

is injective. Since Q(P,, W{}‘}l(k)) is topologically flat, the map g: Q(Fr(M)) —
QP W{}‘}l(k)) is such that ker g®k — Q(Fr(M))®k is injective and hence
ker(g)®k = 0.

By Nakayama’s lemma we then have that kerg = 0. Note that this implies

that Q(Fr(M)) = M, since both are kernels of the map @ f = d. For an object
Ge ngs%(k) we get a diagram

0 0
Homngs%(k)(Fr(M),G) —— Homp, (Q(G),

| N
!

Fr(M)))

HomngsgV(k) (@a W{EII/{I(]C) ) G) — Hova (Q( )

|

(@, Wit G) —— Homu, (Q(G), Q(@, Wi,))

A, Wim,))

Homngs‘\}/V "

where the middle two horizontal maps are isomorphisms. This yields that
HomngSXV(k) (FI‘(M), G) = Hova (Q(G)v Q(FI‘(M)))

But as previously noted, M = Q Fr(M), so we have our adjunction. O

Proof of Thm. 5.5. From Prop. 5.17, the counit map QFr(M) — M is an
isomorphism. To show that the unit map

G = Fr(Q(Q))
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is an isomorphism, we note that the map

QFr(Q(G)) = Q(G)

is an isomorphism. But this implies that G — Fr(Q(G)) is an isomorphism,
since both groups are smooth and connected. O

6 DIEUDONNE THEORY

Let k be a perfect field of characteristic p > 0. In this section, we will recall
the Dieudonné theory needed for our purposes (cf. [Fon77,DG70,Dem86]). Let
¢: W(k) — W (k) denote the Witt vector Frobenius map, which is a lift of the
pth power map on k to W (k). By the perfectness of k, this is an isomorphism.
A similar isomorphism exists on CW (k) and all other related versions of Witt
vectors.

DEFINITION 6.1. Let R be the noncommutative ring generated over W (k) by
two indeterminates F', V' modulo the relations

FV=VF=p, Fa=d¢(a)F, aV=V¢(a) foraec W(k).

The category of Dieudonné modules Dmody, is the category of left R-modules.
Denote by F (resp. V) the subrings of R generated by W (k) and F (resp.
W (k) and V)

Given a Dieudonné module M we define the dual I(M) to be
Homyy () (M, CW (k)). This becomes a Dieudonné module by

F(a)(m) = ¢(a(Vm)) and V(a)(m) = ¢~ (a(F'm))

for oo € Homyy (1) (M, CW (k)) and m € M.

For a module M € Dmody, let M[V"] be the kernel of multiplication by V™.
Let Dmodg’nil be the full subcategory of Dmody consisting of those M such
that M 2 colim,, M[V"]. We call such a Dieudonné module unipotent.

THEOREM 6.2. [DG70, V.1.4, Théoréme 4.3] There is an anti-equivalence of
categories
D: {unipotent groups over k} — Drnodkv’m11

given by taking the unipotent group G to

D(G) = colim Homppgen, (G, Wh,).
Furthermore, D(G) is finitely generated if and only if G is of finite type, and
D(G) is of finite length as a W(k)-module if and only if G is a finite affine
group. O
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Since the category of affine groups over a perfect field splits into the product of
the full subcategories of unipotent groups and of multiplicative groups, Theo-
rems 1.6 and 6.2 give an anti-equivalence between the category of affine groups
and the product of the categories Dmod,‘cf’mll and Modr.

Let us call an affine group p-adic if G is the inverse limit of the affine groups

coker(G r, G). We note that any unipotent group is p-adic since VF = p.
Let Dmod} denote the full subcategory of locally V -finite modules in Modg,
that is, those M such that every x € M is contained in a V-submodule of finite
length.

THEOREM 6.3. There is an anti-equivalence of categories
D: {p-adic affine groups over k} — Dmod},
given by

G — D(G) = colim Homapscn, (G, Wy) x I(colim Homapsen, ((G™)*, W)

where (G™)* is the Cartier dual of the multiplicative part of G, and I is the
dual Dieudonné module.

Proof. This theorem is essentially proved in [Dem86, Chapter III, 6], but only
for unipotent groups and for finite multiplicative groups of p-power order. We
claim that a p-adic affine group G of multiplicative type is an inverse limit of
finite multiplicative groups of p-power order, from which the theorem in the
stated form follows. Indeed, since G is the inverse limit of finitely generated
multiplicative groups, we may assume that G is finitely generated multipliative.
We also assume that k is algebraically closed and thus that G = k[N] for some
finitely generated abelian group N with p”N = 0 for some n > 0. Thus N is
finite and G is a finite affine group. O

Thm. 6.3 is also proved in [HL13], using slightly different methods from the
ones in [Dem86].

We will now briefly discuss the dual picture of formal groups.

DEFINITION 6.4. A module M € Modg is called F-profinite if M is profinite

as a W(k)-module and has a fundamental system of neighborhoods consisting

of F-modules. We call M connected if F is topologically nilpotent on M, and

étale if F' is bijective on M. We denote the category of F-profinite R-modules

by ID)modkF and the full subcategories of connected (resp. étale) R-modules by
F.c Fet

Dmod, (resp. Dmod, ).

Essentially by a Fitting decomposition, any F-profinite module M splits as
a direct sum M® @ M€ where the first summand is étale and the second is
connected. Indeed, any F-module of finite length splits as a direct sum of two
modules where F' acts bijectively on one component and nilpotently on the
other. Taking the limit, we get the claimed decomposition.
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A formal p-group is a commutative formal group G such that the canonical
map colim,, G[p"] — G is an isomorphism, where G[p™] denotes the kernel of
multiplication by p™. Note that any connected formal group is a formal p-group
since FV = VF =p. We let Fgps} be the category of formal p-groups over k.
A dual version of Thm. 6.3 is proved in [Fon77, Chapter III|:

THEOREM 6.5. There is an anti-equivalence of categories
D : Fgpst — Dmod;

where
D'(G) = Hompgps, (G, CWy).

Under this equivalence, the full subcategories of conmected formal groups and
étale formal p-groups corresponds to the full subcategories of connected and
étale R-modules, respectively. O

We will show later (Thm. 8.1) in which sense the equivalences of Thms. 6.3

and 6.5 are dual to each other.

7 THE DIEUDONNE MODULE OF A SMOOTH CONNECTED FORMAL GROUP
WITH A LIFT OF THE VERSCHIEBUNG

The goal of this section is to describe the Dieudonné module of those formal
groups over k that are mod-p reductions of smooth connected formal groups
over W (k) with a Verschiebung lift, i. e. objects of ngs‘v/v(k) (Def. 5.3). These
constructions are very similar to the ones of [Goe99].

For G € ngsgv(k), we define a map

Q(G) — DI (Gy)
as follows. By Thm. 5.5 and Lemma 5.16 we have an isomorphism
Q(G) = Homngs“//V(k) (Gv CW{;V(k))
Composing this isomorphism with the mod-p reduction

Homp,,.v (G, CWij ) — Hompgps, (G, CW) = DY (Gy),

(k)

we get a V-linear map 7: Q(G) — Df(Gy) in My (Def. 5.4). By extension of
scalars, we get a homomorphism

cc: Ry Q(G) — DI(Gy) (cf. Def. 6.1).

Let
a: }—®W(k) Q(G) - R®y Q(G)
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be the natural map. We let R®€Q(G) be the completion of R ®y Q(G) with
respect to the image under « of the F-submodules

(F™") @wmy Q(G) + F @wiy M C F Qwy Q(G)

where M C Q(G) ranges over a basis of neighborhoods of the topologically

free W (k)-module Q(G). Note that eg is continuous and that R®€Q(G) is an
F-profinite Dieudonné module (Def. 6.4).

THEOREM 7.1. Let G € ngs%(k) . Then the map

A F
g : R&,Q(G) — DI(Gy)
is an isomorphism.

Proof of Thm. 7.1. Denote the source of the map e by E(G). We note that
both E(G) = lim,, E(G)/F"E(G) and Df(Gy) = lim,, Df(Gy)/F "D (Gy). Tt is
clear that the map e becomes an isomorphism modulo F. We claim that this
implies that eg is an isomorphism. That cokereg = 0 follows from observing
that

coker e = F* coker e, 1>0

so that
coker e = lim coker e/ F" cokereg = 0,
n

as claimed. We thus have an exact sequence
0 — kereg — E(G) — Df(Gy) — 0,

and, noting that F acts injectively on Df(Gy), this sequence is exact after
reducing mod F, since the derived functor of taking the quotient modulo F' is
the functor taking a module M to the elements of M annihilated by F. This
implies that ker e = 0 so that e¢ is an isomorphism. O

EXAMPLE 7.2. Let W]?“ be the connected formal group over k taking a finite k-
algebra R to the finitely supported Witt vectors. Denote by Fyy (1) the canonical
Frobenius lift on the ring of Witt vectors. Using the above theorem,

Df (Win) =~ ﬁ Wi (k).
=0

The Dieudonné module structure on the right hand side is given by
V(ao, a, .. ) = (Fﬁl(aq), Fﬁl(ag), .. )
and

F(ag,a1,...) = (0,pF(ao),pF(a1),...).
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Here, FF~1: W;(k) — W;_1(k) denotes the inverse of the Frobenius on W;(k)
followed by projection to W;_1 (k) and pF'(a;): Wi(k) — W;11(k) denotes the
Frobenius on W;(k) followed by multiplication by p from W;(k) to W1 (k).
This follows from the isomorphism of V-modules

i=0
by inducing up.

8 CARTIER AND MATLIS DUALITY

As studied in Section 6, Dieudonné theory gives us two functors

Df: {formal p-groups} — D mod;}
and

D {p-adic affine groups over k} — Dmody, .

Since the category of formal p-groups is dual to the category of p-adic affine
groups, one might ask how these two functors are related. For finite affine
groups, this is treated in [Fon77]. To state more precisely what we will inves-
tigate in this section, let M € Dmodf . Then one can endow

Homyy 4y (M, CW (k))

with an action of R such that Hom{y (M, CW (k)) is an object of Dmodj, .
This yields a contravariant functor

I°: Dmod; — Dmod? .

Conversely, if N € Dmod}, then there is a natural topology on
Homyy () (N,CW(k)), and there is an action of R on it that makes
Homyy () (N, CW (k)) into an object of Dmodf . We obtain in this man-

ner a functor
I : Dmod? — Dmody,,

and using Matlis duality (Thm. 8.3), one shows that the functors I,I¢ give
a duality between Dmod} and DmodkF . On the other hand, taking a p-adic
affine group G to its Cartier dual G* we get a formal p-group, and conversely,
if H is a formal p-group, the Cartier dual H* is a p-adic affine group. We will
denote the functor taking a formal p-group to its Cartier dual by (—)*, and
the same notation will be used for the functor taking a p-adic affine group to
its Cartier dual. It is well-known (see for example [Fon77, 1.§5]) that Cartier
duality gives a duality between the category of formal p-groups and p-adic
affine groups. A natural question to ask is how Cartier duality relates to the
duality between Dmod} and ]D)modf we just gave. The answer is given by the
following theorem, whose proof will occupy the rest of this section.
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THEOREM 8.1. The following diagram is 2-commutative

: D
{p-adic affine groups over k} —— Dmod},

l(—)* lf

f
{formal p-groups over k} —2— Dmod? .

Equivalently, Cartier duality commutes with Matlis duality, in the sense that
if G is a p-adic affine group, then ID(G) is naturally isomorphic to Df(G*).
Conversely, if G is a formal p-group, then I¢(Df(G)) is naturally isomorphic
to D(G*).

8.1 MATLIS DUALITY AND MONOIDAL STRUCTURES ON TORSION MODULES

This subsection recalls the classical theory of Matlis duality and we introduce
a monoidal structure on the category of torsion W (k)-modules which will help
us describe the Dieudonné module of the tensor product of two p-adic affine
groups. For a classical treatment of Matlis duality, we refer to [BH93|. Recall
that CW denotes the functor taking an algebra to its co-Witt vectors.

PROPOSITION 8.2. For any perfect finite k-algebra A, there are natural mor-
phisms

CW(k) — CW(A) and Tory ) (CW(A),CW(A)) — CW(A)

making CW(A) a monoid in the category of artinian W (k)-modules with
monoidal structure Tory ) and unit CW (k).

Proof. For ease of notation, we will denote Tory ) (M, N) by M x N. Ten-
soring the short exact sequence (5.7) with CW(A), we obtain a connecting
homomorphism

CW (A) * CW(A) — W(A) ® CW(A),

which composes with the W(A)-module structure on CW(A) to the desired
multiplication. O

THEOREM 8.3 (Matlis duality). The functor I = Homyy ) (—, CW (k)) is an
anti-equivalence between the category of torsion W (k)-modules and the category
PCyy 1) of pseudocompact W (k)-modules (Def. 5.1).

Proof. Classical Matlis duality establishes this functor as a duality between
Noetherian and Artinian modules. The ring W (k) is a discrete valuation ring,
hence a PID, and hence a module over it is Noetherian if and only if it is
finitely generated, and modules which are both Noetherian and Artinian are
precisely those of finite length. Since every torsion module is the colimit of
its finite length submodules, the result follows by passing to ind- resp. pro-
categories. O
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The inverse functor 7¢ from pseudocompact W (k)-modules to torsion W (k)-
modules is given by
I°(K) = Hom{y () (K, CW (k)) = colim Homyy 1 (K, CW (k))
J
if K is represented by an inverse system K: J — Modyy ().
In our setting, Matlis duality is monoidal with respect to the derived tensor

product. More explicitly, we have the following two symmetric monoidal struc-
tures:

e On PCyy(): the (completed) tensor product ® with unit the pseudo-
compact module W (k).

e On the category of torsion W (k)-modules: the torsion product M x« N =
Tor%/v(k) (M, N) with unit CW (k). Indeed, note that if M is torsion then
M@QW (k) =0= M+«QW (k) and hence the connecting homomorphism
M x CW (k) — M @wu) W (k) = M is an isomorphism.

By construction, the tensor product on PCyy(x) commutes with cofiltered limits
and is right exact, and * on torsion W (k)-modules commutes with filtered
colimits and is left exact. We have:

PROPOSITION 8.4. Let M, N be torsion W (k)-modules and K, L pseudocom-
pact W (k)-modules. Then there are the following natural isomorphisms:

1. I(M)® I(N) = I(M * N),
2. I°(K) = I°(L) 2 I°(K ® L),
3. K @ I(M) = Ext(M, K),

4. M x I°(K) = Hom®(K, M).

Proof. First note that in (1)—(4), everything commutes with filtered colimits
in M and N and with cofiltered limits in K and L. Thus we can without loss
of generality assume that M, N, K, and L are finite length W (k)-modules. In
this case, I¢ = I is an anti-equivalence.

The universal coefficient theorem gives a natural morphism

(M*xI°(K))®@ K - M * (I°(K)® K),

which can be composed with the evaluation D°K ® K — CW (k) to give a
natural map

(M *I¢(K)) — M+« CW(k) = M.

By adjunction, we obtain a map ¢as: M * I°(K) — Hom(K, M). Since M is
finitely generated, it injects into an injective Jy = CW (k)" for some N > 0,

DOCUMENTA MATHEMATICA 24 (2019) 2525-2582



TENSOR PRODUCTS OF AFFINE AND FORMAL GROUPS 2557

the quotient J; = Jo/M being of the same form. We get a four-term exact
ladder

00— M I(K) — Jo % I¢(K) — Jy « I¢(K) — M @ I°K — 0

| | | |

0 — Hom(K, M) — Hom(K, Jy) — Hom(K, J;) — Ext(K, M) — 0

The map ¢cw (x) is trivially an isomorphism, hence so are ¢, and ¢, since
Jo and Jp are finite sums of CW (k) and both * and Hom (K, —) commute with
finite sums. By exactness, (3) and (4) follow.

For (1), we compute

I(M % N) =W (k) ® I(M = N) Z Ext(M = N, W (k))

Ext(M, Bxt(N, W (K))) & Ext(M, I(N) & W (k)

IR

~ [(M)® I(N) ® W(k) = I(M) ® I(N).

—~
w
=

Lastly, (2) follow from (1) by dualization. O

A Dieudonné module M € Dmod}, is in particular a torsion W(k)-module:
M = M@ M¢ where on the connected part M¢, V is nilpotent and thus so
is p=FV; and M? = (W (k) ®z L)* for a torsion p-module L. Thus I(M) is
defined as a pseudocompact W (k)-module, and it inherits the structure of an
R-module by defining, for ¢: M — CW (k) € I(M),

F(¢) = Few(¢oV) and V(§) = Foy (90 F)

where Foyw (i) is the Frobenius on CW (k). Thus I(M) is an object of D mody,
and this shows that I is an anti-equivalence of categories I : Dmod; — D mody
with inverse I¢: Dmod; — Dmody .

8.2 CARTIER DUALITY ON THE LEVEL OF DIEUDONNE MODULES

We now move onto proving the main theorem of this section. We start by
considering unipotent groups.

PROPOSITION 8.5. Let G be a unipotent group and let G* be its Cartier dual.
Then there is a natural isomorphism

D'(G*) = I(D(Q))
and conversely, if H is a connected group and H* its Cartier dual, then
D(H*) = I¢(D'(H)).
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If M € Dmodj , we let I, (M) be the Dieudonné submodule of
Homyy ) (M, CW (k))

consisting of those f : M — CW (k) such that f(F™) = 0. Let us consider the
connected formal group Wkﬁ“ as in Example 7.2. Denote by Wkﬁ‘; the k-scheme
we get after base change along the Frobenius map F}: Speck — Speck. Then
the relative Frobenius gives us a map W,?“ — W,?‘; of formal groups over k.
However, since

fin ~v fin
Wi = Wy xg, Speck,

we see that W,?‘; = ,?“ as formal group over k. Composing the Frobenius with
this isomorphism, we get an endomorphism FW;?“ : W,?“ — W,?“. For ¢ > 0,
write WHn[F?] for the kernel of the ith iterate of this Frobenius map. Note that
for 7 > 0, composition with Fyyrm gives a map Fyyem : WEFH] — Wi [F7).

LEMMA 8.6. Let Wit [F"] = ker(F™: Wi — W) where F™,n > 1 is the nth
iterate of the Frobenius endomorphism, and let DY (W/n[F™]) be its Dieudonné
module. Then for M € Dmodf, there is a W (k)-linear isomorphism

o+ Homp pyoqr (M, DY (W F™))) = T (M).
Further, this isomorphism is compatible with the Frobenius in the sense that if
f € Hom]l))modf (Ma Df(ngn[Fn]))

and
DY (Fyysn) : DY (W) — DY (W FH),

then
st (D (Fyygn) 0 1) = ().

Proof. By Example 7.2, we see that a morphism
f o M — D (W E) 2= DY (W) /F (DY (WE™))
can be written as
(an flana .. )
where f; is a continuous homomorphism of W (k)-modules from M to

Wmin{n—l,i} (k)

The requirement that f is a morphism of Dieudonné modules gives that f is in
fact, determined by f,_1. Indeed, the requirement that

f(Vm) =V f(m)

gives that _ _
fn-1(V'm) = Fv?/z(k)(fnflJri(m))ai >0
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and f(Fm) = F f(m) shows that
fo1(F'm) = piFéV(k)(fn—pi(m))vi 2 0.
We see that a morphism
f oM = DY (W)
gives rise to a map
fo-1: M = W,_1(k) C CW(k)

such that f,—1(F™) = 0. We define m,(f) = FV;?,;Sl © fn—1. Note that the

action of W (k) on W, _1(k) is, when we view W,_;(k) as a submodule of
CW (k), given by for x € W (k) and a € W,,_1(k) by F~""}(z)a, thus m,(f) is
W (k)-linear. Conversely, given a W (k)-linear map

h: M — W,_i(k) C CW (k)

such that h(F™) = 0, one easily defines a map h : M — Df(Wf[F"]) of
Dieudonné modules. Lastly, to see that

ﬂ-n-‘rl(]D)f(FWéi“) © f) = ﬂ-n(f)a
is a straightforward computation. O

Proof of Prop. 8.5. Let G be as in the proposition. We can without loss of
generality assume that V' = 0. Consider

D(G) = colim Hom(G, W,,) = colim Hom(W{r [F™], G*),

n

where the latter isomorphism is induced by Cartier duality. Note that the
transition maps Hom(W/f[F"], G*) — Hom(Wir[F"+1],G*) come from pre-
composition with the Frobenius on Wkﬁ“. By classical Dieudonné theory,

Hompgps; (Wi [F], G*) 2 Homp peqr (D(G™), DY (W [F7])).
By Lemma 8.6, HomDmodkp(Df(G*),Df(W,gn[F”])) is isomorphic to

I§., (Df(G*)). Taking the limit over all n, using Lemma 8.6 to see that
the diagram

F]];f(ngin)

Hom(D'(G*), DY (Wi [F™])) — Hom(D'(G*), DY (W [F"*1]))

lﬂ’n lﬂ' n+1

T (M) - Tfnia (M)

commutes, one gets that
D(G) = I°(D"(G™))
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as W (k)-modules. A verification, keeping track of the interchange between the
Frobenius and Verschiebung when we dualize, shows that the isomorphism

D(G) = I°(D"(G™))
actually is an isomorphism of Dieudonné modules. o

Proof of Thm. 8.1. We have already proved this for unipotent groups by
Prop. 8.5, so what remains is the proof for p-adic multiplicative groups. If
G is a p-adic multiplicative group, then G is an inverse limit of finite groups of
p-power order. We can thus assume that G is a finite multiplicative group of
order p". But then this duality is classical, see for example [Fon77, II1,§5]. O

9 TENSOR PRODUCTS OF FORMAL HOPF ALGEBRAS IN POSITIVE CHARAC-
TERISTIC

The aim of this and the following sections is to use Dieudonné theory to de-
scribe the tensor product of formal Hopf algebras over k, where the standing
assumption is that k is perfect and of characteristic p.

Let FHopf, be the category of formal Hopf over k, and denote by FCoalg,
the category of formal coalgebras over k. By (1.4), FHopf,, is equivalent to the
category of affine groups, which has a tensor product by Thm. 1.3. Denote
the induced tensor product on FHopf, by X. Thus there is a bijective corre-
spondence between maps Hy X Ho — K of formal Hopf algebras and bilinear
morphisms H;®,Hs — K of formal coalgebras.

REMARK 9.1. For an explicit description, let H;,Hy € FHopf, and
S, (H,®yHs) be the completed symmetric algebra (see [GP11, Exposé VII,
1.2.5]) on Hi®,Ho. Let j: Hi@QpHy — S’*(H1®kH2) be the inclusion. Then
H, X H> is the quotient of S’*(H1®kH2) by the closure of the ideal generated
by the elements given in (2.2). The comultiplication on H; X Hs is the one
making the map j : H1®,Hs — H; X Hy a morphism of formal coalgebras.
The connected part of H; X Hs, is a formal power series ring in JH{®yJHS,
where JH; is the augmentation ideal of the connected part, modulo the closure
of the ideal generated by the elements above.

With respect to the splitting (1.5), Prop. 4.3 implies that the tensor product
behaves as follows:

LEMMA 9.2. The tensor product of an étale formal Hopf algebra with any formal
Hopf algebra is étale. The tensor product of two connected formal Hopf algebras
Hy, Hy splits naturally into a connected and an étale part,

H X Hy >~ H X°Hy & H;X°Hy,
both of which are nontrivial in general. O
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ExaMpLE 9.3. To illustrate that the tensor product of two connected formal
Hopf algebras need not be connected, let H; = Hy be the primitively gener-
ated (finite, hence formal) Hopf algebra k[z]/(xP) representing «,, the formal
group taking a finite k-algebra A to its kernel of the pth power map. We
then claim that Hy X Hy is nontrivial, i.e that there is a non-zero morphism
Z — Spf (H; X Hs) from the constant formal group Z.

By Cartier duality (o, is self-dual), this is equivalent to having a non-trivial
map ap ® o — Gy, or by adjunction, a non-trivial map

ap — Hom(ay, Gy,) =« (Cartier duality).

The identity is such a map. The connected and étale parts of the tensor product
in this example will be computed in Examples 11.11 and 12.10, respectively.

We will now describe the functors K¢ and X° more explicitly. By abuse of
notation, we will denote the connected covariant Dieudonné functor FHopf;, —
D mod} ,

H — D'(Spf H) = Hompoprs (Ocwe, H), (cf. Thm. 6.5)

by Df as well.

THEOREM 9.4. Let Hy and Hs be connected formal Hopf algebras over k. Then
the étale part of Spf (Hy X Hy) is the étale formal group associated with the
I'-module

colim Hompmod, (D' (H1 /Vi{) DY (Ha/ V), CW (k).

m,n

This describes the étale part succinctly. The connected part needs a little more
setup.

DEFINITION 9.5. Let M, M, € DmodkF be F-profinite modules over the
Dieudonné ring R (Def. 6.4). Let a: F @y (Mi®@wayM2) — R @y
(M1®W(k)M2) be the natural map. Denote by R®€(M1®W(k)M2) the com-
pletion of

R Qy (M1®W(k)M2) (Cf Def. 61)

along the F-submodules generated by
a(l @w ) (Mi®w ) Ma) +F @wry N) C F Qwy (Mi@wwyM2)  (9.6)

where N C M1®W(k)M2 ranges over a basis of neighborhoods of 0 defining the
topology on M1®W(k)M2, and I C F ranges over all F-ideals such that F/I
has finite length as a W (k)-module.
Then we define

My X My = R®€(M1®W(k)M2)/Ra
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where K is the closure of the Dieudonné submodule K generated by
FReaVy—1Fry, FVey—-1x Fy, x& My,y< M.

We define My X° M5 to be the connected part of M; X M. Recall that the
connected part is the largest Dieudonné submodule where F acts topologically
nilpotently.

REMARK 9.7. If we restrict I in (9.6) to the ideals (F™) for n > 0 and denote
the resulting R-module by R®€ (M1 @ () Mz), then

c ~ s F 5 %
M1 X MQ = R®V (M1®W(k)M2)/K
for the same K, with closure taken inside the new enclosure.

PROPOSITION 9.8. Let Hy, Hy € FHopfj, . Then there is an isomorphism
Df(H,) X° D (H,) = DY (H, X H>).

The following three sections are devoted to proving the results stated above.
Section 10 is preparatory for Section 11, where Prop. 9.8 is proved. Both of
these sections are heavily inspired by [Goe99]. Thm. 9.4 is proved in Section 12.

10 TENSOR PRODUCTS OF FORMAL HOPF ALGEBRAS WITH A LIFT OF THE
VERSCHIEBUNG

In this section, following the strategy from [Goe99|, we first consider the very
special class of formal Hopf algebras that are mod-p reductions of objects of
Hy, the category of complete W (k)-Hopf algebras with a Verschiebung lift
(Def. 5.3). The purpose of this section is to first show that there is a tensor
product X in Hy, and then give a formula for the tensor product of two objects.

DEFINITION. Let Cy be the category of topologically free coalgebras C' over
W (k) together with a lift V: C'— C' of the Verschiebung on C @y ) k.

Clearly, there is a forgetful functor U: Hy — Cy, and in fact Hy = Ab(Cy ).
ProrosiTioN 10.1. The category Hy has a tensor product X°.

Proof. We apply Theorem 1.2 to Cyy and Hy. The categorical product of Cy
and Cy € Cy is given by the tensor product C’1®W(k)02 with the diagonal V-
action. To show that Hy has coequalizers, one notes that if f,g: H; — Hs area
pair of maps in Hy, then coeq(f, g) is defined as the minimal smooth quotient
(minimal in the sense that any other smooth quotient factors through it) of
Hy /I, where I is the closure of the ideal (f(h) — g(h); h € Hy).

Finally, the forgetful functor Hy — Cy has a left adjoint

S*: CV — HV? C = W(k)[[J(C)]]a
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where JC is the augmentation ideal, W (k)[J(C)] is the power series ring in
J(C), and the coalgebra structure is induced from C. The Verschiebung action
on W(k)[J(C)] is induced from the Verschiebung action on J(C'). To see that
S.(C) has an antipode, consider the algebra End, (S«(C)) of linear maps
commuting with V', where multiplication is given by (fg) = >_(, f(z")g(z").
The unity in this ring is 1 = noe, and an antipode is an inverse for the identity
map in this algebra. As in [Swe69, Lemma 9.2.3], the antipode is given by

1 .
'd*1:7:§ 1 —id)?
' 1—(1-id) Z_>O( id)"
a pointwise (even uniformly) convergent power series in End g, (S«(C)). O

By Thm. 5.5, any H € Hy is isomorphic to the representing object of some
formal group Fr(M) with a Verschiebung lift for some M € My (Def. 5.4). We
will then write H = S*(M) for the formal Hopf algebra underlying Fr(M).

LEMMA 10.2 ([Goe99, Proposition 6.1]). The functor S*: (My, ®@w ) —
(Hv,XC) is strongly monoidal.

Proof. This proof is identical to the proof by Goerss, but we include it for the
the reader’s convenience. If J: Cy — My denotes the coaugmentation ideal
functor, we have a pair of adjoint diagrams of functors

/Hv<;CV ’HVL>CV

\ l left adjoint to rs\ T
My

Since the right hand diagram commutes, the right adjoint of J is US*. We will
suppress the forgetful functor U from notation in what follows.

Now let ¢: S*(M1) ® S*(Mz) — S*(K) be a bilinear map in Cy; explicitly and
in Sweedler notation (Notation 2, cf. (2.2)),

$ry,2) =D dla, 2oy, 2?)
®

(2)
It has a left adjoint in My,
J(S* (M) ® 8" (M) = K
which factors as

J(S*(My) ® S*(Ma)) — J(S*(My)) @ J(S*(Ms)) — My @ My 2% K.
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Let n: S*(M1)®S*(Msz) — S*(M; ® Ms) be the adjoint of the composite of the
first two maps. If 7 is bilinear, then S*(M; ® M) has the required universal
property, and the theorem is proven.

To show this, take C' € Cy and consider the bilinear map

Hom g, (JC, M71) x Hom g, (JC, M2) — Hom g, (JC @ JC, M1 @ M>)

— Homar, (J(C ® C), My ® My) 2S5 Homug, (JC, My ® Ms).
By naturality and adjunction, we get a bilinear pairing

Homy,, (=, 5%(My)) x Homyy, (—, 5™ (M2)) — Homy,, (=, 5™ (My @ My))
and thus by Yoneda a bilinear map

S*(My) ® S*(Ms) — S*(My ® Ms).
This map agrees with n since they both are adjoint to
J(S* (M) ® S*(My)) — JS*(My) ® JS*(My) — M ® N.

This implies that 7 is bilinear. O

COROLLARY 10.3 ([Goe99, Cor. 6.2]). Let H; = S*(M;) € Hy (i =1,2). Then
the universal bilinear map n: H1 @ Ho — Hy X° Hy induces an isomorphism in
MV’

Qn: My ® My — Q(H, X° Hy).

Proof. By bilinearity of 7, applying Q gives the map Qn : M1 ® My — Q(H, K¢
Hy) =2 Q(S*(M; ® Ms)). We have that both the counit map Q(H; K¢ Hs) &
Q(S* (M1 ® M3)) = My ® Ms and the composition

M1 ®M2 277_) Q(Hl X< HQ) — M1 ®M2
are isomorphisms, thus @7 is an isomorphism as well. O

ExaMPLE 10.4. Let H = (’)CW;V,(ck) € Hy corepresent the functor CW;‘V’Ek)

from Section 5. Then H X° H corepresents the functor
D owiiy)

with the obvious lift of the Verschiebung. Indeed, the formal Hopf algebra
H X°¢ H has indecomposables

QH&w () QH = (H W(k))®W(k) (H W(k?)) =[] w),
=0 =0 i,j=0
where (Vz),,;, = Fv;l(k)(wi_l,_l,j_i_l). The claim follows by Lemma 10.2 and
Thm. 5.5.
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11 THE CONNECTED PART OF X FOR TWO CONNECTED FORMAL HOPF AL-
GEBRAS

We start by describing Df(H; K¢ Hy) for Hy, Hy € FHopf§, in the situation
where both H; and H> are reductions mod p of formal Hopf algebras with a
Verschiebung lift over W (k).

LEMMA 11.1 ([Goe99, Lemma 7.1]). For Hy, Hs € Hy, the canonical map
(k/’ ® Hl) X* (k@HQ) —k® (H1 X* Hg)
is an isomorphism.

Proof. Both the source and the target of the map represent connected formal
groups. Since the target is a smooth formal group, it suffices that it induces an
isomorphism on indecomposables. By the explicit construction of H; K¢ Hy as
detailed in Remark 9.1, we see that if {z;}ier € Q(H1) and {y;}jes € Q(H2)
are topological bases, then {z;Xy; }icr jcs topologically generates Q((k®@H;)X°
(k® Hy)). By Cor. 10.3, the elements {z; Ky, }icr jes constitute a topological
basis of Q(k ® (Hy X° Hy)). O

COROLLARY 11.2. Let Hy,Hy € Hy. Then

~ F ~
DY (k@ Hy) K¢ (k@ Hy)) = Ry, (QH 1 Qw (1) QHa).
Proof. This follows directly from Thm. 7.1 and Lemma 11.1. O

We now proceed towards proving Theorem 9.8. We will construct the isomor-
phism
v : DY (H,) R D (Hy) — D (H, K¢ Hy)

in two steps. First, we will prove that any bilinear map H; ® Ho — K, in
FHopf§ induces a function D (H; ) x Df(Hy) — Df(K) satisfying certain proper-
ties which makes it into a Dieudonné pairing (see Definition 11.3). For the
second step, we will construct an object Df(H;) X° Df(Hsy) which corepresents
the functor taking a connected Dieudonné module K to its set of Dieudonné
pairings Df(H;) x Df(Hy) — K. Since we have the universal bilinear pairing
H; ® Hy — Hi X° Hs, by putting the first and second step together, we get
the map
v : DY (H,) K Df(Hy) — DY (H, K¢ Hy)

which we then will prove is an isomorphism.

DEFINITION 11.3. Let My, Ma, N € ]D)modkF . We say that a function ¢ : M x
My — N is a Dieudonné pairing if ¢ is W (k)-bilinear, continuous, and satisfies

L o(Va,Vy) =Ve(x,y)
2. p(Fr,y) = Fo(x,Vy)
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3. p(x,Fy) = Fo(Va,y) for all x € M,y € Mo.

We denote by DieuP (M, Ms; N) the group of Dieudonné pairings My x My —
N.

Let CW{ be the connected co-Witt vector functor of Section 5.3 and Cj =
Ocwy its corepresenting formal Hopf algebra. Then Cy = k ® Cy ) for
Cw) = ch‘gv(k) € Hy. Recall that Cy ) is a suitable completion of
the polynomial ring W (k)[zo,x_1,...] in countable many indeterminates. Let
n € Q(Cy) be the equivalence class of g € Cy and ¢: C, — Cj X° C}, be the

map corresponding to the element

l@n®ne R®€(Q0k®w(k)QCk) o1 Df(Cy B° Cy,).

Any bilinear map f: Hy ® Hy — K of formal connected Hopf algebras induces
a homomorphism f: H; X° Hy — K. We define the function py: D (H;) x
Df(H,) — Df(K) as the composite

puf: D (Hy) x DY (Hy) = Homppopts (Cr, H1) x Homppopes (Ci, Ha) — (11.4)
Xe c c a c
— HomFHopfz (Ck X Ck, H1 X HQ) — HomFHopfz (Ck, H1 X HQ)

f—*) HOmFHopfz (Ck, K) = Df(K)

We now want to prove that py is a Dieudonné pairing.

If H is a formal connected Hopf algebra, Df(H) is a subspace of CWE(H)
and thus inherits a natural topology. For any finite k-algebra A, we now want
to equip (Spf Cy K¢ Ck)(A) = Homy,, (Ck K Ck, A) with a natural topology.
For a k-module M, denote by M, MN M (°°) its infinite direct sum, infinite
product, and the profinite completion of its infinite direct sum, respectively.
Note that M ¢ MN, while M(*) naturally surjects onto MN.

By Lemma 11.1, we know that

O R Cp = E[E) @ k(>)].

Thus Q(Cy K¢ Cy) = k(®)@,k(>). This is not isomorphic to the profinite
completion of k°° ® k°°, but to the completion of the latter with respect to the
submodules M ® k*° + k> ® N, where M, N C k* are submodules such that
the quotients k°°/M and k°° /N are finite length k-modules.

For a finite k-algebra A, we have an inclusion

Hom§y,, (Cr )¢ Cy, A) C Nil(A)N*N.

We use this inclusion to topologize Homj,, (Cj M° Ck, A) as a subspace
of Nil(A)N*N_ This definition extends to a natural topology on both
Homilgk (Ck X Ck, A) for any profinite k-algebra A, and Homppepee (Cr X°
C, H) for any connected formal Hopf algebra H.

DOCUMENTA MATHEMATICA 24 (2019) 2525-2582



TENSOR PRODUCTS OF AFFINE AND FORMAL GROUPS 2567

LEMMA 11.5. For any pseudocompact (Def. 5.1) k-algebra A, the morphism
T Spf OCW}S X OCW}S (A) — CW;;(A)
18 continuous.

To prove this lemma, we need another definition of ¢. The category of (cocom-
mutative) torsion-free Hopf algebras over W (k) with a Verschiebung lift has a
tensor product, studied in the graded case by Goerss [Goe99]. We denote this
tensor product by X, in order not to confuse it with our tensor product. If we
let Ow, = Ow,, y, be the Hopf algebra representing the functor taking an al-
gebra over W (k) to its length n Witt vectors, then Ow, = W (k)[zo, ..., Tn-1],
where the coaddition is given by the addition for Witt vectors. Give this ring
the standard grading with |z;| = p’. We have an isomorphism of bigraded Hopf
algebras with a Verschiebung lift,

Ow,, M, Ow,, = W (k)[(i,5)0<i,j<nl;
where V acts diagonally and z; ; = z; K z; in bidegree (p*, p/).

PropPoOSITION 11.6 ([HL13, Corollary 1.2.21]). There exists a unique W (k)-
Hopf algebra map
Lp: OWn — Own |Z’a OWn

wy, X w
which takes the w,, the nth ghost polynomaial, to % Furthermore, for
each n, this map is compatible with the Verschiebung maps in the obvious sense.

The map ., maps elements of degree p’ to elements of bidegree (p¢,p’). For
each n, we get a homogeneous polynomial

Po((wij)o<ij<n—1) = tn(Tn-1) € W(k)[(2i,5)o<i,j<n]

of bidegree (p"~!,p"~1). We think of P, as a polynomial in the entries of an
(n+ 1) x (n+ 1) square matrix, with o ¢ in the top left entry and z, ¢ in the
bottom left entry.

From the formula from Prop. 11.6,

Po((2ij)o<ij<n—1) = Tn—1n—1 + R((%ij)o<i,j<n—2) (11.7)

for some bihomogeneous polynomial R of bidegree (p"~1,p"~1). The proof of
the following lemma is almost verbatim the proof of [Fon77, Lemme I1.1.3].

LEMMA 11.8. In the ring W (k)[(x—i,—;)i jen], define the ideal
Jrs=(x_j—jli>r, j>s) (r,s>0).

Then

Pry1((#ij)-n<ij<o) = Pul((®ij)-nt1<ig<o) (mod J7, +J7))
for each integer

r ifs<p

n > )
r+(s=p)/lp—1) ifs=p.
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Proof. From the fact that the ¢,, commute with the Verschiebung, we see that
iIl OWn |Z|a OWTL,

Po1((ziz1,j-1)o<ij<n) = Pu((zij)o<ij<n—1)

with the understanding that x; ; = 0 if ¢« < 0 or j < 0. This, together with the
homogeneity of the polynomials and (11.7), implies that

Pri1((zi)—n<ij<o0) — Pu((%ij)—nt1<ij<0)

is equal to a linear combination of terms of the form

n
H (‘m—i,—j)um ’

4,j=1

for some exponents wu;; > 0. Writing v; = 37 u;; and wy; = 3301, wij,
bihomogeneity implies that >, p"~‘v; = p" = Y, p" Jw;. Either v,, # 0 or
wy, # 0. Suppose that v, # 0. We have

Un + PUp_1 + -+ p" Loy = p".
We see that for each 0 < t < n, v, +pvp_1 +- - -+ p" tv,_, is divisible by pttt.
By [Fon77, Lemme 1.2] this implies that v, +vp—1 4+ +vp—t > t(p—1) + p,
and then the term lies in Jfl(f; 11 e Similarily, if w, # 0 we see that the term

R t(p—1)+p
lies in Jy ;4" ", so

Pn+1 —P, € JISS::)'HU + sz(f;ll)—i_p

If t = 0, the difference lies in J}, ; 4+ J7,,, which gives the lemma if s < p. If

s>p,andifn > r+(s—p)/(p—1), by letting t = n—r, J:ff_1)+p+Jf§f_l)+p C
Jiy+Ji, since t(p — 1) +p > s. O

We thus get a sequence of polynomials

Pri1((@ij)-n<ij<o) € Ocwy, W Ocws, .
which by Lemma 11.8 converges to a power series P((x; ;)i j<o0)). We now define
the map

e CW(k) — CW(k) X CW(k)

by letting ¢/ (z,,) = P((i,;)i,j<n) for n < 0 and extending by continuity. Taking
into consideration how the coadditions on Cyy () and Cyy () KCyy (1) are defined,
one sees that this is a map of formal Hopf algebras over W (k) which commutes
with the Verschiebung. Since Ri/(zg) = xg X zg, Thm. 5.5 shows that the base
change ¢}, of ¢/ to k coincides with ¢.

DOCUMENTA MATHEMATICA 24 (2019) 2525-2582



TENSOR PRODUCTS OF AFFINE AND FORMAL GROUPS 2569

Proof of Lemma 11.5. We may assume that A is a finite k-algebra. Then the
map

L:Ck%C’k&C’k

takes x, (where n < 0) to the limit of the polynomials Py, ((Zn4in+j)i,j<0)-
Lemma 11.8 implies that ¢ induces a continuous homomorphism on functors of
points. Indeed, there is a basis of neighborhoods of zero in Ocwe (A) == Nil(A)N
given by

U = {(ai)igo e AN | a; = 0 for a > 7]{}.

Since Nil(A)™ = 0 for some m > 0, Lemma 11.8 shows that one can find an
open neighborhood of Nil(A4)"*N such that

Nil(4)"™" N Hom§,,, (Cr K Cy, A)
maps into U under ¢*. O

COROLLARY 11.9. Let f: Hi®,Hs — K be a bilinear map in FHopf§, . Then
the map
g DY (Hp) x DY (Hy) — DY(K)

s continuous.

Proof. We topologize Df(H;) as a closed subset of CW¢(H;) for i = 1,2 and
similarily, we topologize Hompmopt: (Cy X C, H; ¥° Hy) as a closed subset of
Homajg, (Cy ®° Cy, Hy ®° Hy). We will show that uy is continuous by showing
that all three maps in (11.4) are continuous. It is obvious that

Df(Hy) x D (Hy) — Homppopte (Cr X° Cy, Hy K° Hy)
is continuous and the continuity of
f.: DY (H, R° Hy) — DY(K)
is immediate, while the continuity of the map
/" Hompsopts (Cr X° Cy, Hy K¢ Hy) — D (Hy K° Hy)
follows from Lemma 11.5. O

LEMMA 11.10. Given Hy, Ha, K € FHopf}, and a bilinear map Hy @ Hy — K,
the continuous map py : DY(Hy) x Df(Hy) — DY(K) is a Dieudonné pairing
(Def. 11.3).

Proof. This proof uses ideas from [HL13] and [Goe99]. We start by verifying
that py is W(k)-bilinear. Additivity in either variable of piy can be shown by
direct calculation or by mimicking the proof of [Goe99, Lemma 7.4]. Let

xr € ]D)f(Hl) = HomFHopfi (Ck, Hl) and [TES ]D)f(HQ) = HomFHopfi (Ck, Hg).
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Given a € W(k), we now prove that p¢(ax,y) = apys(z,y); linearity in the other
variable follows by symmetry. The claim translates to the following diagram
being commutative:

Cr —— C, R Cp —BL, ¢, ®’e -2 Hy K° H,

la lam lmy lf

- ,
Cp —— CyRCp % HYRHy, — 1 K

Since the middle and rightmost squares commute for trivial reasons, we are

reduced to showing that (a X 1)t = ¢ o a, but this follows from the relation

al®@nen) =1®an®n

in Df(C), X° Cy). In the same way, to show that u;(Vx,Vy) = Vus(z,y) one
reduces to the universal case and sees that one needs to show that

Cp —— CpX°Cy,

[

Cp —— Cp X Cy,

commutes. But this is immediate from the fact that VXV is the Verschiebung
on Cf X¢ Cf and ¢ is a morphism of formal Hopf algebras. To see that the
Verschiebung on Cy, K¢ Cy; is V KV, one argues either as in [HL13, Proposition
1.3.27] or notes that it is a consequence of Lemma 10.2 and Lemma 11.1.

We now move on to proving that

pg(Fo,y) = Fus(z,Vy) and  pg(z, Fy) = Fug(Va,y).

By symmetry, it is enough to prove the first identity. Reducing to the universal
case and denoting by Fi, gec, the Frobenius on Cj XY, it is enough to show
that

Cr — Cy R Oy FBL ) Re Oy,

' e |

Cp —4 Oy ROy BY 0 K° Oy

commutes. The first square commutes because ¢ is a homomorphism of Hopf
algebras, and the second commutes by Remark 9.1. Indeed, with the notation
of Remark 9.1, the image of the coalgebra map j : Cp ® Cp — Cj K¢ Cy,
topologically generates Cy X° C; as an algebra, and we then claim that
Jj(Fz,y) = Fj(x,Vy). This equality holds since Example 10.4 tells us that the
Verschiebung of Cy, K¢ C}, is an injective endomorphism (the associated map of
formal groups is surjective), which implies that is enough to check this equality
after applying V. Since any coalgebra map commutes with the Verschiebung,
this gives us

Vi(Fz,y) = jlpz, Vy) = pj(z,Vy) = VFj(z,Vy),

so the claimed equality follows. o
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In particular, Lemma 11.10 gives a pairing
Df(Hl) X Df(HQ) — Df(Hl X HQ)
from the universal bilinear map Hy x Hy — Hy X° Hs.

Proof of Prop. 9.8. Given F-profinite R-modules M7, Ms, the product M; K
My from Def. 9.5 corepresents the functor taking K € Dmody to the set of
Dieudonné pairings M; x Ms — K (Def. 11.3), and it is clear that M; X Mo
corepresents its restriction to connected Dieudonné modules (Def. 6.4). Given
two formal connected Hopf algebras Hy, Hy, we thus have a a natural map

v: DY (Hy) R D (Hy) — DY (H, X Hy)  in Dmody,
induced from the Dieudonné pairing
]Df(H1> X ]Df(H2> — Df(Hl x* HQ)

constructed in Lemma 11.10. We will now show that « is an isomorphism.
Note that C} generates the category of connected formal Hopf algebras, since
the formal group scheme CW/ is a cogenerator of the category of connected
formal groups (this is used in the proof of Thm. 6.5). Thus H; has a presenta-
tion

Cy — C,f — Hy — 0,

where C denotes the a-fold sum in FHopf;,, which is the completed tensor
product &y, for a possibly infinite cardinal a. Since X° is right exact and
distributes over &, we have an exact sequence

(Cr K¢ Hy)® — (Cj, K¢ Hy)® — H, K Hy — 0.

One then easily sees that it is enough to prove that v is an isomorphism when H;
is the base change to k of a formal connected Hopf algebra with a Verschiebung
lift, such as Ck. By symmetry, we can make the same assumption about Hs.
By Thm. 7.1,

Df(Hy K¢ Ha) = R&y, (Q(H1)&w (1) Q(Ha)).

With notation as in Remark 9.7, we further see that Df(H;) X¢ Df(Hy) is
isomorphic to

N . \F
Ry, (ROyQ(H1))@w (k) (R®yQ(Hz)) /K.
This Dieudonné module is isomorphic to
N2 .
Ry (Q(H1)@w 1) Q(H2)),
by the map taking F' ® (F/ ®@ h1) ®@ (F¥ @ hs) to
FiHi+k @ VE(hy) @ VI (hy).

A quick computation shows that this is precisely the map . O
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ExAMPLE 11.11. Let oy be as in Ex. 9.3. Then O,, X° O, = OG37 where G
is the formal group defined by

GE(A) = (Nil(A), +).

To prove this isomorphism, we use Prop. 9.8 to calculate Df (O, )KD! (O, ). As
is well-known and easy to show, Df(O%) =k, where F' =0 = V. Furthermore,
we see that

Df(0a,) ®°DY(O,,) = k[F].

Since

D' (g ) = lirrlan (Oa,n) = K[F],

the fact that the Dieudonné correspondence is an equivalence of categories gives
that
Oap X Oap = OGE)

as claimed. Let us identify Oy, ® Oa,, with k[z,y]/(2P,y), where z and y are
primitive elements and similarily identify Og. with k[[t]]. Then the universal
bilinear map

Oupn @ O, — Oge

is the unique bilinear map taking z ® y to t. Note that this example shows that
in general, the tensor product of two finite formal Hopf algebras need not be
finite.

We end this section by noting that by Matlis duality, Dmod gets a monoidal
structure which we denote by E. For K, L € Dmody, define

K®L=I((K)RI(L)).

This equips the category Dmod; with a symmetric monoidal structure with
unit CW (k). We denote by K ®* L the maximal unipotent (see the paragraph
after Definition 6.1 for a definition) Dieudonné submodule of K @ L. Note that
K®*L = I°(I(K)X°I(L)). In the following lemma, recall that if K,L €
Dmody, then we write K * L for Tor%v(k) (K,L).

LEMMA 11.12. The monoidal structure & agrees with the one from Def. 1.10.

Proof. This follows from Proposition 8.4 and the definition of X by straight-
forward dualization. O

Note that there is a canonical projection 7: K ® L — K * L given by evaluation
at 1 € R. If F acts as an isomorphism on K then 7 is in fact an isomorphism
since by the second condition, f(V*) = (F~% % V%) f(1) has to hold, showing
uniqueness, and

(V1) f(r) = pF "« 1) f(r) = (F % 1) f(pr) = 1+ F)f(Vr),

shows that the first condition holds if this is taken as a definition for f.
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12 THE ETALE PART OF X FOR TWO CONNECTED FORMAL HOPF ALGEBRAS

Let H;y, Hy be connected formal Hopf algebras. To describe the étale part of
Spf H; X H, is the same as to describe the Galois module structure of

Spf (H1 X Hs)(k) = colgm Homilgk (H, X Ho, k")

where k' ranges over the finite extensions of k. The goal of this section is

to find a description of Spf (H; X Hs)(k) as a Galois module in terms of the
Dieudonné modules of H; and Hs. The following definition is the profinite
version of [BLO7, Def. 4.5].

DEFINITION 12.1. Let Hy, Hy be formal connected Hopf algebras and A be a
finite length k-algebra. A k-linear map ¢: H;®,Hy — A is a bilinear pairing
if the following holds for any a,ai,as € Hi,b,b1,by € Hs (using Sweedler
notation 2):

o p(a,bibr) =3, (@™, b)p(a® by);
e p(ajaz,b) = Z(b) w(ar, bM)p(ag, b®);
e ©(1,b) = em, (b);
e p(a,1) =epy,(a).

Denote by Bil(Hy, Hy; A) the abelian group of bilinear pairings H; &, Hy — A
and set
Bil(Hy, Hy k) = colim Bil(Hy, Ho; k)

where k' ranges through the finite extensions of k. Note that Bil(Hy, Ho; k) is
a I'-module in a natural way.

LEMMA 12.2. Let Hy, Hs be formal Hopf algebras. Then for any finite length
k-algebra A, there is an isomorphism

Proof. This follows readily from Remark 9.1, since Hy X Hs is the profinite
completion of the symmetric algebra on H 1QHy modulo the closure of the
relations given in Definition 12.1. O

Note that Lemma 12.2 implies that Bil(Hy, Ha; k) = Spf (H; X Hy)(k).

LEMMA 12.3. Let k' be a finite extension of k, H1 and Hy connected formal
Hopf algebras with Verschiebung Vi, Va, respectively. Then any bilinear pairing
©: Hi®@pHy — k' factors through Hy /V{*®yHa V3™ for some m,n > 0, where
we are taking the quotient in the category of Hopf algebras.
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Proof. By [Fon77, §1.9, Théoréme 1|, for ¢ = 1, 2, H; = k[W;]/I; for some
k-vector spaces W; and closed ideals I; contained in the augmentation ideals
(W) )

By continuity, ker must contain an open ideal of Hi®;Hs. Any ideal of
H,®,Hs contains a subideal of the form (Wl)pn ® Hy + Hi ® (Wg)pm for
some n,m > 0.

By the definition of bilinear pairings,

n

o, V3' )" = (", y).

Thus if € (W;) then ¢(x, V5*(y))?" = 0 and hence, since k' is reduced,
o(x, V3" (y)) = 0. If on the other hand = € k then ¢(z, V5" (y)) = zem, (V5 (y)) =
0 if y € (Wa). Thus ¢ vanishes on H;®;Va*(W2). Symmetrically, ¢ vanishes
on V™ (W1 )&y, Ha, concluding the proof. O

COROLLARY 12.4. Let Hy, Ho be connected formal Hopf algebras. Then

Spf (H1 X Hy)(k) = colim Spf (Hy/V{™ K Ha /Vy') (k).

Proof. This follows immediately by combining Lemmas 12.2 and 12.3. O

Using the above, we will now work toward giving a formula for
Spf (Hy X Hy) (k).

In the category Hopf,, of (bicommutative) Hopf algebras, the tensor product
X, exists by Thm. 1.3 and was studied in [Goe99] and [BLO7|. Given any Hopf
algebra H, profinite completion H yields an object of FHopf, . We denote
by Ow, = Ow, , the Hopf algebra corepresenting the functor taking a k-
algebra A to its length-n Witt vectors. We let O ¢ be the formal Hopf algebra
corepresenting Wy := colim,, ker(Fy} : W, — W,,).

LEMMA 12.5. Let m,n > 0. Then there is an isomorphsim of formal Hopf
algebras
((91/1/7l X, OWm )A = OW; X OW;;;

Proof. Both sides of the claimed isomorphism represent formal groups. We will
show that the functors of points of the corresponding formal groups agree, and
thus, that the underlying formal Hopf algebras are isomorphic. We will write
Ow, = k[xo,...,zn—1], and Ow,, = k[yo, - - ., Ym—1]- Let A be a finite k-algebra
and ¢ € Homayg, (Ow, M, Ow,,, A) be a morphism. Then ¢ is represented by
a bilinear pairing

¢: Ow, ®r Ow,, — A.

For this to induce an element of Homaig, (Owe X Owe , A), the map ¢ must
factor through a quotient by an ideal of the form

t

(xo,. .. 1) ® Ow,, + Ow, @ (Yo, - ym-1)" for some s,t > 0.

DoOCUMENTA MATHEMATICA 24 (2019) 2525-2582



TENSOR PRODUCTS OF AFFINE AND FORMAL GROUPS 2575
Indeed, writing
OWS‘ = I{Z[[.To, N ,.Z'n_l]],

a fundamental open system of neighborhoods is given by (zo,...,2,_1)?" for
s > 0, and similarly for Ow. . Using the relations

(,D(ZE, Vme)p = (p(:ﬂp, y)
QO(Vanﬂ y)p = gO(SC,yp)7

and the observation that Vi, = 0= Vji? | we see that for large enough N > 0,
every monomial generator

I _ o ,.01 fn—1 N
ot =l -z, € (xo,. . 1)

has some iy > p™. Then the bilinearity relations imply that ¢(—,y) vanishes
on (xo,... ,xn_l)pN for y € Ow,,. Indeed, let ! be as above and assume
without loss of generality that ig > p”. Then

=Sy De(aly " 2l il y®) (cf. Notation 2).
(v)

Since @(xgm,y(l)) = (20, V"(y™M))P" = 0, the sum vanishes. By doing the
same argument for the other variable, we see that ker ¢ factors as claimed.
Thus, every morphism ¢ € Homayg, (Ow, X* Ow,,, A) induces an element of

HOlegk (OW£ X OW"%,A),

and it is easy to see that this gives an isomorphism. o

We let v,: Ow, — Ow, X, Ow, be the mod-p reduction of the map from
Prop. 11.6. After completion, using Lemma 12.5, we obtain a map of formal
Hopf algebras

tn: Ow, — Owe K Owe.
Given two formal connected Hopf algebras Hy, Hs, we now define a map

Spf (H; ® Hs)(k) — colim Homp ;04 (D DY (Hy/ Vi) BDY (Hy/ V), CW (k)

m,n

which will turn out to be an isomorphism of I'-modules. By Cor. 12.4, any map
f € Spf (H1 X Hy)(k) factors as

fiHVE R Hy )V — K

DOCUMENTA MATHEMATICA 24 (2019) 2525-2582



2576 TILMAN BAUER AND MAGNUS CARLSON

for some n > 0 and &’ a finite extension of k. As in (11.4), we define
g D (Hy V™) x D (Ha V™)
= Hompnopt, (Owe, H1/V™) x Hompnept, (Owe, Ha/V"™)
X n n
-)HomFHopfk ((91/1/7;L X OWTCL’ Hl/V X HQ/V )
2 Homppops, (Ow, , Hy /V" & Hy /V™)
f—*> HomFAlgk (61/771, k’l)
=W, (k') € W,(k) C colim W, (k) = CW"(k) C CW (k).
The following lemma is proved just as Lemma 11.10.

LEMMA 12.6. The map iy defines a Dieudonné pairing
pg  DE(CHL V) x DY (Ha Vi) — Hompale, (Ow,, k') = W, (k') € CW (k)
and thus gives a map
g« DY(Hy/ V) RDY(Hy V) — CW (k)
of Dieudonné modules. O

One easily shows that this map is independent of the choices of n and %'

Given f € Homag, (H1 X Ho, k), we associate a map py : Df(Hl/VIT}I) X
Df (Hy/V},) — CW (k). To simplify notation and save space, let

Hom%(—, CW(];)) = C]i)/lcl%l HomCDmodk (_a CW(k/))

where Hom{, denotes continuous morphisms of Dieudonné modules and &’
ranges over the finite extensions of k. With this notation, the above then
defines a morphism

t: Homayg, (Hi X Ha, k) — colim Hom§, (D" (H: /V}, ) R DY (Ha /ViL), CW (K))

of I'-modules.

ProrosiTiON 12.7. The map
t: Homayg, (Hy X Ha, k) — colim Hom§, (D' (H: /V}, ) R DY (Ha /ViL), CW (K))
s an isomorphism of T'-modules.

We first show a special case:

LEMMA 12.8. Prop. 12.7 holds when Hy, Hy are connected smooth formal Hopf
algebras with V1 =0 and Vo = 0.
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Proof of Lemma 12.8. Let us write

and
Hy = Spf k[(Y))jer]

for some index sets S and 7" such that each X; and each Y; is primitive. It is
clear that a bilinear pairing

© H1®kH2 — k’/

for k" a finite extension of k, is determined by what it does on elements of the
form X; ®Yj, for m,n >0, ¢ € S and j € T. It is then clear that giving a pair-
ing ¢ as above is equivalent to giving a continuous map Q(H:)®xQ(Hz) — k'
On the other hand, to give a Dieudonné pairing

¢ DY (Hy) @ DY (Hy) — K,

we must have that ¢(F(x),y) = ¥(z, V(y))? = 0, for x € DI(H,),y € Df(H>).
Doing this for the other variable, we see that this means that v factors through

D'(Hy) - D' (Hy)

m@@ww)m >~ Q(H1)®kQ(Hs),

that is, giving a Dieudonné pairing Df(H;) x Df(Hy) — k' is equivalent to
giving a continuous map

Q(G1)®rQ(Ge) — K.
What remains is to show that the map
t: Hy ¥ Hy(k) — Hom§,,,q, (DF(H1) KD (Hs), k),

is an isomorphism. This follows because the map ¢;: Oy, — OWf &Owlc takes
z € Ow, toxzXu. (]

Proof of Prop. 12.7. We will prove this by induction on m and n, following the
lines of [HL13, Prop. 1.3.28]. We assume that V}; = 0 and that Vi, = 0 for
some m,n > 0. As in the proof of Prop. 9.8, one can assume that Spf H; =
[Ticr Wy and Spf Hy =[], ; Wy, for some index sets I and J. Note that

H1:®_ Owe, H2:®_ Owe
ier Vn jeg Wm

in the category of formal Hopf algebras over k. We abbreviate

=50 (@00 5@,0us )
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By considering the exact sequence of formal groups over k,
C H v (& (&
0— I]:M4n41 —— I]:VV;L—» I]:LVH — 0,
Jjed jeJ jeJ

where the first map is the product of the Verschiebung maps V': WS,_; — W5,
we get an exact sequence

0—— An)m,1 R10

Anom Ani. (12.9)

To show this sequence is also exact at the right, note that the subcoalgebra

—

Hi(n) @ Hy(m) =aer (R Ow, ) @ (Q) 0w, ) € (0w, )&r (0w, )
il jeJ icl jeJ

is dense. By [Goe99, Lemma 7.1]*,

Hj(n) B, Hy(m) = Sym | (P QOw,)) 21 @ QOw,))

i€l jeJ

Thus to give a bilinear pairing Hj(n) ®; Hy(m) — k' is equivalent to
specifying where to send the indecomposables. It follows that every bi-
linear pairing @: Hi(n) ® Hj(1) — k' can be lifted to a bilinear pairing
v: H{(n) @ Hy(m) — k’. Using an argument as in the proof of Lemma 12.5,
all of these bilinear pairings are continuous. Thus the sequence (12.9) is right
exact.

With the notation

By = Hom, g, (D' (H1) KD (Hs), CW (k)),

we then have an exact sequence

1XIIV,
0 —— Bn,m—l Bn m Bn 1-

s by

Together with (12.9), this gives rise to a commutative diagram of exact se-
quences

1XITV,
0 —— An,m—l — An,m An,l 0

l l l

1XITV,
0 e Bn’m71 e Bn,m — B’n,la

and by induction and the snake lemma, we are reduced to the case m = 1. By
another induction, it is enough to show that A;; — Bj,; is an isomorphism.
But in this case, the statement follows from Lemma 12.8. O

LGoerss works with graded Hopf algebras, but his methods of proof go through in the
ungraded case, as explained in [BLO7].
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This proves Thm. 9.4.

EXAMPLE 12.10. Let o) be as in Ex. 9.3. As we saw there, a;, X a; is not
connected. To compute its étale part, we must compute the Dieudonné pairings

Df (o) D' (ay,) — CW (k).

We know that Df(a,,) = k, so a Dieudonné pairing, being bilinear, is determined
by where it sends
(1,1) € k x k=2 D'(a,) x D (ay).

We see that to be a Dieudonné pairing, (1,1) must be mapped into a submodule
of CW (k) where V' = 0, i.e into k. This argument shows that the I'-module of
Dieudonné pairings D (a,) D! (a,) — CW (k) is isomorphic to k, as expected.

REMARK 12.11. A natural hope would be for the functor Df: FHopff, —
]D)modkF to be monoidal, i.e. that for Hy, H> two formal connected Hopf alge-
bras, we would have Df(H; X Hy) = Df(H,) X Df(H,). Unfortunately, this is
not true, we only have Df (H; X°¢ H,) = Df(H;)X°Df(H,). To see this, suppose
that Df was monoidal with respect to K, let H; = Hy = Ocwe = OCW];: and
assume for simplicity that k is algebraically closed. Then

Hompgps, (Z/pZ, Spf Ocwe B Ocwe) = Homy oqr (D' (Ocwe ) KD (Ocwe), k)

where V(z) = 0 and F(z) = 2P on k. By the universal property
of X, coupled with Thm. 7.1, this is the same as V-equivariant maps
Q(CWIfV(k))(%W(k)Q(CW‘fV(k)) — k. An elementary calculation shows then
that

Hom]D)modkF (Df(OCW,g) X Df(OCW,:), /{3) = H k.

1=—00

However, note that

HomFgPSk (Ma Spf ((DCWC X OCWC))

is isomorphic to the p-torsion of Spf (Ocwe K Ocwe) (k). Using Thm. 9.4, one

shows that this is isomorphic to @;° ___ k, which is not isomorphic to [~ __ k.

13 TENSOR PRODUCTS OF AFFINE ABELIAN GROUPS SCHEMES IN POSITIVE
CHARACTERISTIC

Let k be a perfect field of characteristic p > 0. By Thm. 1.3, the tensor product
of any two affine groups exists. In this section we first use the results from
Section 9 to give a formula for the Dieudonné module of the tensor product of
two unipotent affine groups. We then use this result to competely describe the
tensor product of two affine groups. Note that by Thm. 6.3, the category of
unipotent groups over k is equivalent to DmodZ’ml, those Dieudonné modules
that are filtered colimits of its Verschiebung kernels. By Cartier duality, the
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category of unipotent groups is anti-equivalent to the category of connected
formal groups. Suppose that we have a bilinear map f: G; x G — G35 of affine
groups. By Cartier duality, we get a cobilinear map G35 — G7 x G5 of formal
groups, and by looking at the representing objects, we get a bilinear map of
formal Hopf algebras

Og: ®kOG; — Ogs.
Conversely, given a cobilinear map Hs — H; x Hy of formal groups, corre-

sponding to a bilinear map O, Q0O 1, — Om, of formal Hopf algebras, Cartier
duality produces a bilinear map

H x H} — H;

of affine groups. This shows that there is a bijective correspondence between
bilinear maps of formal Hopf algebras and bilinear maps of affine groups. We
thus have:

THEOREM 13.1. Let G1, G4 be unipotent groups over a perfect field k of positive
characteristic. Then the connected part of (G1 ® Ga)* is isomorphic to the
formal connected group scheme associated to

Df(GT) R° DY(G3),
while the étale part is isomorphic to the étale formal group scheme associated

to
colim Homy, ,oqr (D' (GF[V"]) KDY (G3[V™]), CW (k)

Proof. From our discussion above, the functor taking an affine group G to the
formal Hopf algebra Og+ corepresenting its Cartier dual is monoidal. Thus,
Ocioa.)* = Oc: W Ogy, where * denotes the Cartier dual. From Prop. 9.8,
we get that the Dieudonné module of the connected part of Og:mey is given
by
D(Og;) K° D(Og;) = DF(G7) ° D (GY),

and the statement about the connected part follows. The étale part follows
from Thm. 9.4. O

We now give the description of the unipotent part of the Dieudonné module of
G1 ® Go, without first dualizing.

THEOREM 13.2. Let G1, G4 be unipotent groups over a perfect field k of positive
characteristic. Then the unipotent part of D(G1 ® G3) is isomorphic to the
module D(G1) ®@" D(Gz2), where @™ is defined in Def. 1.10.

Proof. By Thm. 13.1 and Prop. 8.5, the connected part of Df((G1 ® G3)*) is
isomorphic to

Df(GT) K° D(G3) = I(D(G1)) B I(D(Ga)).
Since D(G1) ®B* D(G2) = I°(I(D(G1)) B I(D(G2))), another application of
Prop. 8.5 together with the monoidality of I and I¢ gives the claimed result. O
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Together with Prop. 4.3, we conclude:

COROLLARY 13.3. Let G1,G4 be affine groups over a perfect field of character-
istic p > 0 and split G; = G} x G7*,% = 1,2 into sums of a unipotent group
and a multiplicative group. Denote by M; = Gr(GT%) the T'-module associated
with G*. Then G1 ® Gy is the group whose um’pot,ent part is characterized by
D(GY ® G%) =2 D(GY) ® D(GY) (Def. 1.10) and whose multiplicative part is
the multiplicative group scheme associated to the I'-module

Z[1/p] ® My x My
@ Hom§, (7o (GY) (k), Gr(Gy5)) @ Homgyoq,, (70(G3) (k) Gr(G )

& colim Homp 4, (D'((GY)* [V"]) BDI(G3) V™)), CW (k)),

where T' acts on each Hom by conjugation, [V™] denotes the kernel of the
mth Verschiebung, and 7y denotes the pro-étale group of connected components

(Def. 4.2). O
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