AFFINE FUNCTORS AND DUALITY

JOSE NAVARRO, CARLOS SANCHO, AND PEDRO SANCHO

ABSTRACT. A functor of sets X over the category of K-commutative algebras
is said to be an affine functor if its functor of functions, Ag, is reflexive and
X = Spec Ax. We prove that affine functors are equal to a direct limit of affine
schemes and that affine schemes, formal schemes, the completion of affine
schemes along a closed subscheme, etc., are affine functors.

Endowing an affine functor X with a functor of monoids structure is equiv-
alent to endowing Ax with a functor of bialgebras structure. If G is an affine
functor of monoids, then A, is the enveloping functor of algebras of G and
the category of G-modules is equivalent to the category of Af-modules. Appli-
cations of these results include Cartier duality, neutral Tannakian duality for
affine group schemes, the equivalence between formal groups and Lie algebras
in characteristic zero, etc.

INTRODUCTION

Let K be a (unital associative) commutative ring. It is well-known that K-
schemes can be treated as mere “abstract sets” by means of their functor of points,
which are functors of sets defined over the category of commutative K-algebras.
This functorial point of view is particularly useful to study K-group schemes and
their linear representations ([4], [7]). Nevertheless, to obtain reasonable results
in the case of formal groups, the functors of points have to be endowed with a
topology: they are defined over the category of linearly compact K-algebras, where
K is a pseudo-compact ring ([3]).

In this paper, that develops ideas introduced in [I] and [I1], we show that, when
considering K-modules, linear representations of group schemes, formal groups,
etc., as functors over the category of commutative K-algebras since the beginning,
then the concepts of affine functor and reflexive functor arise naturally, allowing
to prove many results from Algebraic Geometry, as obvious consequences of the
reflexivity of the functors of modules considered.

All functors considered in this paper are covariant functors defined over the
category of commutative K-algebras.

Given an K-module M, we denote by M the functor M(S) :== M @k S, for all
commutative K-algebras S. We say that M is the quasi-coherent module associated
with M. If M and M’ are functors of K-modules, then Homx (M, M’) will denote
the functor of C-modules

HOTI’LK(M, M/)(S) = HOIng(M‘S, M/|S)

where Mg is the functor M restricted to the category of commutative S-algebras.
We write M* := Homy (M, K) and say that this is a dual functor.
The fundamental results on which is based this paper are the reflexivity theorems:
Theorem ([, 1.10]): Let M be an K-module, then M** = M.
1
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Theorem ([I1} 4.4]): Assume that K is a field. A functor of K-modules M is
reflexive if and only if it is the inverse limit of its quasi-coherent quotients.
Given a functor of commutative KC-algebras A, let Spec A be the functor:

Spec A(S) := Homg_q14(A, S).

In case X = Spec A is an affine K-scheme and X stands for its functor of points
(X (S) := Homg_qi4(A, S)), then X' = Spec A. Let C be a K-module, if C* is a
functor of commutative algebras we say that SpecC* is a formal scheme. If K is a
field, SpecC* is a formal scheme if and only if it is a direct limit of finite K-schemes
(see Note . This is the definition of formal scheme, when K is a field, that can
be found in [4] and [I4].

Let X be a functor of sets and Ax := Hom(X, ). We say that X is an affine
functor if X = Spec Ax and Ax is reflexive. We warn the reader that in the literature
affine functors are sometimes defined to be functors of points of affine schemes.

From now on we will assume, for simplicity, that K is a field. We prove the
following theorems.

Theorem 0.1. If A is a reflexive functor of commutative algebras, SpecA is a
direct limit of closed immersions of affine schemes.

Let A be a K-algebra, we say that A is a quasi-coherent algebra. If A is the
inverse limit of its quasi-coherent algebra quotients we say that A is a proquasi-
coherent algebra.

Theorem 0.2. Let A be a reflezive functor of commutative algebras. If A is a
proquasi-coherent algebra, then Spec A is an affine functor and Agpeca = A. If X
is an affine functor, then Ax is a proquasi-coherent algebra.

Theorem 0.3. Affine R-monoid schemes, formal monoids, the completion of an
affine monoid scheme along a closed submonoid scheme, V, EndgrV (V being a free

R-module) are examples of affine functors of monoids, by and .

Theorem 0.4. An affine functor G is a functor of monoids if and only if Ag is a
functor of bialgebras, and given two affine functors of monoids Gy, and G, then

Hommon (Gla GZ) = Hombialg (AGW AGl)

In particular (see , the category of formal monoids is equivalent to the cate-
gory of cocommutative bialgebras. P. Gabriel, in [6], 2.2.1, VIIg] proved. that the
category of topologically flat formal k-groups is equivalente to the category of flat
cocommutative bialgebras (where k& is a pseudocompact ring).

In Section [ we prove the categorical equivalence of the category of infinitesimal
formal groups with the category of Lie algebras, and the Poincaré-Birkhoff-Witt
Theorem, in characteristic zero (see [I3]). Let us speak loosely. Let G = Spec . A*
be an infinitesimal formal group and Z* the ideal of functions of G vanishing at
the unit element. Then, the natural morphism S™(Z*/Z*?) — Z*"/Z*"*! is an
isomorphism, and we prove that the inverse morphism is the morphism induced
by the comultiplication morphism A* — A*®-"-®A*. Dually, if L = (Z*/T*%)* =
T.G is the Lie algebra of G, U(L) is the universal algebra associated with L and
U(L), := L-"-L, we obtain that U(L),/U(L)p+1 = S™L and as a consequence
A =U(L). Given another infinitesimal formal group G’ = Spec B*, then

Homyg,,(G,G") = Homy;qy(B*, A*) = Hompiaiy(A, B)
= Hombmlg(U(TeG), U(TeG/)) = I‘IOIDLZ‘e (TEG, TeG/)



AFFINE FUNCTORS AND DUALITY 3

It is well-known that, for a finite monoid G, the category of K-linear represen-
tations of G is equivalent to the category of KG-modules. In [I} 5.4] we extended
this result to affine group schemes. Now, let G be a functor of monoids, such that
Ag is reflexive and let G — A{ be the natural morphism. In this paper we prove
that the enveloping functor of algebras of G is A, that is,

(1) Homyon (G, B) = Homk a1 (Ag, B)

for all dual functors of K-algebras B. As consequences of Equality [I} we obtain the
following two theorems.

Theorem 0.5. The category of dual functors of G-modules is equivalent to the cat-
egory of dual functors of Af-modules. In particular, the category of quasi-coherent
G-modules is equivalent to the category of quasi-coherent Af-modules.

Corollary 0.6. Let M, M’ be reflexive functors of G-modules. Then, a morphism of
K-modules M — M is a morphism of G-modules if and only if M(K) — M/(K) is a
morphism of AL (K)-modules. Let M be a G-module, then the set of quasi-coherent
G-submodules of M is equal to the set of AL (K)-submodules of M.

In Section [9] we deduce the Tannaka’s characterization of the category of linear
representations of an affine group scheme: Let us talk loosely. If a category of
finite-dimensional vector spaces with an extra structure is generated by a unique
object X, then it is (weak) equivalent to the category of finitely generated Ax-
modules, for some finite-dimensional algebra Ax. If the category is generated by a
set of objects { X;} then it is equivalent to the category of finite generated lgn Ax,-

modules, where lim Ay, = (lim A% )* =: C* is a scheme of algebras. If in addition,

i i
the tensor product of the objects of the category are objects of the category then
C* has a comultiplication, that is, C* is a bialgebra. Therefore, the category is
equivalent to the category of finite linear representations of Spec C'.

Theorem 0.7. Assume G is commutative. Then,
GY == Hommon (G, K) = Hom—a1y (A%, K) = Spec Af
As immediate application of Theorem[0.7]and the reflexivity theorem, we deduce
the Cartier duality over commutative rings (also see [8, Ch. I, §2, 14], where formal
schemes are certain functors over the category of commutative linearly compact
algebras over a field).

If G, = Spec K|[z] is the additive group, the category of G modules is equivalent
to the category of K[z]-modules. Then,

Hom,on (GY ,Endg (V) = Endg (V)
If V is a K-algebra, we prove that
Hom,on (GY , End e —a14(V)) = Derg (V, V)
More generally, we prove that if G is K-group scheme, then
Hom, o, (GY,G) = T.G

and if X is a K-scheme, then Homy, o, (G, End X) = Der X (8.10).
That is, giving a vector field D on a K-scheme X is equivalent to giving a
morphism of functors of groups expp: GY — End X; and giving an invariant vector
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field D on a K-group scheme G is equivalent to giving a morphism of functors of
groups expp: G — G.

Every morphism SpecC* — X, from an infinitesimal formal scheme (i.e., C* is
a local algebra) to a K-scheme uniquely factors via Spec C*, that is,

Hom(SpecC*, X) = Homg _scn (Spec C*, X).

Then, expp uniquely factors through Spec K[z]*. In characteristic zero, K|[x]* ~
K|[z]] and one has the classical exponential map expp: Spec K[[z]] — G, associated
with D ([5, II 6 3]). In characteristic p > 0, one has an isomorphism of K-schemes
Spec K[z]* = Spec K|[[xo, ..., Tn,...]]/(@h,...;2L,...) (see [7.9). We apply this
construction to prove the existence and uniqueness of “analytic” solutions of an
algebraic differential equation in arbitrary characteristic (see :

Let 0 be the invariant field on Spec K[z]*. That is, in characteristic zero § = 9,,

in characteristic p > 0, § = 9y 4+ a5 /(p — )10, +ab 2P /(p = 1)1200y + - -.

Theorem 0.8. Let X be a K-scheme, let y € X be a rational point and let D be
a vector field on X. Then, expp,: Spec K[z]* — X, expp y(x) := expp(z) is the
only morphism f: Spec K[z]* — X such that f(0) = y and f(0,) = Dy, for
every point u € (Spec K[z]*)(S).

If X is a complete algebraic variety, then the scheme-theoretic image of expp is
a commutative algebraic group, that we define to be the algebraic group associated
with D (8.22). The minimal subvariety tangent to D passing through a point is
the orbit of the point under the action of the algebraic group associated with D.

Let SpecC* be a formal monoid and D¢ = {w € C*: w(I) = 0 for some bilateral
ideal I C C of finite codimension} C C*. Then, Spec D¢ is an affine monoid scheme,
because Dj = lgn C/T is a scheme of bialgebras, and

I

Hom,, o, (Spec C*, Spec A) = Homy;qi9( A, C*) = Homypiqiq(C, A*)
= Hombialg( lim C/Z, .A*) = HOmbmlg (A, Dc)
I
= Hom,, 0, (Spec D¢, Spec A)

(2)

In the case the algebraic group associated with D is an affine algebraic group,
then it is isomorphic to a quotient of Spec Di[,), by Equation@ Then, by Theorem
[7-1] it is isomorphic to

GSx G, 6=0,1, if chark =0
ay X pf, if chark=p >0

Finally, in Section [8.5] we calculate the algebraic group associated with a field on
P™(k), where k is an algebraically closed field of arbitrary characteristic, recovering
in this way the results from [I2] for the case of characteristic zero.

Theorem 0.9. Let K be an algebraically closed field and let w: A"(K)\0 —
P"~Y(K) be the projectivization map. Let D = m(32;; AigriOs;) be a vector field

on P" 1K) and let G be its associated algebraic group.
(1) Ifchar K =0
G~Gr x G
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where 1 is the dimension of the Q-affine space generated by the eigenvalues
of the matriz (A\;j) in K, § = 0 in case the matriz is diagonalizable and
0 =1 otherwise.
(2) Ifchar K =p >0
G~ pf X gy

where r is the dimension of the Z/pZ-affine space generated by the eigen-
values of the matriz (N\;;) in K, and m is such that, if s is the greatest of
the orders of the Jordan bozes, then p™ < s —1 < p™*t! (if s = 1 we say
that m = —1).

1. MAIN NOTATIONS

R is a (unital associative) commutative ring, S is a commutative R-algebra.
A, B are R-algebras (or R-bialgebras). M, N are R-modules. K is a field, V is a
K-vector space or a free R-module.

X,Y are (covariant) functors of sets. G is a functor of monoids (or semigroups,
or groups). M, M, N are functors of R-modules. M, N are called quasi-coherent
modules, M(S) := M ®gr S.

Homp (M,M’) is the set of morphisms of functors of R-modules from M to
M'. Homg(M,N) is the R-module functor of morphisms of R-modules. M* :=
Homg (M, R) is the dual functor (of M). The dual functor of M, M* is called
module scheme.

A B, A, B, C* are functors of R-algebras or R-bialgebras (A, B are quasi-coherent
R-modules and C* is an R-module scheme). Spec A = Spec A is an affine scheme.
SpecC* is called formal scheme.

Ax := Hom(X, R) is the functor of functions of the functor of sets X.

§ is a wide family of reflexive R-modules, which contains free quasi-coherent
R-modules and it is closed by the functor Homg (—, —) and “essentially” closed by
the functor — @z —.

2. PRELIMINARIES

Let R be a commutative ring (associative with a unit). All functors considered
in this paper are covariant functors over the category of commutative R-algebras
(always assumed to be associative with a unit). A functor X is said to be a functor
of sets (resp. monoids, etc.) if X is a functor from the category of commutative
R-algebras to the category of sets (resp. monoids, etc.).

Notation 2.1. For simplicity, given a functor of sets X, we sometimes use x € X
to denote x € X(S). Given x € X(S) and a morphism of commutative R-algebras
S — S, we still denote by x its image by the morphism X(S) — X(9").

Let R be the functor of rings defined by R(S) := S, for all commutative R-
algebras S. A functor of sets M is said to be a functor of R-modules if we have
morphisms of functors of sets, M x M — M and R x M — M so that M(S) is an
S-module, for every commutative R-algebra S. A functor of algebras (associative
with a unit), A, is said to be a functor of R-algebras if we have a morphism of
functors of algebras R — A (and R(S) = S commutes with all the elements of
A(S), for every commutative R-algebra S).

Given a commutative R-algebra S, we denote by Mg the functor M restricted
to the category of commutative S-algebras.
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Let M and M’ be functors of R-modules. A morphism of functors of R-modules
f+ M — M’ is a morphism of functors such that the defined morphisms fg: M(S) —
M'(S) are morphisms of S-modules, for all commutative R-algebras S. We will
denote by Homp (M, M) the set of all the morphisms of R-modules from M to M.
We will denote by Homyg (M, M/ )E| the functor of R-modules

Homg (M, M')(S) := Homs (Mg, Ms)

Obviously,
(HomR (M, M/)) s = Homs (M‘S, Mis)

Notation 2.2. We denote M* = Homg (M, R).

Notation 2.3. Tensor products, direct limits, inverse limits, kernels, cokernels,
images, etc., of functors of R-modules are regarded in the category of functors of
R-modules.

Definition 2.4. Given an R-module M, the functor of R-modules M defined by
M(S) =M ®g S is called a quasi-coherent R-module.

Proposition 2.5. [I| 1.3] For every functor of R-modules Ml and every R-module
M, it holds that
Homg (M, M) = Homg(M,M(R))

The functors M ~» M, M ~» M(R) = M establish an equivalence between the
category of R-modules and the category of quasi-coherent R-modules ([I, 1.12]).
In particular, Homg (M, M) = Hompg (M, M’). For any pair of R-modules M and
N, the quasi-coherent module associated with M @z N is M @r N. Mg is the
quasi-coherent S-module associated with M ®pg S

The functor M* = Homg(M,R) is called an R-module scheme. Moreover,
M*(S) = Homg(M ®g S,S) = Homg(M, S) and it is easy to check that (M*) g
is an S-module scheme.

Proposition 2.6. [I| 1.8] Let M, M’ be R-modules. Then
Homg (M*, M) = M @rg M’
As a corollary we obtain the following theorem.
Theorem 2.7. [II, 1.10] Let M be an R-module. Then
M =M
The functors M ~» M* and M* ~» M** = M establish an anti-equivalence

between the categories of quasi-coherent modules and module schemes.
Let us recall the Formula of adjoint functors.

Definition 2.8. Let i*: R — S be a commutative R-algebra. Given a functor of
R-modules, M, let i*M be the functor of S-modules defined by (:*M)(S") := M(S").
Given a functor of S-modules, N, let i,N be the functor of R-modules defined by
(i.N)(R") :=N(S®r R).

Formula of adjoint functors 2.9. [11, 2.11] Let M be a functor of R-modules
and let N be a functor of S-modules. Then, it holds that

Homg (i*M, N) = HOHIR (M, Z*N)

Hn this paper, we will only consider functors M and M’ such that Homg Mg, M/|S) are sets,
for all S.
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Corollary 2.10. [I1 2.12] Let M be a functor of R-modules. Then
M*(S) = Homg (M, S)
for all commutative R-algebras S.

Definition 2.11. Let M be a functor of R-modules. We will say that M* is a dual
functor. We will say that a functor of R-modules M is reflexive if Ml = M**.

Examples 2.12. Quasi-coherent modules and module schemes are reflexive func-
tors of R-modules.

Proposition 2.13. [11] 2.16] Let A be a functor of R-algebras such that A* is a
reflexive functor of R-modules. The closure of dual functors of R-algebras of A is
A that is, it holds the functorial equality

HomR_alg (A, IB) = HOI’IlR_alg (A**, E)

for every dual functor of R-algebras B.
Moreover, endowing a dual functor of R-modules M* with a structure of A-
module is equivalent to endowing M* with a structure of A**-module.

Definition 2.14. [I1} 5.2] Let § be the family of dual functors of R-modules, M,
such that there exist a set J (which depends on M), a structure of functor of [, R-
modules on M and inclusions of functors of [[ ; R-modules

@JRQMQHR
J

Proposition 2.15. [I1] 5.3,5.8,5.9] Every M € § is a functor of R-modules reflex-
we. If M is a free R-module then M, M* € §. If MM’ € §, then Homgr (M, M') €
§F and (M @g M')** € §, which satisfies

HOIIIR((M ROR M/)**, MN) = HOHIR(M QR M,, MH)
for every reflexive functor of R-modules, M" .

Proposition 2.16. [11] Section 1] Let A, M, M’ be reflexive functors of R-modules.
Assume that A, M,M’ € § or that R = K is a field. If A is a functor of R-algebras
and M, M’ are functors of A-modules, then a morphism of R-modules Ml — M’ is
a morphism of A-modules if and only if M(R) — M/'(R) is a morphism of A(R)-
modules. Let M be an A-module, then the set of quasi-coherent A-submodules of
M is equal to the set of A(R)-submodules of M.

Definition 2.17. Let A be a R-algebra, we say that A is a quasi-coherent algebra.
If A is the inverse limit of its quasi-coherent algebra quotients we say that A is a
proquasi-coherent algebra.

Proposition 2.18. [11] 3.18, 5.17] Let A be a reflexive functor of R-algebras.
Assume that A € § or that R = K is a field. FEvery morphism of R-algebras
¢: A — B uniquely factors through an epimorphism of functors of algebras onto
the quasi-coherent algebra associated with Im ¢r. Then, if {A;}; is the set of the
quasi-coherent algebra quotients of A,

Hompg _q4(A,B) = lim Hompg _q14(A;i, B)

for every functor of proquasi-coherent algebras B.
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Note 2.19. Let C* € § be a functor of R-algebras. C* is a proquasi-coherent
algebra and the quasi-coherent algebra quotients of C* are R-modules of finite type
(see proof of Proposition [11}, 5.20] ).

Notation 2.20. Given two R-modules, M and M/, we denote M&M' := (M* ®
M/*)*'
Proposition 2.21. Let M, M’ € §. By Proposition[2.15, M&M' = (M* @ M'*)* =
Homg (M*, M) € §. Given two modules M and N,
MEN = (M* @ N*)* = Homg (M*,N)EE M e N

Finally, M*QN* = (M @ N)* is a module scheme and

Homp (M*@QN*,P*) = Homg (P, M ® N') = Homp (M* @ N*,P*)
for all dual modules P*.

Proposition 2.22. [11l 5.22] Let A,B € § be functors of proquasi-coherent alge-
bras. Then, ARB := (A* @ B*)* € § is a proquasi-coherent algebra such that

HOHl'R_alg (A ® B, (C) = HomR—aZg((A* & B*)*, C)
for every functor of proquasi-coherent algebras C.

Definition 2.23. A functor of proquasi-coherent algebras B € § is said to be a
functor of bialgebras (resp. a functor of proquasi-coherent bialgebras) if B* is a
functor of R-algebras (resp. a functor of proquasi-coherent R-algebras) such that
the dual morphisms of the multiplication morphism m: B* @ B* — B* and the unit
morphism u: R — B* are morphisms of functors of R-algebras.

Let B, B’ be two functors of bialgebras. We will say that a morphism of R-
modules, f: B — B’ is a morphism of functors of bialgebras if f and f*: B’ — B*
are morphisms of functors of R-algebras.

Theorem 2.24. [I1| 5.27] Let Cz_piag. be the category of functors B € § of
proquasi-coherent bialgebras. The functor Cz_piag. ~ C3—Bialg., B ~ B* is a
categorical anti-equivalence.

Notation 2.25. Let A be a reflexive functor of K-algebras and let {A;} the set
of quasi-coherent quotients of A such that dimg A; < co. We denote A := lim A;

which is an algebra scheme because A} is quasi-coherent and lim A; = (lim Af)*.
i i
Proposition 2.26. [II 5.9] Let A be a reflexive functor of K-algebras. Then,
Hom;C_agg(A,C*) = Hom;C_alg(A,C*)
for all algebra schemes C*.
Theorem 2.27. [I1], 5.30] Let B € § be a functor of proquasi-coherent K-bialgebras.
Then, B is a scheme of bialgebras and
Hombmlg(]BS,C*) = Hombmlg(]ﬁé,c*)

for all bialgebra schemes C*.
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3. AFFINE FUNCTORS

Let X be an R-scheme and let X be the functor of points of X; i.e., X is the
functor of sets
X (S) = Homp_sch(Spec S, X)
For any other scheme Y, Yoneda’s lemma proves that
Homp_sen(X,Y) = Hom(X ', Y"),

so X' ~ Y if and only if X ~ Y. We will sometimes denote X' = X. If X = Spec A
is an affine scheme, then

(Spec A) (S) = Homp_scn(Spec S, Spec A) = Homp_q14(A, S)

Definition 3.1. Given a functor of commutative R-algebras A, the functor Spec A,
“spectrum of A", is defined to be

(Spec A)(S) := Hompg _qa4(A, S)
for every commutative R-algebra S.
Proposition 3.2. Let A be a functor of commutative algebras. Then,
Spec A = Homp _q19(A, R).

Proof. By Adjoint Formula ([LI], 2.11]), restricted to the morphisms of algebras, it
holds that

Homp —aig(A, R)(S) = Homs _a14(A|g,S) = Homp _a14(A,S) = (Spec A)(S).
O
Therefore, Spec A = Homg —q14(A, R) C Homg (A, R) = A*.

Notation 3.3. Given a functor of sets X, the functor Ax := Hom(X,R) is said to
be the functor of functions of X.

Proposition 3.4. Let X be a functor of sets and Ax its functor of functions. Then,

Hom(X, SpecB) = Homp _q4(B, Ax),
for every functor of commutative algebras, B.
Proof. Given f: X — SpecB, let f*: B — Ax be defined by f*(b)(z) := f(z)(b),
for every x € X. Given ¢: B — Ay, let ¢*: X — SpecB be defined by ¢*(x)(b) :=

d(b)(x), for all b € B. Tt is easy to check that f = f** and ¢ = ¢**.
([

Example 3.5. If A is a commutative R-algebra, then Spec. A = (Spec A) and
Agpec 4 = Hom(Spec A, R) = Hom(Spec A, Spec R[z]) = Homg —a14(R[z], A) = A.

If R = K is a field and X is a noetherian K-scheme, then the functor of functions
of X' is a quasi-coherent R-module.

Definition 3.6. We will say that a functor of sets X is affine when X = Spec Ax
and Ax is reflexive.

Let X and Y be affine functors. By Proposition (3.4}
HOIH(X, Y) = HomR,alg(Ay, Ax)
Example 3.7. Affine schemes, Spec A, are affine functors, by Example[3.5
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Proposition 3.8. Let X = lim Spec A;. Then, Ax = lim A;.

i i
Proof. Tt holds that Hom((Spec A),Y) = Y(A) for every functor of sets Y, by
Yoneda’s lemma. Then,

Ax = Hom(X,R) = Hom(lim Spec A;, R) = limHom(Spec A;, R) = lim A,

i i i

O

Theorem 3.9. Let A be a reflexive functor of commutative algebras. Assume
R =K is a field or A € §. Then, SpecA is a direct limit of closed immersions of
affine schemes.

Proof. Let {A;}; be the set of of commutative quasi-coherent algebra quotients of
A. SpecA = Homg a1y (A, R) 22 lim Homp —aig (A, R) = lim Spec A;. O
Theorem 3.10. Let A be a reflexive functor of commutative algebras. Assume
R =K is a field or A € §. If A is a proquasi-coherent algebra then Spec A is an
affine functor and A = Agpeca. If SpecA is an affine functor then Agpeca 5 a
proquasi-coherent algebra.

Proof. Let {A;}; be the set of of commutative quasi-coherent algebra quotients of
A. Then, Agpeca = lim A;, by Theorem and Proposition

1

If A is a proquasi-coherent algebra, then A = hin A; = Agpeca, and SpecA is an
affine functor. '

Suppose that Spec A is an affine functor. Let f: Agpecsa — B be a morphism
of functors of algebras. The composition morphism A — Agpeca — B factors
through some 4;. As Spec A = Spec Agpeca, f factors through A4;. In conclusion,
the set of quasi-coherent algebra quotients of Agpeca is {A;}icr, and Agpeca is a
proquasi-coherent algebra.

O

Definition 3.11. Let X be a functor of sets. Let RX be the functor of R-modules
defined by

RX(S) := ©x(s)S = {formal finite S-linear combinations of elements of X(S)}

Clearly, Hom (X, M) = Homg (RX, M), for all functors of R-modules, M.
Observe that Ax = Hom (X, R) = (RX)* is a dual functor.

Proposition 3.12. Let X be a functor of sets. Let Bx be a functor of R-modules
such that Ax = B%. Then,

Hom(X, M*) = Homg (Bx, M)
for every dual functor of R-modules M*.
Proof. Tt holds that
Hom(X, M*) = Homg (RX,M") = Homg (RX ® M, R) = Homg (M, Ax)
= Homg (Bx, M)
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Proposition 3.13. Let X;, i =1,...,n be functors of sets and Ax, = Bg . Then,
Hom(X; X -+ X X,,, M*) = Homgz (Bx, ® -+ ® BXMM*)

for all dual functors of R-modules M*. In particular, if X; are affine functors, then

Ax, x..xx, = (A;il Q- A;gn)* = AX1® T ®Axn
Proof. Tt is a consequence of the equalities
Hom (X x -+ x X,,, M*) = Hom (X, Hom(Xy X - -+ x X, M*))

Induction Hom(X, HOmR(BXQ ® - ®Bx,, M*))

HomR(Bquomn(Bxg ® - ®Bx,,M")) = Homg (Bx, ® --- ® Bx, , M)

O

Proposition 3.14. Let X,Y be affine functors such that Ax,Ay € §, then X x Y
is an affine functor and Axxy € §.

Proof. Axxy = (Af®A%)* = Ax®Ay € § and Spec Axyy = Spec(Ax®Ay) = XxY,

by Theorem [2.22]
(I

Proposition 3.15. If X = X; x X5 is an affine functor and X(R) # 0 then Xy is
an affine functor.

Proof. Given (r1,z2) € X1(R) x Xo(R) = X(R), let i: X; — X i(x) = (z,22). Let
m: X =Xy x X — Xy, m1((y1,92)) = y1. Let i*: Ax — Ax,, 77: Ax, — Ax be
the morphisms induced by ¢ and 7 respectively. Obviously, 7} o i* = Id because
tom = Id. Hence, Ax, is a direct summand of Ax, and it is a reflexive functor
because Ay is reflexive.

Given, f € Hompg_qqe(Ax,,R) then foi* = (y1,y2) € Hompr_qe(Ax,R) = X
and f = foi* o] = (y1,y2) o m1 = y1, that is, the morphism X; — Spec Ay, is
surjective. Finally, since the composition

X1 — Spec Ax, LN SpecAx =X
is equal to the morphism ¢, then X; = Spec Ax, .

4. FORMAL SCHEMES

Definition 4.1. Let C* € § be a scheme of commutative algebras. We will say that
SpecC* is a formal scheme. If SpecC* is a functor of monoids we will say that it
s a formal monoid.

Recall that if C is a free module C* € §.

Note 4.2. By Note[2.19, formal schemes are affine functors. In fact, SpecC* is a
direct limit of finite R-schemes. Reciprocally, if R is a field, a direct limit of finite
R-schemes are formal schemes, by Theorem[{4} If R is a field, Demazure ([4])
defines a formal scheme as a functor (over the R-finite dimensional rings) which
is a direct limit of finite R-schemes.

The direct product SpecC; x Spec Ci = Spec(C;&C;) = Spec(C1 ®Ca)* of formal
schemes is a formal scheme.
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Example 4.3. Let X be a set. Let us consider the discrete topology on X. Let X
be “the constant functor X7, defined by
X(S) := Homeo(Spec S, X)

for every commutative R-algebra S. If Spec S is connected then X(S) = X.
Let Ax be the functor of algebras defined by

Ax(S):=]]s

for each commutative R-algebra S. Observe that Ax = [[R = (BR)* is a commu-
X X

tative algebra scheme. X is a formal scheme because Spec Ay = X:

(Spec Ax)(S) = Homp—aiy(J[R. ) lim Homg_ay(J[ R, S)
X

YCX Y
Y| <oco
= lim H01111:13_alg(1_[R7 S) = lim Homeo(SpecS,Y)
YCX Y YCX
|Y|<oo Y| <oo

= Homeo(Spec S, X) = X(5)

Obviously, Spec (lim A;) = lim (Spec A;).

iel iel
Theorem 4.4. Let {SpecC}}icr be a direct system of formal schemes. Then,
lim SpecC; = Spec(limC;)*

and it is an affine functor.

Proof. Write C' = lim Cj, then C* = lim C7'. Homg (C*,S) = HomR((li_rpCi)*,S) =

(lim C;)®S = Enﬁi%n(ci*,é‘). Likéii, Homg (C* @ C*,S) = HomR(i(GCI®C)*,S) =

lii;IHomR((Ci ®€CIZ)*, §) = lim Homp (C;*®C;", S). Then the kernel of the morphism

Ii{e(;mR(C*,S) — HomR(C*i;C*,S), f— f, where f(c; ®cg) = f(erez) = fler)f(e2)

coincides with the kernel of the morphism hngomR(Ci*,S) — liLnHomR(Ci*
iel el

¢*,8), (fi) — (fl) Then, Hompg_q4(C*,S) = limHomg _q4(C;*,S) and
(SpecC*)(S) = (lim SpecC;*)(S)
i€l
Finally, Agpecc+ = lim Agpece, = limC; = C*.

K2 7

From now on, in this section, we will assume that R = K is a field.

Definition 4.5. Let X be a K-scheme and I the set of finite subschemes of X.
Given K-scheme Y write Ay := Oy (Y), the ring of functions of Y. Define Ax :=
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lim A; and
ier
X :=Spec Ax lim Spec A;
ier
That is, “X 1is the direct limit of the set of all finite subschemes of X 7.

We have a natural morphism X «— X.

Theorem 4.6. Let X be a K-scheme. Then:
Hom(SpecC*, X) = Hom(SpecC*, X)
for every formal scheme SpecC*.

Proof. C* = lim S;, where the S; are finite K-algebras. Then,

3

Hom(SpecC*, X)) = Hom(lim SpecS;, X) = lim Hom(Spec S;, X)

= lim Hom(SpecS;, X) = Hom(lim SpecS;, X) = Hom(SpecC*, X)
(]

Let X and Y be two K-schemes. By the universal property [£.6] it can be checked

that
XxY=XxY

For every functor of K-modules M there exists a natural morphism from the
quasi-coherent module associated with M(K) into M. If C* is a commutative al-
gebra scheme, then we have a natural morphism from the quasi-coherent algebra
associated with C* into C* and therefore a natural morphism SpecC* — Spec C*.
Moreover, this is injective, because C* = limC;, (where C; are the quotients of

i

coherent algebras of C*) and:

(SpecC*)(S) = Homg—qi4(C*,S) = lim Homk_q14(C;i, S)
= lim Homg_414(C;, S) € Hompg _q14(C*, S) = (Spec C*)(5)
Let X be a compact and separated K-scheme and Ay = Ax(K) = lim 4;. We
i
can define a natural morphism Spec Ax — X:
Let X' := {z € X: theresidual field of x is a finite extension of K, dimg Ox ,/p, <
oco}. For any subset J C X' let us denote A; := ], Ox ., where

@X@ = lim OX’I/I
dim g O;w/1<oo
Write J := Spec A;. For any two disjoint subsets J, J' C X', AJH g =A5x Ay,
and, in general, AJUJ/ = AJQJ/ X AJ_JQJ/ X AJ/_JQJ/. J is an open and closed
subset of X’ and we have that JUJ' =JUJ and JNJ' =JNJ.
For any affine open subset U = Spec A C X we have a natural morphism A —
[Lco @X,x = Ay, and therefore a natural morphism fi: U/ — U C X. For any
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other affine open subset V C X we have another morphism fy: V/ — V C X. As
UNYV is affine and fy is equal to fiy on (U N V)" = U’'NV’, we have a well-defined
natural morphism Spec Ax = X’ — X.

The natural morphism X — X is equal to the composition of the natural mor-

phisms: X = Spec Ay — Spec Ax — X, because for any finite subscheme X; of X
the composition morphism X; — Spec Ax — X is equal to the natural inclusion

Theorem 4.7. FEvery morphism SpecC* — X, from a formal scheme to a compact
and separated K-scheme uniquely factors via Spec C*, that is,

Hom(SpecC*, X) = Homg _scp(Spec C*, X).
Proof. If X = Spec A is an affine scheme then
Hom(SpecC*, Spec A) = Homp _q14(A,C*) = Homp _q14(A, C*)
= Homg _ 5.1 (Spec C*, Spec A)
_ By Theorem every morphism from SpecC* into X uniquely factors through
X. The morphism X — X factors through Spec Ax and the morphism SpecC* —
Spec Ax uniquely factors through Spec C*. So that we have the commutative dia-

gram:
SpecC* —— Spec C*

|
l |
v7
X —>SpecAx —= X

Then, the natural morphism Hom(Spec C*, X) — Hom(SpecC*, X) is surjective.
Let us write C* = lim C;, with dimg C; < oo and C* — C; surjective. The small-

i
est closed subscheme of Spec C'* containing every Spec C; is Spec C*. Therefore,

Hompg _scn(Spec C*, X) C lim Hompg — g0 (Spec Cy, X) = Hom(lim SpecC;, X)
= Hom(SpecC*, X)
O
Note 4.8. Let X andY be compact and separated K-schemes. Every commutative
diagram
Spec B* ——= X

N

SpecC* ——=Y

uniquely extends to a commutative diagram
Spec B¥ —— Spec B¥ —— X
|
T
\
SpecC* —— SpecC* ——Y
because the composition Spec B* — SpecC* — Spec C* factors through Spec B*.
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5. COMPLETION ALONG A CLOSED SUBSCHEME

Proposition 5.1. Let M, 1 — M, be epimorphisms of R-modules, for alln € N
and let N be an R-module. It holds that

Homg (lim M,,, N) = lim Homg (M, N)
neN neN
Hence (lim M,,)* = lim M and lim M,, is a reflezive R-module.

neN neN neN

Proof. Let f € Homg(lim M,,N). Firstly, let us prove that the morphism

neN
fr: lim M,, — N induced by f factors through M., for some r € N: suppose

neN
that, for each r, there exists an element s, = (m,,) € lim M, C [], M,, such that

neN
m, = 0and fr(s,) # 0. The morphism g: [[,cnR — N, g((an)n) == f(3,, an-sn)
satisfies that gz # 0 for every factor R C [],, R and this contradicts the fact that
Homg ([],, R, N) = (&,R) ® N = &,Homg (R,N). Then, fr factors through a
(unique) morphism hr: M, — N, for some r.
Next, given a commutative R-algebra S, let us check that the morphism

fs: IEII(MTL(@RS) — N®grS
neN
induced by f factors through hg: M, ®g S = N ® S, hg(m, ® s) := hg(m,) ® s:
there exists ' > r such that fs factors through a morphism h': M,» @S — N®S.
Given m,» € M./, let (m},) € lim M,, such that m,» = m/,. Then, h'(m,» ® 1) =
neN
fs(iml, ®1)) = fr((m))) ®1=hgr(m,)®1=hg(m, ®1) and b’ factors through
hs. Hence fg factors through hg.
([l

I?eﬁnition 5.2. Let A be a commutative R-algebra and I C A an ideal. Let
A = lim A/Z"™. We will say that Spec A is the completion of Spec A along the

neN
closed set Spec A/1I.

A is a reflexive functors of R-modules by Proposition Ais proquasi-coherent
algebra: A* = lim (A/Z™)*, then every morphism of functors of algebras A —

n
B factors through some A/Z™. Hence the inverse limit of the proquasi-coherent
algebra quotients of A is equal to lim A/Z" = A.
neN

Proposition 5.3. The completion of Spec A along the closed set Spec A/I is an
affine functor.

Proof. Homg_414(A,C) = lim Homg_a4(A/Z",C), then Spec. A = lim Spec A/Z".
neN R neN
4= lim Agpecayzn = lim A/T" = A 0

n n

By (3.8, A

Spec
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Let B be a commutative R-algebra, J C B be an ideal and B = lim B/J".

neN
Consider the ideal I ® B+ A® J C A® B. Then,

Spec¢4/®\l’>’:Hom7g,alg (J@, K)=limHomg_ay(A@B/(Z@B+A®J)",K)

= liin HomR,alg(.A/Im QB/J™,K)

= lim (Homg _a1y(A/I™, K) x Homp _a1,(B/J™,K)) = Spec A x Spec B
and
ABB = (A" @B*)" = (lim (A/T") @ (B/7")")" 22 lim (A/T"©B/T") = A B

n n
6. AFFINE FUNCTORS OF MONOIDS

Let G be a functor of monoids. RG is obviously a functor of R-algebras. Given
a functor of R-algebras B, it is easy to check the equality

Hommon(G, B) = HomR—alg (RG, B)

The closure of dual functors of R-algebras of G is equal to the closure of dual
functors of R-algebras of RG.

Theorem 6.1. Let G be a functor of monoids with a reflexive functor of functions.
Then, the closure of dual functors of algebras of G is Af,. That is,

Homyon (G, B) = Homg _414(RG,B) = Homg _a14(AG, B)
for every dual functor of R-algebras B.

Proof. (RG)* = Ag is reflexive, so the closure of dual functors of algebras of G is
A%, by Proposition [2.13] O

Theorem 6.2. Let G be a functor of monoids with a reflexive functor of functions.
The category of quasi-coherent G-modules is equivalent to the category of quasi-
coherent Af,-modules.

Likewise, the category of dual functors of G-modules is equivalent to the category
of dual functors of Af;-modules.

Proof. Tt a consequence of Proposition [2.13 (]

Remark that the structure of functor of algebras of Af is the only one that makes
the morphism G — Af; a morphism of functors of monoids.

Theorem 6.3. Let G be a functor of monoids with a reflexive functor of functions
and let M, M’ be reflexive functors of G-modules. Assume that Ag, M,M’ € § or
that R = K is a field. Then, a morphism of R-modules M — M’ is a morphism of
G-modules if and only if M(R) — M'(R) is a morphism of A5 (R)-modules. Let M
be a G-module, then the set of quasi-coherent G-submodules of M is equal to the
set of A (R)-submodules of M.

Proof. Tt a consequence of Theorem and Proposition [2.16) g
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Example 6.4. The C-linear representations of (Z,+) are equivalent to the A} -
modules. A}, is the quasi-coherent algebra associated with Clz,1/xz]. The category
of A% -modules is equal to the category of Clz,1/x]-modules. The natural morphism
Z — A}, assigns n to ™. Thus, if V is a finite C-linear representation of Z, then

V= a (Cl/(z-a)")™  (a#0)

a,n,m

such that v+ (Pa,n,m(Z))anm = (X" Pan,m(T))anm-

Let G be a functor of monoids with a reflexive functor of functions. Let m: G x
G — G be the multiplication morphism. Then, the composition morphism of m
with the natural morphism G — A} factors through A% ® A%, by and
that is, we have a commutative diagram

m

GxG G

-

A% ® AL —"> A

Let e € G(R) C AL (R) the unit of G. Then, we can define a morphism e: R — Af.
It is easy to check that {Af, m,e} is a functor of R-algebras. Moreover, the dual
morphisms of the multiplication morphism m and the unit morphism e are the
natural morphisms Ag — Agyxg and Ag — R, which are morphisms of R-algebras.

Conversely, let X be an affine functor and assume that Af is a functor of R-
algebras, such that the dual morphisms m* and e*, of the multiplication morphism
m: Ay ® Ay — A} and the unit morphism e: R — Ay are morphisms of R-
algebras. Given a point (z,z’) € X X X C Homg —q19(Axxx, R) then (x,2') om* €
Hompg —a14(Ax, R) = X and we have the commutative diagram

XxX--">X
AL ®AL —T> AL
Obviously e € Hompg _q14(Ax, R) = X. It is easy to check that {X,m, e} is a functor

of monoids.

Definition 6.5. An affine functor G = Spec A is said to be an affine functor of
monoids if G is a functor of monoids.

Example 6.6. Affine R-monoid schemes, formal monoids, the completion of an
affine monoid scheme along a closed submonoid scheme, V, EndgrV (V being a free

R-module) are examples of affine functors of monoids, by and .

Let G and G’ be affine functors of monoids. Then,
Homyon (G, G’) = {f € Homg (Ag/, Ag): f, f* are morph. of funct. of R-alg.} :

Let h: G — G’ be a morphism of functors of monoids. The composition morphism
of h with the natural morphism G’ — Af, factors through Af, that is, we have a
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commutative diagram

G —" s

L

AL ——= AL
The dual morphism Ag: — Ag is the morphism induced by A between the functors
of functions. Inversely, let f: Ags — Ag be a morphism of functors of R-algebras,
such that f* is also a morphism of functors of R-algebras. Given g € G, then
f*(g) = go f € Homgr_q4(Ag’, R) = G'. Hence, fe: G — G’ is a morphism of
functors of monoids.

Theorem 6.7. Let G = Spec Ag be an affine functor. Giving to G a structure of
functor of monoids is equivalent to giving to Ag a structure of functor of bialgebras.
Let G and G’ be two affine functors of monoids, it holds that

Hommon(Ga G/) = Hombialg (AG’7 AG)

Theorem 6.8. The category of cocommutative bialgebras A is equivalent to the
category of formal monoids Spec A* (we assume the R-modules A are projective).

Theorem 6.9. Let G be a K-scheme on groups (resp. znonoz'ds). Then G is a
functor of groups (resp. monoids), the natural morphism G — G is a morphism of
functors of monoids and

Hom,,on (SpecC*, G) = Hom,,on (SpecC*, G)
for every formal monoid SpecC*. If G is commutative, then G is commutative.

Proof. Let i: G x G — G the multiplication morphism. By Theorem the
composition morphism G x G = G X G — G x G — G factors through a unique
morphism p’: G x G — G, that is, we have the commutative diagram:

GxG—=GxG

G G

Let x: G — G be the inverse morphism. The composition G — G 5 G factors
through a unique morphism *’: G — G, that is, we have the commutative diagram:

G—=G
G—G

Now it is easy to check that (G, *’) is a functor of groups and to conclude the
proof. O

Proposition 6.10. Let SpecC* be a formal monoid (resp. group) and let G be a
compact K-scheme on monoids. Let f: SpecC* — G be a morphism of functors of
monoids and let f': SpecC* — G be the induced morphism.

Then the (closed) scheme-theoretic image of f', Im f’, is a K-subscheme on
monoids (resp. groups) of G. If SpecC* is an abelian formal monoid, then Im f' is
abelian.
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Proof. Let p/: SpecC* x SpecC* — SpecC* and u: G X G — G be the operations
of the monoids. Consider the commutative diagram:

’

SpecC* x SpecC* —— Spec(C ® C)* —— Spec C* x Spec C* Ll G x G

I | f, l“

SpecC* Spec C* G

The scheme-theoretic image of Spec(C' ® C)* in G x G is equal to Im (f’ x f7).
AsIm (f" x f) =Im f/ x Im f’, we have the commutative diagram:

Im f/ x Im f'“—— G x G

| |

Im f/c—G

If we denote with * the inverse morphism (with respect to the group law), then
we have the commutative square:

SpecC* —— Spec C* AN G

ook

SpecC* ——= Spec C* N G

So the inverse of G restricts to Im f’. The rest of the details can be checked in a
similar way.

]

Note 6.11. Let X be a K-scheme and x: Spec K — X a rational point. Denote
by X the direct limit of finite subschemes X; C X with support on x. Let Ax =
limAx,. as in = Spec Ax. If G is a K-scheme on groups, consider as a

rational point the identity element.

Theorems @ cmd remain valid if X and G are substituted by X and G. 1If,
in addition, C* is assumed to be local, then the hypothesis of X being compact and
separated is no longer necessary in[f.7 and [6-10,

Finally, given an abelian algebraic group G, over an algebraically closed field K,
it easy to prove that G = G x G(K), where G(K) is the constant functor G(K), that
is, consider on G(K) the discrete topology, then G(K)(S) := Homeo(Spec S, G(K)),
for all commutative K-algebra.

Proposition 6.12. Let SpecC* be a formal monoid and D¢ = {w € C*: w(I) =0
for some bilateral ideal I C C of finite codimension} C C*. Then, Spec D¢ is an
affine monoid scheme and

Homy,y,on (SpecC*, Spec A) = Hom,yon (Spec D¢, Spec A)

for every affine monoid scheme Spec A.
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Proof. Observe that D¢ = lim (C/I)* and D} = C. Then,
I
Hom,,0n (SpecC*, Spec A) IEz‘Hornbng(./él, Cc*) Homy;q14(C, A")

Homy;q4(C, A*) Homp;qi4(A, De) &1 Hom,,on, (Spec D¢, Spec A)

O

Note 6.13. Let X be a K-scheme and Ax the ring of functions of X. The set Dx
of distributions of X of finite support is said to be Dx := {w € A% : w factorizes
through a finite quotient algebra of Ax}. Obviously, D% = Ax and Spec D% = X.

If SpecC* is an abelian formal monoid then G = SpecC' is an affine abelian
monoid scheme and D¢ = D¢, then

(3) Hom,,on (G, Spec A) = Hom,,on (Spec Dg, Spec A)

for every affine monoid scheme Spec A.

6.1. Functorial Cartier Duality.

Definition 6.14. Let G be a functor of abelian monoids. GV := Hompmon(G, R)
(where we regard R as a monoid with the operation of multiplication) is said to be
the dual monoid of G.

If G is a functor of groups, then GY = Hom,,,(G, G,,).

Theorem 6.15. Assume that G is a functor of abelian monoids with a reflexive
functor of functions. Then, G¥ = Spec (Af) (in particular, this equality shows that
Spec A is a functor of abelian monoids).

Proof. GY = Hommen(G, R) @Homn_alg(Aa,R) = Spec (Af). ]

Note 6.16. Explicitly, Spec A% = Homumon (G, R), ¢ — ¢, where ¢(x) = ¢(z), for
every ¢ € Spec Al = Homp _a4(AL, R) and x € G — Af,.

GV is a functor of abelian monoids ((f-f')(g) := f(9)-f'(g), for every f, f' € GV
and g € G), the inclusion G¥ = Homon(G, R) C Hom(G,R) = Ag is a morphism
of monoids and the diagram

GVe———Hom(G,R) = Ag

Spec Af—— Homp (AL, R) = AL

s commutative.

Theorem 6.17. The category of abelian affine R-monoid schemes G = Spec A is
anti-equivalent to the category of abelian formal monoids Spec A* (we assume the
R-modules A are projective).

Proof. The functors SpecA = G ~ GV = Spec A* and SpecA* = G ~ GV =
Spec A establish the anti-equivalence between the category of abelian affine R-
monoid schemes and the category of abelian formal monoids:



AFFINE FUNCTORS AND DUALITY 21

The morphism G LN GV, g — d4, where §,4(f) := f(g) for every f € GV, is an
isomorphism: It is easy to check that the diagram

~

Spec A** (Spec A*)¥ <—— (Spec A)VV

(Y
\ o
Spec A

is commutative.

Homyon(G1, G2) = Homyyon (GY, GY): Every morphism of monoids G; — Geo,
taking Homy,on(—, R), defines a morphism GY — GY. Taking Hompnon(—, R) we
get the original morphism G; — Go, as it is easy to check.

O

In [8 Ch. I, §2, 14], it is given the Cartier Duality (formal schemes are certain
functors over the category of commutative linearly compact algebras over a field).

Assume G = Spec A and G’ = Spec B are commutative affine monoid schemes,
then

@ Hom, o, (Spec Dg, GY) Baf3 Hom,,0n (GY,G") = Homyyon (G™, G)
Bafd Hom, o (Spec Dgr, G)

7. EXAMPLES OF FUNCTORS OF MONOIDS AND CARTIER DUALITY

1. Affine toric varieties.

Let T be a set with structure of abelian (multiplicative) monoid. Let R be a
field. The constant functor T = Spec [ [ R is an abelian formal monoid. The dual
functor is the abelian affine R-monoid scheme TV = Spec &1 R = Spec RT.

An affine group scheme G = Spec A is linearly reductive if and only if A* is
linearly reductive. Since A* is the inverse limit of its coherent algebra quotients it
is easy to check that A* is linearly reductive if and only if it is a product of algebras
of matrices. Then, G = Spec A is a linearly reductive commutative group scheme
if and only if A* =[], K.

We will say that an abelian monoid T is standard if it is finitely generated, its
associated group G is torsion-free and the natural morphism 7' — G is injective (in
the literature, see [3, 6.1], it is called affine monoid). It is easy to prove that T is
standard if and only if RT = &7 R is a finitely generated domain over R.

Theorem: The category of abelian monoids (resp. finitely generated monoids,
standard monoids) is anti-equivalent to the category of affine semisimple abelian
monoid schemes (resp. algebraic affine semisimple abelian monoids, integral alge-
braic affine semisimple abelian monoids).

If T is standard then G = Z™ and the morphism 7' — G induces a morphism
G? — TV. In particular, G?, acts on TV. Furthermore, as RG is the localization
of RT by the algebraically closed system 7', the morphism G?, — TV is an open
injection. We will say that an integral affine algebraic variety on which the torus
acts with a dense orbit is an affine toric variety. It is easy to prove that there exists
a one-to-one correspondence between affine toric varieties with a fixed point whose
orbit is transitive and dense, and standard monoids.



22 JOSE NAVARRO, CARLOS SANCHO, AND PEDRO SANCHO

2. Group Z.
Obviously, ZV = G,, and by Cartier duality G,/ = Z, which is a formal group.
Proposition 7.1. Let G be an affine K-group scheme. Then,

{Rational points of G} = Homy,on(Z, G) Pafd Hom,on (Spec Dg,,, G)

m)

If G is an affine commutative K -group scheme, by Equation [}
{Rational points of G} = Homy,en(Spec Dg, Gy)
3. Functor rad K:

Let rad K C G, be the covariant subfunctor of groups defined by rad I(S) :=
rad S = {s € S|s" =0, for some n € N}.

Let K[z]/(z™) — K[z]/(z™), n > m be the natural quotient morphisms. Con-
sider the projective system of K-dlgebras {K|z]/(z"), n € N} and the inductive
system of affine schemes {Spec K[z]/(2™), n € N}.

G, = lim Spec Klz]/(z™) IgSpec hlnlC[x]/(x”) = Spec K[[z]].

n n

Proposition 7.2. It holds that rad K = G, = Spec K[[z]].

fmof. (Spec K[z]/(2™)) (S) = Homg _qiq(K[x]/(2™),S) = {s € S|s™ = 0}. There-
Ga(S) = liin (Spec K[x]/(z™)) (S) = {s € S|s" =0, for some n € N} = rad KC(S5)

(]

Notation 7.3. Assume char K = p > 0. We denote o, := Spec K[z]/(2?") C G,.
Given p € aq(S) C S (then u? = 0) we denote et := Zf;ol ui/il € S. Observe that
et — gn . gh’

We denote p,, = Spec K[x]/(zP" —1) C G,,.

Assume char K = p. Given (\,,) € [y a1 the morphism

p™

P .
rad K — Gy, ,u,_>€>\ou.e/\1u coetnh

is a morphism of functors of groups: observe that the polynomial part of degree less

n

than p"t1 of the series v(x) 1= e . M=’ ... A" .. g eroT . ghaa” L pAna”
The coefficient of 27" of v(z) is An, then [[y a1 C (rad K)V.

Theorem 7.4. (1) Ifchar K =0, (radK)Y = G,,.
(2) If char K =p >0, (radK)¥ =[]y a1, as K-schemes.

Proof. Hom/(rad IC, K) = K[[z]]. Hence,

Homyon (rad K. K) = {s(a) € K[al): S+ 1) = 5005, it € Ca=radk

In characteristic zero is easy to prove that s(z) = e’*, for some A € K, then
(rad K)V = G,.

Now, in characteristic p > 0. If the coefficient of = of s(z) is zero then is easy to
prove that s(xz) = t(zP), with ¢(x) € Homumoen(rad I, K). If the coefficient of x of
s(x) is A then the coefficient of x of (e*0®)~!. s(x) is zero, then (e*®)~1. s(x) =
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t(zP) and s(x) = e*® - t(zP). Likewise, t(z) = eM? - u(zP) and s(z) = e*o® . eM*” .
w(z?"), ete. In conclusion, {(A,) € [[yoa} = (rad K)Y

Assume char K = p. (rad K)¥ = [[y o1 = SpecK[zo, ..., 2n,...]/(zf, ..., 2F,..),
as schemes. Observe that
p—1 24 NETE

" n "
eAnH AL oA )P Y S Gy e

Then, if * denotes the operation of (rad K)¥ =[]y a1, then

p—1 \; 1p—1
AL
0,--+,0,Ap,0,- 0,---,0,A\ ,0,---)=(0,--,0, \p+A\., nn 0,
(0,0, (( 00, ) = ( P %)

We have the natural inclusion (rad K)¥ = Spec K[[z]]* — K[[z]], (An)nen —

p" . .
Aoz . eAn®® L. We also have the natural inclusion

rad K — Hom((radK)V,K) = Klzo, ..., zn,...]/(zh,...,28,...)
U ePoH et

(&

Note 7.5. Assume char K = 0. (radK)¥ = G, does not contain any proper
subgroup. Then, the quotient groups of (rad K)¥ are G, and the trivial group.

Assume char K = p. The finite subgroups of G, are {an}nen and rad K =
limay,. Then, (rad K)Y = limo,. If G is an algebraic group then
Z Z

Homy,,((rad K)", G) = Homg,,(lime,/, G) = lim Homg,,(o,!, G)
n n

That is, every morphism (rad K)¥ — G is the composition of a projection (rad K)¥ —
a,, and an injective morphism o, — G.
Theorem 7.6. In characteristic p > 0, (o))" =[], a1, as K-schemes. Specifi-
cally,

e ap — Gp
@ =t eJar={ ™ = T e )
Proof. Proceed as in Theorem [7.4] O

The subgroups of a,, are the obvious subgroups a,, r < n, then, by Cartier
duality the quotients of o/ are the obvious quotients o/, r < n.

Proposition 7.7. Assume char K = 0. Then, rad K = G,,.

Proof. The inverse morphism of the morphism rad K — G, @ +— e* is the mor-
phism Gp, — rad K, p—In(1 4 (p— 1)) := >, o (1) (u —1)" /il O

In characteristic p > 0, G,, = lim In as functor of groups.
n

4. Functor of monoids G}:
Let G, = Spec K|[z] be the additive group.
Theorem 7.8. Assume char K = 0. Then
GY =radK
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Proof. We know that (rad K)¥ = G, by By Cartier duality, G} =rad . O

Explicitly, p € rad K defines the morphism G, — G, A — e*. Then, we have
the natural inclusion rad K — K[z], u — e"*.

Theorem 7.9. Assume char K = p > 0. Then, GY is isomorphic to ®&yay as
functors of sets. Specifically,

Gi={0wemmal={ % T G e
Proof. Proceed as in Theorem ([l
Write K[[zo, ..., Tn, .. ]]/(ah, ... b, 00) = IEnIC[xO, oo xp]/(ah, ..o 2h), then
G = &nay = Spech[[:z:o,...,xn,...]]/(mg,...,gﬁ,...), as functors of sets. The

dual morphism of natural the inclusion rad C C G, is the obvious morphism
GY = dnar C [[yor = (rad K)V.

We have the natural inclusion GY < K[z], (Ag, -+, An) > €07 .. Ana””

Note 7.10. Let us now assume that char K = 0. Let Q be the constant functor
of groups Q (with the addition operation), that is, denote Q the discrete topological
space, then Q(S) := Homeo(Spec S,Q), for all commutative K-algebras S. Let
Gu = QY be the dual group of Q, then G = Spec(K[Q] = K[e"*],eq). Q is the

direct limit of its finite Z-submodules, Q = lim Z - r, which are isomorphic to Z,
reQt
then Gpr = lim Spec K[e™,e™"®] and Spec K[e"*, e "] ~ G,,. Giving a point
reQt

a € Gy is equal to giving a point a € Gy, and to determining o ,for all v € Q. If
G is an algebraic group, then

Homyon (G, G) = lim Homyy,op (Spec K", e, G)
reQ+

That is, every morphism from G s to an algebraic group factors through a projection
Gy — G, a— ", for somer € Q.

If E=$,;Q is a Q is a vector space, let us also write E for the constant functor
of monoids E, then EY :=Hommon(E,Gr) = [1; Gar- Every morphism of EY on
an algebraic group factors through G7},, for some n.

Let us now assume that char K = p > 0. If E = ®;Z/pZ is a Z]pZ-vector space
then EY := Hommon(E, Gy) = [1; p1. Every morphism from EY to an algebraic
group factors through uy, for some n € N.

Theorem 7.11. Let G, = Spec K[x] and let Dg, be the set of distributions with
finite support of G,. Let G,(K) be the constant functor of groups, K. Assume K
is an algebraically closed field. Then,

(1) Gq = Gy x Go(K) =r1ad K x Go(K) and Spec Dg, = (rad K)Y x Go(K)V.
(2) It holds that

Hottmon (GY, G) " Hom,pon (rad )V x Gu(K)Y, G),

for all affine group scheme G.
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(3) By[7.3, and (2), the scheme-theoretic image of every morphism from
GY to an affine algebraic group is isomorphic to

G® xG",6=0,1, if charK =0
ay xpu§, r,s €N if char K = p >0

8. EXPONENTIAL MAP IN ARBITRARY CHARACTERISTIC
8.1. Vector fields.

Let K[e] = Klz]/(2?). Given a functor of sets X and the morphism of K-
algebras Kle] — K, e — 0, let 0*: X(K[e]) — X(K) be the induced morphism.
Given z € X(K), let

T,X := {y € X(K[e]), such that 0"y = z}

Proposition 8.1. Let X be a K-scheme and v € X a rational point. Then,
X =T,X.
Proof. Observe that X (K[e]) = X(K|e]) y X(K) = X (K).
(I

More generally, given a commutative K-algebra S and the morphism of S-
algebras S[e] = S[z]/(z?) — S, € — 0 let 0*: X(S[¢]) — X(S) be the induced
morphism. Given z € X(5), let

T, X := {y € X(S[e]), such that 0"y = z}

be the vector space of tangent vectors of X at the point z.

Assume X = Spec A. Then X(S) = Hom(Spec S, Spec A) = Homy_q14(A,S) and
X(Sle]) = Homg_q14(A, S[e]). Then, given = € X(S) = Homg_q4(A,S), by the
standard arguments

T, Spec A = Derg(A,S)

Given a morphism of functors of sets ¢: X — Y, x € X(S) and D, € T,X C
X(S[e]) then ¢(D;) € TyyY C Y(Se]).

Definition 8.2. We will say that TX := Hom(Spec K|e], X) is the tangent bundle

of X. We have a natural morphism TX L X, D, — 0*D, = x. We will say that
Der X := Homg (X, TX) is the set of derivations of X (or the set of vector fields of

Giving D € Der X is equivalent to giving for every point z € X(S) (and every .S)
a tangent vector D, € T, X C X(S[e]), functorially.
Let G, = K be the additive group, then

TGo = Hom(Spec Ke], Ga) = Homi —a1g(Klz], Kle]) = Kle]
Proposition 8.3. Let X be an affine functor, then it holds that
Der X = Derx(Ax, Ax)
Proof. First, observe that

Axxspec k[] = Hom(X x Spec K[e], K) = Hom(X, Hom(Spec K|[e], X))
= Hom(X, K[e]) = Ax][e]
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Now,
Der X = Homx (X, TX) = Homgx (X, Hom(Spec K], X))
= {f € Hom(X x Spec K[¢],X): f(z,0) =z, Vx € X}
= {h € Homg _a4(Ax, Ax[e]): h =1Id mod (e)} = Derx(Ax, Ax)

Given a K-scheme X, it is well known that
Der X = TiaEnd X C End(q—sen(X Xk Spec K[e]), D — e,

(topologically eP is the identity morphism and over the ring of functions e” (a +
be) :==a+e- D(a) + be, for all a + be € Ox]e]).
Theorem 8.4. Let X be a functor of sets. It holds that

TiaEnd X = Der X

Proof. 1t is a consequence of the equalities

Hom(X|K[€], X|K[€]) = HomSpecK[e] (X X SpCC K[E], X x SpCC K[CD
= Hom(X x Spec Kle], X) = Hom(X, Hom(Spec K [¢], X))

O

Giving D € Der X, we denote X — Hom(Spec K|e|,X), x — D, the correspond-
ing morphism and we denote eP: Xk — X|k[q the corresponding endomor-
phism. Given z € X(S) C X(S[e]), it is easy to check that e¢?(z) = D,.

Definition 8.5. Let G be a functor of groups. We say that a vector field D € Der G
(for each point g € G(S) we have a tangent vector Dy at g) is G-invariant if
g - Dy = Dy .4 for all pair of points g, 9" of G. We will say that Derinv G is the set
of all invariant vector fields of G.

Proposition 8.6. Let G be a functor of groups and let e € G(K) be the identity
element. It holds that Derinv G = T, G.

Proof. The morphisms DerinvG — 17.G, D — D,, T.G — DerinvG, D, — D,
where D, := g - D, for all g € G, are mutually inverses. (]

Definition 8.7. Given D, € T.G, we will say that D € DerinvG, such that
Dy :=g-D., for all g € G, is the invariant field associated with D..

Proposition 8.8. Let f: Gy — Go be a morphism of functors of groups, D, € T.Gq
and D! = f(D.). If D y D" are the invariant fields associated with D, and D,
respectively, then f(Dy) = D}(g), for all g € Gy.

Proof.

f(Dg) :f(g'De) :f(g)'f(De) :f(g)(D;) = ;”(g)
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8.2. Analytic one-parameter group.

Theorem 8.9. Let X be an affine functor of sets. It holds that
Der(X) = Derg(Ax, Ax) = Hom,,on (GY, EndX)

Proof. Let M be a dual functor of K-modules. By Theorem giving a K[z]-
module structure on M (equivalently, giving a linear endomorphism on M) is equiv-
alent to giving a G)/-module structure on M. If M is a K[z]-module then through
the inclusion GY — Klz], G} acts on M. Let us follow the notations

EndxM = Hom g —q14(K[z], End g M) = Homyon (G, EndcM), T +— =T

where €T GY — EndxcM is defined by 7 (u) = e+ (if char K = 0, p € rad K =
GY and e!T = 3" (u-T)'/il; if char K = p > 0, u = (po, ..., pr) € Gy = GY
and et .= enoT . gmaT? ... e“”‘TpT).

Likewise, giving a K[z, ..., z,]-structure on M is equivalent to giving a GY x
n v
--+ X Gy-module structure on M.

Let us follow the notations

(EndxM)"™ D Homp—a1y(K (1, . .., 2n], EndgM) = Homypen ((GY)™, End g M),

Not. .T xnTh
(Th,...,T,) Vet t.e

If 71,75 € EndgM commute then e*(T1+72) = ¢2Ti . o2T2 1ot D € EndgAx,
that is, Ax is a K[z]-module (hence it is a GY-module: given u € GY, u-a = e*Pa).
Consider D®1+1® D € Endg (Ax ® Ax), then Ax ® Ax is a K[z]-module (hence
it is a GY-module: p - (a ®b) = e#PEIHIED) (4 @ b) = e#Pa @ ePh). Now , D is a
derivation if and only if the morphism Ax ® Ax — Ax, a ® b — ab is a morphism
of K[z]-modules, which is equivalent to say that the morphism is a morphism of
GY-médulos, that is, G acts on Ax by morphisms of K-algebras. That is, the
diagram

Endyx Ax =——— HoMy,on (G, End x Ax)

Dery Ax =—— HoMyyon (G, End g —q14Ax)
is commutative. O
Theorem 8.10. Let X be a K-scheme. It holds that
Hom, 0, (GY,End X) = Der X

Proof. Given a point u € GY(S) there exists a finite, local and rational K-subalgebra
C C S, such that u € GY(C). Moreover, if C' — K is the quotient morphism then
GY(C) — GJ(K) = {0}, u + 0. Therefore, given a morphism f: G — EndX,
then f(u) € EndX(C), that is, f(u) is an endomorphism Xo — X¢. Moreover, by
base change C — K, f(u) = Id. Topologically X¢ = X, then f(u) is topologically
equal to the identity morphism, hence it is affine. Let {U;} be a covering of X by
open affine sets. Giving a morphism G — EndX is equivalent to giving morphisms
GY — End U, which coincide on U; NU;. That is, giving a morphism G, — EndX
is equivalent to giving derivations on each U; which coincide on U; N U;. That is,

Homyon (GY,EndX) = Der X
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d

Let D be a vector field on an affine functor of sets X. Consider the morphism

expp: GY — EndX, p— etP
If X is a K-scheme, then e*P is an affine morphism because it is topologically
the identity morphism. e*?: Xc — X|¢ (0 € GY(C)) induces the morphism
e"P: (Ax)c — (Ax)|c defined by

e“D(a) = Zn HnDTL?(a)’ " lf CharK = 0
euoD(a)...eunDp (a), ifcharK =p >0
If X is a projective K-variety, then there exists a K-scheme whose functor of

points is End X" (see [10]), and we will also denote it End X. Thus, expp: G} —
End X factors through a unique morphism expp: Spec K[z]* — End X.

Definition 8.11. The morphism expp: GY — EndX is said to be the analytic
one-parameter group associated with D.

Let y € X be a rational point. We will say that expp ,: GY — X, expp (1) =
expp(u)(y) is the analytic integral curve of D passing through y.

The induced morphism between the rings of functions by expp , is Ax — Klz]*,

{ >, Di(a)(y) /il - z* € K[[z]], if char K =0

a — — . . i — ip™ . i .

(X2 Di(@) () /it~ wh) - (12 D" (a)(y) /il - ay) -+, if char K =p >0
If X is a K-scheme, the morphism expp ,: G, — X factors through Spec K[z]*

and we also write it expp ,: Spec K[z]* — X. If U = Spec A is an affine open set

containing y, then the morphism induced by expp_ , between the rings of functions

is written as it has been written above.

Theorem 8.12. Let G be an affine functor of groups or a K-group scheme. It
holds that
Hom,,, (G, G) = Derinv(G) = T.G

Proof. 1. Given g € G, let L;: G — G be the morphism defined by L,(¢') = g¢9’. G
acts on EndG by g+ f := Lgo foLg-1, for all g € G and f € EndG. The morphism
f is G-invariant if and only if f(g) = g - f(e), for all g € G. Hence, (EndG)® = G.

2. G acts on DerG by (g * D) := g - Dg-1p, for all g,h € G and D € DerG.
Obviously, (Der G)¢ = Derinv G.

3. G acts on Homy,n (GY,EndG) by (g * F)(u) = g * (F(u)), for all g € G,
F € Homypon (G ,EndG) and p € GY.

4. Taking G-invariants on Der(G) = Homon (G, EndG), by 1.,2. and 3. we
obtain

Derinv(G) = Hom,,,(GY,G)
(Il

8.3. Existence and uniqueness of “analytic” solutions of an algebraic dif-
ferential equation in arbitrary characteristic.

Proposition 8.13. If u € GJ/(S), then

TGV — S, if char K =0
p=a 71 @nS, if char K =p >0
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Proof. GY(S[e]) ={un+ A€, with p € GY(S) and A € S if char K =0, A € ®yS if
char K = p > 0}.
(]

In characteristic zero, let us denote p1+\-€ = A(0y,) .. In positive characteristic
p > 0, GY = ®yar = Spec K[[zo,...,Tn,...]]/(xh,..., 2P, ...). Let us denote
pH A€ =3, X(0z,)u- The morphism GY — Spec K[z]* induces a morphism
T,G; — T, Spec K[z]*, that maps p1+ X - € to >, Xi(0p,) s -

The linear map induced between the tangent spaces by expp is:
ToGY “B° TrghutX = DerX, €= ()0 =" eP =D
Then, by Theorem we have the following theorem.

Theorem 8.14 (existence and uniqueness ). Let X be an affine functor of sets or a
K-scheme. If D is a vector field on X, then expp is the only morphism of functors
of groups f: GY — Aut X such that f((y,)0) = D.

Let 2 € X(K) be a rational point. The morphism x,: EndX — X, x,(7) = 7(z),
maps e” = D to eP(x) = D,. Then,

expD,z((axo)O) = Xr(ezpD((azo)O)) = Xr(D) =D,

Notation 8.15. Let § € Derinv GY be the invariant field associated with (9, )o-
That is, 6, = p* (9x,)0, where p € G and * is the operation of G . Specifically,
5= uy + 8 /(0 — 110, + b (p— Dt/ (p— 11y 4

It can be checked that: 07" = 0, +22~1/(p—1)10,,,, +22~/(p— 1)!1‘2111/(]?—
)0, ., + . Therefore: (67" )g = (s, )o and:

n

Derinv GY = (§,...,67",...)

Let p € GY(S), = € X(S) and denote * the operation of GYY. We have the
commutative diagram

eTPD .z

G\G/HX do b D,

o b ] 1

eTpp .« o e;L‘pD@((;#) = expD(:u‘)(Dm)

G} —>X

Let € = 69 € ToGY. From the commutative diagram

€TPD,x

(Gt —= Xk pH————  ezppa(n)
J{f* lewz)D(f)—eeD I I
v eTPD 2
(G 1kl — X|k[q 6y > €xppa(64) = Dexp,, , ()
we obtain that expp(u)(Dz) = expp 2(6,) = Dewpp . (1) = Deapp (u)(x)-

Lemma 8.16. Let a € Agy = K[z]*. Then, a € K <= 0(a) = 0 <=
§(a)(p) =0 for all p € GY.
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Proof. Obviously a € Hom(X, K) = Ax is zero if and only if a(z) = 0 for all z € X.
Let us only prove that a € K if §(a) = 0, and char K = p: Obviously 6*"(a) =0
for all n € N. As

Kla]* = K[[zoy - -y @, .- ]/ (@l o2k, ) ={ Z AaZ®, Aq € K}

QEBNZ/pZ

and T,GY = (6,y-., (6P )y = ((0z,),), then 9,0 = 0, for all i € N, and
ac K.
]

Theorem 8.17 (existence and uniqueness ). Let X be an affine functor of sets or a
K -scheme, let © € X(K) be a rational point and let D be a vector field on X. Then,
expp.. is the only morphism f: G — X such that f(0) = x and f(6,) = Dy,
for every point p € GY.

Proof. We already know that expp ,(0) = €°P(z) = Id(z) = z and expp .(d,) =
Deapp . (n)-

We still have to prove the uniqueness of f.

Let D be the only invariant field on AutX such that bld = eV, Recall that the
morphism y,: AutX — X, x.(¢) = ¢(x) maps Dig = e to eP(z) = D,. We
have the commutative diagram

Aut X L> X DId % D,
Jf‘ l¢ I¢- Iqﬁ
X(E
~ XI ~
AtX ==X Dy xu(Dy) = 6(Ds)

The composition:
GY P2 At X x X 5 X
maps 9, to zero, for all u € G-
T,Gy = Tewp puAutX x TpnX = Tepp p(u X
0w = (“Dewp puy Dyawy) = —exp-p(u) D) + exp-p () Dy ()
Since K = {a € Agv: du(a) = 0, for all 4 € Gy}, the composition G eep_px/
AutX x X — X, is constant, that is, exp_p(u)f(n) = 2, and f(u) = expp(u)z =

expp,. (1)
O

Theorem 8.18 (existence and uniqueness). Let X be a K-scheme, let y € X
be a rational point and let D be a vector field on X. Then, expp, is the only
morphism f: Spec K[xz]* — X such that f(0) =y and f(0,) = Dy, for every
point 1 € Spec K[z]*(S).

Proof. Byand we only have to prove that given a morphism f: Spec K[z]* —
X such that f(0) = y and f(d,) = Dy, for every point 4 € G (S) C (Spec K [z]*)(S),
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then f(0,) = Dy(,), for every p € Spec K[x]*(S). Consider the diagram

Axy L Kla)

lD lg

Axy —— .

xy —> Klz]
By the hypothesis (f* oD —d o f*)(a)(u) = 0 for all @ € Ax, and p € GY(S5).
Then, (f*oD—do f*)(a) =0and f*oD = §o f*. Hence, f(d,) = Dy(,, for every
w € Spec K [x]*(5). O

8.4. Algebraic group associated with a vector field.

Let X be a K-scheme, let D be a vector field on X and let D be the invariant
field of EndX associated with the tangent vector D at Id € End X.

Proposition 8.19. The analytic integral curve off) passing through Id is expp,
that is, expp = expp.

Proof. expp is a morphism of groups, so expp(d,) = DempD(#). It follows from

Theorem that expp = expp, -
|

Proposition 8.20. The (closed) scheme-theoretic image of expp o, Imexpp 4, is
the minimal subvariety of X tangent to D at x.

Proof. Let C be the minimal subvariety of X tangent to D at z. Let
e:z:p%x: Spec K[z]* — C

be the analytic integral curve associated with D¢ (passing through ). Obviously,
the composition of e;vpg’m with the inclusion C' — X is expp 4, so Imexpp , C C.
It is easy to check that Imexpp , is a subvariety tangent to D at z, so it is the
minimal subvariety of X tangent to D at z. (]

The ideal of functions vanishing at Imexpp . is the greatest ideal whose germ at
2 is the ideal of all functions f such that D" f(x) = 0 for every n > 0, if char K = 0,
or such that D" f(x) = 0 for some n > 0 and every 0 < i < p, if char K = p > 0.

Corollary 8.21. Let X be a projective variety. The (closed) scheme-theoretic im-
age of expp is the minimal closed subvariety of AutX tangent to D at Id. Imexpp
is a commutative group and the closure of (Imexpp) - x coincides with Im expp 4.

Proof. The scheme-theoretic image of ezpp is the minimal closed subvariety of
AutX tangent to D at Id, by and ﬂ Imexpp is a commutative group by
By definition, the composition

exrpp

Spec K[z]* —= Aut X ———— X

f——f-z=f(x)

is expp ;. Therefore, Imexpp , is the scheme-theoretic image of Imexpp, that is,
the closure of Imexpp - = coincides with Im expp .
O
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Definition 8.22. Let X be a projective variety. We will say that Imexpp is the
algebraic group associated with D.

The requirement of projectiveness is to assure the existence of the scheme Aut X.
It could be possible to define the algebraic group Imexpp whenever expp factors
through a group scheme G included in Aut X (it is enough, for this, that D € T G)
because in that case we can also define Imexpp.

Theorem 8.23. Assume char K = 0. Let X = Spec A be an affine K-scheme.
Then, Homyon (G, End X) = {D € Der X : for each a € A there exists an n € N,
such that D™(a) = 0}.

Proof. Let V be a vector space. Endowing V' with a G,-module structure is equiv-
alent to endowing V with a K[[z]]-module structure. Endowing V with a K[[x]]-
module structure of is equivalent to defining an endomorphism 7: V — V (T = z-)
such that for each v € V there exists an n € N so that 7™ (v) = 0. Therefore,

{ T € EndgV : for each v € V, there exists an n € N

such that 7™ (v) = 0 } = Hom(Gg, Endg V)

THezT

Arguing as in [8.9] we can prove this theorem. O

Theorem 8.24. Let X = SpecK|[(,...,&,] be an affine variety and assume
char K = 0. Let D be a vector field of X. Then, the morphism expp: GY — AutX
factors through an unipotent group (that is G,) if and only if there exists m >> 0
such that D™(&;) = 0, for all i.

Theorem 8.25. Assume char K = p > 0 and let X be a K-scheme. It holds that
Hom,,, (a),EndX) = {D € Der X: D?" = 0}
Proof. 1. Let V be a K-vector space. Enndowing V with a «,/-module structure is
equivalent to endowing V' of a K[z]/(zP )-module structure. Then,
{T € EndgV: TP = 0} = Hom pynet (), Endg V), T +— =T
2. Suppose, now, that V is a K-algebra. Then, as in
{D € Derg(V,V): D" =0} = Hom (v, Endge_a1,V)
3. Now, we can prove the theorem as in [8.10) [

Theorem 8.26. Let X be a complete K-variety and char K = p > 0. Let D be
a vector field of X. Then, the morphism expp: GY — AutX factors through a
unipotent group, that is, o, if and only if Dr" =0.

8.5. Algebraic groups associated with the vector fields of P”.

Let K be an algebraically closed field and consider the natural morphism 7: K™\0 —
P"~1. We are going to compute the algebraic group associated with a field on
P 1(K).

As it is well known, if D is a vector field on P*~!, then D = 7D’ for some vector
field D' = Zij AijTi0z; on K™\0. We have the commutative diagram:
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exp s

Aut K"

\/ N

6# ()‘1])

The morphism Spec K [z]* — Spec K[z;;, det(x;;) 7], p +— e* (i) is induced by
Kz, det(z;;) 7Y — K[z]*, 2ps — 2p5(e” X)) (if char K = 0 then K [z]* = K[[z]],
if char K = p > 0 then K[z|* = (K{[z;]]/(2}))ien)-

Therefore, the algebraic group associated with D’ is:

G = Spec K [wys(e® i), =@ t((hia))]

Changing the base of K™, we can suppose that the matrix ();;) is in its Jordan
form, with eigenvalues Aq,..., A;.
Now there are two cases, depending on the characteristic of K.

Theorem 8.27. Let K be an algebraically closed field of characteristic zero. Let
D= W(Zij )\ijxiazj) be a vector field on P! and let G be its associated algebraic
group. Then,

G~Gr ox G

where r is the dimension of the Q-affine space generated by the eigenvalues of the
matriz (Ai;) in C, 6 =0 in case the matriz is diagonalizable and § = 1 otherwise.

Proof. As the matrix (\;;) is in its Jordan form, it is easy to check that:
G = Spec K[e“1 e e rat A 5 x]

where § = 0 in case the Jordan matrix is diagonal and § = 1 otherwise. Moreover,
if, reordering, A1,..., A, is a base of the Z-module generated by A;,...,A\s in K
(or, equivalently, A1,..., A, is a base of the Q-vector space generated by A1, ..., As
in K) then, as x,e® ... " are algebraically independent, we have that:

G = Spec K[e"™ ..., e et EA) 5 x]

= Spec K[e* M, e ™M @ -+ ®@ K[, e @ K[oz] = GT, x G°

But this group G is also the algebraic group associated with D. To see this,
recall that two vector fields D’ = Zm Aijzi0y; and D' = Zij Hij2i0z; on K™ —{0}
projet to the same vector field D on P"~! if and only if they differ on A- (3", #;0,,),
that is, if the matrix (p;;) differs from (A;;) in X - Id. We can then assume that
the matrix M = (\;;) has the eigenvalue zero, and in this case the affine space
generated by the eigenvalues is the vector space generated by the eigenvalues.

Let v € K™ be an eigenvector such that M -v = 0. If H, stands for the closed
subgroup of Gl, (K) of the automorphisms h € Gl,(K) such that h - v = v, then
it is clear that the morphism expp:: G’a — Gl (K), p— e M factors through H,.
Analogously, let H! be the closed subgroup of the projectivities that let v € P!
fixed.

At the Lie algebras, the natural morphism Gi,(K) — PGl,(K) = AutPn~!

maps D’ to D. Therefore, expp coincides with the composition G i Gl (K) —
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AutP"~1. As a consequence, we have:

A~ EIppr

G 2L Gl (K) — PGl (K)

~N) )

H, ———— I’

v

that shows that the algebraic group associated with D’ is the same as that associated
with D, so we are done. O

Theorem 8.28. Let K be an algebraically closed field of characteristic p > 0. Let
D = 7m(32;; AijziOs;) be a vector field on P~ 1(K), and let G be its associated
algebraic group. Then,
G > p] X

where T is the dimension of the Z/pZ-affine space generated by the eigenvalues of
the matriz (A;j) in K, and m is such that, if s is the greatest of the orders of the
Jordan bozes, then p™ < s —1 < p™*! (if s =1 we say that m = —1).
Proof. Everything is analogous to the previous theorem, except the calculation of
the algebraic group G associated with D’ = 37, Aj;x;0,; on K™ —{0}.

Reordering, let A1,..., A, be a base of the Z/pZ-vector space generated by
Al,...,As in K. Let s be the greatest of the orders of the Jordan boxes and
m € N such that p™ < s —1 < p™*! (if s = 1 we say that m = —1). A similar
computation to that used in the characteristic cero case, shows that:

G = Spec K[e“l, e et g T/ (@h, .2l L)

. Vv
= H1 X Qg

9. APPENDIX
9.1. Tannakian Categories.

In this subsection we use Theorem [6.2] to derive the so called Tannaka’s theorem
(see [2] and references therein for the standard treatment).

Let K be a field.

Definition 9.1. A neutralized K-linear category (C,w) is an abelian category C
together with a “fibre” functor w: C ~» Vectk into the category of finite dimensional
K -vector spaces such that w is exact, additive and for every X, X' € Ob(C),

Homc¢ (X, X') € Homg (w(X),w(X"))
is a K-linear vector subspace.

A K -linear morphism between neutralized K-linear categories F: (C,w) — (C,@)
is an additive functor F': C ~» C such that w o F = w.

Example 9.2. Let A be finite a K -algebra. The category Mod 4 of finitely generated
modules over A together with the forgetful functor is a neutralized K -linear category.

Recall also that morphisms of K-algebras A — B correspond to K-linear mor-
phisms Modp — Mod4.
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If (C,w) is a neutralized K-linear category and X € ObC is an object, we will
denote by (X)) the full subcategory of C whose objects are (isomorphic to) quotients
of subobjects of finite direct sums X & ... 5 X.

By standard arguments, it can be proved the following:

Theorem 9.3 (Main Theorem). Let (X) be a neutralized K -linear category gen-
erated by an object X. There exists a (weak) equivalence of neutralized K-linear
categories (X) ~ Modx, where AX is a finite K-algebra unique up to isomor-
phisms.

Moreover, every K -linear morphism F: (X) ~ (X) induces a unique morphism
of K-algebras f: AX — AX.

A neutralized K-linear category (C,w) is said to admit a set of generators if there
exists a filtering set I of objects in C such that: C = lim (X).

Xel
In this case, a standard argument passing to the limit allows to prove:

C=lim (X) ~lim Modyx = Modc¢-
Xer -

where C* := lim AX, that is a K-algebra scheme and Modc- is the category of

—

K-coherent C*-modules.
Let (C,w) and (C,w) be two neutralized K-linear categories that admit a set of

generators. Every K-linear morphism F': (C,w) ~» (C,&) induces a unique mor-
phism of K-algebra schemes f: C* — C*.

Definition 9.4. A tensor product on a neutralized K-linear category (C,w) is a
bilinear functor ®: C x C ~= C that fits into the square:

CxC C

Vectg x Vecty L Vect i

(where the symbol @k denotes the standard tensor product on vector spaces) and
satisfies:
a) Associativity and commutativity.
b) Unity. There exists an object K together with functorial isomorphisms for
every object X :
XOK~X~K®X

that through w become the natural identifications w(X) g K = w(X) = KQw(X).
¢) Duals. There ezists a covariant additive functor V:C — C°, satisfying:

C— o

Vect g —— Vect g
where w*(X) = w(X)*. There also exists functorial isomorphisms (XV)V = X
and a morphism K — X ® XV such that via w is the natural morphism K —
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Definition 9.5. A Tannakian category neutralized over K is a triple (C,w,®)
where (C,w) is a neutralized K -linear category that admits a set of generators and
® s a tensor product on (C,w).

Now it is not difficult to check that the existence of a tensor product in a neutral-
ized K-linear category C ~ Mod¢~ amounts to the existence of a comultiplication
on the algebra scheme C*. As a consequence:

Theorem 9.6. Let (C,w,®) be a Tannakian category neutralized over K. There
exists a unique (up to isomorphism) cocommutative Hopf algebra IC-scheme C* such
that (C,w, ®) is equivalent to the category Modcx.

Corollary 9.7 (Tannaka’s Theorem). If (C,w,®) is a Tannakian category neutral-
ized over K, then there exists a unique (up to isomorphism) affine K-group scheme
G such that (C,w,®) is equivalent to the category of finite linear representations of

G.

Proof. By the previous theorem, there exists a scheme of Hopf algebras C* such that
C ~ Mod¢~. If we define the affine group scheme G := Spec C, then the statement
follows from Theorem [6.21 O

9.2. Lie Algebras and Infinitesimal Formal Monoids in Characteristic
Zero.

Notation 9.8. In this subsection all algebra schemes are assumed to be commuta-
tive and R = K is assumed to be a field of characteristic zero.

Let f: N — M be a morphism of R-modules and let f*: M* — N™* be the
dual morphism. Kerf* = M3 and Coker f* = N7, where M; = Coker f and
N1 = Ker f.

Let C* be a commutative algebra scheme. If f*: M* — A* is a morphism of
C*-modules then Coker f* and Ker f*, are C*-modules.

Let I7 — C* ideal schemes and m: 77 ® - - - ®Z;, — C* the obvious multiplication
morphism. We denote by Z7 - --Z = J* the module scheme closure of Imm in C*,
which is an ideal scheme of A*: the dual morphism of m, ¢: C - 1 ® ---® I, is
a morphism of C*-modules and J = Ime.

Given a functor of X-modules M we will denote its K-module scheme closure M.
Observe that M*(K) = M*(K). Hence, M = N*, where N = M*(K) (see [I}, 2.7]).
We say that a morphism of functors of K-modules M — N is dense if M — N is
surjective, that is, if N*(K) — M*(K) is injective.

We have

@ @I ‘... I
Iy---Zr =17 - (Z3---I}): observe the diagram

dense

Lee o) S HeL I NI (I3 1)~
T (I3 13) =17 - 13 - I3 = (17 - 13) - 13-
Notation 9.9. Let M be an R-module. We denote S"M the functor of R-modules
defined by (S"M)(S) = S™(M(S)) the n-th symmetric power of the S-module
M(S). Let S,M be the functor of modules defined by (S,M)(S) := (M(S) ®g

"0 M(S))Sn. The natural morphism SyM — S™M is an isomorphism when R
is a Q-algebra.
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Denote Z*" = Z*.".T*. The composition Z* @ -*+ @ T* — I*" — /Tt s

dense and factors through S™(Z*/Z*2). Then, the morphism
ST D) ™ T T

is surjective.

Observe that S™M is the quasi-coherent module associated to the K-module
S™M and S"M* = (S"M)*, because

Homy (S"M*, K) = Homg (S" M*, K) = Homg (M*® .7 @ M*, k)"
= (M® .m. @M)5 = S"M

Definition 9.10. Let A* be a commutative bialgebra scheme, e: A* — K its counit

and IT* = Kere. We will say that G := Spec A* is an infinitesimal formal monoid

if A* = lim A*/T*.

Theorem 9.11. Let G = Spec A* be an infinitesimal formal monoid, e: A* — K
the unit of G and T = Kere. The natural morphism

ST T I e T
is an isomorphism.

Proof. Let us construct the inverse morphism Z*"/Z*"+1 — §n(T*/T*2) of m:

consider the multiplication morphism G X Mox G - G, (g1,-+-y9n) — 91" Gn,
which corresponds to the comultiplication morphism c: A* — A*® - - QA*.
For any f € 7* we have that

n j n 5 B 5 5 5 5
()= 10 0f0 - 0lmody AQ TG -OI"C - DA
j=1 r#s

- J
because the classes of ¢(f) and f := Z?le®---®f®-~-®1 in A*)I*® - ®
A*® - - @ A*/I* = A* are equal to f, for every s, so

o(f) = F ey (Y MG BTG BA) = 3 AG BTG GT G- OA"
r#s r#s
(for the latter equation recall A* = IC & Z*). Therefore, we obtain the morphism

Z*n/z‘*n+l i) I*/I*2®n®zx/z*2 C A*/I*2®n®A*/I*2
flfn = c(fl"'fn):C(fl)"'c(fn):Zagsnfa(l)@)"'@fa(n)
for every fi,...,fn € I*, that defines a morphism ¢: Z*" /7"l — Sn(T*/T*2).

Now it can be checked that ¢ o m: S*(Z*/I*2) — S™(I*/Z*?) is equal to the
homothety with scale factor n!.

O

Definition 9.12. If A is a bialgebra, we say that an element is primitive if c(a) =
a®14+1® a, where ¢ is the comultiplication of A.

It can be checked that a € A is a primitive element if and only if a € T.G :=
Derx (A*,K) = Homg (Z*/Z*%,K) .

The inclusion T, G < A is a morphism of Lie algebras that extends to a morphism
of algebras U(T.G) — A, where U(T.G) is the universal algebra of T.G.
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Let L be a Lie algebra. U(L) is a quotient of the tensorial algebra of L, T"L. Tt
is easy to see, ([I3, I.II1.4.]) that S°L has a surjective morphism onto the graduated
algebra by the filtration of U(L), {U(L), := [®;<,T"L]}.

Let G = Spec A* be an infinitesimal formal group. Let us denote A,, = (A*/Z*"H1)*.
The equality A* = 1<i£1./4* /I*" is equivalent to the equality A = limA;. Ob-

serve that A; - A; C A;4j: let ¢: A — A*®A* be the comultiplication. Then,
o(T*) C T*@A* + A*&T*, so that o(T*++1) C T+1GA* + A*@TY . The dual
morphism of

AF TR p oL G g5 T
is the multiplication morphism A; ® A; — A;4;. The morphism U(L) — A maps
U(L); into Ay, so U(L),, maps into A4,,. Lastly, it is easy to check that A,,/A,,_1 =
(T )T = L,,.

Theorem 9.13. Let G = Spec A* an infinitesimal formal group, and write L :=
T.G. Then,

(1) U(L) — A is an isomorphism of bialgebras.
(2) The morphism U(L),/U(L)p—1 — An/An_1 is an isomorphism.
(3) L is the module of primitive elements of U(L) and U(L),/U(L)p—1 = S™L.

Proof. From the commutative diagram

9. 11]

S =————x L,

o |

U(L)n/U(L)n—l

it easily follows (2). By induction on n, it is easy to see that U(L), — A, is an
isomorphism, then U(L) — A is an isomorphism.

Moreover, U(L) — A is a morphism of coalgebras because it maps L, that are
primitive elements of U(L), into primitive elements of A and U(L) is generated
algebraically by L. Finally, the module of primitive elements of A is L, so the
module of primitive elements of U(L) is precisely L.

([l

Corollary 9.14. Let G = Spec A*, G’ = Spec B* be infinitesimal formal groups.
Then,

Hom,,,(G,G") = Homp,.(T.G, T.G')
Proof. Tt follows from:
Homyg,,(G,G") = Homy;qie(B*, A*) = Hompiaie(A, B)
= Hombmlg(U(TeG), U(TEG/)) = HOHlL,‘e (TGG, TeG/)
O

Note 9.15. If L is a Lie algebra, consider G = SpecU(L)*. Let L = T.G, that
is, the primitive elements of U(L). We have a natural morphism L — L. With
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adequate basis in L and L we have the commutative diagram.:
SL——S1L
lsum’ ENEE)
9.73(1 _
U(L) U(L)

that allows to prove that the morphism L — L is surjective.

Let us also outline very briefly that the morphism L — L, D + D is injective (see
13, 5.4]). We only have to prove that there exists a faithful linear representation of
L, since U(L) = U(L). If L is commutative, then S'L = U(L) and the morphism
L — U(L) is injective. Let Z be the kernel of the surjection L — L (notice that
[L,Z) = 0). Let Gz and G be the formal groups associated to Z and L. It is
enough to see that there exists a morphism of Lie algebras L — Derg(Gz x Gp)
injective. To do that, it is enough to prove that there exists a section of Lie algebras
w: LogU(L)* — LogU(L)* of the natural surjection Loy U(L)* — Ly U(L)*.
Let s: L — L be any K-linear section. It can be checked that the 2-form of Gy with
values in Z, wy: L x L — Z, we(D,D") = s(|[D,D']) — [D,D'] is closed. By
Poincare Lemma, there exists a 1-form of Gy with values in Z, w': L& U(L)* —
Z @k U(L)*, such that dw' = wy. The section of Lie algebras that we were looking
forisw=s+w.

Theorem 9.16. The category of infinitesimal formal groups is equivalent to the
category of Lie algebras.

Proof. The functors giving the equivalence assign to each infinitesimal formal group
G its tangent space at the identity T.G and to each Lie algebra L, the group
SpecU(L)*. O

Corollary 9.17. The category of linear representations of an infinitesimal formal
group G is equivalent to the category of linear representations of its Lie algebra
T.G.

Proof. The category of linear representations of the formal group G = Spec A*
is equivalent to the category of A-modules, that is equivalent to the category of
linear representations of the Lie algebra T.G, because A is the universal algebra
associated to T.G. ([l

Let G = Spec A be an affine K-group scheme and I, the ideal of functions that
vanish at the identity element of G. Let J be the set of ideals of finite codimension
of A that are included in I, and let us denote Dist(G) := lim(A/I)*.

IeJ

Corollary 9.18. Let G = Spec A be an affine K-group scheme. There exists a
canonical isomorphism of bialgebras:

U(T.G) = Dist G

Therefore, U(T.G)* = A and the infinitesimal formal group associated to T.G is
G.



40 JOSE NAVARRO, CARLOS SANCHO, AND PEDRO SANCHO

Proof. Let A := limA/Z and G = Spec. A. Observe that Homy (A, K) = Dist G.

IeJ
Moreover,
T.G = Homsgpee i (Spec K[z]/(2%), G) = Homspec k. (Spec K[z]/ (22), G) = T.G
Therefore, by Theorem Dist G = U(T.G) = U(T.G). O

(See [l II1.6.1], where G is algebraic).

Corollary 9.19. If G = Spec A is a commutative unipotent K-group, then it is
isomorphic to V*, where V = T.G".

Proof. G is a commutative unipotent K-group if and only if GV is a commutative
infinitesimal formal group. By Theorem GY = Spec (U(T.GY))*. As T.GY C
A is a trivial Lie algebra, G = Spec U (T.G") = Spec S"(T.GV) = V*. O

9.3. Another examples of affine functors.

Definition 9.20. Let M be a functor of R-modules and let Ay be the functor of
functions of X = M. We define

[Av], ={F € Am: F(A\-m) = X" - F(m), for all \ € R and m € M}.
Proposition 9.21. Let M be a functor of R-modules. Then,
®n [Anl, € Am C ] [Aul,,

which are inclusions of [ [y R-modules. Specifically,
Ay = {Z F, € H [Am],, : for each m € M there exists r € N such that

F,(m) =0, foralln >r}

Proof. Given m € M, let G™: R — R be defined by G™(\) = F(Am). Then,
G™(x) =), ria™ € Ag = Rlz] (r} =0, for alln >> 0) and F(Am) = > r"A™.
Let F,,: M — R be defined by F,,(m) = r7* (given m, F,(m) = 0, for all n >> 0).
Observe that F(A(um)) = ri(Ap)™ = >, (ri'u™) - A", then F,,(um) = ritp™ =
p"Fn(m) and F,, € [Ay],,. Moreover, F(m) = =5 F,(m).

Finally, let (w,) € [, [Am], such that for each m € M there exists r € N
so that w,(m) = 0, for all n > r. If F := )" w, = 0 then w, = 0, for all n:
0=, wn)(Am) = > w,(m)A", for all A, then wy,(m) = 0 for all n, and w,, =0
for all n.

(]

Proposition 9.22. Let R be a commutative Q-algebra. Let M be a functor of
R-modules. Then,

[Am],, = (SnM)™.

Proof. Let i: M — S,M be the morphism of functors of sets defined by i(m) =

m® ---®m and i*: Ag v — Ay the morphism induced over the functors of
functions. If w € (S,M)* then i*(w) = woi € [Ay],. If i*(w) = woi =0 then
w = 0: By hypothesis, w(m ® 2 m) = 0, for all m € M. Given my,...,m, € M
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and m = ). A\;m; (\; being variables), then 0 = w(m®-"-®m) = > laj=n Aw(M®).
Hence, w(m®) =0, and w = 0.

Now, let F' € [Ay],. Given my,...,m, € M let G: R" — R be defined by
G((M)) = F(X; Aimi). Then, G = 37, _, ra2® € [Ags], = [Rlz1,..., 2],
That is, F'(32; Aimg) = 324 =, TaA”. Let

Fo:Mx - x M — R, Fy(my,...,mp) =70 n1

Let us check that Fj, is a symmetric n-multilinear mapping of M", that is, F;, €
(S™M)*. Obviously F, is symmetric. F(A1my + -« + Anpimin) = 3 )2, Ta ™" A%,

then F,(mq, -+, umy) = p- Fp(my,...,my,). Let us write
F(amy+ -4 Angampgr) = agh’
|B]=n

=AM (@@, 11,00 0 F A, 1,01)Ant1)

+ Z ag)\ﬂ

[Bl=n,(B1se-,Bn—1)#(1,...,1)

Considering A\, 41 = 0 we obtain F,(m1,...,mu_1,Mmy) = a1, 1,1,0)- Considering
An = 0 we obtain F,(m1,...,Mp_1,Mp41) = aq1,...1,0,1)- Considering A, = A\pi1
we obtain F,(mi,..., My +Mpy1) = a@,...1,1,0) + a1,....1,0,1)- Hence Fy, is linear.

Let F,: M® -"- @M — R be the morphism defined by F,,. Let us prove that
n! - F is the composite morphism

ML5SMcMe-"-oMB3R

Given m € M, write a, := F(m). Then, F(A-m) = A'a,. F(Aym + - +
Avm) = F(A+ -4+ X)m) = A1+ + Ap)"an =nl(A1 - A\p)ay, + - -+, hence,

n

(F, 0i)(m) = Fy(m,-"-,m) =nla, =n!- F(m).

O

Proposition 9.23. Let M be a flat R-module. Then,
which is a reflexive functor of modules.

Proof. By Govorov-Lazard Theorem ([9, A6.6]), M is a direct limit of free modules
of finite type, M = lim V;. Then,
Observe that S, M is a quasi-coherent module because it is a direct limit of quasi-

coherent modules. Hence, (S, M)* is reflexive.
O

Proposition 9.24. Let R be a commutative Q-algebra. Let M be a quasi-coherent
R-module, then X = M is an affine functor.

Proof. By [11], 5.1] and Lemma A is reflexive.
A morphism ¢: Ay — R is determined by the restriction of ¢ on &, (S, M)*
(see [I1} 5.1]). Observe that (S"M*)** = ([],, SnM)* = ®p(SpM)*. Then,
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Spec Ay € Homp —a1g(®n(SnM)™, R) IZ::3]]Hlomn,alg(S'/\/l*,R) = Homg (M*,R)

=M
The composition of the natural morphism M — SpecAj, with the inclusion
Spec Apq C M is the identity morphism. Therefore, Spec Ay = M. O

Proposition 9.25. Let M be a flat R-module. Then, M is an affine functor.
Proof. Proceed as in the proof of Proposition O
Theorem 9.26. Let M € §. Then, M is an affine functor.

Proof. There exist inclusions @R € M C []; R, which are morphisms of []; R-
modules.

Let us prove that Ay C Ag,r: Let f € Ay such that fig,z = 0. Given
m = (ri)ier € M C [[; R let F: [[;R — R be defined by F((\;)) = f((A\iri))-
Then, F' € Afj, = S (®1R) = R[zi]icr- Hence, there exists a finite subset J C [
such that F' € R[z;]jes. Therefore F((A\;r;)icr) = F((\jrj)jes) and f((ri)ier) =
f((rj)jEJ) = O, that iS, f = 0

In conclusion we have

023
neeeNS”(@zR) =A,r CAy CAg,r C

H W(®1R))
neN

Then, Ay € § and it is reflexive.
Any morphism of R-modules ¢: Ay — R is determined by its restriction to
S (®rR), by [II, 5.1]. Then, any morphism of R-algebras ¢: Ay — R is deter-
mined by its restriction to @;R. Since &R = ([[; R)* € M*, ¢ is determined by
its restriction to M*. Hence, Spec Ay C M** = M. Then, Spec Ay = M
(Il
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