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1. INTRODUCTION

The theory of reductive group schemes is due to Demazure and Grothendieck
and was achieved fifty years ago in the seminar SGA 3, see also Demazure’s
thesis [De]. Roughly speaking it is the theory of reductive groups in family
focusing to subgroups and classification issues. It occurs in several areas:
representation theory, model theory, automorphic forms, arithmetic groups
and buildings, infinite dimensional Lie theory, ...

The story started as follows. Demazure asked Serre whether there is a
good reason for the map SL,,(Z) — SL,(Z/dZ) to be surjective for all d > 0.
Serre answered it is a question for Grothendieck ... Grothendieck answered
it is not the right question !

The right question was the development of a theory of reductive groups
over schemes and especially the classification of the “split” ones. The general
underlying statement is now that the specialization map G(Z) — G(Z/dZ) is
onto for each semisimple group split (or Chevalley) simply connected scheme
G/Z. Tt is a special case of strong approximation.

Demazure-Grothendieck’s theory assume known the theory of reductive
groups over an algebraically closed field due mainly to C. Chevalley ([Ch],
see also [Bo], [Sp]) and we will do the same. In the meantime, Borel-Tits
achieved the theory of reductive groups over an arbitrary field [BT65] and
Tits classified the semisimple groups [Til]. In the general setting, Borel-Tits
theory extends to the case of a local base.

Let us warn the reader by pointing out that we do not plan to prove all
hard theorems of the theory, for example the unicity and existence theorem
of split reductive groups. Our purpose is more to take the user viewpoint by
explaining how such results permit to analyse and classify algebraic struc-
tures.

It is not possible to enter into that theory without some background
on affine group schemes and strong technical tools of algebraic geometry
(descent, Grothendieck topologies,...). Up to improve afterwards certain
results, half of the lectures avoid descent theory and general schemes.



The aim of the notes is to try to help people attending the lectures.
It is very far to be self-contained and quotes a lot in several references
starting with [SGA3], Demazure-Gabriel’s book [DG], and also the material
of the Luminy’s summer school provided by Brochard [Br], Conrad [C] and
Oesterlé [O].

Acknowledgments: Several people helped me by comments and ques-
tions. I would like to thank N. Bhaskhar, Z. Chang, V. Egorov, M. Jeannin,
T.-Y. Lee, N. Reyssaire and A. Stavrova.



Affine group schemes I

We shall work over a base ring R (commutative and unital).

2. SORITES

2.1. R-Functors. We denote by Af fpr the category of affine R-schemes.
We are interested in R—functors, i.e. covariant functors from Af fr to the
category of sets. If X an R-scheme, it defines a covariant functor

hx: Affr — Sets, S— X(5).

Given a map f : Y — X of R-schemes, there is a natural morphism of
functors fi : hgy — hx of R-functors.

We recall now Yoneda’s lemma. Let F' be an R-functor. If X = Spec(R[X])
is an affine R—scheme and ¢ € F(R[X]), we define a morphism of R-functors

Z:hx—>F

by ((5) : hx(S) = Hompg(R[X],S) = F(S), f = F(f)(C).

Each morphism ¢ : hy — F is of this shape for a unique ¢ € F(R[X]):
¢ is the image of I'dpx) by the mapping ¢ : hx (R[X]) — F(R[X]).

In particular, each morphism of functors hy 3 hy is of the shape h,, for
a unique R-morphism v : %) — X.

An R-functor F' is representable by an affine scheme if there exists an
affine scheme X and an isomorphism of functors hx — F. We say that
X represents F. The isomorphism hx — F' comes from an element { €
F(R[X]) which is called the universal element of F(R[X]). The pair (X,()
satisfies the following universal property:

For each affine R-scheme T and for each n € F(R[%]), there exists a
unique morphism u : ¥ — X such that F'(u*)(¢) = 7.

Given a morphism of ring j : R — R/, an R—functor F' defines by restric-
tion an R'—functor denoted by j,F or Fg/. If F = hy for an affine R-scheme
:{, we have FR/ = h%XRR’-

2.2. Zariski sheaves. We say that an R—functor F' is a Zariski sheaf if it
satisfies the following requirements:

for each R-ring S and each decomposition 1 = f; +---+ f, in S, then
F(S) = {(o@ e TI F(Sp) [(ans,,, = (0g)s,, for ij=1,..n }
i=1,..,n
2.2.1. Lemma. Let F' be an R—functor F' which a Zariski sheaf.
(1) If F is not the empty functor, then F(0) = {e}.

(2) F is additive, i.e. the map F (S x S2) — F(S1) x F(S2) is bijective for
each pair (S1,52) of R—algebras.
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Proof. We prove both statements in the same time assuming that F' is not
the empty R—functor. It means there exists an R-ring S such that F'(.S) # 0.
By taking the map S — 0, it follows that F(0) # (.

We are given an R-ring S = S7 X S; we write it S = 51 X So = Sep + Ses
where e, ey are idempotents satisfying e; + ea = 1, we have S; = S,

Sy = Se, and Se,e, = 0 [Sta, C. Algebra, §20]. Then
F(S) ;> {(al,ag) S F(Sl) X F(Sg) | 10 = Q20 S F(O)}

Applying that to S; = So = 0, we see that F'(O) = {e}. Coming back to
the general case, we conclude that F/(S) = F(S1) x F(S3). O

Representable R-functors are Zariski sheaves.

2.2.2. Lemma. Let 1 = f1 +---+ f,. Let F be an R—functor which is a
Zariski sheaf and such that FRfi is representable by an affine Ry, -scheme for
i=1,...,n. Then F is representable by an affine R—scheme.

Proof. Let X; be an Ry-scheme together with an isomorphism ¢; : hx, =
FRfl- of Ry,~functors for ¢ = 1,..,n. Then for i # j, FRfifj is represented by

Xi XRr 5 Ryy, and Xj Xpg £ Ry, ;. More precisely, the isomorphism CE]I%fifj o

Ci’Rfifj : hxiXRfi Ry, = hx].XRfj Ry, defines an isomorphism u; ; : X; X Ry,
Rfifj = X, xRy, sz.fj and we have compatiblities wu;; o ujr = u; ) once
restricted to Ry, y, r,,. It follows that the X;’s glue in an affine R-scheme X.
Also the map (; ! glue in an R—map F' — hx. Since F' is a Zariski sheave,
we conclude that F — hy. O

2.3. Functors in groups.

2.4. Definition. An affine R—group scheme & is a group object in the cat-
egory of affine R-schemes. It means that & /R is an affine scheme equipped
with a section € : Spec(R) — &, an inverse ¢ : & — & and a multiplication
m: B x & — & such that the three following diagrams commute:

Associativity:

(@ XRQ5) XRQ5 M) 6><RQ5 L &

canl% M

@XR(Q5 XRQ5) M) 6><RQ5

Unit:
& X g Spec(R) X B xp & <L Spec(R) x &
P2 N ml < p1

()



Symetry:
& zd><a & X R &,

S
Spec(R) —— &

We say that & is commutative if furthermore the following diagram com-

mutes
switch,

® xpSpec(R) —— B xp B

& = &.
Let R[®] be the coordinate ring of . We call ¢* : R[&] — & the counit
(augmentation), o* : R[®] — R|[G] the coinverse (antipode), and denote by
A =m* : R[®] —» R[®] ®g R[®] the comultiplication. They satisfies the
following rules:
Co-associativity:

R[®] —"— R[®] @y R[B] "% (R[6] @ R[6]) @r R[]
m* N\ can | =
R[B] @ RI®] ““" R[6] @p (R[6] ©r R[8]).
Counit:
R[®] 2%, R[6] ®p R[®] <4 R[®]
id ™\ mT id
R[&]
Cosymmetry:

d
RB] ——— R
In other words, (R[], m*, 0", €*) is a commutative Hopf R-algebral. Given

an affine R—scheme X, there is then a one to one correspondence between
group structures on X and Hopf R-algebra structures on R[X].

If 8/R is an affine R—group scheme, then for each R-algebra S the abtract
group &(S) is equipped with a natural group structure. The multiplication
is m(S) : B(5) x &(S) — &(9), the unit element is 1g = (¢ xg S) € &(S)
and the inverse is o(5) : &(S) — &(S). It means that the functor hg is
actually a group functor.

3
*
—
»

1This is Waterhouse definition [Wa, §1.4], other people talk about cocommutative coas-
sociative Hopf algebra.
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2.4.1. Lemma. Let X/R be an affine scheme. Then the Yoneda lemma
induces a one to one correspondence between group structures on X and
group structures on hx.

In other words, defining a group law on X is the same that do define
compatible group laws on each &(S) for S running over the R-algebras.

2.4.2. Remark. We shall encounter certain non-affine group R-schemes. A
group scheme & /R is a group object in the category of R-schemes.

3. EXAMPLES

3.1. Constant group schemes. Let I' be an abstract group. We consider
the R-scheme & = | | . Spec(R). Then the group structure on I' induces
a group scheme structure on & with multiplication

6xp®= || Spec(R)— &= |Spec(R)
(777/)€F2 ’YEF
applying the component (v,7’) to 47/; This group scheme is affine iff T' is

finite.
The usual notation for such an object is I'g.

3.2. Vector groups. Let N be an R—module. We consider the commuta-
tive group functors

Vi : .AffR — Ab, S+— Homg(N RRr S, S) = (N QR S)v,
Wn:Affpr — Ab, S+— N ®pgrS.

3.2.1. Lemma. The R—group functor Vy is representable by the affine R—
scheme B (N) = Spec(S*(N)) which is then a commutative R—group scheme.
Furthermore N is of finite presentation if and only if B(N) is of finite
presentation.

Proof. 1Tt follows readily of the universal property of the symmetric algebra
Homp—mod(N ®@r R', R') +— Homp_med(N, R') — Homp_qy(S*(N), R')
for each R-algebra R'. O

The commutative group scheme B(N) is called the vector group-scheme
associated to N. We note that N = U(N)(R).

Its group law on the R-group scheme U(N) is given by m* : S*(N) —
S*(N) ®@r S*(N), applying each X € N to X ® 1 + 1 ® X. The counit is
o* 1 S*(N) = S*(N), X s —X.

3.2.2. Remarks. (1) If N = R, we get the affine line over R. Given a map
f: N — N’ of R—modules, there is a natural map f*: U(N') — U(N).

(2) If N is projective and finitely generated, we have W (N) = V(NV) so
that Q0(NN) is representable by an affine group scheme.
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(3) If R is noetherian, Nitsure showed the converse holds [Ni04]. If N is
finitely generated projective, then 20(N) is representable iff N is locally
free.

3.2.3. Lemma. The construction of (1) provides an antiequivalence of cate-
gories between the category of R-modules and that of vector group R-schemes.

3.3. Group of invertible elements, linear groups. Let A/R be an al-
gebra (unital, associative). We consider the R-functor

S s GL1(A)(S) = (AR S)*.

3.3.1. Lemma. If A/R is finitely generated projective, then GL1(A) is rep-
resentable by an affine group scheme. Furthermore, GL1(A) is of finite
presentation.

Proof. Up to localize for the Zariski topology (Lemma 2.2.2), we can assume
that A is a free R—module of rank d.

We shall use the norm map N : A — R defined by a — det(L,) where
L, : A — A is the R-endomorphism of A defined by the left translation by
A. We have AX = N~Y(RX) since the inverse of L, can be written L; by
using the characteristic polynomial of L,. The same is true after tensoring
by S, so that

GL1(A)(S) = {a € (Ao S) =W(A)S) | N(a)e SX}.

We conclude that GL;(A) is representable by the fibered product
& —— WA
! °|

®m,R — QH(R)

Given an R—module N, we consider the R—group functor
S — GL1(N)(S) = AUtS—mod(N QR S)

So if N is finitely generated projective. then GLj(NN) is representable by an
affine R—group scheme. Furthermore GLj(N) is of finite presentation.

3.3.2. Remark. If R is noetherian, Nitsure has proven that GL; () is rep-
resentable if and only if N is projective [Ni04].

3.4. Diagonalizable group schemes. Let A be a commutative abelian
(abstract) group. We denote by R[A| the group R-algebra of A. As R-
module, we have
RlA =D Rea
acA
and the multiplication is given by e, e, = e, for all a,b € A.



10

For A =7, R[Z] = R[T,T~!] is the Laurent polynomial ring over R. We
have an isomorphism R[A] ®r R[B] — R[A x B]. The R-algebra R[A]
carries the following Hopf algebra structure:

Comultiplication: A : R[A] — R[A] ® R[A], A(eq) = €4 ® €q,

Antipode: o* : R[A] — R[A], 0*(eq) = e_g;

Augmentation: € : R[A] — R, €(e,) = 1.

3.4.1. Definition. We denote by D(A)/R (or A) the affine commutative
group scheme Spec(R[A]). It is called the diagonalizable R—group scheme of
base A. An affine R—group scheme is diagonalizable if it is isomorphic to
some D(B).

We denote by &, = D(Z) = Spec(R[T,T~]), it is called the multi-
plicative group scheme. We note also that there is a natural group scheme
isomorphism D(A® B) — D(A) x g D(B). We let in exercise the following
fact.

3.4.2. Lemma. The following are equivalent:

(i) A is finitely generated;

(i) ©(A)/R is of finite presentation;

(iii) D(A)/R is of finite type.

If f: B— A is a morphism of abelian groups, it induces a group homo-
morphism f*: D(A) — ©(B). In particular, when taking B = Z, we have
a natural mapping

na: A — Homp_g,(D(A), &p).

3.4.3. Lemma. If R is connected, n4 is bijective.

Proof. Let f : ®(A) — &,, be a group R—morphisms. Equivalently it is
given by the map f* : R[T,T~'] — R[A] of Hopf algebra. In other words, it
is determined by the function X = f(T') € R[A]* satisfying A(X) = X ® X.
Writing X =) ac A Ta€a, the relation reads as follows r,r, = 0 if a # b and
TqTq = Tq. Since the ring is connected, 0 and 1 are the only idempotents so
that r, = 0 or r, = 1. Then there exists a unique a such that r, = 1 and

ry = 0 for b # a. This shows that the map 1,4 is surjective. It is obviously
injective so we conclude that 74 is bijective. O

3.4.4. Proposition. Assume that R is connected. The above construction
induces an anti-equivalence of categories between the category of abelian
groups and that of diagonalizable R—group schemes.

Proof. It is enough to contruct the inverse map Homp_g,(D(A),D(B)) —
Hom(A, B) for abelian groups A, B. We are given a group homomorphism
f:®(A) - D(B). It induces a map

f* i Homp_gp(D(B), B,,) — Homp_g,(D(A), ,y),
hence a map B — A. O
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4. SEQUENCES OF GROUP FUNCTORS
4.1. Exactness. We say that a sequence of R—group functors
1= 5K 5F 1

is exact if for each R—algebra S, the sequence of abstract groups

15 9" m9) "W mys) > 1

is exact. Similarly we can define the exactness of a sequence 1 — F; —
o=y, — 1
If w: F — F'is a map of R-group functors, we denote by ker(w) the

R-group functor defined by ker(w)(S) = ker(F(S) — F'(S)) for each R
algebra S. Also the cokernel coker(w)(S) = coker(F(S) — F'(S)) is an
R-functor.

If w(S) is onto for each R-algebra S/R, it follows that

1 — ker(w) — F % F' — coker(w) — 1
is an exact sequence of R—group functors.
4.1.1. Lemma. Let f : & — & be a morphism of R—group schemes. Then
the R—functor ker(f) is representable by a closed subgroup scheme of &.
Proof. Indeed the carthesian product
N — &

l 7|

Spec(R) SN
does the job. ([

We can define also the cokernel of a morphism R—group schemes. But it is
very rarely representable. The simplest example is the Kummer morphism
fno i ®nr = Gpr, v — 2" for n > 2 for R = C, the field of complex
numbers. Assume that there exists an affine C—group scheme & such that
there is a four terms exact sequence of C—functors

h
1= hy, = he,, i?h@m—>h@5—>1

We denote by T” the parameter for the first &, and by T' = (T")" the pa-
rameter of the second one. Then T € &,,(R[T,T~!]) defines a non trivial
element of &(R[T,T~']) which is trivial in &(R[T’,T"""]) It is a contradic-
tion.

We provide a criterion.

4.1.2. Lemma. Let
1%@1&@2&@3—)1
be a sequence of affine R—group schemes. Then the sequence of R—functors

1= he, = he, = he, — 1
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is exact if and only if the following conditions are satisfied:
(i) u: &1 — ker(v) is an isomorphism;

(ii) v : By — B3 admits a splitting f : &3 — By as R—schemes.

4.1.3. Remark. Note that if (ii) holds, we have &5(S) = u(&1(S5)) f(&3(9))
for each R-algebra S. Let S be an R-algebra and let go € 5(S). Since
B1(S) = B2(S) — B3(9) is exact, g2 f(v(g2))~" € &1(S). We conclude
that ®2(S) = u(B1(9))f(H3(9)).

Proof. We assume that the sequence of R-functors 1 — heg, — he, —
he, — 1 is exact. We have seen that &; is the kernel of v. This shows
(7). The assertion (ii) is an avatar of Yoneda’s lemma. We consider the
surjective map ®o(R[B3]) — G3(R[®3]) and lift the identity of &3 to a map
t @ ®2(R[®3]) = Homp_scn(®3,B2). Then ¢ is an R-scheme splitting of
v: By — @3.

Conversely we assume () and (i7). Clearly hg, — heg, is a monomorphism
and hg, — he, is an epimorphism. We only have to check the exactness of
&1(S) — B5(S) — B3(S) for each S/R but it follows from (ii). O

4.1.4. Remark. (a) It is not obvious to construct examples of such exact
sequences which are not split as R—group functors. An example is the exact
sequence of Witt vectors groups over F, 0 — Wi — Wy — Wp — 0. It
provides a non split exact sequence of commutative affine [F,,—group schemes
0— 8, — Wy — 8, — 0. For other examples see [DG, I11.6].

(b) Also it is natural question to ask whether the existence of sections of
the map B2 — &3 locally over B3 is enough. It is not the case and an ex-
ample of this phenomenon is by using the R-group scheme G2 = Rc/r(®m)

N,
and its R-subgroup G3 = ker(RC /R(Gm) /AN QSm) defined by the kernel

of the norm map. Note that G comes with an involution o given by the
complex conjugation. We consider the sequence of R—group schemes

1= 6,, = Reym(®) 5 Gy — 1.

The associated sequence for real points is 1 — R* — C* — S! — 1, where
the last map is z + Z/z. For topological reasons?, there is no continuous
section of the map C* — S!. A fortiori, there is no algebraic section of
the map Rc/gr(Gm) 274, G4, On the other hand this map admits local
splittings, let us explain how it works for example on &3\ {(—1,0)}. We map

t (ﬁ—g, ﬁr—tﬂ) = (0 —1).(1 + ti) induces an isomorphism R[®3]_; o) —
R[¢, ﬁ] and defines a section of o — id on &3\ {(—1,0)}. The sequence

above is not exact in the category of R—functors.

>The induced map Z = 7(C*,1) — Z = m;(S", 1) is trivial.
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4.2. Semi-direct product. Let &/R be an affine group scheme acting on
another affine group scheme $)/R, that is we are given a morphism of R-
functors

0 : hqj — Aut(hyg).
The semi-direct product hg x? he is well defined as R—functor.

4.2.1. Lemma. hg x? hy is representable by an affine R-scheme.

Proof. We consider the affine R-scheme X = $) xp &. Then hyx = hg x? he
has a group structure so defines a group scheme structure on X. U

A nice example of this construction is the “affine group” of a f.g. projec-
tive R—module N. The R-group scheme GL(N) acts on the vector R-group
2 so that we can form the R—group scheme 2y x GL(N) of affine trans-
formations of N.

4.3. Monomorphisms of group schemes. A morphism of R—functors
f:+ F — F'is a monomorphism if f(S) : F(S) — F'(S) is injective for
each R-algebra S/R. We say that a morphism f : & — § of affine R-group
schemes is a monomorphism if A is a monomorphism. It is a monomorphism
iff the kernel R-group scheme ker(f) is the trivial group scheme.

Over a field F', we know that a monomorphism of algebraic groups is a
closed immersion [SGA3, VIp.1.4.2].

Over a DVR, it is not true in general that an open immersion (and a
fortiori a monomorphism) of group schemes of finite type is a closed immer-
sion. We consider the following example [SGA3, VIIL.7]. Assume that R is
a DVR and consider the constant group scheme $) = (Z/2Z)r. Now let &
be the open subgroup scheme of §) which is the complement of the closed
point 1 in the closed fiber. By construction & is dense in $), so that the
immersion & — $) is not closed. Raynaud constructed a more elaborated
example where $ and & are both affine over Fs[[t]] and a monomorphism
which is not an immersion [SGA3, XVI.1.1.c].

However diagonalizable groups have a wonderful behaviour with that re-
spect.

4.3.1. Proposition. Let f : ©(B) — ©(A) be a group homomorphism of
diagonalizable R—group schemes. Then the following are equivalent:

(i) f*: A— B is onto;

(ii) f is a closed immersion;

(iii) f is a monomorphism.
Proof. (i) = (ii): Then R[B] is a quotient of R[A] so that f : ®(B) —
D(A) is a closed immersion.

(#9) = (i4i): obvious.
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(#i1) = (i): We denote by By C B the image of f*. The compositum of
monomorphisms

D(B/By) — D(B) — D(By) — D(A)

is a monomorphism and is zero. It follows that ©(B/Bj) = Spec(R) and we
conclude that By = B. O

Of the same flavour, the kernel of a map f: ©(B) — D(A) is isomorphic
to D(f(A)). The case of vector groups is more subtle.

4.3.2. Proposition. Let f : Ny — Ny be a morphism of finitely generated
projective R-modules. Then the morphism of functors f, : W(Ny) — W (N3)
is a monomorphism if and only if f identifies locally N1 as a direct summand
of No. If it the case, f.:2(N1) — Q(N2) is a closed immersion.

Proof. If Ny is a direct summand of Na, the morphism f, : W(Ny) =
V(NY) — W(NNY) is a closed immersion and a fortiori a monomorphism.
Conversely we assume that f. : 20(N;) — 20(N2) is a monomorphism. To
show that N7 is a direct summand of Ny, we can assume that R is local
with maximal ideal M, so that N; and Ny are free. If f identifies locally
Nj as a direct summand of Ny, then f, identifies locally W (N7) as a direct
summand of W (N3) hence f is a monomorphism. Conversely suppose that
f« is a monomorphism. Then the map f.(R/M) : N1 ®gr R/M — N2 ®g
R/M is injective and there exists an R/M-base (W1, ..., Wy, Wyi1,-..,Wy)
of Ny ® g R/M such that (wi,...,w,) is a base of f(N1 ®r R/M). We
have w; = f(v;) for i = 1,..,7. We lift the v; in an arbitrary way in
N; and the Wy,41,...,W, in No. Then (vi,...,v,) is an R-base of N; and
(f(v1),..., f(vp), wps1,...,wy) is an R-base of Ny. We conclude that f
identifies V1 as a direct summand of Ns. O

This shows that an exact sequence 0 — N; — No — N3 — 0 of f.g.
modules with N7, Ns projective induces an exact sequence of R—functors
0— W(Ny) = W(N2) - W(N3) =0

if and only if the starting sequence splits locally.
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Affine group schemes 11

5. FLATNESS

5.1. The DVR case. Assume that R is a DV R with uniformizing param-
eter m and denote by K its field of fractions. We know that an affine scheme
X/R is flat iff it is torsion free 3; it rephrases here to require that R[X] em-
beds in K[X] [Li, cor. 2.14]. Assuming now that X/R is flat, there is a one
to one correspondence between the flat closed R-subschemes of X and the
closed K—subschemes of the generic fiber Xx [EGA4, 2.8.1]; in particular, a
flat closed R-subscheme of X is the schematic adherence of its generic fiber.

The correspondence goes as follows. In one way we take the generic fiber
and in the way around we take the schematic adherence. Let us explain the
construction in terms of rings. If Y/K is a closed K-subscheme of X/K,
it is defined by an ideal I(Y) = Ker(K[X] — K[Y]) of K[X]. The the
schematic closure ) of Y in X is defined by the ideal 1(2)) = I N R[X]. Since
1Y) @r K = I(Y), we have R(9)) ®r K = K[Y], that is 9 xgp K = Y.
Also the map R[Y)] — KIY] is injective, i.e Q) is a flat affine R—scheme.

This correspondence commutes with fibered products over R and is fonc-
torial with respect to R-morphisms X — X'. In particular, if /R is a flat
group scheme, it induces a one to one correspondence between flat closed
R-subgroup schemes of & and closed K-subgroup schemes of & x*.

We can consider the centralizer closed subgroup scheme of GLo

3={g€GL2,R | QAZAQ}

1 =

of the element A = [ 0 1

} . Then 3 xgr R/TR — GLg g and

BXRKzﬁm,KXKﬁa,KZ{[g 2}}

Then the adherence of 3x in GLo g is &, r Xr B4 R, so does not contain
the special fiber of 3. We conclude that 3 is not flat.

5.2. A necessary condition. In the above example, the geometrical fibers
were of dimension 4 and 2 respectively. It illustrates then the following
general result.

5.2.1. Theorem. [SGA3, VIp.4.3] Let /R be a flat group scheme of fi-
nite presentation. Then the dimension of the geometrical fibers is locally
constant.

3That is 0 is the only element of R[X] annihilated by a regular element (non zero-divisor)
of R.

4Warning: the fact that the schematic closure of a group scheme is a group scheme is
specific to Dedekind rings.
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5.3. Examples. Constant group schemes and diagonalizable groups schemes
are flat. If NV is a finitely generated projective R-module, the affine groups
schemes U(N) and 3(N) are flat.

5.3.1. Remark. What about the converse? If N is of finite presentation, is
it true that N is flat iff 20(V) is flat (7).

The group scheme of invertible elements of an algebra A/R f.g. projective
is flat since it is open in 2(A).

6. REPRESENTATIONS
Let & /R be an a affine group scheme.
6.0.1. Definition. A (left) R — G-module (or &-module for short) is an
R-module M equipped with a morphism of group functors
p:he — Aut(W(M)).
We say that the &—module M is faithful is p is a monomorphism.
It means that for each algebra S/R, we are given an action of &(S5)
on W(M)(S) =M ®@r S. We use again Yoneda lemma. The mapping p is

defined by the image of the universal point ( € &(R[®]) provides an element
called the coaction

cpefme(ALA1®R}ﬁ®D-:4Hmew(A4®qu®LA1®qu®D.
We denote ¢, its image in Hom gjg (M ®gr R[®], M ®p R[@]).

6.0.2. Proposition. (1) Both diagrams
M —% s M®gR[®]

C,DJ( idXA@l

cpxid

M ®g R[®¢] “— M ®p R[®] ® R[®)],
M —%% M ®pgR[6]

l /idXe*

M
commugte.
(2) Conversely, if an R-map ¢ : M — M ®pr R[®] satisfying the two rules
above, there is a unique representation p. : heg — GL(W(M)) such that
Cp = C.

A module M equipped with a R—map ¢ : M — M ®p R[®] satisfying
the two rules above is called a ®-module (and also a comodule over the
Hopf algebra R[®]). The proposition shows that it is the same to talk about
representations of & or about &-modules.
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In particular, the comultiplication R[&] — R[®] ® R[®] defines a &-
structure on the R—module R[&]. It is called the regular representation.

Proof. (1) We double the notation by putting &; = B3 = &. We consider
the following commutative diagram

G(R[61]) x &(R[B,]) L Aut(V(M))(R[&1]) x Aut(V(M))(R[S2])

l l

B(R[B1 x 63]) x B(R[B1 x 65]) 25 Aut(V(M))(R[G1 x &3]) x Aut(V(M))(R[B1 x &,])

| "|

B(R[B; x &y)) - Aut(W(M))(R[&1 x B3])
and consider the image n € &(R[B X B3]) of the couple ({1, (2) of universal
elements. Then 7 is defined by the ring homomorphism

n* : R[G] ¢ R[® x 8] — R[®; x ®s]. It provides the commutative
diagram

Co(n)

M@R[@l X (’52] —_— M®R[Q§1 X 952]

Ep,zJ( /(Ep,l
M ® R[®; x 6]

But the map M — M ®g R[6; X B4] o M ® R[B; x B9] is the compositum
M S R[®] 28 M ©p R[®] 9k R[6] = M ®r R|61] @5 R[®5]. Hence we get
the commutative square

M —%,  M®R[®]

Cp,ll idXA@l

M ® R[®1] —2%5 M ® R[®; x 65].

as desired. The other rule comes from the fact that 1 € G(R) acts trivially
on M.

(2) This follows again from Yoneda.
O

6.0.3. Example. The regular representation R[®] is faithful. Let S be an
R-ring and let g € &(S) acting trivially on S[®]. It means that fo L, = f
for each f € S[®] hence f(g9) = f(1) for each f € S[®B]. But &(S) =
Homg(S[®],S), so that ¢ = 1. This shows that the regular representation
is faithful.

A morphism of &-modules is an R-morphism f : M — M’ such that
f(S)op(g) = p'(g) o f(S) € Homg(M ®r S, M’ ®r S) for each S/R. Tt is
clear that the R—module coker(f) is equipped then with a natural structure
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of ®-module. For the kernel ker(f), we cannot proceed similarly because

the mapping ker(f) ®g S — ker(M ®p S fg) M’ ®pr S) is not necessarily

injective. One tries to use the module viewpoint by considering the following
commutative exact diagram

0 ——  ker(f) — M AN M

CPJ/ Cp/ J{
ker(f) ®p R[] —— M @ R[6] 2% M op R[6).
If & is flat, then the left bottom map is injective, and the diagram defines a
map c : ker(f) — ker(f) ®g R[®]. This map c satisfies the two compatibil-

ities and define then a B-module structure on ker(f). We have proven the
important fact.

6.0.4. Proposition. Assume that &/R is flat. Then the category of &-
modules is an abelian category.

6.1. Representations of diagonalizable group schemes. Let & = D(A)/R
be a diagonalizable group scheme. For each a € A, we can attach a character

Xa = Na(a) : ®(A) — &,, = GL1(R). It defines then a &-structure of the
R—module R. If M = @®4caM, is a A-graded R—module, the group scheme
D(A) acts diagonally on it by x, on each piece M,.

6.1.1. Proposition. The category of A—graded R-modules is equivalent to
the category of R — ®(A)-modules.

Proof. Let M be an R — ©(A)-module and consider the underlying map

c: M — M ®pr R[A]. We write ¢(m) = Y. @q(m)® e, and the first (resp.
meM
second) condition reads

©a © b = OapPa  (resp. Z 0o = idyr).
acA

Hence the ¢,’s are pairwise orthogonal projectors whose sum is the iden-
tity. Thus M = @,c4 ¢a(M) which decomposes a direct summand of
eigenspaces. ([

6.1.2. Corollary. Let 0 — My — My — M3 — 0 be an exact sequence of
R — ©(A)-modules.

(1) For each a € A, it induces an exact sequence 0 — (Mi)q — (Ma), —
(Mg)a — 0.

(2) The sequence 0 — My — My — Ms — 0 splits as sequence of R—D(A)-
modules if and only if it splits as sequence of R—modules.

Proof. (1) It follows from the proposition.
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(2) The direct sense is obvious. Conversely, let s : M3 — Mj be a splitting.
Then for each a € A, the composite (Mz), — Mz > My 2% (M), provides
the splitting of (M), — (M3)4.

O

We record also the following property.

6.1.3. Corollary. Let M be an R — &-module. Then for each S/R and for
each a € A, we have M, @ S = (M, ®r S)q.

It is also of interest to know kernels of representations.

6.1.4. Lemma. Let A% be a finite subset of A and denote by Ag the subgroup
generated by A%, We consider the representation M = @ueaR™ of & =
D(A), with ng > 1. Then the representation p : & — GL(M) factorizes as

& =9(A) = D(4y) B GL(M)

where po is a closed immersion. Furthermore ker(p) = ©(A/Ap) is a closed
subgroup scheme.

6.1.5. Remark. If R is a field, all finite dimensional representations are of
this shape, so one knows the kernel of each representation.

Proof. Consider first the case A = Ag. Then the map & — GL(M) factorizes

by the closed subgroup scheme 7' = [] &) *,. Since the map T — Ais
ac At ’
onto, the map & — [[ &]¢, is a closed immersion (Proposition 4.3.1).
ac Al ’
A composite of closed immersion being a closed immersion, p is a closed

immersion. The representation p : & — Aut(B(M)) factorizes as
& =9(A) L D(4y) B Aut(V(M))

where pg is a closed immersion. It follows that ker(p) = ker(g). This kernel
ker(q) is ®(A/Ap) and is a closed subgroup scheme of & (ibid). O

6.2. Existence of faithful finite dimensional representations. This
question is rather delicate for general groups and general rings, see [SGA3,
VIp.13] and the paper [Th] by Thomason. Over a field or a Dedekind ring,
faithful representations occur.

6.2.1. Theorem. Assume that R is a Dedekind ring. Let &/R be a flat
affine group scheme of finite type. Then there exists a faithful &-module M
which is f.g. free as R-module.

The key thing is the following fact due to Serre [Se4, §1.5, prop. 2].

6.2.2. Proposition. Assume that R is noetherian and let /R be an affine
flat group scheme. Let M be a &-module. Let N be an R-submodule of M
of finite type. Then there exists an R— &-submodule N of M which contains
N and is f.g. as R-module.
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We can now proceed to the proof of Theorem 6.2.1. We take M =
R[®] seen as the regular representation G-module, it is faithful (Exam-
ple 6.0.3). The proposition shows that M is the direct limit of the family of
®-submodules (M;);cr which are f.g. as R-modules. The M; are torsion—free
so are flats. Hence the M, are projective.

We look at the kernel OM;/R of the representation & — GL(M;). The
regular representation is faithful and its kernel is the intersection of the
;. Since & is a noetherian scheme, there is an index ¢ such that 91, = 1.
In other words, the representation & — GL(M;) is faithful. Now M; is a
direct summand of a free module R", i.e. R" = M; & M. It provides a
representation & — GL(M;) — GL(M; & M/) which is faithful and such
that the underlying module is free.

An alternative proof is §1.4.5 of [BT2] which shows that the provided
representation & — GL(M) is actually a closed immersion. This occurs as
special case of the following result.

6.2.3. Theorem. (Raynaud-Gabber [SGA3, V15.13.2]) Assume that R is a
reqular noetherian ring of dimension < 2. Let &/R be a flat affine group
scheme of finite type. Then there exists a &-module M isomorphic to R" as
R-module such that ppr: & — GL,(R) is a closed immersion.

6.3. Hochschild cohomology. We assume that & is flat. If M is a &—
module, we consider the R-module of invariants M® defined by

M@:{meM \m®1:c(m)€M®RR[Q§]}.

It is the largest trivial ®-submodules of M and we have also M® = Homg (R, M).
We can then mimick the theory of cohomology of groups.

6.3.1. Lemma. The category of R — &-modules has enough injective.

We shall use the following extrem case of induction, see [J, §2, 3] for the
general theory.

6.3.2. Lemma. Let N be an R-module. Then for each &-module M the
mapping

¢ : Homg (M, N ®g R[®]) — Homp(M, N),
given by taking the composition with the augmentation map, is an isomor-
phism.

Proof. We define first the converse map. We are given an R-map fo: M —
N and consider the following diagram

M M. MepRe 224 NegR[6)]

C]Ml idxAGJ( idxAGJ(

M ®p R[6] %% A @p R[] 9 RG] L22% N o R[6] 9 R[8).
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The right square commutes obviously and the left square commutes since M
is a ®-module. It defines then a map f : M — N ®p R[B] of B-modules. By
construction we have ¥(f) = fo. In the way around we are given a &—map
h: M — N ®g R[®] and denote by hg : M — N ®pr R[&] - N — 0. We
consider the following commutative diagram

M -5  NogR[®]

CMJ( idXA@l

M &g R[] 224 N g R[6] ®r R[]

‘| |

M M) N ®r @rR[S].

The vertical maps are the identities so we conclude that h = hg ® id as
desired. (]

6.3.3. Remark. If M is a &-module we denote by My, the underlying R—
module seen as trivial R—&-module. We claim that M ® p R[®] is isomorphic
to My, @ R[®]. Indeed for each R-module M’, we have an is isomorphism
Homg(M', M ®p R[®]) — Hompg(M', M) = Hompg(M’, My,). Therefore
M ®pr R[®] satisfies the same universal property than M, ® R[®]| and we
conclude that those two &—modules are isomorphic.

We can proceed to the proof of Lemma 6.3.1.

Proof. The argument is similar as Godement’s one in the case of sheaves.
Let M be a &-—module and let us embed the R—module M in some injective
module I. Then we consider the following injective &-map

M X% M @g R[®] — I @r R[B] — I, @r R[S]

where we use Remark 6.3.3. We claim that I}, ®pg R[®] is an injective &-
module. We consider a diagram

0 —— N N

/|
Itr ®R R[Qj]
From Frobenius reciprocity, we have the following

Home (N', I,y @5 R[®]) —— Home (N, Iy @5 R[®])

| |

i*

Homp(N', I.) —_— Homg (N, Ihy).

Since I, is an injective R—module, the bottom map is onto. Thus f extends
to a G-map N’ — I;, ®r R[&]. O
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We can then take the right derived functors of the left exact functor
R—&—mod — R—Mod, M — M® = HJ(&, M). It defines the Hochschild
cohomology groups H}(®,M). If 0 — M; — My — Mz — 0 is an exact
sequence of B—modules, we have the long exact sequence

o= HY(6, M) — H(®, My) — Hy(®, My) % HIFY(S, M) — ...
6.3.4. Lemma. Let M be an R[®]-module. Then M @pr R[®] is acyclic, i.e.
satisfies
Hi(®B, M ®r R[®) =0  Vi>1.

Proof. We embed the M in an injective R-module I and put @Q = I /M. The
sequence of G-modules

0= M®®rR[®] = 1Rr RG] - Qo R[® —0

is exact. We have seen that /@ R[®] is injective, so that H} (6, I@rR[S]) =
0 for each ¢ > 0. The long exact sequence induces an exact sequence

Homg (R, I @ R[®]) —— Homg(R,Q ®g R[&]) —— H} (&, M @ R[®]) =0

=| =|

1 R — Q —_— 0.

Therefore H} (&, M ®r R[®]) = 0. The isomorphisms H{ (&, Qg R[&]) —
H*Y(e, M ®g R[®]) permits to use the standard shifting argument to con-
clude that H'*t!1(®, M ®p R[®]) = 0 for each i > 0. O

As in the usual group cohomology, these groups can be computed by the
bar resolution

.-+ — R[] - R[®?] — R[&] - R — 0.

This provides a description of H}(&, M) in terms of cocycles, see [DG, 11.3]
for details. A n—cocycle (resp. a boundary) in this setting is the data of
a n-cocycle ¢(S) € Z™(&(S), M @i S) in the usual sense and which agree
with base changes.

6.3.5. Remark. In particular, there is a natural map Z"(&, M) — Z"(B(R), M).

If & =I'p is finite constant, this map induces an isomophism Hj(I', M) —
Hi(I', M) (see DG, I11.3.4]).

We can state an important vanishing statement.

6.3.6. Theorem. Let & = D(A) be a diagonalizable group scheme. Then
for each &-module M, we have H'(&, M) =0 for each i > 1.

Proof. According to Corollary 6.1.2, the &-module M is a direct summand
of the flasque &-module M ®pr R[®]. Hence M is flasque as well. O
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6.4. First Hochschild cohomology group. We just focus on H! and H?.
Then

Hy(®, M) = Zy(®, M) /By (8, M)
are given by equivalence of Hochshild 1-cocycles. More precisely, a 1-cocycle
(or crossed homomorphism) is an R—functor

zZ: hgj — W(M )
which satisfies the following rule for each algebra S/R

2(9192) = 2(91) + g1-2(g2) ¥V 91,92 € &(S).
The coboundaries are of the shape g.m®1 — m® 1 for m € M. As in the
classical case, crossed homomorphisms arise from sections of the morphism
of R—group functors V(M) x & — & and H{(®, M) is nothing but the set
of M—conjugacy classes of those sections.

6.5. H? and group extensions. A 2-cocycle for & and M is the data for
each S/R of a 2-cocycle f(S5) : &(S) x &(S) - M ®pr S in a compatible
way. It satisfies the rule

91 - f(92,93) — f(9192,93) + f(91,9293) — f(g1,92) =0

for each S/R and each g1, g2, g3 € &(S). The 2-cocycle ¢ is normalized if it
satifies furthermore the rule

flg,1) = f(1,9) =0.
each S/R and each g € &(S). Up to add a coboundary, we can always deal
with normalized cocycles. The link in the usual theory between normalized
classes and group extensions [We, §6.6] extends mecanically. Given a nor-

malized Hochshild cocycle ¢ € Z2(&, M), we can define the following group
law on the R—functor V(M) x & by

(m1,91).ma2,g2) = (ml +g1.m2 +c(g1,92), 91 92)

for each S/R and each m € M ®pr S and g € &(S). In other words,
we defined a group extension Ef of R-functors in groups of hg by V(M).
Now we denote by Extr_ functor (&, V(M)) the abelian group of classes of
extensions (equipped with the Baer sum) of R-group functors of hg by
V(M) with the given action hg — GL(V (M)).

The O is the class of the semi-direct product V(M) x hg. As in the
classical case, it provides a nice description of the H?2.

6.5.1. Theorem. [DG, 11.3.2] The construction above induces a group iso-
morphism Hg(@, M) Extr— functor (®, V (M)).

As consequence of the vanishing theorem 6.3.6, we get the following

6.5.2. Corollary. Let A be an abelian group and let M be a ©(A)-module.
Let 0 — V(M) — F — ©(A) — 1 be a group R-functor extension. Then
F is the semi-direct product of ®(A) by V(M) and all sections are M -
conjugated.
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6.6. Linearly reductive algebraic groups. Let k be a field and let G/k
be an affine algebraic group. Recall that a £ — G—module V is simple if 0
and V are its only G-submodules. Note that simple k — G-module are finite
dimensional according to Proposition 6.2.2. A k — G—module is semisimple
if it is a direct summand of its simple submodule.

6.6.1. Definition. The k—group & is linearly reductive if each finite dimen-
sitonal representation of & is semisimple.

We have seen that diagonalizable groups are linearly reductive. An im-
portant point is that this notion is stable by base change and is geometrical,
namely G is linearly reductive iff G x, k is linearly reductive (see [Mg, prop.
3.2]). As in for the case of diagonalizable groups, we have the following
vanishing statement.

6.6.2. Theorem. Assume that the affine algebraic group G/k is linearly
reductive. Then for each representation V' of G, we have Hi(G, V') for each
i > 0.

6.6.3. Corollary. Each extension of group functors of G by a vector algebraic
group splits. Furthermore G(k) acts transitively on the sections.

By using a similar method (involving sheaves), Demarche gave a proof of
the following classical result [De].

6.6.4. Theorem. (Mostow [Mo]) Assume that char(k) = 0 and let G/k be
a linearly reductive group and let U/k be a split unipotent k-group. Then
each extension of algebraic groups of G by U is split and the sections are
conjugated under U (k).

The smooth connected linearly reductive groups are the reductive groups
in characteristic zero and only the tori in positive characteristic (Nagata,
see [DG, 1V.3.3.6]).
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Lie algebras, lifting tori

7. WEIL RESTRICTION

We are given the following equation 22 = 1 + 2i in C. A standard way
to solve it is to write z = x + iy with z,y € R. It provides then two real
equations 22 — 42 = 1 and zy = 1. We can abstract this method for affine
schemes and for functors.

We are given a ring extension S/R or j: R — S. Since a S-algebra is an
R-algebra, an R-functor F' defines an S-functor denoted by Fs and called the
scalar extension of F' to S. For each S—algebra S’, we have Fg(S") = F(5’).
If X is an R-scheme, we have (hx)s = hxxps-

Now we consider a S—functor £ and define its Weil restriction to S/R

denoted by [] E by
S/R

(H E) (R)) = E(R ®r S)
S/R
for each R-algebra R’. We note the two following functorial facts.

(I) For an R-map or rings u : S — T, we have a natural map

For other functorial properties, see appendix A.5 of [CGP].

At this stage, it is of interest to discuss the example of vector group
functors. Let N be an R—module. We denote by j. /N the scalar restriction
of N from S to R [Bbkl, §I1.1.13]. The module j,N is N equipped with
the R—module structure induced by the map j : R — S. It satifies the
adjunction property Hompg(M, j.N) — Homg(M ®r S, N) (ibid, §I11.5.2).
7.0.1. Lemma. (1) [ V(N) — V(j<N).

S/R

(2) If N is f.g. projective and S/R is finite and locally free, then [ W(N)
S/R
is representable by the vector group scheme 20(j.N).

For a more general statement, see [SGA3, 1.6.6].

Proof. (1) For each R-algebra R’, we have

(TI W) (R) = W(N)(R@rS) = Nos(R'ErS) = j.NorR = W(j.N)(R).

S/R
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(2) The assumptions implies that j,N is f.g. over R, hence W(j.N) is
representable by the vector R—group scheme 20(j. V). O

If F is an R-functor, we have for each R'/R a natural map
ne(R): F(R) = F(R ©r 8) = Fs(R 25 ) = (T Fs) (R);
S/R

it defines a natural mapping of R—functor np : F' — ][] Fs. For each
S/R
S—functor E, it permits to defines a map

¢ : HomS—functor(F57 E) - HomR—functor (F, H E)
S/R

by applying a S—functor map g : Fg — E to the composition

Mg
F% I ™% []E
S/R S/R

7.0.2. Lemma. The map ¢ s bijective.

Proof. We apply the compatibility with R’ = Sy = 5. The map S — S®prSs
is split by the codiagonal map V : S ®g S9 — 5,51 ® s3 — s152. Then we
can consider the map

~ V*
0y : (H E)Sz = I Bsenss & [[E=E
S/R S®RS2/S52 S/8

This map permits to construct the inverse map 1 of ¢ as follows

W(h): Fs 'S (HE) 5 g
Sa
S/R
for each | € Hompg_ tynctor (F 1 E) By construction, the maps ¢ and v
S/R
are inverse of each other. O

In conclusion, the Weil restriction from S to R is then right adjoint to
the functor of scalar extension from R to S.

7.0.3. Proposition. Let )/S be an affine scheme of finite type (resp. of
finite presentation). Then the functor HS/R hy) is representable by an affine

scheme of finite type (finite presentation).

Again, it is a special case of a much more general statement, see [BLR,
§7.6).

Proof. The R-functor [[g g hy is a Zariski sheaf. According to Lemma
2.2.2, up to localize for the Zariski topology, we can assume that S is free
over R, namely S = @©;—1, 4 Rw;. We see Q) as a closed subscheme of some
affine space A%, that is given by a system of equations (Py)aer with P, €
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S[t1,...,t,). Then [T hg is a subfunctor of [ W(S™) = W (j.(S™)) —
S/R S/R
W (R™) by Lemma 7.0.1. For each I, we write

Poc( Y o > Y Y yn,i) = Qaiwi + + Qo wr
d d

i=1,.., i=1,.., i=1,..,d

with Qai € R[yes1i=1,...d;k =1,...,n]. Then for each R'/R, (H h@>(R’)
S/R

inside R"™ is the locus of the zeros of the polynomials (), ;. Hence this func-

tor is representable by an affine R-scheme X of finite type. Furthermore, if Q)

is of finite presentation, we can take [ finite so that X is of finite presentation

too. U

In conclusion, if /S is an affine group scheme of finite type, then the R—-

group functor [] hg is representable by an R-affine group scheme of finite
S/R
type. There are two basic examples of Weil restrictions.

(a) The case of a finite separable field extension k’/k (or more generally
an étale k-algebra). Given an affine algebraic k’-group G’/k’, we associate
the affine algebraic k-group G'= [] G’ which is often denoted by Ry /;(G),

k' Jk
see [Vo, §3. 12]. In that case, Ry /x(G) X ks — (G%S)d. In particular, the
dimension of G is [k : k] dimy (G'); the Weil restriction of a finite algebraic
group is a finite group.

(b) The case where S = k[e] is the ring of dual numbers which is of very
different nature. For example the quotient k-group [[ (&,,)/®,, is the
kle]/k
additive k-group. Also if p = char(k) >0, [] (g is of dimension 1.
klel/k
Let us give an application of Weil restriction.

7.0.4. Proposition. Let & /R be an affine group scheme. Assume that there
exists a finite locally free extension S/R such that & xg S admits a faithful
representation N f.g. locally free as S—module. Then & admits a faithful
representation M which is f.g. locally free as R—module.

Proof. Let p: ® xrp S — GL(IV) be a faithful S-representation and denote
by M/R the restriction of N from S to R. We consider then the R—-map

I1 »
& [[6xrs™S J]GL(N) - GL(M)
S/R S/R
It is a composite of monomorphisms, hence a monomorphism. U

7.0.5. Remark. It is natural to ask whether the functor of scalar extension

from R to S admits a left adjoint. It is the case and we denote by | | F this
S/R
left adjoint functor, see [DG, §1.1.6]. It is called the Grothendieck restriction.
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If p: S — Ris an R-ring section of j, it defines a structure R? of S-

ring. We have || £ = || E(R’). If E = hy for a S-scheme ), || 9
S/R p:S—R S/R
is representable by the R—scheme 2). This is simply the following R-scheme

) — Spec(S) £ Spec(R).

8. TANGENT SPACES AND LIE ALGEBRAS

8.1. Tangent spaces. We are given an affine R—scheme X = Spec(A).
Given a point z € X(R), it defines an ideal I(z) = ker(A 2% R) and de-
fines an A-structure on R denoted R*. We denote by R[e] = R[t]/t? the
ring of R-dual numbers. We claim that we have a natural exact sequence of
pointed set

1 — Dera(4,R®) —=—  X(R[]) —— X(R)—>1

I
Homp (A, R[e]).

where the base points are x € X(R) C X(R[e]). The map i, applies a
derivation D to the map f +— s,(f) 4+ e D(f). It is a ring homomorphism
since for f,g € A we have

ix(f9) = sz(fg)+eD(fg)
= $:(f)s2(9) + € D(f) s:(g) + es(f) D(g) [derivation rule]
= (sa(f) +eD(f)) - (s:(9) +€D(g)) [ =0].
Conversely, one sees that a map u: A — Rle], f — u(f) = sz(f) +ev(f)
is a ring homomorphism iff v € Der4 (A, R”).

8.1.1. Remark. The geometric interpretation of Der 4(A, R”) is the tangent
space at x of the scheme X/R (see [Sp, 4.1.3]). Note there is no need of
smoothness assumption to deal with that.

We have a natural A-map
Hom g _oq(I(x)/I%(x), R*) — Dera(A, R%);

it maps a A-map [ : I(z)/I*(z) — R to the derivation D; : A — R,
f = Di(f) = I(f — f(z)). This map is clearly injective but is split by
mapping a derivation D € Der4 (A, R”) to its restriction on (z). Hence the
map above is an isomorphism. Furthermore I(z)/I%(z) is an R®module
hence the forgetful map

Hom A _moq(I(x)/I1%(x), R) = Homp_meq(I(x)/I*(x), R)

is an isomorphism. We conclude that we have the fundamental exact se-
quence of pointed sets

1 —— (I(z)/1%(x))" —=— X(R[) — X(R) = L.
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We record that the R-module structure on I(x)/I(x)? is induced by the
change of variable ¢ +— Ae. This construction behaves well with fibred
products.

8.1.2. Lemma. Let9Q) = Spec(B) be an affine R—scheme andy € Y(R). The
dual of the R-module map v : I(z)/I*(z) ® I(y)/I*(y) — I(z,y)/I*(x,y) is
an isomorphism and fits in the following commutative diagram

Ty Xiy

L —— (I(2)/(2))" & (I(y) /()" X(R[e]) x D(R[e]) —— X(R) xY(R) =1

e I |

1 — (I(z,9)/ 122, 1)) " L0y (2 xg D)(RE) —— (X xpD)(R) - 1.
commutes.

We note that an R-module, I(x) is a direct summand of R[X]. If we

consider an R-ring S, il follows that I(x) ®g S is the kernel of R[X] 8id g,
In conclusion, we have then defined a (split) exact sequence of pointed R—
functors

1 —— B(I(2)/1(z)?) —== T[] Xgq x 1.
R[€]/R

If X/R is smooth of dimension d (see appendix ), I(x)/I(x)? is locally free
of rank d, so that U(I(z)/I(z)?) = W (I(x)/I(x)?) is a nice vector R—group-
scheme.

8.2. Lie algebras. Now &/R is an affine group scheme. We denote by
Lie(®)(R) the tangent space at the origin 1 € &(R). This is the dual of
I/1? where I C R[®] is the kernel of the augmentation ideal. We define the
“Lie algebra of &” vector R—group scheme by

Lie(®) = U(I/I?).
It fits in the sequence
0 —— Lie(®)(R) —— &(R[e]) —— &(R) > 1
X —  exp(eX)

which is a split exact of abstract groups where Lie(®)(R) is equipped with
the induced group law.

8.2.1. Lemma. That induced group law is the additive law on Lie(®)(R),
namely exp(eX + €Y) = exp(eX) . exp(eY) for each X,Y € Lie(®)(R).
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Proof. We apply Lemma 8.1.2 and use the product map m : & xp & — &
to construct the following commutative diagram

1 —— (1/1?)" @ (1/1%)" EPXP B(Rle]) x 6(Rle)) —— B(R) x B(R) — 1

= | |

1 —— (I(® x5 8)/1(6 xp 6)?)" —rrs,

- g g

1 — (1/12)" N &(R[e]) —— B(R)— 1.

Since the composite & XE B x 7 ® 3 & is the identity, the composite map
(1/12)" 50 (1/12)" @ (1/12)" — (I1/1%)" is the identity. Tt is the same for
the second summand, so we conclude that that the left vertical composite
map is the addition. O

8.2.2. Remark. The natural map Lie(®)(R)®pr S — Lie(®)(.5) is not bijec-
tive in general. It is the case if I/I? is a projective R-module of finite type,
and in particular if & is smooth over R. The condition “f.g. projective” is
actually necessary for having this property in general, see [DG, 11.4.4].

8.2.3. Example. Let M be an R-module and consider the R-vector group
scheme U(M). For each S/R, we have

B(M)(S[e]) = Homgy (M @ S[e], S[e]) = Homr(M, S[e]) = B(M)*(S),
hence an R-isomorphism U (M) = Lie(B(M))(R).

The exact sequence defines an action of &(R) on Lie(®)(R) and actually
a representation Ad : & — Aut(Lie(®)) = Aut(B(I/I?)). Tt is called the
adjoint representation and denoted by Ad.

8.2.4. Remark. If I/I? is f.g. projective then U(I/I1?) = 25((I/I1?)"ee) and
then (I/I%)e is an R — &-module.

Denoting by s : &(R) — &(R[e]) the section, we have
Ad(g) exp(eX) = s(g) exp(eX) s(g™") € G(R]e]).

If f:® — $ is a morphism of affine R-group schemes, we have a map
Lie(f) : Lie(®) — Lie($)) of R-vector groups and the commutativity prop-

erty f(exp(eX)) = exp(e.Lie(f)(X)).

8.2.5. Lemma. Let M be a f.g. projective R-module and put & = GL(M).
Then Endr(M) = Lie(®)(R) and the adjoint action is

Ad(g). X =gXg L.

(@ XR @)(R[G]) E— (@ XR QS)(R) — 1.
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Proof. The R—group scheme & is open in W(Endg(M)) so that the tangent
space at 1 in & is the same than in W (Endgr(M)). By example 8.2.3, we
get then an R-isomorphism Endg(M) — Lie(®)(R). We perform now the
computation of Ad(g) exp(eX) in &(R[e]) C Endr(M) @r R[e]. We have
Ad(g) exp(eX) =g (Id+eX)g ' =Id+ egXg" =exp(eg X g7 ). O

More generally, we can define the Lie algebra R—functor of a group R-
functor F' by putting

Lie(F)(S) = ker (F(S[e]) = F(S)).

It is a subgroup equipped with a map S x Lie(F')(S) — Lie(F)(S) coming
from the base change € — Ae. Also there is an adjoint action of the R-
functor F' on Lie(F'). In that generality, we are actually mainly interested
in the following examples.

8.2.6. Lemma. (1) Let M be a R-module. Then W (M) — Lie(W (M))
and Endg(M ®g S) — Lie(GL(W (M))(S) for each S/R.

(2) Let N be an R—-module. Then Endg(V(N)(S)) — Lie(GL(V(N))(S)
for each S/R.

Proof. (1) The first thing is similar as example 8.2.3. For each S/R, we have
indeed a split exact sequence of abstract groups

0 —— Ends(M ®r S) —— GL(W(M))(R[e]) —— GL(M)(R) —— 1.
f > Id+ef
(2) The proof is the same. O

We come back to the case of the affine R-group &. We see the adjoint
representation as a morphism of R—group functors

Ad: & — GL(Lie(®)) = GL(D(I/I?))

By applying the Lie functor, it induces then a morphism of vector R-group
schemes

ad : Lie(®) — Lie (GL(%(I/IQ))>.
For each S/R, we have then an S—map
ad(S) : Lie(®)(S) — Lie(GL(m(I/ﬂ))) (S) = Endg(Lie(®)(S)).
For each X,Y € Lie(®)(S), we denote by
[X,Y] =ad(S)(X). Y € Lie(&)(S5)
the Lie bracket of X and Y.

8.2.7. Lemma. (1) Let f : & — $) be a morphism of affine R—group schemes.
For each X,Y € Lie(®)(R), we have

Lie(f).[X,Y] = [Lie(f). X, Lie(f).Y] € Lie(&)(R).
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(2) In the case & = GL(M) with M f.g. projective, the Lie bracket Endg (M) x
Endr(M) — Endr(M) reads [X,Y] = XY - Y X.

Proof. (1) Up to replace f by id x f: & — & x £, we may assume that f
is a monomorphism. It follows that the R-functor Lie(f) : Lie(®) — Lie($)
is a monomorphism. We consider the following diagram of R—groups

Ade

& GL(Lie(®))

foAdy T

; GL(Lie($), Lie(8))

|

2 GL(Lie(9)).

We derive it and get

Lie(®)

End(Lie(&))

Lie(f)  End(Lie($)), Lie(®))

|

End(Lie(§))

Lie($)

whence the desired compatibility.
(2) We consider the adjoint representation Ad(R) : GL(M)(R) — GL(Endg(M))(R)
known to be Ad(g).X = gXg~!. We consider Ad(R]e]) : GL(M)(Rle]) —
GL(Endr(M))(R]e]); for X,Y € Endg(M) we compute inside (Endg(M))(R[e])
using Lemma 8.2.5
Ad(R[e])(exp(eX)).Y = (1+eX)Y(1+eX)™?

= (14 eX)Y(1—€eX)

= Y +e(XY -YX)
We conclude that [X,Y] = XY — Y X. O
8.2.8. Proposition. The Lie bracket defines a Lie R-algebra structure on
the R—module Lie(®)(R), that is
(i) the bracket is R-bilinear and alternating;
(i1) (Jacobi identity) For each X,Y,Z € Lie(®)(R), we have

(XY, Z]] + [Z,[X, Y]]+ [V, [Z, X]] = 0.

We give here a short non orthodox proof specific to affine group schemes;
for a more general setting, see [DG, 11.4.4.3] and [SGA3, Exp. II].
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Proof. Let us start with the case where & admits a faithful representa-
tion in GL(R™). Then the R-map Lie(®) — Lie(GL(M)) is a monomor-
phism. From Lemma 8.2.7, it is then enough to check it for the linear group
GL,. That case is straightforward, we have Lie(GL,,)(R) = M,(R) and the
bracket is [X,Y] = XY — XY (lemma 8.2.7).

For handling the general case, we consider a faithful &-module M, e.g.
the regular representation. Generalizing the previous strategy, it lasts to

study the case of the R—group functors GL(W (M)) where Lie(GL(W (M)))(R)

Endr(M). One needs to define the Lie bracket on Endr (M) and identify it
as XY —YX.. g

8.2.9. Remark. If j : R — S is a finite locally free morphism and /S a
group scheme over S, it is a natural question to determine the Lie algebra
of &. It is done in [CGP, A.7.6]. and we have Lie(®) = j.Lie()), that is
Lie(&)(R') = Lie(9)(S ®g R') for each R'/R.

8.2.10. Examples. If k is a field of characteristic p > 0, Lie(u,) (k) = k with
trivial Lie structure.

8.3. More infinitesimal properties. Our goal is to generalize the exact
sequences of §8.1. Let X = Spec(A) be an affine scheme. Let C' be an R-ring
equipped equipped with an ideal J satisfying J2 = 0. Let x € X(C). We
denote by T the image of z in X(C/J). We put I(z) = ker(C[X] — C). We
claim that we have an exact sequence of pointeds sets

1 —— Home_moa(I(z)/I2(z),J) —2— X(C) —— X(C/J)

l — x

pointed at 0, x and Z. More precisely, the point x; is defined by the morphism

of rings
Sa

Clx] —— C

fooom fl)+U(f - f).
It extends indeed the case of §8.1 when taking C' = R[e] and J = eR[e]. Let
us check that the mapping is well defined. The only thing is the multiplica-
tivity. Given f, g € C[X], we compute

(f9)(@) +1(fg— (fo)(x)) = [f(x)g(z)+I(fg— f(2)g(x))
= f(@)g(@) +1(f(g—g(x)) + (f = f(2))g(z))
= f(@)g(z)+ f(z) (g — g(

x

x

) +g(@) I(f = f(2))

[l is an R-map]

(f(@)+1(f = (@) (9(x) +1(g —g(x))) [J*=0].

Conversely if s : C[X] — C' is a ring homomorphism which coincide modulo
I, we sput I5(f) = s(f) for each f € I. Then [; is C*-linear and satisfies
Is(I%) = 0.

If X/R is smooth of relative dimension d, I/I? is locally free of rank d.
Also the map X(C) — X(C/J) is onto (theorem 20.0.2).
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If C'/C is a ring extension, putting J' = J@rC’ and® I'(z) = I(z)®g R/,
we have then an isomorphism [Bbk1, §I1.5.3, prop. 7]

~

Home —_moa(1(z)/I3(), J) ®r C" 5 Homes —moa(I'(2) /1% (x), J").
In this case we have then an exact sequence of C-functors

1 —— WM) —=2 Xc [T Xc—1
clJ

where M = Hom¢_ymoq(I(x)/I%(x), J).
9. FIXED POINTS OF DIAGONALIZABLE GROUPS

9.1. Representatibility.

9.1.1. Proposition. Let X be an affine R-scheme equipped with an action
of a diagonalizable group scheme & /R = ©D(A). Then the R—functor of fixed
points F defined by

F@j:{xexw)|awﬂwy=xg\ﬁvs}
is representable by a closed subscheme of X.

It is denoted by X® /R. The proof below is inspired by [CGP, Lemma
2.1.4].

Proof. The R-module R[X] decomposes in eigenspaces @, 4 R[X].. We
denote by J C R[X] the ideal generated by the R[X], for a running over
A\ {0}. We denote by 9 the closed subscheme of X defined by J. Since J
is a ©(A)-submodule of R[X], R[] is ©(A)-module with trivial structure.
Hence the R-map hg) — hx factorizes by F', and we have a monomorphism
hg — F. Again by Yoneda, we have

F(R) = {z € X(R) | Cone) = wnpe) |

where ( € B(R[®]) stands for the universal element of &. Let x € F(R)
and denote by s, : R[6] — R the underlying map. Then the fact (zpe) =
TR € X(R[B]) translates as follows

R[X¥] —— R[X] ®g R[4]

Sz J/ Sz ®Zdl

R —— R[A]

r — T.
If f € R[X]a, a # 0, we have ¢(f) = f ® e, which maps then to f(z) ® e, =
f(z). Therefore f(x) = 0. It follows that J C ker(s), that is x defines
an R-point of Y(R). The same holds for any S/R, hence we conclude that
hy = F. O

5Again we use that I is a direct summand of the R-module R[X].
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9.2. Smoothness of the fixed point locus.

9.2.1. Theorem. Assume that R is noetherian. Let X/R be an affine smooth
R—-scheme equipped with an action of the diagonalizable group scheme & =
D(A). Then the scheme of fized points X® /R is smooth.

For more general statements, see [SGA3, XI1.9.6], [CGP, A.8.10] and [De,
th. 5.4.4].

9.2.2. Corollary. Assume that R is noetherian. Let $)/R be an affine smooth
group scheme equipped with an action of the diagonalizable group scheme
® = D(A). Then the centralizer subgroup scheme $H® is smooth.

We proceed to the proof of Theorem 9.2.1.

Proof. Since R is noetherian, the closed affine subscheme X® of X is of finite
presentation. According to Theorem 20.0.2, it is enough to show that X®
is formally smooth. We are given an R-ring C equipped with an ideal J
satisfying J2 = 0. We want to show that the map X®(C) — X®(C/J) is
surjective. We start then with a point z € X®(C/J). Since X is smooth, Z
lifts to a point x € X(C'). We denote by I(x) C C[X] the ideal of the regular
functions vanishing at x. According to §8.3, we have an exact sequence of
pointed C-functors

1 —— WM) —= x¢ I Xc/s — 1.
c/J

where M = Home _moq(I(z)/1?(),J). Since X¢ is equipped with an action
of ¢, it induces an action on Q0(M). In other words, M comes equipped
with a &c—module structure. For each g € &(C), we have g2 = §.T =T
since T is ®B-invariant. Hence g.x = iz(c(g)) = x+c(g) for a unique c¢(g) € M.
Now we take g1, g2 € B(C) and compute

g1-(92.7) = g1 (x +c(g2)) = g1-7 + g1.c(g2) = = + (c(g1) + g1-¢(g2))-

By unicity, we have the 1-cocycle formula ¢(g192) = ¢(g1) + ¢g1.¢(g2) € M for
We can do the same for each C-ring C’ and obtain then a 1-cocycle for the
Hochschild cohomology. Since H (&, M) = 0 (theorem 6.3.6), there exists
m € M such that ¢(g) = g.m —m for each C'/C and each g € G(C'). It
means exactly that the point i(m) € X(R) is &-invariant. It maps to 7, so
we conclude that X®(€) — X®(C/J) is onto. O

9.2.3. Remark. If z € X(R), the tangent space at = of X% is
Tys , = HQ(®, T z).

10. LIFTING HOMOMORPHISMS

10.1. Rigidity principle. Let & = ©(A)/R be a diagonalizable group
scheme. The following fact illustrates the “rigidity” of &.
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10.1.1. Lemma. Let I be a nilpotent ideal of R.
(1) Let M be an R — B-module. Then M is a trivial R — &-module if and
only if M ®@r R/I is a trivial R/I — &g r-module.

(2) Assume that & acts on an affine R—scheme X. Then & acts trivially on
X if and only if & xr R/I acts trivially on X xg R/I.

Proof. (1) The direct way is obvious. Conversely, we assume that M ®p R/I
is a trivial R/I — &g -module. We have My/IMy = (M ®r R/I)o =
(M ®g R/I) by Corollary 6.1.3. By the nilpotent Nakayama lemma [Sta,
18.1.11], the map My — M is onto hence an isomorphism.

(2) We apply (1) to the &-module R[X].

Here is a variation on the same theme not used in the sequel.

10.1.2. Lemma. Let I be a nilpotent ideal of R.

(1) Let M, M' be two R— &-modules which are projective R—modules. Then
M =5 M’ as &-modules if and only if the G r/r-modules M ®@p R/I and
M' ®gr R/I are isomorphic.

(2) Assume that & acts on an affine R-scheme X in two ways u,v : & —
Aut(X). Assume that R[X] is projective. Thenu = v if and only ifu xg R/I =
V XR R/[

Proof. (1) The direct way is obvious. In the way around, we fix an isomor-
phism f : M ®@g I/M — M’ ®g I/M of R/I — &-modules. Let a € A.
Then M, and M. are projective. We have M, ® R/I — M/ ® R/I hence
this map lifts in an isomorphism fa : M, — M/ by the Nakayama fact
below. By summing up the M/s, we get and isomorphism of &-modules
M = M.
(2) We apply (1) to M = R[X].

O

10.1.3. Lemma. Let I be a nilpotent ideal of R. Let M, M’ be projective R-
modules. Then M and M’ are isomorphic if and only if M/IM and M'/IM’
are isomorphic.

Proof. The direct way is obvious. Conversely, we are given an isomorphism
f:M/IM = M'/IM’. Since M is projective the map M — M ® R/I ER
M' ® R/I lifts to a map f* : M — M’. In the other hand, f~' lifts
in a morphism fT : M’ — M. By construction fo f# = idy + h with
h € Endg(M) and h(M) C IM. Then h is nilpotent so fT o f* is invertible
in Endg(M). Similarly f*o T is invertible in Endg(M’), so we conclude
that f is an isomorphism. O

The next statement also illustrates the rigidity principle.
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10.1.4. Theorem. [SGA3, §IX.6] We assume that A is finitely generated.
Let f : & — $ be a finitely presented group homomorphism to an affine
R—group scheme $ of finite presentation. Let x € Spec(R) be a point such
that the homomorphism fy @ &) — Np(e) 18 @ monomorphism. Then there
exists a Zariski neighbourhood Spec(R') of Spec(R) of x such that fr is a
monomorphism.

We present an alternative proof.

Proof. We can assume that R is the local ring at z. We denote by & = ker(f).
From §4.3, we have to show that 8z = 1. Our hypothesis reads K, = 1.

First case: $/R admits a faithful linear representation. We have then only
to deal with the case of $) = GLg4, that is with a &-module M such that
M = R¢ such that the associated representation p, is a monomorphism.
Denote by A? the (finite set) of weights of Pr(z)- According to Lemma 6.1.4,
A? spans the abelian group A. For a € Af, M, is a non-zero module which
is projective since it is a direct summand of the free module M = R¢. By

Nakayama lemma, M’ := @ M, is isomorphic to M so that ker(pys) = 1.
ac At

General case. We shall show that £ is proper by using the valuative criterion.
Let A/R be a valuation ring and denote by F' its fraction field. The point
is that 4 admits a faithful representation (th. 6.2.1). Also the closed
point of Spec(A) maps to the closed point of Spec(R) so that 84 = 1 by
the first case. Therefore R(A) = R(F) and R is proper. Since £ is affine,
R is finite over R [Li, 3.17]. Hence R[£] is a finite R-algebra such that
R/M, — R[R]/M, R[A]. The Nakayama lemma [Sta, 18.1.11.(6)] shows
that the map R — R[] is surjective. By using the unit section 1z we
conclude that R = RI[R]. O

10.1.5. Remark. We shall see later (i.e. Cor. 16.3.1) that a monomorphism
D(A)r — 9 is a closed immersion.

10.2. Formal smoothness. Let &/R, $/R be two affine group schemes.
We define the following R—functors Hom(G, H), Hom(G, H) by

Hom(G, H)(S) = Homg_4(Gg, Hg),
Hom(G, H)(S) = Homg_4(Gg, Hg) /H(S)
for each S/R.

10.2.1. Theorem. Assume that & = D(A) is diagonalizable and that § is
smooth.

(1) The R—functor Hom(G, H) is formally smooth.
(2) The R—functors Hom(G,H) and Homcent(G, H) are formally étale.

Proof. (1) Let C be an R-ring equipped equipped with an ideal J satisfying
J? = 0. We are given a C/.J-homomorphism fj : Gcyy — Hcyy and want
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to lift it. We put I = ker(C[$] = C). We have Lie($)(C) = (I/I%)V. Since
£ is smooth we have an exact sequence of group C—functors

Ho I[I $¢s—1
(€/9)/C)

exp

1 —— Y(Lie(H)(C) @¢c J)

Note that the [] = $ ¢/ -structure on Lie(H)(C)®cJ — Lie(H)(C/J) ®cyy J
(c/0/c)

arises from the adjoint representation of ¢, ;. Now we pull-back this ex-

tension by the map of R—functors

fo

I1
(C/J)/C)
vee T ooy ™28 T sew
(€/9)/0) (€/1)/0)

It defines a C'—group functor £ which fits in the commutative exact diagram
of C—group functors

exp

1 ——  Y(Lie(H) ¢ J) e [l % — 1
(©/1)/C)
I o] a

1 —— B(Lie(H)(C) @c J) E & - 1

According to Corollary 6.5.2, the bottom extension splits and a splitting
defines then an R-group map & — ¢ which lifts fj.

(2) Exactly as in the abstract group setting, the choice of a lifting is the same
that the choice of a splitting of the bottom extension. Up to Lie(9)(C) ®¢ J-
conjugacy, this choice is encoded by the Hochschild cohomology group
HY (&, Lie(9)(C) ®c J). But this group vanishes (Th. 6.5.2), hence all lift-
ings are Lie())(C) ®¢ J-conjugated. This shows that Hom(G,H)(C) —
Hom(G,H)(C/J) and we conclude that Hom(G, H) is a formally étale
functor.

Now assume that fj is central. According to the rigidity principle 10.1.1.(2),
any lifting f of fy is central as well. If fi, fs lift fy, they are Lie($)(C)®¢ J-
conjugated, hence equal. It yields that Homcent(G, H) is a formally étale
functor. O

10.3. Algebraization.

10.3.1. Theorem. [SGA3, IX.7.1] Assume that R is noetherian and equipped
with an ideal I such that A is separated and complete for the I-adic topology.
We put R, = R/I""' for each n > 0. Let & = D(A) be a diagonalizable
group scheme and let /R be a smooth affine group scheme. Then the
natural map

Hom (8, §)(R) — [im Hom(®&, §)(Ry)

is bijective.
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10.3.2. Remarks. (1) Injectivity is the easy thing there. Let u,v : & — §) be
two homomorphisms such that w, = ug, and v, = vg, agree. We consider
then the R-module map u* —v* : R[$)] — R[®]. Our hypothesis implies that
Im(u* —v*) C I""1R[&] for each n > 0. Since (), I" = 0 and R[®] is a free
R-module, we conclude that Im(u* —v*) =0 and u = v.

(2) The case & is finite over R (i.e. A is finite) is easy. Let u, : & — § be
a coherent family of group homomorphisms. Then we have a commutative
diagram

R[$)] R[®]

@ Un,
@n Ru[9] —— @n Ry [9].
The point is that R[®] = R[A] is a finite free R—module whence the right

vertical map is an isomorphism. The diagram defines then a map u: § — &
which is a group homomorphism and lifts the u,,.

Theorem 10.2.1 implies that the transition maps Hom(®,$)(R,+1) —
Hom(®, $)(R,,) are surjective. It yields the first assertion in the next state-
ment.

10.3.3. Corollary. (1) The map Hom(®,$)(R) — Hom(®,9)(R/I) is
surjective.

(2) If f, f' € Hom(&, $)(R) coincide in Hom(®, $H)(R/I), then there exists
h € ker(H(R) — H(R/I)) such that f =g f h™'.

(3) Homcent (&, $)(R) — Homcent (&, $H)(R/I).

(4) If f € Hom(®,9)(R), f is a monomorphism iff fr/; is a monomor-
phism.

Proof. (2) We have Hom(&, $)(R;) — Hom(®, $))(Ry). More precisely
we have seen that fi and f{ are conjugated under an element of ker (Y)(Rl) —
$(Ro)). Since § is smooth, $H(R) maps onto $H(Ry), so there exists hi €
ker(f)(R) — ﬁ(RO)) such that f] = hi ;. We continue and construct by
induction a sequence of elements h,, € $(R) such that h, € ker($(R) —
ﬁ(Rn)) and f! = hnhn-1hif = The sequence hyh,_1...h1 converges to an
element h € $H(R) such that h and h, agree in H(R,) for each n > 1 It
follows that f and " f’ agree in Hom(®, $3)(R,,) for each n > 0, so are equal.

(3) Using that Homcent(®,)(R,+1) — Homcent(&,$)(R,), we see
that the map Homcent(®, $)(R) — Homcent (&, $)(R/I) is injective. For
the surjectivity a central homomorphism u¢ : Homcent(®, $)(R/I) gives
rise to coherent system of central homomorphims u,, € Homcent(®, 9)(R,,).
This system lifts uniquely in v € Hom(®, $)(R) and we have to show that
u is central. We consider then the adjoint action of & on $. By Theorem
9.2.1, H% is a closed group subscheme $) which is then of finite presentation.
The closed immersion i satisfies H® xp R/I — § xr R/I and I = rad(R)
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[Ma, th. 8.2]. Corollary 20.0.6 yields that i is étale, hence $H® is open in
$. Since it contains ) xg R/I, we have H® = §. Thus u is a central
homomorphism.

(4) This is a special case of Theorem 10.1.4. O
10.4. Rank in family.

10.4.1. Definition. Let H/k be an affine algebraic group defined over a
field k. Denote by k an algebraic closure of k. We denote by rank,.q(H)
the (absolute) reductive rank of H, namely the mazimal dimension of a split
k—torus of H x, k.

Similarly, we denote by rankyeqcent(H) the (absolute) central reductive
rank of H, namely the mazimal dimension of a central split k—torus of H x,
k.

This definition does not depend of the choice of the closure; both ranks
remain the same after an arbitrary field extension F'/k.

10.4.2. Theorem. Let $/R be an affine smooth group scheme. Assume that
R is noetherian. Then the map

Spec(R) —— Z>

x —  rank,.eq(H Xp K(x))

s lower semi-continuous and idem for rank,eq_cent-

Proof. Firstly, we notice that we are authorised to make an extension R'/R
such that Spec(R') — Spec(R) is surjective (and R’ noetherian). Also the
statement is of local nature, hence we can suppose that R is local with
maximal ideal 901 and residue field k. Let r be the rank of § xg k. Our
assumption reads that there exists a finite field extension k’/k such that
$Hx rk' contains a k'-torus &;, - There exists a finite flat local morphism of
noetherian local rings R — R’ inducing k¥ — k' [EGA3, 10.3.1, 10.3.2]. Then
R’/ R is finite locally free and faithfully flat. Hence without lost of generality,
we can assume that §); contains a k-torus & K The completion R =
L R/9M™ is complete and separated for the 90t- adic topology, is noetherian
and faithfully flat over R [Li, §1.3.3]. We are then allowed to replace R by

R.
We fix the closed immersion f : &} . — $;. By Corollary 10.3.3.(1), it

lifts to an homomorphism f: (‘5:n 5 H Xp R which is a monomorphism

)

(Cor. 10.3.3.(4)). For each y € Spec(R), we have then
rank,.q(H xXg k(y)) >r

as desired.
The second statement follows similarly of Corollary 10.3.3.(3). O
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Reductive group schemes

11. REDUCTIVE GROUP SCHEMES

If k is an algebraically closed field, an affine algebraic group G/k is re-
dutive if it is smooth connected and if its unipotent radical is trivial [Sp,

§8].
11.0.1. Definition. An affine R—group scheme & is reductive if it satisfies
the two following requirements:

(1) /R is smooth;

(2) For each x € Spec(R), the geometric fiber & Xp K(z) is reductive
where R(x) stands for an algebraic closure of the residue field k(x).

11.0.2. Remark. A naive approach could be to consider the unipotent rad-
ical of & but this object does not exist | The problem occurs already over a
non-perfect field, see the introduction of [CGP]. However we shall see later
an equivalent definition.

11.0.3. Examples. (1) The diagonalizable group D(Z") = &  is a reduc-
tuve group scheme, the linear group GL,, /R is a reductive group scheme and
SL,, as well.

(2) A fibered R-product of reductive group schemes is reductive.

Reductivity is stable under base change of the base ring. Also it is an
open property among the smooth affine groups with connected fibers [SGA3,
XIX.2.6]. We can already prove a useful stability fact.

11.0.4. Proposition. Let $/R be a reductive group scheme and let
f:%T =@&" — 9 be a homomorphism. Then the centralizer $H*/R is a
reductive group scheme.

Proof. We know that ®* /R is a smooth group scheme (Th. 9.2.1) so satisfies
the first requirement. For the second one, we are reduced to the case of an
algebraically closed field. In this case, see [Bo, §13.17]. O

11.0.5. Definition. Let $/R be an affine group scheme and let i : T =
(B.r)" — $ be a monomorphism. We say that T is a mazimal (resp.
central mazimal) R—torus of $) is for each x € Spec(R), T xg R(x) is a
mazximal (resp. central maximal) R(x)—torus of $H X g R(zx).

As in the field case, we have the following characterization of maximal
tori.

11.0.6. Proposition. Assume that R is noetherian. Let $)/R be an affine
reductive group scheme and let i : T = (&, r)" — $H be a monomorphism.
Then the following are equivalent:

(1) i: % — $ is a mazimal torus;
(2) T = 9H*.
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Note in particular that 7 is a closed immersion.

Proof. From the field case, the map f : ¥ — $? is such that for each
x € Spec(R), f. = f Xgr k(z) is an isomorphism. Since T is smooth, the
fiberwise criterion 20.0.4 yields that f is an isomorphism. U

We continue with the following local statement.

11.0.7. Proposition. Let R be a noetherian ring equipped with an ideal I.
We assume that R is complete and separated for the I-adic topology. We
assume that $ xr R/I admits a mazimal R/I-torus & ry1 (resp. central

mazximal R/I-torus & R1 ).

(1) $ xr R admits a mazimal (resp. central maximal) torus &), p (resp.
& r)-

(2) For each x € Spec(R), we have rank,.q(H xg k(z)) = r and
rank,.q($ X k(x)) = s.

In other words, $ x g R/I is split iff § is split.

Proof. We do only the case of the reductive rank since the other case is
similar.

(1) We are given a monomorphism fy : Qﬁ"mﬂ/[ — $ xg R/I which is a
maximal R/I-torus of &. According to Corollary 10.3.3.(1), it lifts to an R-
homomorphism f : % = & — §. We consider the R—subgroup centralizer
Centg(T) = H* which is reductive according to Proposition 11.0.4.

Now the R-map f : T — &7 is such that Jryr is an isomorphism by
Proposition 11.0.6. Both schemes are smooth and again we notice that
I = rad(R). We can apply then the trick 20.0.6, it yields that f is étale.
But f is a monomorphism, hence f is an open immersion. Its image contains
9 xp R/I, so is HT. Thus T = HT and T is then a maximal R-torus.

(2) For each = € Spec(R), T Xp k() is a maximal x(x)-torus of $ X p k()
whence the result. g

This enables us to improve the “lower continuity” theorem ( i.e. th.
10.4.2) in the reductive case.

11.0.8. Corollary. Let $/R be an affine smooth group scheme. Assume that
R is noetherian. Then the map

SpeC(R) E— ZZO

x —  rank,eq(H Xg k(z))

s continuous and idem for rank,eq_cent-

The proof goes along the same lines.

12. LIMIT GROUPS

This part is mainly taken from [CGP, §2.1] and [GP3, §15].
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12.1. Limit functors. Let X/R be a affine scheme equipped with an action
A&, — Aut(X). We define the R—subfunctor X of hy by

X\ (S) = {x € X(S) | Mt).z € X(S[t]) C ae(S[t,t—l])}

for each S/R. It is called the limit functor of X with respect to A since
X\ (R) consists in the elements z € X(R) such that A(t).z has a limit when
t—0.

12.1.1. Lemma. The R—functor Xy is representable by a closed R—subscheme
of X.

Proof. It is similar to that of Proposition 9.1.1. We consider the decompo-
sition in eigenspaces
R[X] = €P R[X].
nez

We denote by I the ideal of R[X] generated by @, o R[X],. We let the
reader to check that the closed subscheme Spec(R[X]/I) does the job. O

We denote by X* the fixed point locus for the action. Clearly X is a
®,,,—subscheme of X and X* is an R-subscheme of X). The specialization
at 0 induces an R-map ¢’ : X\ — X.

12.1.2. Lemma. (1) X* = X xx X7

(2) The map q' factorizes by X*. It defines then an R-map q : Xy — X¥*
and the composite X» — X\ — X is the identity.

Proof. (1) If z € X\(R) N X~ (R), we have \(t).z € X(R[t]) N X(R[t7']) =
X(R). Hence \(t).z = x and 2 € X*(R).

(2) Let € X\(R) and put 2/ = ¢(x) € X(R). For each a € R*, we have
Mat).x = Aa)(\(t).xz). By doing t — 0, we get that 2’ = A(a).2’. Hence
R*.z' = a’. The same holds for each R—extension S/R, so we conclude that
r' € XMR). a

12.2. The group case. We consider now the case of a group homomor-
phism A : &, — & where & is an affine R—group scheme. We denote by
Ps(A) = Gx. We have then an R-homomorphism Be(A) — 3¢ (A) which is
split. We denote by g (A) = ker(q) and we have then

Po(A) = e (A) x 36(N).

For each ring S/R, Pe(N)(S) (resp. Us(N)(S)) consists in the g € &(S)
such that A(t) g A\(t!) admits a limit (resp. converges to 1) when t + 0.
The group scheme Pg(A)/R is called the limit group scheme attached to A.

12.2.1. Example. If we take the diagonal map A(t) = (¢t%*,..., t%,t%2 .. t%2 ...

in GLp, 4. 4m, with respective multiplicities mq,..,m, and a; < az--- < a,,

Lt e
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we find
A1 | Ai2 Aty
0 A272 c.. A27r
PBar,(A) = 0 0 | As3
0 [0 |...10] A,

From the functor viewpoint, we have
Lie(Pa(®)) = Lie(®)(R)>0; Lie(Uy(®)) = Lie(&)(R)>o.

Hence Lie(Pr(B)) = Lie(3s(N))(R)>0 & Lie(Ly(®)). Note also that the
product R- map

i) :qu(—A) X m@(k) — &
is a monomorphism since Py (—A) Xg Pe(A) = 3¢(A). This map plays an
important role in the theory. In the same flavour as Theorem 9.2.1, we have
the following fact.
12.2.2. Theorem. [CGP, 2.1.8] Assume that & is smooth.

(1) The R-group schemes P (B) and LUy(&) are smooth. Furthermore for
each s € Spec(R), Ux(8),(,) is a split unipotent group.

(2) The monomorphism iy above is an open immersion.

We skip the proof which is quite technical.

12.3. Parabolic and Borel subgroup schemes.

12.3.1. Definition. Let /R be a reductive group scheme. An R-subgroup
scheme B of & is parabolic subgroup (resp. a Borel subgroup) if it satifies
the two requirements:

(1) B is smooth;

(2) for each s € Spec(R), & X k(s) is a parabolic (resp. a Borel) subgroup
of ® X K(s).

12.3.2. Corollary. Let A : &,, — & be a homomorphism in a reductive
group scheme. Then Bg () is an R—parabolic subgroup.

This follows from the field case [Sp, §15.1] since Pe(A) is smooth. By the
way, in the field case, each parabolic subgroup is of this shape and this can
be extended.

12.3.3. Lemma. Assume that (R, M, k) is noetherian local and let &/R be
a reductive group scheme and let B/R be a parabolic subgroup scheme.

(1) Let X : &,, — B be a homomorphism. Then the following are equivalent:
(i) Ps(A) =P
(i) Bs(A\) xpk =P xpk.

(2) There exists \ € Homﬁ((ﬁmﬁ, PBr) such that Pe (A = PBg.
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Proof. (1) We consider the closed immersion i : Pyp(A) — P. The map iy, is
an isomorphism and both group schemes are smooth. By Corollary 20.0.6,
we get that ¢ is an isomorphism. By faithfully flat descent, ip is then
an isomorphism. In the same way, one show that Pyp(A) — Pe(A). We
conclude that P = Pe(A) as desired.

(2) There exists A\g € Homy_g,(Gpy i, Bi) such that Pr = Pe, (Ao). Since
HomE(Gmﬁ,‘Bﬁ) — Homy_ g, (G 1, Bi) is onto (Cor. 10.3.3.(1)), we can

pick a lift A : Gm,fz — Pp of Ag. We apply then (1). O

12.3.4. Remarks. (1) Assertion (2) is a special case of the same statement
without completion, see [GP3, 15.5]. This comes later in the theory.

(2) If P(A) is a Borel subgroup, then 3¢(\) is a maximal R-torus. It is
true that a Borel subgroup of &/R contains a maximal R-torus [SGA3,
XXVI.2.3].

(3) The method of the lemma can be used also for lifting parabolic subgroups
from the residue field to R.

13. ROOT DATA, TYPE OF REDUCTIVE GROUP SCHEMES

Root systems come from the study of reductive Lie algebras and for study-
ing reductive groups, we need a richer datum which permits to distinguish
for example SL,, ¢ of GL,, ¢ or PGL,, ¢ We follow here verbatim [Sp, §7.4],
see also [SGA3, XXI]J.

13.1. Definition. A root datum is a quadruple ¥ = W(A, R, AV, RY), where

(a) A and AV are free abelian groups of finite rank, in duality by a pairing
A x AV — Z, denote by (, );

(b) R (the roots) and RY (the coroots) are finite subsets of A and A"
and we are given a bijection o — oV of R onto R".

For each o € R, we define endomorphims s, and s, of A and A" by

sa(x):x—<x,av>.a; 3}1/(‘7:):3/_<a7y>‘av'

The following axioms are imposed.
(RD1) For each a € R, (v, y) = 2;
(RD2) For each a € R, then s, R =R and s, RY = R".
The first axiom implies that s2 = 1 and s,(a) = —a. The Weyl group

W (W) is the subgroup of GL(A) generated by the s, (o € R). Let us give
here some terminology.

(a) We say that U is reduced if for each a € R, ¢ € Q and ca € R, then
c= =1

(b) If ¥ = W(A, R, AV, RY) is a root datum, ¥V = U(AY,RY, A, R) is a
root datum called the dual root datum (or the Langlands dual root datum).
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(c) A root datum W(A, R, AV, RY) is semisimple if R generates the vector
space A ®z Q. Furthermore, it is adjoint (resp. simply connected) if R
generates A (resp. R generates A).

(d) Morphisms of root data: to be written.

13.1.1. Remark. Denote by @ the subgroup of A generated by R. In R # 0,
then R is a root system of Q ®zR in the sense of [Bbk3, VI.1]. Furthermore
W is a subgroup of GL(Q ®z R) and is then a finite group.

13.2. Geometric case. Let k be an algebraically closed field. Let G/k be a
reductive group. Let T' C G be a maximal torus. Recall that we can attach
to a root datum (G, T) = (T, R, (T)°, RY) where T is the character lattice
of T and (T)° its dual.

The root datum W(G,T) is reduced. Since the maximal tori of G are
conjugated, ¥(G,T) is independent of the choice of T' and we denote it
simply by ¥(G). The main results (showed in Chernousov’s lectures) are
the following:

(1) (Unicity theorem) Two reductive k—groups G, G’ are isomophic if and
only their root data ¥(G) and ¥(G") are isomorphic.

(2) (Existence theorem) If ¥ is a reduced root datum, there exists a
reductive k-group G such that ¥(G) = 0.

13.3. Root datum ¥(®&,T). Over a ring, it is technically speaking more
delicate to define a root datum with a maximal torus ¢ : ¥ = 6, r— .
For simplicity, we assume R connected.

We consider the adjoint action of & on the R-module g = Lie(®)(R)
(which is f.g. projective). Its restriction to the torus T decomposes as

g=P o
a€e®
13.3.1. Definition. Assume that R # 0. A root a for (9,%) is a character
a: % — &, such that
(i) v is everywhere non trivial, that is oy # 0 for each x € Spec(R).
(ii) The eigenspace Lie($H)(R)q is an invertible R—module (i.e. projective
of rank one).

13.3.2. Lemma. Let o be a root for (6,%). We define T, = ker(a) and
30 = 36(%a). We have

Lie(3a)(R) = Lie(T)(R) © ga © 9-a
and —o 18 a root as well.

Proof. The group scheme 3, is smooth and its Lie algebra is H(%a,g) by
Remark 9.2.3. From the field case [Bo, 13.18], for each point z € Spec(R),
we have a decomposition

Lie(3a)((2)) = Lie(T)(x(2)) © ga @R £(2) © §-a @R K(2)
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and g_, ®pg k(z) is one dimensional. By the Nakayama lemma, the natural
map of f.g. projective R—modules

Lie(T)(R) ® ga ® g—a — Lie(34)(R)
is an R—-isomorphism. Furthermore g_, is locally free of rank one. O

The next hard thing is the “integration” of the Lie algebra gg.

13.3.3. Theorem. Let a be a root for (&,%T).
(1) There exists a unique R-group homomorphism
exp,, : W(ga) — &
inducing the canonical inclusion go — g and which is T-equivariant.
(2) The map exp,, is a closed immersion, factors trough 34, and its forma-
tion commutes with base change.
(3) The multiplication map W(g_a) Xr T Xr W(ga) — 3o s an open im-
mersion.

We postpone in §17.3 the proof of the following characterisation of rank
one vector group scheme since it involves descent techniques.

13.3.4. Proposition. Let 4/ R be an affine smooth group scheme whose geo-
metric fibers are rank one additive groups. We assume that U/ R is equipped
with an action of &, such that the G,,-module Lie()(R) is non triv-
ial everywhere®. Then there exists an invertible R-module L/R such that
(L) = 4.

We can sketch the existence part of the proof of Theorem 13.3.3 (see [C,
§4.1]). Up to localize, we can assume that a : ¥ — &,,, is “constant” namely
is given by a (non trivial) element of Z". The idea is to choose A € (Z")Y
such that (o, A\) > 0 and to consider the homomorphism A : &,, = T — 3,.
It gives rise to the limit R-groups P53, (£A) and the R-subgroups i3 (£N).
By taking into account Lemma 13.3.2, we have

Lie(P3, (+1))(R) = Lie(T)(R) © ga
Lie(Us, (£A))(R) = g+a-
Furthermore Uz (+A) is equipped with an action of &,, within A\ hence

Proposition 13.3.4 yields that there are both rank one vector group schemes.
Note that fact (3) follows from Theorem 12.2.2.(2).

The image U, /R of exp, is called the root subgroup relative to a. We
come to the definition of coroots.
13.3.5. Theorem. Let o € T be a root.

(1) There exists a morphism go®@g—q — R, (X,Y) — XY and a cocharacter
a i By r — 9 such that for each S/R, each X € go ®p S, Y € go ®p S
we have

exp, (X) exp_o (V) € Q,(S) <= 1—- XY € §*

Sthat is Lie(tl)(x(z))o = 0 for each z € Spec(R).
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and under this condition we have

exp,(X) exp_,(Y) = exp_a< Y ) Oév(l - XY) expa( a )

1-XY 1-XY
(2) The morphism (X,Y) — XY and " are uniquely determined by these
conditions.

(3) The morphism (X,Y) — XY is an R—isomorphism and (", a) = 2.

This statement define the coroot o attached to a. We denote by R the
set of roots and by RY the set of coroots. Both are non necessarily constant
morphisms, but are locally constant (we have to be careful with connectness
issues).

13.3.6. Definition. We say that the reductive group scheme &/R is split if
it admits a mazimal R-torus &, p such that the roots and the coroots are
constant morphisms and also such that each eigenspace gq is a free R—module
of rank one.

13.3.7. Remark. (1) If R is connected and Pic(R) = 1, a reductive group
scheme & /R is split if it admits a maximal R-torus 6., r-

(2) In the definition, we say that &}, p is a splitting torus of &. For a ring
R general enough, GL,, contains maximal split tori which are not splitting
it, see Remark 18.4.3.

We assume that &/R is split. We see immediately that U(&,%) =
(T,R, (%), RY) is a root data.

13.3.8. Lemma. Assume that &/R is split. Then the isomorphism class of
U(&,T) does not depend of the choice of T.

Proof. 1t is true for fields, so we have only to specialise at some maximal

ideal of R. O

Hence we can attach to a split group scheme over R a root datum. The
unicity and existence questions analogous with the field case were achieved
of Demazure’s thesis [D] and need descent techniques to be discussed.

13.4. Center. We record that the center of a split group scheme has the
expected shape.

13.4.1. Proposition. Let /R be a reductive split group scheme and let
T = 6], be a mazimal torus of &. Then the center of & is representable, it
is the diagonalizable R-group

ker (z — agz esm).

In particular, 3(®) = 1 iff the root datum ¥ (&, %) is adjoint.
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Proof. We can assume that R is noetherian. We define ©/R = ker (T —
[locr Q5m). We define the “center of &” functor

O(S) = Ker(@(S) i Aut(@)(S)).

We have seen that T is his own centralizer (prop. 11.0.6), so that C is a
subfunctor of T. Also C(S) acts trivially on Lie(&)(S) for each S/R, so that
the action of C'(S) C D(9).

We have proven that C' is a subfunctor of ®. For the converse, we need
to prove that ¢ : ® — & is a central homomorphism. We shall use that the
result holds over fields, see [Bo, §14.2].

Let = € Spec(R) and denote by R, the completion. Since D X (z) B 18

central in &y, it lifts to a central homomorphism 1), : D XRﬁx — BxXRpR,.
according to Theorem 10.3.3.(3). But by assertion (2) of the same statement,
¥y is B(R,)—conjugated to ¢Ez’ so that © x g R, is central in & x, R,. Since
ﬁm is faithfully flat over R, we conclude that ® x g R, is central in & x, R,.
Thus ® is central in &. U

13.4.2. Remark.
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Descent techniques

We do a long interlude for developping descent and sheafifications tech-
niques. We use mainly the references [DG, Ro, Wa].

14. FLAT SHEAVES

Our presentation is that of Demazure-Gabriel [DG, III] which involves
only rings.

14.1. Covers. A fppf (flat for short) cover of the ring R is a ring S/R which
is faithfully flat and of finite presentation” “fppf” stands for “fidelement plat
de présentation finie”.

14.1.1. Remarks. (1) If 1 = f1+-- -+ f, is a partition of 1z with f1,...f, € R,
the ring Ry, x --- X Ry, is a Zariski cover of R and a fortiori a flat cover.

(2) If S1/R and S2/R are flat covers of R, then S; ®pr S is a flat cover
of R.

(3) If S/R is a flat cover of S and S’/S is a flat cover of S, then S’/R is
a flat cover of R.

(4) Finite locally free extensions S/R are flat covers, in particular finite
étale surjective maps are flat covers.

14.2. Definition. We consider an R-functor F : {R — Alg} — Sets
For each R-ring morphism S — S’ = S} X ...S,, we can consider the
sequence
d1,«
F(S) = ILF(S) — 1L F(S; ®s 5j)
2%
A functor of F' : {R — Alg} — Sets is a fppf sheaf (or flat sheaf) for short
if if for each R-ring S and each flat cover S" = 57 x Sy ®p xS,,/S, and the
sequence
dl,*
F(S) ’ HZF(Sz) — H” F(S; ®s 5j)
2,%
is exact. It means that the restriction map F(S) — [[; F/(S;) is injective
and its image consists in the sections (o) € [[, F/(S;) satisfying di «(a;) =
da«(0) € F(S; ®g5 S;) for each i, j.
Since Zariski covers are flat covers, Lemma 2.2.1 works as well there and
a flat R—sheaf is then an additive R-functor.

Given an R-module M and S’/S as above, the theorem of faithfully flat
descent states that we have an exact sequence of S—modules

0= M®rS — (MagS)os s =% (MorS)0s S g S

"One may consider also not finitely presented covers, it is called fpgc, see [SGA3, IV]
and [Vi].
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This rephases by saying that the vector group functor V(M)/R (which is
additive) is a flat sheaf over Spec(R). A special case is the exactness of the
sequence

di x—do,
0—=S—8 """ 9 wss.
If N is an R-module, it follows that the sequence of R—modules
i, —da, .
0 — Hompg(N, S) — Hompg(N,S") ""“="" Homg(N, S’ ®5 S')
is exact. This shows that the vector R—group scheme 23(M) is a flat sheaf.
More generally we have

14.2.1. Proposition. Let X/R be an affine scheme. Then the R—functor of
points hy is a flat sheaf.

Proof. The functor hy is additive. We are given an R-ring S and a flat
cover S'/S. We write the sequence above with the R-module R[X]. It reads

0 — Homp_mog(R[X], S) — Hompa_mea(R[X], 8') ™5 Homp,,oq(R[X], S'®sS).
It follows that X(S) injects in X(S’) and identifies with
Homp_rings(R[X],S") N Homp_mea(R[X],S). Hence the exact sequence

dl,*
X(S) —— X(S) —/= (S @59
dQ,*

O

14.2.2. Remark. More generally, the proposition holds with a scheme X/R,
see [Ro, 2.4.7] or [Vi, 2.5.4].

14.2.3. Examples. (a) If E, F are flat sheaves over R, the R—functor Hom(FE, F')
of morphisms from F to F is a flat sheaf. Also the R—functor Isom(F, F') is
a flat sheaf and as special case, the R—functor Aut(F) is a flat sheaf.

(b) Let f : E — F be a morphism of flat sheaves. For each R-algebra B,
we consider

I(B) = {x € F(B) | there exists a flat cover B’/B such that zp € Im(E(B’) — F(B’) }.

Then [ is flat S—sheaf, it is called the image sheaf of f. By construction,
I — F'is a monomorphism.

(c) (Singleton sheaf). We put er(B) = {e} for each R-algebra B. Then ep
is a flat R-sheaf and is the final object of that category.

14.3. Monomorphisms and covering morphisms. A morphismu : F' —
E of flat sheaves over R is a monomorphism if F'(S) — E(S) is injective for
each S/R. It is a covering morphism (couvrant in French) if for each S/R
and each element e € E(S), there exists a flat cover S’/S and an element
f' € F(5') such that ejgs = u(f’).

A morphism of flat sheaves which is a monomorphism and a covering
morphism is an isomorphism.



52

We say that a sequence of flat sheaves in groups over R
1 - 4 —» F, —» F3 — 1 is exact if the map of sheaves Fo — Fj is a
covering morphism and if for each S/R the sequence of abstract groups
1 — Fi(S) — Fa(S) — F3(S) is exact.

14.3.1. Examples. (1) For each n > 1, the Kummer sequence 1 — pp, rp —

S R ﬁ@ ®6,, r — 1 is an exact sequence of flat sheaves where f, is the
n—power map. The only thing to check is the epimorphism property. Let
S/R be aring and a € &,,(S) = S*. We put §' = S[X]/(X™ —a), it is finite
free over S, hence is faithfully flat of finite presentation. Then f,(X) = a|s
and we conclude that f, is a covering morphism of flat sheaves.

(2) More generally, let 0 — A; — As — A3z — 0 be an exact sequence of f.g.
abelian groups. Then the sequence of R—group schemes

1—9(A3) > D(A2) > D(A1) = 0
is exact.

14.4. Sheafification. Given an R-functor F, there is natural way to sheafify
it in a flat functor F. For each S/R, we consider the “set” Cov(S) of flat
covers®. Also if f: Sy — Sy is an arbitrary R-ring map, the tensor product
defines a natural map fi : Cov(S1) — Cov(S2). We define then

~ dl,*
F(S) = hﬂ ker( Hie[ F(SZ) -z Fad(SZ' ®g Sj) )
ICCov(S) dz, «

where the limit is taken on finite subsets I of Cov(S). It is an R-functor
since each map f : S1 — Sy defines f, : F(S1) — F(S2). We have also a
natural mapping up : ' — F.

14.4.1. Proposition. (1) For each R—functor F, the R—functor Fisa flat
sheave.

(2) The functor F — F is left adjoint to the forgetful functor applying a
flat sheaf to its underlying R—functor. For each R—functor F' and each flat
sheaf E, the natural map

Homflat sheaves(ﬁv E) ;> Homefunctor (F7 E)

(applying a morphism u : F — E to the composite ' — F— E) is bijective.

(1) follows essentially by construction [DG, III.1.8]. Note that in this
reference, the two steps are gathered in one. For (2) one needs to define the
inverse mapping. Observe that the sheafification of F is itself, so that the

sheafification of F' — FE yields a natural morphism F > E.

8We do not enter in set-theoric considerations but the reader can check there is no
problem there.
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Given a morphism of flat R-sheaves f : E — F, we can sheafify the
functors

S+ E(S)/Rs(S), S+ Im(E(S)— F(95)),
where Ry (S) is the equivalence relation defined by f(S). We denote by
Coim(f) and Im(f) their respective sheafifications [the image sheaf has been
already constructed in the Example 14.2.3.(b)]. We have an induced map-
ping
f« : Coim(f) — Im(f)

between the coimage sheaf and the image sheaf. We say that f is strict
when f, is an isomorphism of flat sheaves.

14.4.2. Lemma. If f is a monomorphism (resp. an covering morphism),
then f is strict.

In the first case, we have E — Coim(f) — Im(f); in the second case,
we have Coim(f) — Im(f) — F.

14.4.3. Lemma. Let f : E — F be a morphism of flat R—sheaves. Let I be
the image sheaf of f. Then the following are equivalent:

(i) I =F;

(ii) f is a covering morphism;

(iii) f is an universal epimorphism, that is fp is an epimorphism of flat
B-sheaves for each R—algebra B.

(iv) f is an epimorphism.

Proof. (i) = (ii). Let B be a R-ring. Let z € FI(B) = I(B). Then there
exists a flat cover B’ of B such that z € f(E(B’)). Thus f is a covering
morphism.

(11) = (i4i). Let By be a R-algebra. Let uj,ug : Fp, — G be morphisms
of flat Bp-sheaves such that u; o fp, = ug o fg,. We want to show that
u; = ug. We are given an By—algebra B and x € F(B). Since there exists a
flat cover B’ of B such that = € f(E(B')), it follows that ui(x)p = ua(z)p:.
Thus u1(z) = ug(x) € F(B). This establishes that fp, is an epimorphism.

(#i1) = (iv). Obvious.

(tv) = (7). We assume that f : E — F is an epimorphism. Since f factor-
izes through i : I — F, it follows that ¢ : I — F' is an universal epimorphism
as well. We consider the R-functor C defined by C(B) = (F(B) U {e})/ ~
where ~ is the following equivalence relation: x,y € F(B) Ll {e} are equiv-
alent if x,y € I(B) U {e} or if z = y.

The point is that C' is separated, that is, C(B) — C(B’) is injective for
each flat cover B’ of B. This implies that C = C is the sheafification of C.
It comes with a morphism v : g — C'. The canonical map v : F' — C and
F — ep = C agree on I so are equal.
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Let B be an R-algebra and let z € F(B). Then there exists a flat cover
B’ of B such that u(x) is the image of {e} in C(B’) = F(B')/ ~, that is x
belongs to I(B’). Thus z € I(B). We conclude that I = B. O

14.4.4. Corollary. Let E'— F be an epimorphism of R—functors. Then the

map of flat R-sheaves E—Fisa covering morphism.

Proof. We need to show that E — Fisan epimorphism of flat sheaves. Let
UL, U : F — G be maps of flat R-sheaves which agree on E. We consider
the composite R—mappings v; : F' — E % G. Since v1 and vg agree on E,

it follows that v1 = ve. But Hompg_ fynctors(E,G) = HomR,Sheaves(E,G)
(universal property), hence u; = us. O

14.5. Group actions, quotients sheaves and contracted products.
Let G be an R—group flat sheaf and let F' be a flat sheaf equipped with
a right action of G. The quotient functor is Q(S) = F(S)/G(S) and its
sheafification is denoted by F/G. It is called the quotient sheaf®.

When G and F' are representable, the natural question is to investigate
whether the quotient sheaf () is representable. It is quite rarely the case. A
first evidence to that is the following fact.

14.5.1. Proposition. We are given an affine R-group scheme & and a
monomorphism & — £ into an affine group scheme. Assume that the quo-
tient sheaf $/® is representable by an R—scheme X. We denote byp : $ — X
the quotient map and by ex = p(ls) € X(R).

(1) The map $H — X is a covering map and R—-map HXgp® — H xx $H is an
isomorphism.

(2) The diagram

& %sﬁ

| !

Spec(R) —*— %
1s carthesian.

(8) The map i is an immersion. It is a closed immersion iff X/R is sepa-
rated.

(4) &/R is flat iff p is flat.
(5) /R is smooth iff p is smooth.

The general statement is [SGA3, VIg.9.2].

90ne can work in a larger setting, that of equivalence relations and groupoids, see [DG,
§I11.2].
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Proof. (1) The first assertion follows from Corollary 14.4.4. The map $) X
B — $H xx $ is a monomorphism. We are given S/R and (hy, hs) € $(S)?
such that p(h1) = p(hg). There exists a flat cover S’/S and g € &(S’) such
that hygr = hojgr g. Hence g € &(5") N H(S). Since i is a monomorphism,
we conclude by descent that g € &(S5) whence (h1, ha) comes from (hq,g).
(2) It follows that the following diagram

(03] M}S’JX}{@%@XX,?)—),ﬁ

| I K
Spec(R) NN K3) L x

is carthesian as desired.
(3) If X is separated, ey is a closed immersion and so is i.
(4) and (5) If p is flat (resp. smooth), so is ¢ by base change. O

One very known case of representatiblity result is the following.

14.5.2. Theorem. Let k be a field. Let H/k be an affine algebraic group and
G/k be a closed subgroup. Then the quotient sheaf H/G is representable by
a k—scheme of finite type X.

One needs the following

14.5.3. Proposition. [DG, I11.3.5.2] Let G acts on a quasi-projective k—
variety X. Let x € X (k) and denote by G, the stabilizer of x.

(1) The quotient G /G, is representable by a quasi-projective k-variety.
(2) The orbit map induces an immersion G/G, — X.

It can be suitably generalized over rings, see [SGA3, XVI.2], by means of
the theorem of Grothendieck-Murre.

Sketch of proof: We assume for simplicity that G is smooth, that is absolutely
reduced. By faithfully flat descent, one can assume that k is algebraically
closed.

(1) We know denote by Xy the reduced subscheme of the schematic image
of f;. Since G is smooth, it is (absolutely) reduced and acts then on Xj.
We know that the Xy \ G.z consists in orbits of smaller dimensions so that
G.x is an open subset of Xy. We denote it by U,. We claim that the map
hy : G — Uy is faithfully flat. The theorem of generic flatness [DG, 1.3.3.7]
shows that the flat locus of h, is not empty. By homogeneity, it is U, hence
hy is faithfully flat. Let us show now that it implies that U, represents
the orbit of . The morphism h, : G — U, gives rise to a morphism of
k-sheaf Rl : G/G, — U,. Since the map h, : G — U, is faithfully flat, the
morphism hy, is a covering morphism of flat sheaves'".

10We are given S/R and a point u € U,(S). Then h; ' (u) = Spec(S’) is a flat cover of
S and there is a point v € G(S) mapping to u.
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hl is a monomorphism. Let S be an R-ring and let y1,y2 € (G/G)(S)
having same image u in U;(S). There exists a flat cover S’/S such that y;
(resp. y2) comes from some g; € G(S') (resp. g¢2). Then g;.x = g2.2 €
U.(S') so that g5 g1 € G(S"). Thus uy = us € (G/G.)(S).

(2) By construction, U, is locally closed in X. O

Theorem 14.5.2 follows then of the fact that G admits a representation V'
such that there exists a point z € P(V)(k) such that G = H, [DG, 11.2.3.5].

14.5.4. Remark. One interest of the Chevalley quotient is the fact it is
universal. That is for each k—algebra R, (H/G) X, R represents the quotient
R-sheaf (H x;R)/(G %, R). It can use as follows (see [CTS2, 6.12]). Assume
we are given a closed immersion ¢ : & — §) of R-group schemes, a flat cover
R'/R and a commutative square

&xpR —F % §xpR

uJ{% vl%’
G x; R M H x, R

where u,v are isomorphisms. We claim then that the quotient sheaf §/&
is representable by an R-scheme. According to Theorem 14.5.2, p/ /G s is
representable by a quasi-projective R’-scheme which indeed descends to R.

14.6. Contracted products. We are given two flat R—sheaves in sets Fi,
F5 and and a flat sheaf G in groups. If F) (resp. F) is equipped with a
right (resp. left) action of GG, we have a natural right action of G on the
product Fy x Fy by (f1, f2).9 = (f19,9~ ' f2). The sheaf quotient of Fy x Fy
under this action by G is denoted by F} NG F, and is called the contracted
product of Fy and F, with respect to G.

14.6.1. Remark. This construction occurs for group extensions. Let 1 —
A - FE — G — 1 be an exact sequence of flat sheaves in groups with
A abelian. Given a map A — B of abelian flat sheaves equipped with
compatible G-actions, the contracted product B A4 E is a sheave in groups
and is an extension of G by B.

14.7. Sheaf torsors. Let G/R be a flat sheaf in groups (e.g. an affine group
scheme over R).

14.7.1. Definition. A sheaf G—torsor over R is a flat sheaf E/R equipped
with a right action of G submitted to the following requirements:

(T1) The R-map E x G — E x E, (e,g) — (e, e.g) is an isomorphism of
flat sheaves over R.

(T2) There exists a flat cover S/R such that there is a Gg-isomorphism
Es — Gjg.
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Condition (T2) says that a G-torsor sheaf is locally trivial with respect
to the flat topology.

The basic example of such an object is the trivial G-torsor sheaf G
equipped with the right action. For avoiding confusions, we denote it some-
times FEi,.

Now if F' is a flat sheaf over R equipped with a right G-action and E/R
is a G-torsor, we call the contracted product E AC F the twist of F by E.
It is denoted sometimes “F or gF. We record the two special cases:

(1) The action of G' on Ey,. by left translations, we get then E = FE,,..

(2) The action of G on itself by inner automorphisms, the twist G is
called the inner twisted form of G associated to E.

(3) We can twist the left action (by translation) G x Ey. — Ey,, where G
acts on itself by inner automorphisms. It provides a left action “Gx E — E.

In the case G is representable by an affine group scheme & /R, then descent
theory shows that sheaf G-torsors are representable as well and we we say
that the relevant schemes are G-torsors/ Furthermore if &/R is flat (resp.
smooth), so are the G—torsors. We give some examples of torsors.

14.7.2. Examples. (1) Galois covers 2) — X under a finite group I, see
below 14.8.1.

(2) The Kummer cover &,, — &, ,,.

(3) The Chevalley quotient 14.5.2 gives rise to the H-torsor G — G/H.
14.7.3. Lemma. (1) Let S/R be a flat cover which splits E. Then (FF)s —
Fs.
(2) B(Aut(F)) = Aut(FF).

(3) If F is representable by an R-affine scheme X, so is *F. Furthermore
if X is finitely presented (resp. faithfully flat, smooth), so are F.

(4) If G is representable by an affine R-scheme &, so are E and FG.
Furthermore if /R is finitely presented (resp. faithfully flat, smooth), so
are E and ¥&.

Note that te R—functor Aut(F) is a flat sheaf, see 14.2.3.

Proof. (1) The formation of contracted products commute with arbitrary
base change, hence (FF)g = PsFg — FirsFg = Fg.

(2) Twisting the morphism of flat sheaves Aut(F) x FF — F by F yields a
morphism ¥ Aut(F) x F — F. It defines then a map ¥ Aut(F) — Aut(*F).
It is an isomorphism since it is after making the base change S/R.

(3) It is a special case of faithfully flat descent.
(4) It comes from the permanence properties kept by faithfully flat descent.
O

Statement (1) says that “F is an S/R-form of F, that is a flat sheaf F”’
such that F, — Fg.
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14.8. Quotient by a finite constant group. An important case of torsor
and quotients is the following

14.8.1. Theorem. [DG, §II1.6] Let ' be a finite abtract group. We assume
that U'r acts freely on the right on an affine R-scheme X. It means that
the graph map X xg I'r — X xXp X is a monomorphism. We put ) =
Spec(R[X]1).

(1) The map X — Q) is a T'g—torsor, i.e. a Galois cover of group T';
(2) The scheme %)/ R represents the quotient sheaf X/®.

See also [R, X, p. 108] for another proof.

14.9. Quotient by a normalizer. A more advanced result is the following
representability theorem used only at the end of the lectures.

14.9.1. Theorem. [SGA3, XVI.2.4] (see also [Br, §3.8]) Let i :  — & be
a monomorphism of affine group schemes. We assume that & is finitely
presented and that §) is smooth with connected geometric fibers.

(1) Then the normalizer functor N defined by
N(S) = {g € 6(8) | gn(8)g~" = 8(s) vS'/S}

for each S/R is representable by a closed subscheme of /R of finite pre-
sentation.

(2) We assume that N is flat. Then the quotient sheaf G/N is representable
by a scheme which is of finite presentation over R and quasi-projective.

15. NON-ABELIAN COHOMOLOGY, I

15.1. Definition. We denote by H'(R, G) the set of isomorphism classes
of G—torsors over R. It is a pointed set pointed by the class of the trivial G-
torsor. If S/R is a cover, we denote by H'(S/R,G) the subset consisting of
G-torsors split by S/R. This set H'(S/R,G) can be computed by means of
cocycles modulo coboundaries [P]. More precisely, a 1-cocycle is an element
g € G(S ®p S) satisfying the rule

d23+(9)di24(9) =d13+(9) € G(S®R S ® ).

Two 1-cocycles g1,92 € G(S xg S) are equivalent if there exists g € G(S)
such that
g2 =da(9) ' g1d14(g) € G(S®RS).

15.1.1. Remark. If S/R is a Galois covering for an abstract group I', then
S ®g R+ ST and this leads to non-abelian Galois cohomology, see [P].
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15.2. Twisting. If G is not abelian, there is no natural group structure on
H'(E,G). We have however the torsion operation (change of origin)

e H(R,’G) = HY(R,G)
for a G-torsor E. Its definition (and also of the converse map) requires some

preparation. Firstly the left action of G on itself gives rise to an action pof
E@G to E. We have then a bitorsor structure

FGx ExG— E.

Given a PG-torsor F, the contracted product F A"C E is equipped with a
right G-action and is indeed a G—torsor. We put 75(F) = [F A"C E.

The opposite torsor E°? of E is the right G-torsor obtained by taking
the opposite actions above. It comes then with a left action of G. Now,
given a G-torsor L, the contracted product L A® E°P is similarly a right
EG-torsor. It defines the converse of the torsion bijection map.

Also the contracted product permits to define H'(R,G) — H'(R, H) for
amap u:G — H.

15.2.1. Proposition. There is one to one correspondence

{S/R—forms of F } s HY(S/R, Aut(F)).
Proof. We explain only the maps. Given an S/R-form F’ of F', we observe
that Aut(F’) acts on the right on the flat sheaf Isom(F, F’) which is a Aut(F)-
torsor since it is so after extension to S/R. Conversely, given a Aut(F')-torsor
E, the twisted sheaf “F is an S/R-form of F. O

A special case is the following, see [P].
15.2.2. Theorem. (Hilbert-Grothendieck 90) Let M be a R-module which
is locally free of rank d.

(1) The set HY(R, GL(M)) classifies the isomorphism classes of R—modules
of rank d.

(2) If R is semilocal, H'(R,GL(M)) = 1.

Another nice example is that of the even orthogonal group, see [DG,
111.5.2].

15.3. Weil restriction II. Let S be an R-ring. Let H/S be a flat sheaf in

groups and consider the R—functor G = [][ H, that is the Weil restriction of
S/R

H from S to R. We note that G is a flat R—sheaf in groups. The adjunction

map ;9 : Gg — H defines a natural map

HY(R,G) — H'(S,Gs) 5 H'(S, H).

15.3.1. Proposition. [SGA3, XXIV.8.2|
(1) The map H*(R,G) — HY(S, H) is injective and its image consists in
H—torsors which are split after a flat cover coming from R.

(2) If S/R is a flat cover, we have H*(R,G) —» H'(S, H).



60

Proof. (1) We denote by HL(S, H) the subset of H'(H,S) consisting in
classes of H—torsors split after a flat cover coming from R. Let R'/R be a flat
cover of R and put S’ = S®g R'. Then G(R') = H(S') and G(R' ®r R') =
H(S' xg8") so that HY(R'/R,G) ~ H(S'/S, H). By passing to the limit
we get the desired bijection H'(R,G) — HL(S, H).
Assertion (2) follows.
O

16. QUOTIENTS BY DIAGONALIZABLE GROUPS

Let A be a finitely generated abelian group and consider the diagonal-
izable R-group scheme &/R = ©(A) = Spec(R[A]). We assume it acts on
the right on an affine R-scheme X. We have then the decomposition in
eigenspaces

R[X] = P R[¥]..

a€A

16.1. Torsors. We are interested in understanding when X — Spec(R) is a
B—torsor.

16.1.1. Proposition. Assume that X is of finite presentation. Then X/R is
a B-torsor if and only if the two following conditions hold

(i) For each a € A, R[X], is an invertible R—module;

(ii) For each pair (a,b) € A2, the multiplication homomorphism
R[X], ®r R[X]p = R[X]stp is an isomorphism.

Furthermore, these two conditions are equivalent to the next conditions

(iii) R — R[X]o;

(iv) R[X|, R[X] = R[X] for each a € A.

Proof. We observe first that the trivial torsor & /R satisfies conditions ()
and (i7). Assume that X is a &—torsor. There exists a flat cover S/R such
that X x g S — B in an equivariant way. so that Xg satisfies (i) and (i7).
By faithfully flat descent, X satisfies (i) and (7).

Conversely, we assume that X satisfies (¢) and (7). Then R[X] is a pro-
jective module. The cograph map h : R[X]®@r R[X] — R[X] ®g R[A] applies
an homogeneous element f, ® f, to (fq fo) ® eq. Hence h splits in a direct
summand

ha : R[X], ®r R[X] —— RI[X]
fa® f = faf

Condition (ii) ensures that h, is an isomorphism and so is h. This shows
that X is a pseudo &-torsor.

Since R[X] is a projective R—module, it is then faithfully flat over R.
Then R — R[X] is a flat cover which splits X — Spec(R), therefore X/R is
a ®-torsor.

Conditions (7) and (¢7) imply (¢¢7) and (iv). Conversely assume (ii7) and
iv). Let a € A. There are elements fi, ..., f, of R[X]_, and hq, ..., h, of R[X],
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such that 1 = f1hy+---+h, fr. Then the family Ry,j, is a Zariski cover of R
and up to localize, we can assume that there exists f € R[X]_,NR[X]*. For
each b € A, it follows that the homomorphism R[X], — R[X]q4p, u — fu is
an isomorphism. In particular, R = R[X]o — R[X], and the multiplication
R[X], ®r R[X]p — R[X]s+p is an isomorphism. O
16.1.2. Example. The case of A = Z, that is of & = &,, g. In this case,
we know from the yoga of forms that a &,,~torsor X/R is the same thing

than an invertible R-module M. Another way to see it is to consider the
invertible module R[X];.

16.2. Quotients.
16.2.1. Theorem. We assume that & acts freely on X, that is the map
X Xp® — X xp X is a monomorphism. We put 9 = Spec(R[X]o).

(1) The R-map p: X — Q) is a By —torsor;

(2) /R represents the flat quotient sheaf X/&.

Proof. (1) Without lost of generality, we can assume that R = R[X]o. The
morphism X — 2) = Spec(R) is &-invariant. From Proposition 16.1.1, we
need to check that R[X], R[X] = R[X] for each a € A.

Let 9 be a maximal ideal of R and consider the subset Ay of A consisting
in the elements a € A such that R[X],R[X]_, ¢ 9. We note that Ay is a
subgroup of A and consider the ideal

I=>Y R[X],R[X]
ag Ay
of R[X]. We have ZN R C 9.
16.2.2. Claim. A; = A.

The point is that Z is a graded ideal of R[X] so that Spec(R[X]|/I) car-
ries an induced ®-action which is fixed by the closed subgroup R-scheme
D(A/Ay) of &. Since the action is free, we conclude that Ay = A.

From the claim, we get that for each a € A, the ideal R[X],R[X]_, of R
is R.

(2) Denote by @ the quotient sheaf X/®. The map p: X — 2) factorizes by
@, that is defines a map of flat sheaves p : Q — ). Since p is faithfully flat, ¢
is a covering morphism (same argument as at the end of proof of Proposition
14.5.3). Let us show that ¢ is a monomorphism. We are given an R-ring
S and two elements ¢i1,q1 € Q(S) such that p(¢1) = plg2) = y € D(9).
Let S’/S be a cover such that ¢; and g; come from z1,22 € X(S5’). Since
X Xg By — X xg X, there exists g € &(S5’) such that z1g = z2. Therefore
71 = g2 € Q(S). O
16.2.3. Corollary. (1) The graph morphism X xp & — X xp X is a closed
1MMersion.

(2) For each x € X(R), the orbit map & — X, g — x.g is a closed immer-
sion.
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16.3. Homomorphisms to a group scheme.

16.3.1. Corollary. Let f : & = D(A) — $ be an R—group monomorphism
where /R is an affine group scheme. Then f is a closed immersion.

Proof. The action of & on § is free. Then & arises as the fiber at 1 of the
quotient map ) — $/®. O

More difficult is the following

16.3.2. Theorem. [SGA3, IX.6.4] Let f : & = D(A) — H be a group
homomorphism where $/R is a smooth affine group scheme. Assume that
R is noetherian and connected. Then the kernel of f is a closed subgroup
scheme ©(A/B) of & and f factorizes in an unique way as

6 =D(4) - 9(B) L 5
where f is a closed immersion.

Proof. We can assume that R is local with maximal ideal 9, residue field
K.

We denote by R the completion of R with respect to the ideal 971. Since
) x gk admits a faithful representation, the kernel of f; is ©(A/B) for some
B. By the rigidity principle 10.1.1, fg o is trivial on D(A/B) xg R/9M"
for each n > 1. Therefore f5 is trivial on ®(A/B) (injectivity in Theorem
10.3.1) and f is then trivial on ©(A/B) because R is faithfully flat over R.
Up to mod out by ®(A/B), we can then assume then fj is a monomorphism.
Then f is a monomorphism according to Theorem 10.1.4. U

17. GROUPS OF MULTIPLICATIVE TYPE
17.1. Definitions.

17.1.1. Definition. A finitely presented affine group scheme &/R is of mul-
tiplicative type is there exists a flat cover Sy x...... S; of R such that & x p.S;
s a diagonalizable S;-group scheme.

If &g, is isomorphic to some D(Z")g, for each i, we say that & is a torus.

If R is connected, this is equivalent to ask that & x g .S is diagonalizable
for a single flat cover S/R. By descent, the nice properties of diagonalizable
groups generalize. More precisely:

(1) The rigidity properties;

(2) Existence of quotients for free actions on affine schemes;

(3) The category of group of multiplicative type admits kernels and cok-
ernels, it is an abelian category. We denote it by M/R.

(4) Each R-group of multiplicative type & fits in a canonical exact se-
quence 1 - % — & — & — 1 where T/R is a R-torus and ®’/R is finite.
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17.1.2. Example. If S/R is a finite étale cover and A a f.g. abelian group,

the Weil restriction & = [[ ®(A)s is an R-group of multiplicative type!!.
S/R
We have a natural map D(A4) — &.

17.1.3. Definition. An R—group of multiplicative type is called

isotrivial if there exists a finite étale cover S/R such that &g is diagonal-
izable;

quasi-isotrivial if there exists an étale cover S/R such that &g is diago-
nalizable.

For example, the Weil restriction example is isotrivial. We consider the
case of a connected Galois cover S/ R of finite group I'. By the yoga of forms,
for each f.g. abelian group A, we have a correspondence

{S/R—forms of D(A) } <——> HY(S/R,GL(A)) = H(, GL(A)).

The point is that Aut(D(A4))? = (GL(A))g. Also since HY(T, GL(A)) =
Homyg, (I', GL(A))/GL(A), it implies that there is a minimal Galois subex-
tension S /R of S/R which splits &. This can be pushed further as follows.

17.1.4. Proposition. The subcategory of M /R consisting of R—groups of
multiplicative type split by S/R is full and abelian. It is antiequivalent to
the category of f.g. I'-modules over Z.

We can pass that to the limit on Galois covers.

17.1.5. Corollary. Suppose that R is connected and let f : R — F be a
base point where f is a separably closed field. The subcategory Mg consist-
ing of isotrivial R—groups of multiplicative type is a full and abelian. It is
antiequivalent to the category of discrete w1 (R, f)-modules which are finitely
generated over 7.

17.1.6. Remarks. (1) For an isotrivial R—group of multiplicative type &,
there is a minimal Galois subextension Rg/R of R*¢ which splits .

(2) Since a I-module M (f.g. over Z) is a quotient of a free module Z[I']",
it follows that each isotrivial R—group of multiplicative type embeds in a
quasi-trivial torus namely of the shape [[¢ /R Gyn,s for a suitable finite étale
cover of R.

To find the best way to present a given R—group of multiplicative type
is then a natural question which is linked with representation theory. We
can mention here the theory of flasque resolutions by Colliot-Thélene and
Sansuc which deals with isotrivial objects [CTS1]. In the general case, not
much in known beyond the following fact.

11Up to localize, we can assume that S/R is locally free of rank d > 1. We prove it by
using a finite étale cover T such that S ®r T = T Then &r = [] D(A)sgpr =
S®RT/T
[T D(A)ps = DAY

Td/T
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17.1.7. Proposition. (Conrad, [C, B.3.8]) Let & be an R—group of multi-
plicative type. Then & embeds as closed subgroup scheme in an R-torus.

17.2. Splitting results.

17.2.1. Lemma. Assume that R is connected. Let &/R be a finite group of
multiplicative type. Then & is isotrivial.

Proof. There exist a flat cover S/R such that & xr S — D(A)r where
A is a finite abelian group. In other words, & is an R-form of ©(A). But
those forms are classified by the pointed set H'(R, GL;(A)) which classifies
also Galois R—covers of group GL;(A). Therefore & defines a class of Galois
covers [S/R] which split &. O

17.2.2. Proposition. Let k be a field. Then the k-groups of multiplicative
type are isotrivial.

Proof. Since it holds in the finite case, we can deal with a torus T/k of
rank d. There exists a finite field extension L/k and an isomorphism
o : GZ%L =5 Ty. If L is separable, there is nothing to do. If not, k
is of characteristic p > 0 and there exists a subextension F' C L such
that L = F(¥/x). We claim that ¢ descend to F. We consider the ring
R=L®pL=L[t]/(t? —x) = L[u]/uP, it is an artinian local ring of residue
field L. Theorem 10.2.1.(2) shows that

HomR_gp(ng,R, TR) — HomL_gp(GgLL, Tr).

It follows that dy .(¢) = do.(¢) : G& — Tg. By faithfully flat descent, ¢
descends then to F'. and this is an R—group isomorphism. We can continue

this process which stops when reaching the maximal separable subextension
of L/k. O

17.2.3. Corollary. Let A be a f.g. abelian group. Then we have
Hom, (Gal(ks/k), GL(A))/GL(A) = H'(k,GL(A)).

17.2.4. Theorem. Let & /R be an R—group of multiplicative type. Then &/R
18 quasi-isotrivial.

In the present proof, we use Artin’s approximation theorem which came
six years after the SGA3 seminar.

Proof. By the classical limit argument, we can assume that R is of finite
type over Z and in particular that R is noetherian. Up to localize, we can
assume that & is an R-form of ®(A). The statement holds in the case A
finite (Lemma 17.2.1) and behave well under extensions, so we can assume
that A = Z?. We switch then to the torus notation T = &. We consider the
R-functor (which is a flat sheaf)

F(S) = Homg_g (GZ, 5, Ts).
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We have seen that F is formally étale (Theorem 10.2.1.(2)) and we observe
that F' is locally finitely presented, that is commutes with filtered direct
limits of rings.

Let = € Spec(R) be a closed point and denote by 9, the underlying
prime ideal of R and k(z) = R/9M,. We denote by RS" the strict henseliza-
tion of the local ring R,, see §21.4. The plan is to construct an element
of F (Rfch) which is an isomorphism. We choose firstly a separable field ex-
tension &'/k(x) which splits Ty (). Up to shrink R, it lifts to a finite étale
connected cover R'/R. Without lost of generality, we can assume then that
Tk(x) 1s split. In other words, there exists a group k(x)-isomorphism

qbo : ng,k(a:) ; Tk(x).

We denote by R, the M -adic completion of R. From 10.3.3.(3), we have
see that ¢q lifts uniquely to a morphism

~ 4
d"Gmﬁ

and $ is a monomorphism. The cokernel of qg is a ﬁx—group of multiplicative

— ‘Ij%z

T

type whose special fiber is trivial. It follows that ¢ is an isomorphism. We
apply now the Artin’s approximation theorem 21.5.1 to the locally finitely
presented functor £(S) = Isomg_g, (Gg% g, %s). It implies that

Im(E(R;g) = E(k:(x))) - Im(E(fz) - E(k(x))).

In our case, it provides an isomophism ¢ : G¢ ., — T xr R". This
m7R.T z
isomorphism is defined on some étale neighboorhood R'/R of x. ([

17.2.5. Corollary. Let R be strictly henselian ring. Then the R—groups of
multiplicative type are split.

17.2.6. Theorem. Assume that R is normal. Let K be the fraction field of
R and let f: R — K — K, be an embedding in a separable closure of K.

(1) The R—groups of multiplicative type are isotrivial.

(2) The category of R-groups of multiplicative type is equivalent to the
category of discrete m (R, f)—modules which are f.g. over Z.

Assertion (2) is a formal consequence of (1). We present an alternate
proof based on the following step.

17.2.7. Lemma. Let T/R be a torus of dimension d. There is a Galois cover
R'/R of group GLq(F3) such that Trig Kk splits.

Proof. We have an exact sequence of groups
1 =0 — GL4(Z) — GL4(F3) — 1

and Minkowski’s lemma states that © is torsion free [N, IX.11]. We consider
then the exact commutative diagram of pointed sets

1 —— HYR,0) —— HYR,GL4(Z)) —— H'Y(R,GL4(F3)).
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The R-torus T defines a class in H (R, GL4(Z)) whose image in H!(R, GL4(F3))
is represented by a Galois cover R'/R of group GLy(F3). As usual we take
the right connected component S/R, it a connected Galois cover of group

I' € GL4(F3). We put L = Frac(S) = S®g K and look at the commutatuve
diagram

1 —— HYR,0) —— HYR,GL4(Z)) —— H'(R,GL4(F3))

l ! |

1 —— HYS,0) —— H(S,GL4(Z)) —— H(S,GL4(F3))

| | |

1 —— HYL,0) —— HY(L,GL4(Z)) —— HY(L,GL4(F3))
where the vertical maps are base change maps.

17.2.8. Claim. H'(L,0) = 1.

Indeed a class of H'(L, ©) is represented in H*(L, GL4(Z)) by a continous
map ¢ : Gal(K;/L) — ©, so is trivial. By diagram chase, it follows that

%] € ker (Hl(R, GL4(Z)) — HY(L, GLd(Z))>. Thus T, is a split torus. O
We can proceed to the proof of Theorem 17.2.6.

Proof. We can assume that R is noetherian. Since the result holds in the
finite case (lemma 17.2.1) and behaves well under exact sequences, it is
enough to deal with the torus case. Let T/R be an R-torus of dimension d.
Granting to Lemma 17.2.7, we can assume that Tx is split. We have then
an isomorphism map « : Gg% K 5 Bx. We want to show that it extends
to R.

First case: R is a DVR. We have R*® = R (see §21.4), so that
T xp R*¢ splits according to Corollary 17.2.5. Hence there exists a finite
Galois connected cover S/R and an isomorphism £ : (G}?( 5 Tk. We put
L = Frac(S) and observe that oy o 1 € GL4(Z)(L) = GL4(Z)(S). So we
can modify 8 such that S = ar. It follows that g is Gal(S/R)-invariant
and descends to an isomorphism GdR —+ T. which extends o.

General case: Given z € Spec(R)M), we know from the first case that there
exists an isomorphism 3, : ng, R, — TR, which extends a. Hence there
exists an open subset 4 of Spec(R) containing all points of codimension one
such that o extends to an isomorphism a : D(A)y — Sy.

The map a : Gﬁln Xz I — & is defined everywhere in codimension one on
the normal scheme'? G x7 R so it extends uniquely to a map G‘fm r— ®
([EGA4, 20.4.6] or [Li, 4.1.14]). This map is a group isomorphism with the
same kind of arguments. O

12Recall that a smooth affine scheme over a normal noetherian ring is normal [Li,
8.2.25].
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17.3. Back to the recognition statement. We state once again the im-
portant Proposition 13.3.4.

17.3.1. Proposition. [C, 4.2.2] Let $1/R be an affine smooth group scheme
whose geometric fibers are rank one additive groups. We assume that /R
is equipped with an action of &, such that the G, ~module L = Lie(4l)(R)
is non trivial everywhere. Then there exists a natural R—group isomorphism

W(L) =2 .

Proof. We can assume that R is noetherian. The statement is of local nature
for the flat topology so we can assume that R = (R, 9, k) is local. Also up
to make an essentially étale extension of R, we can assume that the map
U(R) — U(k) is not trivial.

In particular G,, acts on L by a character ay,, n > 1 (up to take the
opposite action). Let o € U(R) be a point whose specialization is not trivial.
We consider the orbit map

q: G, r— U t—=to

It extends to an R—map ¢ : A}z — 4 which is &,,—equivariant for the scaling
action on &, . The induced map g : A}C — i = &,k is a non constant
endomorphism f of the affine line A} which satisfies f(t.z) = t" f(z), hence
f(t) = at™ for some a € k*. In particular, f is p, p-invariant.

17.3.2. Claim. q is py-invariant.

Equivalently we have to show that u, — &,, — il is a constant map (of
value o) or that R[U] — R[u,]/R is trivial. Since gy is trivial, R[] —
Ry |pn]/ R = R[Z/nZ]/R,, is trivial where R,,, = R/9"™. By passing to
the limit, we get that R[$(] — R[un]/R = R[Z/nZ]/R is trivial. Thus qgp is
a constant map so ¢ is trival as well. The claim is proved.

By moding out by ji,, we get a factorization ¢’ : &), p — £l and a map
q : (A%n r) — Y which is &,,-equivariant where the action on (A}n r) s
by ay. It follows that the map ¢ is an R-group monomorphism. Also
¢ is étale by the differential criterion so that it is an immersion. But its
image contains the closed fiber {; which permits to conclude that ¢’ is an
isomorphism. O

17.3.3. Remark. The key thing in the proof is the &,,-action. In positive
characteristic, the additive group G, has a large automorphism group [DG,
I1.1.2.7] which is under control there.



68

Reductive group schemes and descent techniques

18. SPLITTING REDUCTIVE GROUP SCHEMES

18.1. Local splitting. The next result generalizes the torus case 17.2.4.

18.1.1. Theorem. Let &/R be a reductive group scheme. Then there exists
an étale cover Sy X --- x S; such that & xXg S; is a split reductive S;—group
scheme fori=1,...;r.

Proof. The proof goes on the same lines than Theorem 17.2.4. By the clas-
sical limit argument, we can assume that R is of finite type over Z and
in particular that R is noetherian. Let & € Spec(R) be a closed point and
denote by 9, the underlying prime ideal of R and k(z) = R/9M,. The k(z)-
group & x g k(z) admits a maximal torus T'/k(z). It splits after a separable
field extension k(x)'. Up to shrink R, the extension k'(x)/k lifts to a finite
étale connected cover R'/R. It boils down then to the case when & X g k(z)
admits a maximal torus G¢ /k(x). According to Theorem 10.3.3.(1), our
given k(z)-embedding

. rd
lifts to a ﬁx—monomorphism
~ 4 R
o : Gm,ﬁm — &5 .

We apply now the Artin’s approximation theorem 21.5.1 to the locally
finitely presented functor F(S) = Homg_g; (GZ% g, ®s). It implies that

Im(F(Rg) = F(k(x))) - Im(F(RB) = F(k(:v))).

In our case, it provides an R"-map ¢ : Gg% Rh G pn. This map ¢ is a
monomorphism by 10.1.4 and a closed immersion by Corollary 16.3.1. Since
the absolute rank is a locally constant function (Cor. 11.0.8), we conclude
that ¢ defines a split maximal R!—torus of & ghr- The Gpr-group is then
split according to Remark 13.3.6. (I

18.1.2. Corollary. Assume that R is a strictly henselian local ring. Then
each reductive group scheme & /R is split.

18.1.3. Definition. Let $/R be a reductive group scheme. For each x €
Spec(R), we define the type of ) at x as the isomorphism class of the root

datum ‘11(53@) It is denoted type, ().

The isomorphism classes of root data form a set, we denote it by Type.
We refine then the continuity of the rank by the
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18.1.4. Corollary. Let $/R be an affine smooth group scheme. The map
Spec(R) ——  Tuype

x = type,(9)
18 continuous.

We get also a local characterization of reductive group schemes.

18.1.5. Corollary. Let /R be an affine group scheme. Then the following
are equivalent:

(i) & is a reductive group scheme;

(ii) there exists an étale cover Sy X - -+ x Sy such that & X S; is a split
reductive S;—group scheme fori=1,...,1;

(iii) there exists an flat cover Sy X --- X S; such that & xg S; is a split
reductive S;—group scheme fori=1,...,1.

Proof. Theorem 18.1.1 is exactly (i) = (i7). The implication (ii) = (ii1)
is obvious. The implication (i) = (i) is the easy one. Assuming (iii),
faithfully flat descent theory yields that & is smooth. Also the geometric

fibers of & are reductive, so we conclude that & is a reductive group scheme.
O

18.1.6. Proposition. Let & /R be a smooth affine group scheme. Mazimal
tori exist locally for the étale topology and are locally conjugated.

Proof. Since split reductive group schemes admit maximal tori, Theorem
18.1.1 yields the existence of maximal tori locally for the étale topology. For
conjugacy, we can assume that R is finitely generated over Z. Let T1, %o
be two maximal R-tori of &. Let z € Spec(R). By Theorem 17.2.4, we
can localize for the étale topology in order to split ¥ and To. We can then
assume that T; and ¥y are split and see them as the images of ¢; : Gﬁl{ - &
for i = 1,2. Up to localize furthermore, we know that T xp k(z) and
%1 Xrk(z) are conjugated [CGP, A.2.10] by an element g, € G(k(x)) which
lifts in g € &(R). This boils down to the case when ¢ ) = d2k(z)- By

~

Corollary 10.3.3.(1), there exist ¢ € B(R;) such that ¢; =9 ¢2. Artin
approximation’s theorem applied to the transporter functor

E(S) = {h e &(S) | 615 = "5}
shows that E(R!) is not empty. O

18.2. Weyl groups.

18.2.1. Proposition. Let /R be a reductive group scheme equipped with a
mazximal R-torus T. We denote by N = Ng(%) the normalizer functor of T
defined by

N(S) = {g € 6(5) | gT()g™" = 5(8) vS'/5}.
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for each S/R.

(1) The functor N is representable by a closed subgroup scheme N =
N (T) of &.

(2) N is smooth and the quotient N/T is locally a twisted finite constant
group scheme.

(3) If B is a Borel subgroup containing T, we have T =N x g B.

(4) If T is split and & splits respectively to T, then M/T is isomorphic to
Wgr where W is the Weyl group of the root datum V(G,T). Furthermore,
the map M(R) — Wgr(R) is surjective.

Proof. To be written. (|

It applies to Borel subgroups.

18.2.2. Theorem. Let & /R be a reductive group scheme and let B/R be a
Borel R—subgroup scheme. Then B is its own normalizer.

Proof. We consider the normalizer functor of 8 defined by
N(S) = {g € 6(S) | gB(S)g™ = B(S") vS'/5}

for each S/R. We note that N is a flat sheaf so that we can localize for
flat topology. From Theorems 18.1.1 and 18.5.3, we can assume that & is
split and that B contains a maximal split R-torus T. Let us show that
B(R) = N(R). We are given g € N(R). Then 9% is a maximal R-torus
of B, so that up to localize for the étale topology, there exists g € B(R)
such that 9T = ¥ (Th. 18.1.6). We can then assume that 9% = T, that is
g € Ng(T)(R). By Proposition 18.2.1.(3), we get that g € T(R). O

18.2.3. Remark. An alternative way is to use Theorem 14.9.1. It implies
that the normalizer functor is representable by a closed subgroup scheme
O of &. Since By, = Ny, for each x € Spec(R), the closed immersion
B — I is surjective, hence an isomomorphism.

18.3. Center of reductive groups. We say that a split reductive group is
semisimple (resp. adjoint, simply connected) is its root datum is semisimple
(resp. adjoint, simply connected). The general definition is then provided
by descent.

18.3.1. Corollary. Let /R be a reductive group scheme. Then the center
of & is representable by a R-group of multiplicative type. Furthermore the
quotient /3(QG) is an adjoint reductive R—group.

18.4. Isotriviality issues. We shall discuss firstly examples. The (normal)
ring 7 is simply connected so that all tori are split. Also Pic(Z) = 0, hence
by Remark 13.3.7, we have

A reductive group scheme & /7 is split if and only if & carries a mazimal
Z-torus.
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There are semisimple group schemes over Z, the simplest one being the
special orthogonal group of the Z—quadratic form I's, see [CG|. Those groups
have no maximal tori and this a somehow the first obstruction for splitting
a reductive group scheme. A reasonnable question is the following.

18.4.1. Question. Assume that R is normal. Let /R be a reductive group
scheme such that & xp R’ admits a maximal (split) R-torus. Is &/R
isotrivial namely split by R*¢?

We discuss this question by means of the following example. Let M/R
be a locally free module of rank d > 1. Then the R—group & = GL(M)/R
is isomorphic locally (for the Zariski topology) to GLg. This R—-group is
reductive.

18.4.2. Lemma. (1) & = GL(M) admits a split R—torus of rank d if and
only if M = L1 ® - - - Lq where the L;’s are invertible R—modules.

(2) & = GL(M) is split if and only if there exists an invertible R—module
L such that M = L<.

Proof. (1) If M decomposes as a sum of invertible modules, & contains GZ,
as closed R—subgroup scheme. Conversely, assume that there is a closed
immersion i : G¢ — GL(M). By diagonalization, we get a decomposition
M =DM ®---d My and the M;’s are projective locally free of rank one.
(2) If M = L%, we have GL(M) = GLg4. Conversely, assume that & is
split. In particular, there is there is a closed immersion i : G — GL(M)
and we have M = M, & --- My. We consider the adjoint action of an’ R on
Endg(M) = Lie(®)(R). We have the decomposition

Endg(M) = R* & @D Homp(M;, M;)
iy
where Hompg(M;, Mj) is the eigenspace for the root ai_laj. Since & is split,

the eigenspaces are free modules, so we conclude that M; — M; for i =
2,...,d. O

18.4.3. Remark. Assume that R is a Dedekind ring and let L be an in-
vertible module. Then L & L* is free so that GLy — GL(L & L*) con-
tains a maximal split torus of ¥ rank two and the root decomposition is
glar = Lie(T) @ L®? @ (L®?)*. Hence T is a splitting tous of GLy if and
only if [L] € 2Pic(R)

Now let E/C be a projective elliptic curve and put Spec(R) = E \ {0}.
Then R is a Dedekind ring and we have an exact sequence
0 — Z — Pic(F) — Pic(R) — 0.

But Pic(F) — Z @ E(C) so that E(C) = Pic(R). Since E(C) — C/Z2,
it follows that Pic(R) contains a class [L] which is not torsion. Now we
consider the R—group GL(R® L) and claim it is not isotrivial, namely cannot
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be split by a finite étale extension of R. We reason by sake of contradiction.
Assume there exists a finite étale cover R'/R such that & xp R’ splits.
Lemma 18.4.2.(2) implies then that L ®g R — R/, i.e.

[L] € ker (Pic(R) — Pic(R')).

By means of the norm map Pic(R’) — Pic(R) (see [EGA4, 21.5.5]), this
kernel is torsion (killed by the degree of [R’ : R]). This contradicts our
assumption over L.

This example shows that the naive question 18.4.1 has a negative answer.
In other words, Theorem 17.2.6 is not true for reductive (and semisimple)
R-group schemes even for an R—group carrying a split maximal R-torus.

18.4.4. Proposition. Let /R be a reductive group scheme admitting a
mazximal R—torus which is locally isotrivial. Then & is locally isotrivial,
that is there exists a Zariski cover Ry X --- Ry of R such that & X R; is
split fori=1,..,1.

Note that it applies in particular when R is normal and & contains a
maximal R-torus by Theorem 17.2.6.

Proof. Let ¥ be a maximal R—torus. Up to localize, we can suppose that
® has constant type and that there exists a finite étale connected cover
such that T xg S = G¢. For each root «, the weight space Lie(&)(S), is
an invertible S—module. For each z € Spec(R), S ®pr R, is a semi-local
ring so that Pic(S ®r R;) = 1. It follows that & xg (S ®g R,) splits. By
quasi-compacity, we conclude that & is locally isotrivial. O

18.4.5. Remark. The statement is rather weak and can be strenghtened
as follows: A semisimple R—group scheme is locally isotrial, see [SGA3,
XXIX.4.1.5].

18.5. Killing pairs.

18.5.1. Definition. A Killing couple is a pair (B,%) where B is a Borel
R-subgroup (see 12.8.1) and T is a mazximal R-torus of B.

18.5.2. Example. Let /R be a split reductive group and T/R be a maximal
split torus of &/R. We denote by ¥ = ¥(®&,T) the associated root datum.
Choose A € 30 such that (ar, Ay # 0 for each root a. We get then a subset
of positive roots {a | (o, A\) > 0} and a basis A of the root system ®(®&, %)
[Bbk3, VI.1.7, cor. 2]. Then we claim that the limit R—group B = Pa(N)
defined in 12.3.1 is a Borel subgroup of &/R. It is a closed subgroup scheme
which is indeed smooth. Its Lie algebra is

Lie(B)(R) = Lie(T)(R) & @) Lie()a(R).
a>0

Also its geometric fibers are parabolic subgroups [Sp, §15.1] whose Lie al-
gebras are Borel subalgebras. Therefore the geometric fibers of B are Borel
subgroups and we conclude that B is a Borel subgroup scheme of &.
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18.5.3. Theorem. Let /R be a reductive group scheme.

(1) Locally for the étale topology, Killing couples of & exist and are con-
Jugated.

(2) Locally for the étale topology, Borel subgroups of & exist and are
conjugated.

Proof. By Theorem 18.1.1, & is locally split for the étale topology. The
example above shows that & admits a Killing couple locally for the étale
topology on Spec(R). It remains to treat the two conjugacy questions with
essentually the same method than for 18.1.6. We can assume that R is
finitely generated over Z.

(1) Let (B1,%1), (B2, T2) be two Killing couples of &/R. Let = € Spec(R),
we want to show the statement étale-locally at z. Since the result holds
for separably closed fields, we can localize for the étale topology so that
(B1k, T1k) = (Bog, Tak). By Theorem 10.3.3.(3), there exist unique A; :
Gm,ﬁm — Tz‘,ﬁT which lifts A;  for i = 1,2,

Lemma 12.3.3.(1) shows that B. 5 = Po(N) for i = 1,2. Now we use

~

that A\; and Ay are B(R)—conjugated according to Corollary 10.3.3.(2), i.e.
ALg =7 Ay p for some g € &(R). Since TR= 36, (Ni) for i = 1,2, it follows
that (B1,%1)p = 4B2, T2) 5. Once again the Artin approximation theorem
enables to conclude that (%81, %) and (B2, T2) are locally conjugated for the

étale topology.

(2) It is a simplification of the previous argument. O

19. TOWARDS THE CLASSIFICATION OF SEMISIMPLE GROUP SCHEMES

19.1. Kernel of the adjoint representation. Let &/R be a reductive
group scheme and denote by g = Lie(®)(R) its Lie algebra. We consider the
adjoint representation Ad : & — GL(g) = 9, it factorizes in the sequence of
R—group functors

& X Aut(®) 5 GL(g) = %

where L maps an S-isomorphism ¢ : &g — &g to its differential Lie(yp) :
gRrS = g®RrS.

19.1.1. Proposition. (1) [SGA3, XXII.5.14] The adjoint representation & —
GL(g) induces a monomorphism &,q — GL(g).

(2) If & is adjoint, L : Aut(®) — GL(&) = 9 is a monomorphism.

(3) If & is adjoint, the morphism of R-functors Aut(®) — Ng (&) is an
isomorphism and Aut(®) is representable by a closed subgroup scheme of

GL(g)-
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Proof. (1) The field case is due to Rosenlicht [Rt, Lemma 1 p. 39]. We
can assume that we deal with a base field £ which is algebraically closed
and reductive group G/k. By the Bruhat decomposition with respect to a
Killing couple (B,T) an element of ker (G(k:) — GL(g)(k)) can be written
up to conjugacy as g = nyu with n € Ng(T')(k). By looking at the action
on g, we see that w = 1, that is g € B(k). We have Zg(Lie(T")) = T so that
g € Ng(T)(k) N B(k) = T(k). By looking at the roots we conclude that
g € 3(&)(k).

The method for reaching the general case is similar to that for showing
Theorem 10.1.4. We denote by R the kernel of G,q — GL(®). We shall show
that R is proper by using the valuative criterion. Let A/R be a valuation
ring and denote by F' its fraction field. Since K(F) = 1 from the field case,
we have R(A) = K(F) and the criterion is fullfilled. Hence R is proper.
Since R is affine, R is finite over R [Li, 3.17]. It follows that R[£] is a finite
R-algebra such that R/9M, — R[&]/9M, R[R]. The Nakayama lemma [Sta,
18.1.11.(6)] shows that the map R — R[] is surjective. By using the unit
section 1z we conclude that R = R[R].

(2) We assume that & is adjoint and consider the group functor L : Aut(®) —
GL(®) = 9. Let ¢ € ker(L)(R). Then for each S/R and each g € &(S), we
have

L(point(g) o ¢~ ") = L(int(g)) = Ad(g).

But ¢ oint(g) o ¢! = int(p(g)) so we have Ad(p(g)) = Ad(g). Since Ad is
a monomorphism by (1), it follows that ¢(g) = g. This shows that ¢ = idg.
We conclude that L is a monomorphism.

(3) The map Aut(®) — Ng(®) is then a monomorphism. But this map
admits a splitting hence is an isomorphism. By Theorem 14.9.1, we have
that Aut(®) is representable by a closed subgroup of §). (]

19.2. Pinnings.

19.2.1. Definition. Let /R be a split reductive group scheme equipped with
a mazimal torus T. A pinning of /R is a couple E = (A, (Xqa)aea) where
A is base of the root datum ¥(&,%) and each X, is an R-base of the in-
vertible free R-module Lie(®)(R)q.

If R is connected and g € &(R), then we can talk about the conjugated
pinning 9F), relative to the R-torus 9%.

19.2.2. Lemma. Assume that R is connected and let & /R be an adjoint split
group scheme which splits relatively to a split R—torus ‘<.

(1) The group Ne(T)(R) acts simply transitively on the pinnings relatively
to T.

(2) The group B(R) acts simply transitively on the couples (&, Ep) con-
sisting of a maximal split torus which splits & and a pinning.
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Proof. Let (A, Ep) be a pinning. We prove firstly the freeness of the action.
Let g € &(R) such that 9(T, A, (X)) = (F,A,(Xa)). Then g € N (T)(R)
and we denote by w its image in W = Wgr(R). Then YA = A so that w =1
and g € T(R). For each a € A, we have X, = 9X, = a(g)X, so that

g € ker (T — Gﬁ R) = 1 since & is adjoint. We prove now the transitivity.

(1) Let (A, (X/,)) be another pinning relative to T. There exists (a unique)
w € W such that A = YA’. By Proposition 18.2.1, w lifts to an element
ny € Ne(T)(R). We can then assume than A = A’. For each a € A,
we have X! = ¢4 X, for some ¢, € R*. Since T = G%R, there exists
then t € T(R) such that ‘X, = X, for each @ € A. Thus (A’,(X!))) is a
N (T)(R)-conjugate of Ep.

(2) Let ¥’ be another maximal split torus which splits T’ and let E}, be
pinning. By the unicity, we can reason étale locally so that T’ is &(R)-
conjugated to T. This boils down to the case ¥ = T where (1) applies. O

19.3. Automorphism group.

19.3.1. Theorem. [SGA3, XXIV.1] Let &/R be an adjoint reductive group
scheme and denote by g its Lie algebra.

(1) The functor Aut(®) is representable by a smooth group scheme and
the map Aut(®) — GL(g) is a closed immersion.
(2) The quotient sheaf Out(®) = Aut(G)/® is representable by a finite

étale R—group scheme.

(3) We assume that & is split. Let T be a maximal split torus of & and
let Ep be a pinning. Then Out(G) is a finite constant group and the exact
sequence

1 =6 — Aut(®) — Out(®) —» 1

splits. More precisely, we have an isomorphism
{f € Aut(®, T)(R) | TEp = Ep} 5 Out(®)(R).

Proof. to be written.
O

19.4. Unicity and existence theorems. We give a weak version of the
unicity theorem.

19.4.1. Theorem. Let (&,%) and (&', T') be two split reductive R-group
schemes equipped with mazximal split tori. Then (6,T) and (&', T') are
isomorphic iff the root data V(®,%) and V(B',T') are isomorphic.

We come now to the Chevalley’s existence theorem.

19.4.2. Theorem. Let ¥ = (M,R, M"Y, R") be a reduced root datum. Then
there exists a split Z-reductive group scheme & equipped with a mazimal
split Z—torus ¥ such that V(6, %) = V.
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This Z-group scheme is called the Chevalley group associated to W. If
R is connected, a given reductive R—group scheme &/R is isomorphic étale
locally to a unique Chevalley group scheme &y x7 R. It defines then a class
in the non-abelian cohomology set H'(R, Aut(®g)). This set encodes then
the classification of reductive group schemes over R.
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20. APPENDIX: SMOOTHNESS

We refer to [BLR, §2.2]. Let X/R be an affine scheme and let x € X.

We say that X is smooth at x of relative dimension d if there exists a
neighbourhood /R of x and an R-immersion j : & — A’ such that the
following holds:

(1) Locally at y = j(x), the ideal defining il is generated by n — d sections
915 -+ Yn—ds

(2) The differentials dg;(y), . ..,dgn—4(y) are linearly independent in the
k(y)-vector space Q}%[tl,...,tn]/R DR[t1,... tn] K(Y)-

We say that X/R is étale at x if X/R is smooth at z of relative dimension
zero. Smoothness (resp. étalness) is an open condition on X and the relative
rank is locally constant.

We say that X/R is smooth (resp étale) if it is smooth (resp. étale)
everywhere. Smoothness and étalness are stable by composition and base
change. Smoothness (resp. étalness) can be characterized by a property of
the functor of points.

20.0.1. Definition. We say that an R—functor is formally smooth (resp.
formally étale) if for each R-ring C equipped with an ideal J satisfying
J%? =0, the map

F(C)— F(C/J)
is surjective (resp. bijective).

Note that this property implies that for each R-ring C equipped with a
nilpotent ideal J then the map F(C) — F(C/J) is surjective (resp. bijec-
tive).

20.0.2. Theorem. Let X/R be an affine scheme of finite presentation. Then

X/R is smooth (resp. étale) if and only if the R—functor hx is formally
smooth (resp. formally étale).

Another important result is the following characterisation of open immer-
sions.

20.0.3. Theorem. [EGA4, th. 17.9.1] Let f : X/R — /R be a morphism
of affine R-schemes. The following are equivalent:

(1) f is an open immersion;

(2) f is a monomorphism flat of finite presentation.

In particular, a smooth (and a fortiori étale) monomorphism is an open
IMMErsion.

A useful consequence is the following

20.0.4. Corollary. [EGAA4, th. 17.9.5] Let f : X/R — 2 /R be a morphism
of finite presentation between affine R-schemes. Assume that X/R is flat.
Then the following are equivalent:
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(1) f is an open immersion (resp. an isomorphism);
(2) fs: X xrK(s) = XgK(s) is an open immersion (resp. an isomor-
phism) for each s € Spec(R).

We recall also the following differential criterion.

20.0.5. Theorem. [EGA4, §17.11] Let f : X — ) be a finitely presented
R-morphism between two smooth affine R-schemes X,2). Let x € X and put
y = f(x). Then the following statements are equivalent :

(1) f is smooth (resp. étale) at x;

(2) The k(x)-map f* : (QI@/R @R ﬂ(y))@,{(y)m(x) — Q%e/R @ px] k() is
injective (resp. bijective).

If furthermore, k(x) = k(y), it is also equivalent to
(3) The k(x)-map on tangent spaces T'(f) : Tx o — Ty is surjective (resp.
bijective).
20.0.6. Corollary. Let I be an ideal included in rad(R) (e.g. R is local
and I is its mazimal ideal). Let f : X — ) be a finitely presented R—

morphism between two smooth affine R-schemes X,9). Then the following
are equivalent:

(1) f is smooth (resp. étale);

(2) fryr: X xgr R/T = xgr R/I is smooth (resp. étale).
Proof. The direct way follows of the base change property of smooth mor-
phisms. Conversely, we assume that fr,; is smooth (resp. étale) and we
consider the smooth (resp. étale) locus i of f. It is an open subscheme of
X. According to the differential criterion, 4l contains then X xp R/I. We
claim that ${ = X. Assume it is not the case. Since X is quasi-compact (see

[EGAL, §2.1.3]), X \ U contains a closed point . It maps to a closed point
of Spec(R), contradiction. O

20.0.7. Corollary. Let f : ) — Spec(R) be an étale morphism where Q) is
an affine scheme. Let s be a section of f. Then f is an clopen immersion.

In particular, the diagonal map ) A D xR Y is a clopen immersion.
The general underlying statement is [EGA4, cor. 17.9.4].

Proof. We put X = Spec(R) and see the section s as an R-map X — %)
between two smooth R-schemes. By considering the carthesian square

Ay
Y —— Y xrP

T e

x s®id QJ X R x

we see that s is a closed immersion. It is then enough to show that s is étale.
Let x € X with image y = s(z). We have k(z) = k(y) and the x(x)-map on
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tangent spaces T'(s), : Tk — Ty, is a section of the bijective map T'(f),,
so is bijective. Therefore s is étale and is an open immersion. O

21. APPENDIX: UNIVERSAL COVER OF A CONNECTED RING

The interested reader could skip that appendix and read directly at the
source [SGA1] or Szamuely’s book [Sz]|. There is no noetherianity assump-
tion but the reader can assume for simplicity that R is noetherian.

A finite étale cover S/R is flat cover which is finite and étale. Since it
is flat, it is projective and then locally free. We state the following nice
characterization (not used in the sequel).

21.0.1. Proposition. [EGA4, 18.3.1] Let S/R be a finite ring. Then S/R is
étale if and only if S is a projective R-module and S is a projective S Qg S-
module.

A special case is that of a Galois cover with respect to a finite abstract
group I'. Recall that our convention (and that of [P]) is that a Galois cover
is a étale T-algebra for a finite group I''3.

If T is a finite group, the pointed set H'(R,T") classifies I'-torsors and then
Galois covers of R with group I'. If u : ' — I is a group homomorphism
of finite groups, we have an induced map u, : H'(R,T) — H'(R,T'). Of
course, this map has a description in terms of algebras and by composition,
it is enough to deal with the case u surjective and w injective.

If w is surjective, we associate to a I'-algebra S/R the I''-algebra Gher(u),

If w is injective, we associate to a I-algebra S/R its induction
Ind} (S)

which is defined exactly as in the field case [KMRT, 18.17]. In terms of
R-modules, Ind} ($) = ST and

Indf'(8) = {a € Map(I",9) | a(17) = 7o a(y) v7,7'}.

21.1. Embedding étale covers into Galois covers. Our goal is to make
the construction of the universal cover of the base ring R with respect to a
F-point f: R — F where F is a separably closed field.

21.1.1. Lemma. Let S/R be a finite étale cover of R. Assume that R is
connected and denote by d the rank of S/R.

(1) Let s : S — R be a (ring) section of R — S. Then S = R x S' where
S’/R is a finite étale cover and s is the first projection.

(2) S has at least d connected components and those are finite étale covers.

(3) If S/R is Galois, so are its connected components.

BWarning: in [SGA1] and [Sz], a Galois cover is by definition connected.
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Proof. (1) This follows of Corollary 20.0.7.

(2) We reason by induction on the rank d of S/R, the rank 0 case being
trivial. If S is connected, there is nothing to do. Else there exists an
idempotent e € S\ {0,1} such that S = Se x S(1 —e). Those are direct
summands of S, so are f.g. projective or respective rank r > 1, d —r > 1.
Then S.e and S(1 — e) are finite over R and are étale since Spec(S.e) (resp.
Spec(S.(1 —e))) is open in Spec(S). By induction S.e and S(1 — e) have at
least r and d — r connected components. Thus S has at least d connected
components.

Assume firstly that S is noetherian. It has finitely many connected com-
ponents, hence reads S = S; x --- x 5;. Each S; is locally free over R of
rank d;. Also S; is étale over R, so S; — R is finite étale and is surjective
since R is connected.

The general case is a limit argument. We can write R = hﬂael R, and

S = Say ®R,, S with the R, noetherians [Sta, 135.3]. We can assume fur-
thermore that the R, ’s are connected, then each S, has at least d connected
components. It follows that the number of connected components of S is
finite and the components are defined at finite stage.

(3) We assume furthermore than S/R is Galois for a group I Then T’
permutes the connected components so that S = SEF/ ™) Where I'; is the

stabilizer of S;. Then I'; acts freely on S; and R = Sfrl). We conclude that
S1 is a Galois cover of group I';. O

21.1.2. Proposition. Assume that R is connected. Let S/R be a ring ex-
tension and d be a non-negative integer. Then the following are equivalent:
(i) S/R is finite étale of degree d;

(ii) There exists a finite étale connected cover T/R such that S @r T —
T x---T (d times);

(iii) There exists a flat cover R'/R such that S @p ' — R x --- R (d

times).

Proof. The implication (i) = (4i%) is obvious and the implication (iii) =
(7) is faithfully flat descent. We assume then (i) namely S/R is finite étale
of degree d. If d = 0, there is nothing to do. We assume then d > 1 and put
T; = S. According to Lemma 21.1.1.(1), the codiagonal map S ®r 17 — S
defines a decomposition

(21.1.3) SrTT = 11 x51

where S /T is a finite étale cover of degree d — 1. By induction, there exists
a finite étale cover Ty/T; such that

S ®RTd;>Td><-~~Td ((d—l) times).
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Then T} is finite étale over R and by reporting in the identity (21.1.3), we
get SQpTy =Ty % ---xTy (d times). We now take a connected component
of Ty and we have S®@r T =T x --- x T (d times). O

21.1.4. Remark. The proof of (i) = (7i) is a ring version of the construc-
tion of a splitting field for a separable polynomial.

21.1.5. Lemma. We consider the flat sheaf in algebras S — S = Fy(9).
Then the natural map Sq.r — Aut(Fy) of R-functors is an isomorphism.

In other words, the flat sheaf R— Aut(Fy) is representable by the constant
group scheme Sy.

Proof. We can assume that R is noetherian and also connected. We have
S; € Autgp(R?). An R-automorphism o of R? permutes the idempotent
elements, so is a given by a permutation. ([

According to Lemma 21.1.1.(3), the yoga of forms 15.2.1 yields

21.1.6. Corollary. Let d be a positive integer. Then there is a one to one
correspondence

{E’tale algebras of degree d} < ——> Hl(R, Sq)-

In other words, if S is a finite R—étale algebra of degree d, we attach to
it the Sy—torsor

T+ Es(T) = Isomp_q,(T%, S @ T).

S defines a flat sheaf in algebras 20(.S) and one has a canonical isomorphism
s (Fg) — 20(8).

21.1.7. Proposition. (Serre, [Sel, §1.5]) Let S/R be a finite étale cover.

(1) There exists an étale cover S/S such that S/R is a Galois cover.

(2) If S is connected, S can be chosen to be connected.

Proof. (1) Up to localize, we can assume that S/R is locally free of constant
rank, say d > 1. The idea of the proof is to do it in the split case R?
in an Sg-equivariant way and to twist that construction. The group Sy
acts by permutation on the finite set Q4 = {1,...d} = S4/Sq—1. We have
R = R[S;/S4_1] and it embeds in the group algebra R[S,] by the norm
map N = Ng,/s, , : R[Sq/Sa-1] = R[S4] = R\54),

Since R[S] is the split Galois R-algebra of group Sy, that makes the case
of R?. For the general case of S/R, we can twist this construction by the
Sgq—torsor above, this provides an embedding of S in a Galois Sg—algebra S.
By descent, S is finite étale of degree (d — 1)! over S.

(2) This follows of Lemma 21.1.1.(3). O



82

21.2. Construction of the universal cover. We assume that R is con-
nected and equipped with a point f: R — F where F' is a separably closed
field. We consider the category C of pointed connected Galois covers over
R. The objects are Galois covers S/R equipped with a map fg:S — F ex-
tending f. The morphisms are R—morphisms commuting with the maps fs.
More precisely, a map h : S1 — Sz is an R-ring map such that fg, = fg,0h.

21.2.1. Lemma. Let (S1, f1),(Sa, f2) € C. Then Homc((Sl,fl),(Sg,fz)) is

empty or consists in one map which is a finite étale cover.

Proof. Let h : S — S5 be such a map. Proposition 21.1.2 provides a finite
connected étale cover T which splits S; and Sy. Hence S; ®p T — 7(d1)
and So@pT — T(d2) g6 that hy is finite étale. By descent, h is finite étale.
Since S5 is connected, h is a finite étale cover.

Now, let h,h’ be two such maps. We want to show that h = h'. The
T-maps hr, hlp T(d) — T(@) gre given by matrices with entries 0 or 1.
Since the two maps agree after tensoring by T'®g F, we get that hy = h/.
By descent, we conclude that have h' = h. ([

This permits to equip that category with the preorder (Sa, fo) > (S1, f1)
if Home ((S1, f1), (S2, f2)) # 0. For each relation (Sq, f2) > (S1, f1), there is
a unique map hj s : S1 — Sa.

This category is directed by the following construction. Given objects
(S1, f1), -+, (Sn, fn) of C, the tensor product T = S; ®pr Sa--- ®r Sp, is
a Galois R-algebra equipped with the codiagonal map fr : T — F. Then
T splits as T — Ty x ... T, where the T} are connected Galois R-algebras
such that fr(7T;) = 0 for j = 2,..,r. It follows that (71, fr,) > (S;, fi) for
i1 =1,..,n and this is the upper bound.

We can define then the simply connected étale cover of (R, f) by

(21.2.2) R* = lim S.
(S.1)
It comes equipped with a map f%¢ : R*® — F and we define the fundamental
group
T (R, f) = Jim Gal(S/R).
(S.5)
It is a profinite group, it acts continously on R*¢. For each object (S, fs)
we have then a natural map S — R which is 71 (R, f)-equivariant. Such a
map is unique.

21.2.3. Remark. Since the transition maps Gal(S2/R) — Gal(S1/R) are
onto, it follows that each map =1 (R, f) — Gal(S/R) is onto.

We record the following property of R*¢.

21.2.4. Proposition. R*¢ is connected and the finite étale covers of R*¢ are
split so that w (R*, f*¢) = 1.
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Proof. The fact R*¢ is connected follows from the argument as in Lemma
21.1.1.(2). Let L/R*° be a finite étale connected cover. According to [Sta,
135.3], it is defined at finite stage, that is there exists S € C and a finite étale
cover T'/S such that T'®pr R*® = L. Also T is connected. By Proposition
21.1.7, L has a Galois closure T which is connected and it enough to show
that 7' ®pr R splits. We put I' = Gal(T/R). Since T ®g F = F[I'], f
extends to a map f : T — F. It follows that that T embeds in R*. Thus
L/R*¢ splits. O

One can also give a universal property for connected étale covers, not
only the Galois ones, see [Sz, th. 5.4.2]. For Galois covers with a given fixed
group, we get

21.2.5. Theorem. Let ' be a finite abstract group. There is a natural bijec-
tion
Homeone (m1 (R, f),T)/T =5 H'(R,T).

Proof. The pointed set H'(R,T) classifies I-torsors and equivalently Galois
R-algebras of group I'. Given such a I'-étale algebra S, we decompose it
as A = 51 x --- x S, in connected components which are Galois over R.
The subgroups I'; = Gal(S;/R)’s are conjugated in I'. Choose an extension
f1:51 = F of f, the choice is up to I';—conjugacy. Then by construction,
we have a surjective continuous map

¢1:m(R, f) = T'1.

Up to I'-conjugacy, the composite map ¢1 : (R, f) — I't C T' does not
depend of the choices made. We have then defined a map

HI(R, I') — Homeont (Wl(R’ f); F) /T.

Let us define the converse map. Let ¢ : m (R, f) — I' be a continuous
homomorphism. Then it factorizes at finite level, that is there exists a
Galois connected cover S C R*¢ and ¢q such that

¢: (R, f) — Gal(S/R) 2 T.

Then we can attach to ¢g the class of the I'-cover u.(S). We let the reader
to check that the two maps are inverse of each other. O

We discuss quickly other functoriality properties of this construction. If
h : Ry — R is a morphism of rings, we put fo = foh: Ry — F. Given a
connected Galois cover Sp/R, we denote by S/R the component of Sy ®p, R
on which fg, ® f is not trivial. By passing to the limit, it yields a natural
map
Ry — R*¢

and a continous map mi(R, f) — m (R, fo). This last base change map is
onto if and only if Sp ®g, R is connected for each connected Galois cover
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So/Rp. One important special case is when R/ Ry is a Galois cover of group
T'p. In that case, one has the fundamental exact sequence of Galois theory

(*) 1—>7T1(R,f)—>7T1(R0,f0)—>ro—>1.

Also, in some sense, the group m (R, f) does not depend of the choice of the
base point f, but in a non canonical way see [Sz, prop. 5.5.1].

21.2.6. Remark. One needs to be careful with continuity issues. For exam-
ple, we consider the profinite group G = @n>1 (Fp)™ where the transition
maps are the projections on the last coordinates. It is a F,-vector space.
Since there are §, linear forms mapping the vector (---,1,1, ---,1,1) to 1,
G has plenty of no continous group homomorphisms onto I,.

21.3. Examples.

21.3.1. Case of a normal ring R. We assume that R is normal with fraction
field K. In this case, it is convenient to take F' as a separable closure of K.
Each point « € Spec(R) of codimension 1 defines a discrete valuation v, on
K. We denote by I?m its completion.

Let L/K be a Galois subextension of F' and put I' = Gal(L/K). For each
x point of Spec(R) of codimension 1, we have a decomposition

Loy Ky =5 (Ly) /)

where EJC / IA(Q; is a Galois extension of local fields for a subgroup I', C I'. We
say that L/K is unramified at z if the extension L, / K, is unramified (that
is an uniformizing parameter of K, is an uniformizing parameter of Zw)

We say that L/K is unramified over R if it is unramified at each point of
Spec(R)™). In this case, it can be shown [Sz, 5.4.9], that the ring of integers
Ry, of Rin L is a finite Galois extension of group I'. Also R*¢ is the inductive
limit of those Ry, so that 71 (R, f) is the maximal unramified quotient of
m1(R, f) with respect to Spec(R).

In particular if R’ is a localisation of R, then 71 (R', f) maps onto 71 (R, f).
This applies to the so-called Kummer covers.

21.3.1. Proposition. Let n > 1 be an integer such that K contains a prim-
itive Toot of unity.

(1) Let a € K* and assume that K, = K[T]|/(T™ —a) is a field extension of
K. Then K,/K is unramified over R if and only if if and only if div(u) €
nDiv(R).

(2) The construction above induces a natural group isomorphism
ker(KX/(KX)" diy Z/nz) s HY(R,Z/nZ).

Proof. (1) The field extension K,/K is a cyclic extension of degree n. For
each x € Spec(R)(V)| we can write a = a!P* with m, | n such that

Ko ®p Ky =5 Ko "/ag) x -+ x Kp("/az)  (my times)
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where n, = . If div(a) = (vz(a)) € nDiv(R), then we can replace write
a = b7 (uy)™ with u, € RX, so that K n@/az)/l?z = K, "¢/ly) is an
unramified extension. In this case, K,/K is unramified over R.
Conversely, we assume that K,/K is unramified over R. Then a, €
RY.(K;)™ so that a = al' € R} .(K,)".
(2) To be written.
0

21.3.2. Affine line and affine spaces. Let k be a field of characteristic zero
and let k, be a Galois closure. Consider the point 05 : Spec(ks) — Spec(k) =%

Al
21.3.2. Proposition. The map so . : m1(A},05) = Gal(ks/k) is an isomor-
phism. In particular, if k is algebraically closed, A,lc 1s simply connected.

Proof. From the fundamental (split) sequence of Galois theory (x) above
1 — mi(Ag,05) = m1(A}, 05) — Gal(ks/k) — 1

we can assume that k is algebraically closed. Let f : X — A}c be a finite
étale cover. By normalization, it extends to a map f: X — IP’/%C where X is a
smooth projective curve. Put d = [k(X) : k(¢)] and denote by g the genus of
X. Let p1, .., pr be the points of X (k) mapping to co and denote by eq, ..., e,
their respective multiplicities. Then we have the formula d = e;+es+- - -+e,.,
in particular » < d. In the other hand, we have the Hurwitz formula [H,
IV.2.4]
29 -2=d(-2)+(e1 = 1)+ -+ (e, — 1).
Hence
2g—2=—-d—-1r<0

so that g = 0 and d = 1. We conclude that f is an isomorphism. ([

21.3.3. Remark. The characteristic zero assumption is essential here (this
was used in Hurwitz formula). If k is of characteristic p > 0, the Artin-
Schreier map

fiAL = AL, ttP —t

is a connected Galois cover of group Z/pZ.

By using §21.3.1, one can derive that 71 (X x A,lc, 0s X x5) = m (X, x) for
each geometrically normal variety X /k. In particular, it follows by induction
on n that 71 (A7, 05) — Gal(ks/k) for all n > 1.

21.3.3. Split tori. For a split torus G}, one has a complete description of
the covers.

21.3.4. Proposition. (1) m1(Gy,) > (Jim um(ks))" 1 Gal(ks /).
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(2) Let S be a connected finite étale cover of R, = k[ti',... tE]. Let
L C S be the integral closure of k in S. Then there exists g € GL,(Z),
ai,...,an € L™ and positive integers di, ...,d,, such that dy | dg--- | d, and

S ®r, RS~ -atg (Bn @1 L)| Varty, -, Wantn]
In particular, S is k—isomorphic to R, @y L and Pic(S) = 0.

By R} /R, we mean the map g : R, — R, arising from the left action of
GL,(Z) on R,,. For (1) (resp. (2)), see [GP2, 2.10] (resp. [GP3, §2.8]).
1

. . . + +1
For k = kg, the simply connected cover is then hg k [tl ™oty m]

21.3.4. Semisimple algebraic groups. We assume that k is algebraically closed
of characteristic zero. Let G’/k be a semisimple algebraic group. Denote
by f : G — G its simply connected cover defined by the theory of alge-
braic groups [Sp, 10.1.4]; for example SL,, is the simply connected cover of
PGL,). Recall that we require that if 7" is a maximal torus of G, then the

cocharacter group 70 is generated by the coroots of (G,T') (or equivalently
that 7" is the weight lattice). The kernel p = ker(f) is a finite diagonalizable
group.

21.3.5. Proposition. (1) m(G,1) =1, that is G is simply connected in the
sense of [SGAL].

(2) f: G — G is the universal cover of G, so that u(k) — m(G,1).

Proof. (1) Let B and B~ be a pair of opposite Borel subgroups of G such
that BN B~ = T. We denote by U and U~ their respective unipotent
radicals. The idea is to use the big cell V' = UngUT of G. This an open
subvariety of G so that the map

7T1(UTZOUT, TLQ) — 7T1(G, no)

is onto. But V. —» U x U x T and U is an affine space. From §21.3.1, it
follows that 71 (V,ng) = m1(T,1). We have then shown that the map

T° @ Jim in (k) > m1(T,1) = m(G, 1)

is surjective. In particular, m (G, 1) is abelian so that all finite étale covers
are Galois.

The SLg-case: In this case, m(SLg) is procyclic. Let p : X — SLg be a
finite Galois cover. Then p is Galois of group Z/nZ and its restriction V' is a

Z } , the big cell is

V = {c# 0} 2 A? x G,. It follows that k(X) = k(SL)({/c). We consider
the divisor of the rational function ¢ on SLs.

connected Galois of group Z/nZ. With coordinates [ (i

21.3.6. Claim. (special elementary case of [BD, lemme 2.4]) We have
div(c) = 1[B] € Div(SL3).
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By Proposition 21.3.1.(1), the fact that the extension k(SLg)(/c)/k is
unramified over SLy implies that n = 1.

The general case. Since the coroots of (G, T') generate the cocharacter group
TO, it is enough to show the triviality of the map (a"), : lim (k) —
m(G,1) for each root a € ®(G,T). But oV : &, — G factorizes by

a’ :SLy = G, so (@) : Jim (k) = m1(G, 1) factorizes by 71 (SLe, 1) =
1. We conclude that m(G,1) = 1.

(2) to be written.
([

21.3.7. Remark. This statement is wrong in characteristic p > 0. We

D
consider the Frobenius map F': SLy — SLo, @ b } [ ar b ] Gen-

d P dp
eralizing the Artin-Schreier cover, the Lang isogeny

h:SLy — SLy, g+ g ' F(g)
is a finite (connected) Galois cover of group SLa(FF,) (e.g. [G, §1]).

21.4. Local rings and henselizations.

21.4.1. Definition. A ring extension S/R is said standard étale if there are
two polynomials f,g € R[X]| such that
(1) f is monic and its derived polynomial f’ is invertible in R[X|,/f(X);
(ii) S — R[X]y/f(X).

The map R — S decomposes then as R — R[X]|, = R[X],/f(X) and is
then étale by definition. Locally, étale maps are standard [SGA1, §7].

21.4.2. Proposition. [Sta, 135.16] Let R — S be an étale extension and let
Q be prime ideal of S. Then there exists g & Q such that Sy/R is standard
étale.

21.4.3. Definition. Let R be a local ring with mazimal ideal N and residue
field k. Then R is henselian if for each monic polynomial P(X), each co-
prime factorization P(X) = P1(X)...P.(X) € k[X] can be lifted in a fac-
torization P(X) = P1(X) ... P.(X).

The ring R is strictly henselian if it is henselian and its residue field is
separably closed.

There are several characterisations of Henselian rings.
21.4.4. Theorem. [Mi, §1.4] Let (R,9M, k) a local ring. Then the following
are equivalent:
(1) R is henselian;
(2) Any finite R—algebra is a product of local rings;

(8) For each étale map f : ) — Spec(R) and each k—point y € Y then f
admits a section mapping the closed point x of Spec(R) to y.
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(4) For each smooth map f :9) — Spec(R) and each k—point y € Q) then f
admits a section mapping the closed point x of Spec(R) to y.

The struct henselization R*" of R is defined by taking a limit. The objects
in the category C" are the essentially étale rings S/R. It means that there
exists an étale ring Sy/R and an ideal Q of Sy such that S = (Sy)q and
such that the morphism R — S is local. Given two such objects Sy, .52, the
morphisms are local R-ring morphisms S; — S and there exists at least
one object. This defines a preorder and this category is directed [EGA4,
18.6.3]. This permits to take the inductive limit.

21.4.5. Proposition. R*" is a strictly henselian local ring.

Proof. The ring R*" is local by construction and the construction allows
to lift separable field algebras k[t]/f(t) so that the residue field of R*" is a
separable closure of k. We need to verify that R*" satisfies the third property
of the characterization 21.4.4. Consider an étale map f : ) — Spec(R*")
and a ks;—point y € ) mapping to the closed point x of Spec(RSh). Let S be
an affine neighboorhood of  and denote by 91, the maximal ideal of regular
functions vanishing at 3. Then R*" — Son, is a essentially étale morphism.
Since this morphism is defined at finite level in the tower, it splits. O

This construction satisfies an universal property, see [R, VIII]. Note also
that there is natural map R¢ — R*".

The construction of the henselization is similar, we require furthermore
that k is the residue field of each S/R.

21.4.6. Theorem. [BLR, §2.4, cor. 9] R" and R*" are faithfully flat exten-
sions of R.

We focus on the case of a normal ring.

21.4.7. Theorem. (Raynaud [R, XI.1] or [BLR, §2.3, prop. 11]) Let (R, O, k)
be a normal local ring. We denote by K its fraction field, by Ks/K a sep-
arable closure and by G = Gal(K,/K). Denote by C the integral closure of
R in Ky and let Q be a maximal ideal of C. We consider the two following
subgroups of G

Decomposition group D = {0’ €Go(Q)=9 }; B=CP.

Inertia group D = {a €D | 04q) = idyg) }; B =C7T.

Then Banp (resp. Bonp) is the henselization (resp. the strict henseliza-
tion) of R.

Furthermore Bonp (resp. By p) is a normal ring [BLR, §2.3, prop. 10].
If Ris a DV R, the construction shows that Bonp (resp. Bynp/) is a limit
of DVR’s. So in the DVR case, we have R% = R*".
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21.4.8. Remark. Assume that the R is an exceAllent DV R which is equivalent
to require that the completed fraction field K is separable over K [EGA4,

Err;V.27]. Then R" consists of the elements of R which are algebraic over
R. There exist non excellent DVR, see [Ku, 11.40].

21.5. Artin’s approximation theorem.

21.5.1. Theorem. [A] (see also [BLR, §3.16]) Let R be a ring finitely gen-
erated over Z or over a field. Let F' be an R—functor in sets such that F
is locally of finite presentation, that is commutes with filtered direct limits
of R-rings. Let x € Spec(R) be a point, and denote by P, the associated
prime ideal. Let R the henselization of the local ring at Ry and let }A%x be
the completion of Ry. Then for each n > 1, we have

I (F(R) — F(RE/PIRE) ) = Im(F(RE) — F(Ro/FiR.) ).

21.5.2. Remark. If X/R is an affine scheme, the functor hy is of locally of
finite presentation iff X is of finite presentation over R. In this case, the
statement is that X(R!) is dense in X(R,). This special case is actually
everything since the general case follows from a formal argument.
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