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ABSTRACT

Let f: X — S be a morphism of smooth and connected schemes over an algebraically
closed field k. What can be said about the relation between the three fundamental
group schemes in sight: II(X), TI(S), and II(Fibre)? This work addresses this question
under the extra assumption that f is smooth, projective, and geometrically connected.
Moreover, it wishes to reach a natural answer by employing a method of proof analo-
gous to the one presented by its precursor, Exposé X of [SGA1]. Our approach is then
based on a new Tannakian criterion for studying exact sequences, and on infinites-
imal equivalence relations. The latter objects are inspired by Ehresmann’s image of
connections on general fibre spaces. The proofs make no distinction between the cases
char(k) = 0 and char(k) > 0.

1. Introduction
In this work we wish to convey a method and a means to prove the following.

THEOREM 1.1. Fix an algebraically closed field k. Let X and S be smooth and connected k-
schemes. Let f: X — S be a projective and smooth morphism having geometrically connected
fibres. Let x¢ be a k-point of X and denote by sq its image in S.

(i) The homomorphism of fundamental group schemes b: I1(X, z¢) — II(S, so) is faithfully flat.

(ii) If Xy is the fibre of f above sg, then the image of a: I11(Xg, z¢) — II(X, x) is precisely the
kernel of b.

The fundamental group scheme II(X, zy) alluded to in the statement is the one obtained by
Tannakian duality [DM82] from the category of D x/,-modules which are O x-coherent [dSan07,
2.1.1]. Here, Dy, is the ring of differential operators of [EGA, 1Vy, 16.8, p. 39ff] (which equals
the expected one if char(k) = 0). See §6.1 for more information concerning II.

In [SGAI1, X], the reader will find a result similar to that of Theorem 1.1, labelled the
“homotopy exact sequence”, where II(—, —) is replaced by Grothendieck’s “algebraic fundamental
group”. Our strategy consists in following the natural transposition of the proof presented in
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[SGA1] and facing the inherent difficulties, including the immateriality of char(k). There, since
the quotient of a profinite group 7 by an open subgroup U still has a meaning in terms of finite
m-sets, the most obvious set-theoretical criterion, [SGA1, V, Proposition 6.11, p. 114], makes
perfect sense. The proof then makes use of this criterion and a method to “push forward” finite
etale coverings [SGA1, X, 1.2, p. 202]. It is therefore reasonable to say that there are two main
structures sustaining the “homotopy exact sequence”. The understanding of these in the context
of the fundamental group scheme is what motivates the present research.

As is well known, the theory of Tannakian categories meets an impediment in dealing with
the fact that homogeneous spaces of algebraic groups are not necessarily affine. Although this
difficulty is not found in the theory of [SGA1] (see the previous paragraph), in the problem we are
tackling this is precisely what forces the introduction of new methods. In showing that II(.S, sp) is
the cokernel of a: II( Xy, z9) — II(X, x¢) we are led to understand properties of something which
might not be an affine scheme with a group scheme action, viz. Coker(a). Hence, it becomes
necessary to consider quasi-projective schemes and projective spaces endowed with actions of
the group schemes in sight. This addresses the part of the problem concerning the extension of
the Tannakian methods (see Section 4).

In the geometric theory employed to interpret the group-theoretical directions, we turn to the
study of projective stratified schemes and to the construction of a right adjoint to the obvious
pullback functor

f*: {stratified schemes over S} — {stratified schemes over X} . (1.1)

(Strictly speaking, we content ourselves with the construction of a certain “universal object”
instead of an adjoint; see Definition 15.1.) As we are mainly interested in stratified schemes,
and not just stratified modules, it seemed pointless to study morphisms between topoi; we have
opted to interpret the imagined adjoint as a manifestation of the Weil restriction [BLR90, 7.6,
p. 191ff]. A blunt definition of the latter is simple enough to grasp: if Z — X is a scheme, its
WEeil restriction to S, denoted f.Z, is the scheme of S-families of sections o: X — Z. Following
the necessary adjustments, we arrive at the scheme of Section 10.

In order to treat stratified schemes, we thought important to bring in the concept of con-
nections as imagined by Ehresmann [Ehr50], [CLN85, Chapter 5]. Ehresmann’s connections are
connections on fibre bundles which do not necessarily have an affine typical fibre and are best
treated via the theory of foliations. Foliations then steer us to certain equivalence relations which
are trivial in the topological sense and account only for nilpotent elements in the sheaves of rings:
the infinitesimal equivalence relations; see Section 7. To get a good hold of these, the reader is
advised to read Example 7.5 before anything. One advantage offered by working with equivalence
relations is the possibility of making algebraic-geometric constructions as if they were banally
set-theoretical. Another is the clear geometric way they give us the stratification on the scheme
mentioned in the previous paragraph. Indeed, that scheme parametrizes certain families of sec-
tions, and we can imagine two among these to be equivalent if their images in the total space
have equivalent points. See Definitions 11.1 and 11.3.

Here is an outline of the text.
Section 3 presents a proof of part (i) of Theorem 1.1. It is a straightforward exercise.

In Section 4 we introduce two criteria based on actions on projective spaces for a short
sequence of affine group schemes to be exact. As said before, this is parallel to the criterion
presented in [SGA1, V, §6], and the appearance of projective spaces is suggested by the fact that
homogeneous spaces are quasi-projective.
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HOMOTOPY EXACT SEQUENCE

Section 5 deals with stratified schemes. It insists on the point of view that these stratified
schemes are simply schemes endowed with an action of a “formal groupoid”; see §5.2. This idea
seems to go back to Berthelot and Illusie; see [Ber74, Chapter 1.

Section 6 takes up the idea of interpreting stratifications as actions of a formal groupoid
of Section 5 and applies it to obtain instances where a stratified proper scheme “comes from
the fundamental group scheme”; see Proposition 6.4. There the reader will also find a result
which lets us conclude that stratified proper schemes are locally trivial for the faithfully flat of
finite presentation (fppf) topology; see Lemma 6.2. This resembles the fact that stratified vector
bundles are always locally free [BO78, Proposition 2.16].

The text then takes a different stand starting from Section 7, where we introduce infinitesimal
equivalence relations (i.e.r.’s). This is one possible analogue of foliations [CLN85] in the algebraic-
geometric setting. Such a path follows what seems to be Ehresmann’s departure point for studying
connections [Ehr50], although this view seems to have lost appeal in our particular branch due
to the simplicity of the standard purely “abelian” definition V: E — E® Q'. Usually, to link the
theory of foliations to algebraic geometry [Eke87, 3.1], [Miy87], one reinterprets the foliation as
a sheaf of differential operators, but our choice insists in promoting the idea of orbits of vector
fields.

Infinitesimal equivalence relations are simply equivalence relations which are trivial whenever
points take values in reduced schemes. In Section 7 we only state definitions and prove basic
properties of these. The introduction of the linearization (Definition 7.6) of an i.e.r. is particularly
useful in the rest of the work, while the notion of total complementarity (Definition 7.10) shows
how i.e.r.’s relate to stratifications. It should become clear to the reader that the notion of i.e.r.
can be more useful than that of stratification.

In the next section, Section 8, we introduce a more specific and adapted kind of infinitesimal
equivalence relation: the differentially smooth ones (Definition 8.1). These are more sophisticated
analogues of foliations and mimic Grothendieck’s definition of differential smoothness [EGA, IV,
16.10]. In this important section, we observe that differentially smooth i.e.r.’s are locally given
by formal actions of formal affine spaces and describe these precisely on the level of completions;
see §§8.2, 8.3. This is parallel to the local interpretation of foliations as actions of affine spaces;
see the appendix on the Frobenius theorem in [CLN85] and the proof of [ESB05, Theorem 2.7,
p. 117].

Section 9 is devoted to the study of two fundamental properties of the theory: invariance
and tangency. Continuing with the formal analysis made in §§ 8.2, 8.3, we study the shape of the
complete local rings of an invariant subscheme of maximal codimension (a leaf); see Corollary 9.9.
This study is in preparation for the analysis of the scheme of tangent sections.

In Section 10 we introduce the main character in the proof of Theorem 1.1: the relative scheme
of tangent sections, or simply scheme of tangent sections, Hy(Z). See Definition 10.4 and the lines
following it. In the above notation, this scheme is the natural candidate for a “push-forward” of
a stratified scheme Z — X along f: X — S:

Z===== - Hy(Z)
| |
X S.

Its construction follows Grothendieck’s analysis of the Weil restriction by means of Hilbert
schemes [TDTE, IV, §4c, p. 19ff]. We note nonetheless that the construction of the scheme
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of tangent sections works in a slightly more general setting than that of a stratification.

Building on the formal description of invariant subschemes of maximal codimension (§§8.2,
8.3), we show that under natural assumptions the scheme of tangent sections Hy(Z) is proper
over S (Theorem 10.5). This characteristic usually escapes the Weil restriction.

In Section 11 we are concerned with the stratified structure of the scheme of tangent sec-
tions H of the previous paragraph. In accordance with our principle that i.e.r.’s are more suitable
objects than stratifications, we look for an i.e.r. on H. In doing so, we are led to present an equiv-
alence relation among closed subschemes of a scheme endowed with an i.e.r. (Definition 11.3).
This equivalence relation is the evident one: two closed subschemes are equivalent if their “orbits”
intersect.

Section 12 concentrates in showing that the i.e.r. previously proposed turns the scheme of
tangent sections H¢(Z) into a universal object from f* to Z; see Definition 15.1. This property,
though less popular, is the heart of “adjointness.” Briefly, it implies that morphisms from an
ier. (T,¥) over S, viz. a stratified S-scheme, to H¢(Z) are in bijection with morphisms of
ier’s f*(T,V) — Z; see Corollary 12.3. From that, we deduce directly that the formation of H
commutes with base change; see Corollary 12.4.

Section 13 concentrates on showing that, under certain conditions, the infinitesimal equiva-
lence relation defined on H¢(Z) (see Section 11) comes from an S-stratification. This is condensed
in Corollary 13.10 and stated in terms of “total complementarity” of infinitesimal equivalence
relations (Definition 7.10). The basis of the argument is Proposition 13.4, which uses Hensel’s
lemma.

In Section 14 we study the scheme H¢(Z) in the case where S is a point. The obvious goal,
in light of the “base change property” written in Corollary 12.4, is to gain knowledge concerning
the fibres of the scheme of tangent sections over a positive-dimensional base. The main result is
Proposition 14.5. To arrive at its statement, one important assumption on the stratified scheme
Z is made: it “comes from the fundamental group scheme”; see the introduction of §14.2 and
the lines following Proposition 14.5. It should be noted that by imagining everything in terms of
Ehresmann’s theorem [CLN85, Chapter 5, Theorem 3, p. 99|,

left actions of ~ fibre bundles with
the fundamental group | Ehresmann connections ’

the statement of Proposition 14.5 is no surprise.

In Section 15 we put the developed material together to furnish a proof of Theorem 1.1(ii).
As mentioned earlier, the idea is to employ that the (relative) scheme of tangent sections Hy(Z)
of a certain stratified scheme Z — X (Section 10) is a “right adjoint” to—or better, a universal
object from—f* of (1.1). (Such a property was made explicit in Section 12.) Through general
nonsense (Lemma 15.2) we are then able to compare the fibre of H;(Z) above 5o € S(k) with
the scheme of fixed points P(V)Xer(®); here V is some representation of II(X). Such a manoeuvre

is possible because P(V)Xer®) is universal from

Res(b): { schemes with II(S, s9) action } — { schemes with II(X, z) action }
to IP(V'). This comparison, together with the depiction of Hf(Z)|s, from Section 14, allows us to
verify the conditions for the equality Ker(b) = Im(a) of Section 4.

The article closes with Section 16, which tackles the question of checking the affinity of certain
automorphism group schemes of projective schemes. It is written to permit the application of
Proposition 6.4, which elucidates when a stratified scheme “comes from the fundamental group
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scheme”.

We end this introduction with a brief review of recent literature on the “exact sequence”. In
[Hail3] the reader will find a proof of Theorem 1.1 for group schemes associated with II(—, —)
and under the assumption char(k) > 0. In [Zhal3], employing the complex analytic case, Zhang
gives a proof of Theorem 1.1 under the assumption char(k) = 0. The case where II is replaced
by Nori’s fundamental group scheme was the subject of the incomplete work [EHV].

2. Terminology

(1) Given a morphism of ringed spaces f: (X,0x) — (Y, Oy), we denote the underlying mor-
phism of topological spaces by |f| and the accompanying morphism of rings |f|~10y — Ox
by f7.

(2) For any scheme X, we let X;oq denote the reduced closed subscheme associated with X. See
[EGA, I, Proposition 5.1.4, p. 128]. If A is a ring, we let A,¢q be the quotient of A by its nilradical,
for which we have Spec(A;eq) = Spec(A)yed. Concerning this topic, we follow the conventions of
[EGA, T].

(3) Let B be a base scheme, let S be a B-scheme, and let G be a B-group scheme. Endow S
with the trivial G-action. A G-torsor over S consists of an S-scheme ¢: P — S together with
an action pu: P xp G — P on the right of G such that (i) ¢ is faithfully flat and quasi-compact,
and (ii) the obvious morphism P X G — P Xg P is an isomorphism.

(4) Let G and H be affine group schemes over a field. A homomorphism u: G — H is called
a quotient morphism if the induced arrow on rings u#: O(H) — O(G) is faithfully flat. Due to
[Wat79, Theorem 14.1, p. 109], it suffices that u? be injective.

(5) Given a group scheme G over a field and a closed subgroup H, we let G/H denote the fppf
sheaf associated with the obvious functor [DG70, I11.3.1.4, p. 324]. If G is affine and algebraic,
this sheaf is represented by an algebraic scheme [DG70, I111.3.5.4, p. 341]. If G is simply affine and
H is normal, then the obvious faithfully flat and quasi-compact (fpqc) sheaf G/H is represented
by an affine group scheme, as we learn from [SGA3, VIg, 11.17].

3. Surjectivity of b: II(X, xo) — II(S, so)

We maintain the notation of Theorem 1.1. Let Dy—mod denote the category of O,-coherent
D, r-modules. We remind the reader that, due to the smoothness of X and S, if € € D-mod,
then & is locally free over O [BO78, Proposition 2.16].

We wish to show that
(i) the functor
ff: Ds—mod — Dx—mod
is fully faithful, and
(ii) the essential image of Dg—mod is stable under subobjects.
Together with [DM82, 2.21, p. 139], this shows part (i) of Theorem 1.1. We begin by noting
that since f,Ox = Og, the functor f* from the category of locally free Og-modules to the
category of locally free Ox-modules is full and faithful. Thus, to show statement (i), we need

to prove that if we are given € and F in Dg—mod and an Og-linear morphism ¢: &€ — F such
that f*p is D x-linear, then ¢ is Dg-linear. This follows from direct local computations. Indeed,
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let (s1,...,58m): U — A}’ be etale coordinates on an open subset of S. Let V' C X be an open
subset mapping into U and possessing functions z1, ..., z, such that (z,s): V — AZ”" is etale.
Fix an arbitrary p € N™ and let 9/P) € Dg(U) be the differential operator satisfying

olPl (s9) = <q> TP

p
see [EGA, IVy, Théoreme 16.11.2, p. 54]. Let 9P! € Dx (V) be the differential operator satisfying

flPl (s = <Z> .597P and 9Pl (29) = 0;

see [EGA, IVy, Théoreme 16.11.2, p. 64]. It is not hard to show that for each e € E(U), we have
Pl . (1we)=10dPle.

Using that f is faithfully flat, we conclude that ¢ is Dg-linear.

The proof of statement (ii) also follows from a local calculation. Let V' € Dg-mod and let
& be a subobject in Dx-mod of f*V'. Let s € S be a closed point. Since V'|x, is a trivial
Dx,-module, it follows that €|y, is also trivial as a Dx -module. In particular, €|x, is trivial
as an O x,-module; this shows dim H°(Xj, &|x,) = rank &. By [Mum?70, IL.5, Corollary 2, p. 50],
V := f.€ is locally free and the restriction to X of the canonical arrow of O x-modules

0: f*V—¢&

is an isomorphism. As f*V and & are locally free, it follows that 6 is an isomorphism. Since f* is
a fully faithful functor from the category of locally free Og-modules to the category of locally free
O x-modules, there exists a unique Og-linear arrow o: V — V' such that f*o is the composition
V5 E— V.

By the faithful flatness of f, the arrow ¢ is a monomorphism.

We now need to show that V possesses a Dg-module structure which turns ¢ into a morphism
of Dg-modules. Put differently, we need to show that Im(¢) C 'V is invariant under Dg. Once
this is verified, the proof of statement (ii) is finished.

We will reduce the work to a local calculation using etale coordinates. Let (s1,...,8m,): U —
A" be etale coordinates on an open affine subset of S. Let V' C X be an open affine subset
mapping into U and possessing functions x1,...,x, such that (x,s): V — AZ”F” is etale. As

in [EGA, IV, Théoreme 16.11.2, p. 54], for each multi-index p € IN™, we write P! for the
differential operators on U obtained from the functions s, and for each multi-index (p,q) €
IN™ x IN", we write 99 for the differential operators on V obtained from the functions s and
x. Moreover, we assume that V is free on the basis v1,..., v, while V' is free on the basis
o(v1),...,0(vp), v],...,v.; this assumption poses no serious impediment since f is faithfully flat

and Coker(f*o) is locally free due to its D x-module structure. Then
. h
1®0Po(v) = 5P - (1@ o(v) = Y& - (1@ 0(vy)).
j=1

where &; € Ox(V). On the other hand, there exist functions «;j, Biy € Og(U) such that
(9[1’]0(1%) = > agj - o(vj) + > Bie - vy, so that &; = f#aij and f#f;; = 0. By the flatness of
f#, we conclude that B p = 0 for each P € f(V'). This shows that Im(c) is invariant under Dy.
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4. Criterion for exactness using projective representations
We fix an algebraically closed field k. All morphisms and objects are over k. Let
K-S1-%H
be homomorphisms of affine group schemes such that b o a is the trivial homomorphism and b is
a quotient morphism.

4.1. We define a property concerning the morphisms a and b.

PROPERTY 4.1. For all affine algebraic quotients g: II — G and all closed subgroup schemes
I <G,

(G/DE #£0 = Ker(b) acts trivially on G/I .
Remark 4.1. Let N < II be a closed subgroup. Let ¢: IT — G be a quotient morphism of affine
group schemes. Then N acts trivially on G/I if and only if ¢: N — G factors through I. The

proof of this fact is an exercise using [DG70, I11.3.1.5, p. 324] and the fact that O(II) is a direct
limit of faithfully flat O(G)—algebras [Wat79, 3.3 and 14.1].

LEMMA 4.2. Property 4.1 holds if and only if Ker(b) C Im(a).

Proof. (=) Let ¢q: I — G be an affine and algebraic quotient. Let I < G be the image of
goa: K — G. There exists a K-invariant element in G/I determined by the image of the
identity

Spec (k) <%G — G/I.
So Ker(b) acts trivially on G/I. Hence, q: Ker(b) — G factors though I. The implication then
follows, not without a small effort, from the fact that the Hopf algebra O(II) is a direct limit of
Hopf algebras which are finitely generated over k& [Wat79, 3.3].

(<) Assume Ker(b) = Im(a). Consequently, Im(a) < II. Let ¢: II — G be a faithfully flat
homomorphism and let I < G be a closed subgroup such that (G/I)% # (). We claim that
q: Ker(b) — G factors through I — G. Let p: G — G/I be the canonic morphism. Since G/I
is algebraic over k, and p(k): G(k) — (G/I)(k) is surjective, there exists a g € G(k) such that
p(g) € (G/I)(k) is K-invariant. It also possible to assume g = ¢(v) for some v € II(k). Now for
any k-algebra R and any y € K(R), we have

P9 -qaly)-9) =9~ -plaaly) - 9) =g~ -plg) = p(e).
As the inverse image of p(e) under p(R): G(R) — (G/I)(R) is I(R) [DGT70, I11.3.1.5, p. 324], i
follows that g=! - ga - g: K — G factors though I. Using Im(a) < IT and g = q(7), it is easy to
conclude that qa: K — G factors through I. 0

4.2. Let us define another property. The arrows a: K — Il and b: Il — H are as before.
PROPERTY 4.2. For any finite-dimensional representation V' of II,
P(V)!™) (k) C P(V)RO (k) .

Here we use the notation and definitions of [DG70, 11.1.3.4, p. 163] (or [Jan87, I, 2.6, p. 27ff])
concerning schemes of fixed points. It is opportune to observe that Property 4.2 can be translated
as forcing the equality of topological spaces

’P(V)Ker(b)’ _ ‘P(V)Im(a)

Y
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as these fixed-point functors are all represented by closed subschemes of P(V') [DG70, I1.1.3.6(d),
p. 165].

LEMMA 4.3. Property 4.2 is equivalent to Property 4.1.

Proof. (4.2 = 4.1) Let ¢: II — G be a faithfully flat homomorphism to an algebraic group scheme,
and let I < G be a closed subgroup. We assume (G/I)% # (). By Chevalley’s theorem, there
exist a representation V' of G and an equivariant immersion G/I — P(V), as indicated in the
proof of [DG70, I11.3, Theorem 5.4]. Denote by p the canonical morphism of schemes G — G/I,
and let g € G(k) be such that p(g) is K-invariant. By hypothesis, p(g) is also Ker(b)-invariant.
This means that for each k-algebra R and each y € Ker(b)(R), we have

a(y) -p(g) =p(9) = (97" -ay) - g) -ple) = pe)
=g '-q-g: Ker(b) — G factors though I,

due to [DG70, I11.3.1.5, p. 324]. As ¢: II(k) — G(k) is surjective and Ker(b) is normal, it follows
that ¢: Ker(b) — G factors though I. By Remark 4.1, the kernel Ker(b) acts trivially on G/I.

(4.2 <= 4.1) By virtue of Lemma 4.2 this is clear. O

5. Stratified schemes

5.1 Groupoids and actions of groupoids
Let € be a category; from now on, we assume that all displayed fibered products exist in €. Let
Po
G zZS, ¢:G x G—G, 0:G—G, e:5—C
p1 P0,5,p1
be a groupoid in € [MMO03, 5.1]. The source of d, the object of “composable” arrows, will be
denoted by G(2). This object is also the source of other two arrows:
Xo0: G(2) — G, the first projection,
x1: G(2) — G, the second projection.

These arrows satisfy

Pood =poo X1, P1o°6=pP1oX0, P1°X1=2P0°X0, (5.1)

poe =pie=Idg, poo=pi1, pio=po. (5.2)

Remark 5.1. There is some discrepancy in the literature concerning the definition of the object

of “composable” arrows. We have followed the one which preserves graphical simplicity, saying

that (g, ¢’) should be thought of as g o ¢’. This is what [MMO03] adopts as definition. On the

other hand, following Grothendieck [TDTE, III], it is common to work with the switched object

of “composable” arrows, that is, G X, g,, G. Berthelot [Ber74] also follows this convention.
Further ahead we will find convenient to follow it.

We now want to study left actions of G. Given an object m: E — S over .5, let

a:G x E—F
P0,S,m

be an arrow satisfying
Al. ma(g,y) =pi(g) forall g € G and y € E.
A2. a(e(m(y)),y) =y forall y € E.
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Condition A1 amounts to there being an arrow

0 :=(prg,a):G x E—G x E
P0,S,m p1,S,7m

of G-objects. Due to (5.2), pulling back 6 by €: S — G defines an arrow £ — E and condition
A2 just means that this is idg. Pulling back 6 by x1, we derive an arrow of G(2)-objects

Xi(0):G(2) x E-—G2) x E, (g9,hy) — (9.halhy).

PoX1,5,7 P1X1,S,™

Pulling back 6 by xo, we obtain
X0(0): G2) x E-—GQ2) x_ E, (g:hy)— (g9,h,a(g,9)).

P0X0,5,T P1X0,9,7
Pulling back 6 by §, we obtain

6"(0):G2) x E—G2) x E, (g,hy) —(9,h,a(0(g,h),y)).
p09,S,m p16,S,m

By means of (5.1), we see that ¢*(0) and x{(0) o xj(6) have the same source and target in C.
The definition presented in [MMO03, 5.3, p. 125] can now be given the following translation.

DEFINITION 5.2. We say that « is a left action of G on m: E — S if, together with conditions Al
and A2, we have

A3, 5%(0) = xj(0) 0 X} (0),
LEMMA 5.3. Let a be a left action of G on w: E — S. Then the arrow 0 is an isomorphism.

Proof. We assume that the category € is a category of sets. Let 0(g,y) = 0(¢’,v'); by definition
g =¢ and a(g,y) = a(g,y'). As a(o(g),a(g,z)) = ale(n(z)),z) = z, we obtain y = y’. Thus
0 is injective. We now prove surjectivity. Let (g,y) € G x E be such that p1(g) = w(y). Since
po(a(g)) = p1(g), we can consider the element v’ := a(o(g),y). Now, 7(y’) = p1(c(g)) = po(g).
Then a(g,y') = a(g,a(o(9),y)) = y- O

In view of this easy lemma, Definition 5.4 below agrees with Definition 5.2.
DEFINITION 5.4. An action of G on w: E — S is an isomorphism of G-objects
0: G Xpo,S,m Ei>G Xp1,S,m E

which satisfies £*(0) = idg and axiom A3.

In more functional fashion, an action 6 of the groupoid G on 7: £ — S determines for each
g € G(U) = Hom (U, G) a U-isomorphism
0y: po(9) ' E-=pi(9) ' E, (5.3)
and these satisfy

Og9 =104 00, if po(g') =pi(g), and
Oc(s) = idg-1p for each s € S(U).

5.2 The formal diagonal groupoid and stratifications

Let us fix a noetherian separated scheme B, and let S be a B-scheme that is locally of finite
type and separated. Let Sch denote the category of locally noetherian B-schemes and FSch
the category of locally noetherian formal B-schemes. We regard Sch as a full subcategory of
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FSch [EGA, I, 10.4.8, p. 186] and the latter as a full subcategory of SetSh”” following [ML9S,
X, §6, Proposition 2, p. 246] and [EGA, I, 10.6, p. 188ff]. Even though general fibre products
do not exist in FSch, those considered in this text do exist. (It is profitable to recall that if X
is an adic formal scheme with ideal of definition J such that (|X|,0/J) is a locally noetherian
scheme and the ideal 3/J? is of finite type as a O/J-module, then X is locally noetherian [EGA,
Iy, Corollaire 7.2.6, p. 64].) References to B will be omitted as much as possible; for example, x
will stand for xg.

We wish to harmonize Berthelot’s terminology in [Ber74, Chapter II] with ours, so our
groupoids will have the switched object of “composable” arrows for the moment. See Remark 5.1.

Let S: =S8 xS and S”: =S x S x 5. Denote the obvious projections S” — S by py and
p1. Define the following morphisms

do: 8" — 8", (s1,892,83) — (s1,82),
G1: 8" — S, (s1,52,83) —> (s2,83),
5: 8" — &, (s1,82,83) — (s1,53).
Note that by means of the identification
S” = Sl Xp1,S,po Slv (Sla 52, 83) — [(Sla 52); (827 53)] ) (54)

the morphisms ¢y and ¢; correspond to the first and second projections, respectively. Finally,
let €: S — S’ denote the diagonal morphism and s: S’ — S’ the “switch” morphism. We then
obtain an obvious groupoid, sometimes called the kernel groupoid [MMO03, 5.1(2), p. 113]:

Po .
=S, 5SS, &S S, &5 S (5.5)
D1
We now pass to formal schemes. Let |A’|, respectively |A”|, denote the closed subspace of S’,
respectively S”, corresponding to the diagonal. Let

Pg and Pg(2)

denote the completion of S along |A’| and the completion of S” along |A”|, respectively; see
[EGA, 1, 10.8, p. 194ff].

Since £(S) C |A|, 5(|A]) C |A], ¢:(|A”]) C |A/], and §(|A'|) C |A”|, we deduce morphisms
;i ]35 — 5, e85 —>]35, o: ﬁg(2) —>]35, ete.
Note that (5.4) and [EGA, I, Proposition 10.9.7, p. 200] allow us to identify
Ps(2) = Ps Xp, 50 Ps

qo with the first projection, and ¢; with the second. (In particular, the fibre product in question
exists in FSch.) It is interesting to note that the restriction 6: P§ x g P§ — ]35 does not factor
through Pg, a fact which hides the property that the composition of differential operators of
order v will not usually be of order v; see [EGA, IV, Lemme 16.8.9.1, p. 43]. By “functoriality
of completions” [EGA, I, 10.9.3, p. 199], the arrows in (5.5) together with the identification
Ps(2) = Ps Xp, p, Ps give us a groupoid

~ Po ~ ~ ~ ~ ~ ~
Pg ;S, (5:P5><p17p0P5—>P5, e:S— Pg, s:Pg— Pg
p1

in FSch, which we call the formal diagonal groupoid. We now want to make explicit the fact
that actions of the formal diagonal groupoid are simply the stratifications of [Ber74].

544



HOMOTOPY EXACT SEQUENCE

Let P¢ be the vth infinitesimal neighbourhood of the diagonal in S x S; see [EGA, IVy,
Définitions 16.1.2, p. 5 and 16.3.1, p. 14]. Note that

ﬁS:thg,

as explains [EGA, I, 10.6]. The schemes Pg§ come with two evident morphisms to S, denoted pf
and pY, and one from S, denoted €”: S — Pg. Analogously, let Pg(2) denote the vth infinitesimal
neighbourhood of the diagonal in §” = S x S x S. Write ¢f, ¢/ and ¢” for the morphisms from
P¢(2) to P induced by qo, 41, and & as above, respectively. Berthelot [Ber74, I1.1.3, p. 96] defines
a stratification of 7 to be a family of compatible isomorphisms

0,: pg*E%p’f*E
of P§-schemes which satisfies
e’ (0,) =idg, 6" (0,) =q{"(0,)oqs*(0,), Vv el

(Note that in [Ber74, I1.1.1.3, p. 84|, Berthelot prefers to work with the algebras instead of the
schemes, so, in the preceding discussion, our ¢! is his Spec¢?.) Due to [EGA, I, 10.6.7, p. 191
and 10.7.4, p. 193], such families are in bijection with isomorphism

0: FE X S po ﬁg%ﬁg Xp1,S E
in FSch/Ps satisfying £*(0) = idg and
6"(0) = q1(0) 0 g (0) - (5.6)

If we now reinstate our conventions of §5.1 and switch the factors in the objects of “com-
posable” arrows, that is, define ]35(2) as ]35 X po,p1 ]35, then ¢p corresponds to what was y; in
§5.1 and ¢ to xo; consequently, (5.6) is equivalent to condition A3 of §5.1. All these trivial
observations only find their raison d’étre in sustaining the following.

LEMMA 5.5. Let m: ' — S be a morphism of schemes. The data of a B-linear stratification of
7 is a left action (see Definition 5.4) of the formal diagonal groupoid on E.

The category of B-linearly stratified schemes over S will be denoted by StrS(S/B), and when
there is no risk of confusion, we shall drop the reference to the base B. In the same spirit of
economy and simplification, we shall adopt the following convention of Berthelot.

CONVENTION 5.6. Whenever considering a fibre product in which one of the factors is P¢ (or

ﬁs) we will put the symbol P§ on the left to mean that the second projection is being considered,
and on the right if the first projection is being used to form the product. For example, Pg x g X
means that we consider Pg as a scheme over S via p in order to form the fibre product.

6. A non-affine Tannakian correspondence

We fix an algebraically closed field k. In this section, Sch, respectively FSch, denotes the category
of locally noetherian k-schemes, respectively locally noetherian formal k-schemes.

Let S be a smooth and connected k-scheme. We fix sy € S(k). Let Dg denote the ring of
k-linear differential operators on S; see [EGA, IV, Définition 16.3.1, p. 14] or [BO78, §2].

Our goal in this section is to study the relation between the stratified S-schemes of Section 5
and Og-coherent Dg-modules.
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6.1 Og-coherent Dg-modules

The category of Dg-modules, Dg—Mod, is an abelian category endowed with a tensor product.
Its full subcategory consisting of those modules which are coherent over Og will be denoted
Ds-mod from now on. The functor

sg: Ds—mod — k-mod, Mr— M ® k(sg)

endows Dg—mod with a structure of neutral Tannakian category [DM82, §2]|, and the affine
group scheme associated with this data is denoted by II(S, so); see [DM82, Theorem 2.11, p. 130]
for the construction of I1(S, so), [SR72, VI, 1.2.2] for one of its earliest appearances, and [dSan07]
for more basic properties. It is common to call II(S, s¢) the stratified fundamental group scheme,
and we will refer to it simply as the fundamental group scheme of S. To ease the notation, we
will write II(S) instead of II(S, so).

Let ¢: Ug — S be the universal II(S)-torsor as constructed in [dSan07, 2.3.2], or in [Nor76,
§2|. This is the object of the ind-category of Dg-modules corresponding to the left-regular rep-
resentation of II(S). Note that the morphism v is affine, so that 1) amounts to the data of the
quasi-coherent Og-algebra 1,Oy. This Og-algebra is in fact a particular kind of Dg-module,
which we now set to describe.

First, just as for affine group schemes,

Us = lim Uy, (6.1)

where ¥y: Uy — S is a torsor under an algebraic affine group II(S)) and the arrows in the
projective systems are all morphisms of torsors. Each U, is a stratified torsor over S, the meaning
of which we recall. For each A, there exists a k-linear stratification of 1),

{Oé)\7l,2 Uy Xspg —Uy: ve IN},
such that the canonical isomorphism
UAXH(S)QU)\ XSu)\) ('LL,’Y)’—>(U,U,’7)

sends the standard stratification on Uy x II(.S), that is, the stratification induced by the strati-
fication on Uy, to the product stratification on Uy x g U,. In addition, the transition morphisms
in the projective family U, are morphisms of stratified schemes.

Of course, all these conditions can be translated into “abelian terms” upon passage to the
category of quasi-coherent Og-algebras; this is explained in [dSan07, 2.3.1, 2.3.2]. Due to the
fact that each II(S))-module is a direct limit of finite-dimensional I1(.S)y-modules [Wat79, 3.3,
p. 24], it follows that the Dg-module Oy, is a direct limit of Og-coherent Dg-modules. A fortiori
Oug = hﬂ,\ Oy, is a direct limit of objects in Dg—mod. The role of the fundamental group
scheme TI(S) and Ug is to control all Dg-modules of this particular type.

6.2 Proper stratified schemes

Let StrP(S) be the full subcategory of StrS(S) (see Section 5) consisting of those objects
whose underlying S-scheme is proper. One simple way to construct objects in this category is
by contraction with Ug. Choose a proper k-scheme F' together with a representation p: II(S) —
Auty(F); assume that the quotient of Ug x F' by the diagonal action of II(S) on the right is a
scheme

Ug xP FF — S.
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(A good source for learning the gymnastics around contracted products e x” e is [Jan87, Part 1,
Chapter 5].) The stratification of Ug x F' “on the first factor” then gives a stratified S-scheme
Ug x? F — S; this can be seen using the two following arguments: (i) There is an obvious
stratification on the presheaf (Ug x F')/II(S): Sch® — Set. (ii) Any stratification on a presheaf
induces one on the associated sheaf, due to the fact that “taking the associated sheaf commutes
with limits”. (This last statement is explained in [SGA4]; see [SGA4, II, Proposition 4.3, p. 237
and I, Définition 2.5, p. 13]) Moreover, flat descent [EGA, IV, Proposition 2.7.1, p. 29] ensures
that Ug x” F' — S is proper, so that Ug x? F' € StrP(S).

Remark 6.1. Of course, restrictions are needed for the quotient (Ug x F')/II(S) to be a scheme.
Two important instance in which this occurs are the case where F' is affine and that where there
exist a finite-dimensional II(S)-module V' and a II(S)-equivariant immersion F' — P(V). The
first class of examples follows directly from [TDTE, I, Théoreme 2], while the second follows
from [BLR90, §6.2, Theorem 7, p. 138].

Our goal is to introduce some elementary constructions which will allow us to identify some
objects of StrP(S) arising from Ug. For this matter, let

pairs (F, p: II(S) — Auty(F')) consisting of a proper k-scheme F

Rs = { and a left action p of II(S) on F such that Ug x” F' is a scheme } ’ (6.2)

Together with the obvious arrows, Rg is a category and (F,p) — Ug x” F' is a functor to
StrP(S). Objects of StrP(S) stemming from Rg are called stratified proper schemes coming
from the fundamental group scheme.

6.3 Local triviality of proper stratified schemes

The following result is reminiscent of the fact that coherent modules with stratifications are
locally free [BOT78, 2.16].

LEMMA 6.2. Let (m: E — S,{0,}) be a stratified scheme and assume that w is proper. Let F
denote the fibre of ™ above sg. Then, there exist an fppf covering S’ — S and an isomorphism

S’ xg E-=8" x F.
In particular, 7 is flat.

Proof. Let ESO be the formal fibre of m at sg. Using the stratification, we can easily construct an
isomorphism of formal schemes over Spf O,

ESO o~ Spf@sO x F.

As 7 is proper, we can apply Grothendieck’s algebraization theorem [EGA, 111, Théoréme 5.4.1,
p. 156] to obtain an isomorphism of Og,-schemes

Spec 650 x g E—=+Spec 650 x F.

Using [EGA, IV3, Corollaire 8.8.2.5, p. 32] and the fact that 650 is a direct limit of flat Og,-
algebras, it follows that there exist a flat morphism of finite type U — S whose image contains
so and an isomorphism of U-schemes

ExgU=U x F.

Moreover, since U — S is open, for each k-point s on the image of U, we have F' ~ 7~ !(s).
Consequently, for any s € S(k) we have 7~ !(s) ~ F. O
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Remark 6.3. The reader must have realized that in the preceding proof we used that 65750 is
a direct limit of flat Og 4 -algebras of finite type. This result is an immediate consequence of a
much more powerful one [Tei93]. We would be put in a hard position were we to demonstrate
this weaker version from first principles.

6.4 Proper stratified schemes obtained from Ug

PROPOSITION 6.4. Let (n: E — S,{6,}) be an object of StrP(S). Put F := 7~ '(sy) and
assume that Auty(F') is affine. Then there exist a representation p: II(S) — Auty(F') and an
isomorphism in StrP(S) between E and Ug x” F'. Said differently, E comes from the fundamental
group scheme.

The proof will rely on a concept arising from differential geometry. Define the functor of
frames
I:(Sch/S)°®* — Set, (U — S)+—— Isomy(F x U, E xgU).
To make the notation more suggestive, given U € Sch/S and a € Homg (U, I'), we write

Ya: FXxU"SE xgU

to signify the obtained isomorphism of U-schemes. We shall find convenient to think of I as
a functor Sch®” — Set together with a morphism ¢: I — S, so that for each a € I(U) =
Homy, (U, I), we have

Pa - F x U;E XS,’I,Z)((I) U.
It is also worth noting that I is a sheaf for the fpqc topology on Sch [TDTE, I, B.1, Théoréme 2,
p. 317] and that it possesses an action of the group scheme Auty(F') on its right. Explicitly,

given U € Sch, a U-automorphism vy: F'xU — F x U, and a € I(U), we define an element a *~y
by means of the isomorphism

Pasry: F X U-F x ULSE X g0 U . (6.3)

Before going any further, we remark that nothing guarantees that I is not the empty functor;
it is by means of Lemma 6.2 that we avoid this.

To prove Proposition 6.4, we will show that F is obtained from I, and that I is a scheme
induced from Ug.

We begin with a sequence of exercises in descent theory and non-abelian cohomology. Let
S’ — S be the morphism mentioned in the statement of Lemma 6.2. Then we have isomorphisms
of functors

I XS Sl ~ ISOmS/(F X S,,E X8 Sl) ~ ISOInS/(F X S/,F X S/) = Autk(F) X S/.

Moreover, letting Autg(F) act on itself on the right, these isomorphisms are all Auty(F)-
equivariant. As Auty(F') is affine by assumption, descent theory tells us that I is a scheme,
affine over S. From the isomorphism I xg S’ ~ Auty(F) x S’, we conclude that ¢: I — S is
an Auty(F)-torsor: 1 is faithfully flat and affine due to [EGA, IVy, Propositions 2.5.1, p. 22
and 2.7.1, p. 29], and I xg I ~ I x Auty(F).

Let g: F x I — E be the composition of the “universal” isomorphism @univ: Fx I = E xg1
with the projection £ xg I — E. If U is a k-scheme and a: U — I is a morphism, then ¢, is
just (g o (idp xa),pry): F x U — E xg U. Therefore, for each (y,a) € (F x I)(U), we have

va(y,idy) = (q(y, a),idy) . (6.4)
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Note that, in addition, 7(q(y,a)) = ¥(a).

LEMMA 6.5. (i) Let Auty(F) act on F x I on the right by (y,a) -~y = (v 'y,a * ). Then, for
each U € Sch and each (y,a) € (F x I)(U), we have
ql(y,a) -7l = q(y, a).

(ii) The morphism q: F x I — E induces an isomorphism
G: (F x I)/Auty(F)—E.

Proof. (i) This follows directly from (6.3) defining the right action of Auty(F') on I and from
the above characterization of q.

(i) Endow F' x I with the action envisaged in part (i) and E xg I with the action on I. It
follows that puniv = (¢, pry) is Auty(F')-equivariant. We then obtain an isomorphism of quotient
sheaves

Buniv: (F x I)/Auty(F)—(E x5 I)/Auty(F).
Due to the fact that formation of the sheaf associated with a presheaf commutes with fibre

products [DG70, I11.1.1.8, p. 287] and the fact that I — S is an Auty(F)-torsor, the quotient
on the right-hand side above is simply E. Now, it is immediate that § equals ;.- O

We now show how to obtain a stratification on I starting from that on E. Fix a groupoid of
SetSChop

PO
‘,BT;S, 0: P Xpoy B—P, e: 5 —=P, s:P—P,

and admit the existence of an action of B on the left of 7: £ — S:

0: E x PP x E.

7"757170 p17577r

(See Definition 5.4.) Let U € Sch, a € I(U), and 9 € P(U) be such that py(d) = ¥(a) in S(U).
By means of ¢, and the isomorphism 65 of (5.3), we produce another isomorphism of U-schemes

FXULSE X500 U = E Xgp00 USSE x50 U (6.5)
Hence, we arrive at an element

deaclsomy(F x U, E Xg, o U)=1 (U g S)
characterized by the condition that pge, be the composition in (6.5). Note that

(0 ea)=pi(9). (6.6)
LEMMA 6.6. The map
(0,a) € (P xpy,50 1) (U) —IU), (0,a)—dea

defines an action of B on ¢: I — S.

Proof. Let 0': U — B be another arrow and assume p1(9) = po(d’). Since Oy o 0y = g9, we
conclude that & e (Dea) = &0 ea, so that axiom A3 of §5.1 holds. The verification of axiom A2
is trivial. Finally, that the arrow constructed in the statement is a natural transformation of
functors is immediate. ]
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LEMMA 6.7. (i) The actions of B and Auty(F) on I commute. More precisely, let U € Sch,
0€PWU), ye Auty(F)(U), and a € I(U). Assume po(0) = ¢(a). Then

de(axy)=(0ea)x.
(i) Endow F' x I with the left action of 3 via I. Then q is equivariant.

Proof. (i) It is immediate to see that the composition

FxU-LFxUSSE xgpa U—E X5p00 N XspoU

defines ©ge(asy) ANd P(geq)wy; s€€ (6.5) and (6.3).

(ii) This is again a triviality. Let U € Sch, 0 € B(U), v € Auti(F)(U), y € F(U), and
a € I(U). Assume po(9) = 1(a), and recall that in this case (0 e a) = pi(9). For every
(e,idy) € (E xgpo0 U)(U) we have by definition 0s(e,idy) = (0 - e,idy); see (5.3). Then, by
definition of ¢, we have

(0-q(y,a),idy) = 0s(q(y, a),idv) = Oa(pa(y,idv)) -
By definition of Jea, the last term above is @geq(y, idy). By (6.4), this is just (¢(y, dea),idy). O

COROLLARY 6.8. The left action of 3 on F' x I considered in Lemma 6.7 descends to a left action
of B on the quotient S-scheme (F x I)/Auty(F"). For this action, the isomorphism of S-schemes
q, defined in Lemma 6.5, is equivariant.

We now assume that P = ]35 is the formal diagonal groupoid of S (§5.2); it acts on the left
on m: E — S by means of its stratification; see Lemma 5.5. Then, v: I — S becomes a stratified
affine scheme over S, so that the quasi-coherent Og-algebra O associated with it becomes a
stratified Og-module. In order to relate Oy with the universal torsor Ug, we need to show that
the Dg-module Oy is a direct limit of elements in Dg—mod. This will be hidden in the fact that
every representation of an affine group scheme is a direct limit of finite-dimensional ones.

Endow I x g I with the obvious stratification and I x Auty(F') with the stratification coming
from I. It is straightforward to see that the canonical isomorphism

Ix Aut,(F)—=IxsI, (a,7)— (a,ax7)

is an isomorphism of stratified S-schemes. Such properties characterize what is sometimes called
a stratified torsor. If we go by the terminology of [dSan07, 2.3.2(a)], this says that Oy is a torsor
algebra of the category Ds—Mod (but not necessarily of Ind(Dg—mod)!). We are now capable
of constructing a tensor functor

{ finite-dimensional
Lr:

representations of Auty(F') } — Ds-mod

by imitating [Jan87, Part I, 5.8] or [dSan07, 2.3.2, p. 701].

LEMMA 6.9. The stratified torsor 1p: I — S is of the form Ug x” Auty(F) for a certain morphism
p: II(S) — Auty(F).

Proof. We begin by constructing p. Since 1 ~!(sy) possesses a k-rational point (recall that
F := 7 1(sp)), the composition of £ with s}: Dg—mod — k-mod is naturally equivalent
to the forgetful functor. By definition of II(.S), it follows that s§ factors through the category of
finite-dimensional representations of II(.S). Hence, Tannakian reconstruction of homomorphisms
[DM82, 2.9, p. 130] allows us to say that sj o Ly is the restriction functor between representa-

tion categories associated with some homomorphism p. Now the proof can be finished following
[Nor76, §2] or [dSan07, 2.3.2]. O
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Proof of Proposition 6.4. Just put together Lemma 6.9 and Corollary 6.8. O

7. Infinitesimal equivalence relations and stratifications

We fix a noetherian separated scheme B. The category of separated noetherian B-schemes will
be denoted by Sch/B, that of noetherian formal separated B-schemes by FSch/B. The category
Sch/B is considered as a full subcategory of FSch/B following [EGA, I, 10.4.8, p. 186]. More
importantly, [EGA, I, Proposition 10.6.2, p.189 and Corollaire 10.6.10, p. 192] show that Sch/B
is a dense subcategory [MLI8, X, §6, p. 245ff] of FSch/B, so that the restriction of the Yoneda
functor FSch/B — SetFSW/ B 5 Sch/B is full and faithful [MLI8, X, §6, Proposition 2,
p. 246]. To lighten the notation we let Sch/B be the setting of all our constructions and arrows.
In compliance with this, we usually omit references to B, for example, x = X g, QIZ = le /B etc.
Let Z be a separated B-scheme of finite type.

7.1 Notation concerning the sheaves of principal parts
Let P} denote the pth infinitesimal neighbourhood of the diagonal in Z x Z(= Z xp Z); this
is just Spec Py or (|Z|,P), where P is as in [EGA, IV, Définition 16.3.1, p. 14]. Moreover,
following [EGA, IV, 16.3.5, p. 15], the scheme P%, is always considered as an Oz-algebra or
module, except when explicitly stated otherwise, via “the first projection”

Oz — P, ar—a®l.
The structure associated with the “second projection projection” will be denoted by

T 07 — P,

or anything resembling such notation. This homomorphism should be thought of as associating
with a function in Oz its “Taylor series” or truncated “Taylor series”. For convenience, given
a € Oz, we write

d"(a) =1"(a) —a. (7.1)
Remark 7.1. This notation differs from that in [EGA, IVy, 16.3.5, p. 15].

Instead of working with the schemes P, we can use the formal completion ]32 of Z x Z
along the diagonal. This is a forma}\ noetherian scheme [EGA, I, §10]. For purely algebraic
purposes, it is interesting to regard Pz as the topological space |Z| endowed with the sheaf of
rings Py = l'glu P!, As for its truncated version, Pz (in [EGA, IVy, Définition 16.3.1, p. 14],
this is denoted by iPOZO/ p) Will be regarded as an O z-algebra via a a®1, and the “Taylor series”

will be denoted by 7z or simply 7. The ideal of Z — Py will be denoted by 7. We also write
d(a) = 7(a) —a,

which is an element of © . It should be remarked that this notation is not in conflict with the
usual notation for a differential of a function, since d(a) induces this differential upon passage to
Dy /D% ~ le

7.2 Basic definitions

DEFINITION 7.2. Let ug,u1: U — Z X Z be two U-points of Z. We say that ug is infinitesimally

close to uq, denoted by uy =« u1, if Uugred = U1 red- This defines an equivalence relation on Z
[DGT70, I11.1.2.4, p. 292] whose graph will be denoted by (Z/B)s 0r Zso.
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As on a noetherian scheme U the nilradical Nily is nilpotent, the functor Zw: (Sch/B)P —
Set is represented by the formal scheme Py.

DEFINITION 7.3. (a) An infinitesimal equivalence relation (i.e.r.) is a sub-presheaf ® of Z x
Z: (Sch/B)°? — Set which is an equivalence relation and which coincides with Az C Zx Z when
evaluated at reduced schemes in Sch/B. In other words, an infinitesimal equivalence relation is
an equivalence relation on Z which is weaker than Z.

(b) Let ® and @’ be equivalence relations on Z and Z’, respectively. A morphism h: Z — Z’
interweaves ® and @' if, for every U € Sch/B, the map h(U) x h(U) sends ®(U) into ®'(U). (In
[SGA3, IV, 3.1.4] such an arrow is called “compatible”.)

The category whose objects are pairs (Z,®) consisting of a scheme Z € Sch/B and an
infinitesimal equivalence relation on Z, and whose arrows are interweaving morphisms will be
denoted by TER(B). Analogously, given an i.e.r. ® in IER(B), we write IER/® for the subcat-
egory of IER(B) of objects over @, that is, IER/® := IER(B) e in more standard notation.

Note that every Z comes with two i.e.r.’s: the trivial one defined by the diagonal and denoted
by Az, and the full one, defined by Z...

DEFINITION 7.4 (Compare to [Eke87, 1]). Let ® be an infinitesimal equivalence relation on Z.
We say that @ is schematic if ®: (Sch/B)° — Set is represented by a formal closed subscheme
of Py;. We will sometimes write Pg to denote the formal closed subscheme associated with ®.

We recall from [EGA, I, 10.14] that the data of a closed formal subscheme of P amounts to
a sheaf 2 of (coherent) ideals of the sheaf of rings Pz. The formal scheme associated with 21 will
then be the (topologically) ringed space

V(A = (Support of (T)Z/Q(, restriction of ﬂA)Z/Ql) )
By [EGA, I, Proposition 10.6.2, p. 189], the space V' (2l) is the direct limit of the schemes defined
by the ideals
A+ Dt c P,
1 = qptl
oY oY
and the morphism V() — Pz is adic [EGA, I, 10.12]. If A C D is an ideal, then for V() to
define a schematic equivalence relation, we only need

A CAB Py + P, BeA and s#(A) C A, (7.2)

_ PpH
_[PZ7

where ¢ : 132 Xz 132 — JSZ and s: JSZ — ]32 are the morphisms of formal schemes considered in
§5.2. In particular, the morphisms 6% and s# pass to the ring

Py =Py /2.
If @ is a schematic equivalence relation defined by the ideal 2A, we write
A+ D
A (@) == wj and P4 =PL /A, (D). (7.3)
z

In other words,

(12|, %) = Pe 0 P
So, the question of how to find families of ideals A, C P, such that T&lu A, defines a schematic
equivalence relation is at hand. This is treated in the following example.

552



HOMOTOPY EXACT SEQUENCE

Ezample 7.5 ([Miy87]). Let B = Spec (K) be the spectrum of a field of characteristic zero, and
let Z be a smooth K-scheme. Denote by F a subbundle of Derz, g which is stable under the
Lie bracket (an integrable distribution). Fixing a closed point z € Z, we can find an affine open
neighbourhood U = Spec (A4) of z, etale coordinates (z1,...,2,): U — A" and commuting
vector fields Dy, ..., D, freely generating F|y such that D;xz; = d;; for 1 < 4,5 < r. (See the
argument in the proof of Frobenius’ theorem in the appendix of [CLN85].) From this arrangement,
we can consider the formal flow of F, which is the following homomorphism of K-algebras

]

exp(t-D): A — Alty,...,t], 1/JI—>ZD3 ik

JENT

The formal flow induces a formal action of G” o = Spf K[t] on U. Define p: A®x A — A[t]
by sending 1y ® 11 to ¥g - exp(t- D)(1)1). Slnce the kernel of the multiplication A @ A — A is
generated by elements of the form 1 ® 1y — 1y ® 1, see for example [BO78, p. 2.2], it follows that
p induces a morphism of A-algebras
p: Pa—s A[t].

Moreover, p is surjective because

exp(t-D)(z;) =x; +t;, i=1,...,r.
Write 21 for Ker(p). Using the aforementioned action of Ga K it is not difficult to verify that

sFA)CA and 0F(A) CADAPA+ PaBa Y, (7.4)
where 0 and s are the morphisms used to define the diagonal formal groupoid; see §5.2.
Let
(—,—): Dh@aP) — A
be the canonical pairing between the module of principal parts and the module of differential
operators of order at most pu [EGA, IV, Proposition 16.8.4, p. 41]. Since p maps the augmentation
ideal ®4 C P4 into (t), we obtain a morphism of A-algebras
pu Pl — Alt]/ ()"

which is none other than
i

Er— Z <D’ >
ST
see the beginning of [EGA, IVy, 16.8] Write 2, := Ker(p,). Since

lim p, - lim P4 — Jim A[t]/(£)"+
© ©

is simply p, we conclude that 21 = @u 2,,. Clearly, 2, is simply I'(U, A,(F)), where

A5 = {

principal parts w € P, which are annihilated by all differential
operators of positive degree obtained by composition of fields in F

It follows that @nﬂ A, (F) defines a closed formal subscheme of P, which is an infinitesimal

equivalence relation due to (7.4).

DEFINITION 7.6. Let g: Z — S be a morphism in Sch/B, and let ® be an equivalence relation
on Z. We say that ® is S-linear if ® C Z xg Z.
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If @ is arbitrary, then its S-linearization is the equivalence relation ¢, = ®N (ZxgZ)in Z,
that is, two U-points ug, u1 of Z are ® g-equivalent if and only if ug =¢ u1 and g(uo) = g(u1).

Remark 7.7. What we called an S-linear equivalence relation is called an equivalence relation
compatible with Z — S in [SGA3, IV, 3.1.2]. The phrase “equivalence relation in Z over S”
[SGA3, IV, 3.1.3] is also used.

DEFINITION 7.8. Let (Z,®) and (7', ¥) be infinitesimal equivalence relations. Let g: Z — S and
h: T — S be morphisms. On Z xgT we have the i.e.r. defined on U-points by the following rule:
two U-points (zp,tg) and (z1,t1) of Z xgT are ® xg ¥ equivalent if zg =4 21 and tg =y t;. To
simplify the notation, when W is the trivial i.e.r. Ap, we write ® xg T instead of ® xg Ar.

7.3 Relation to stratifications

DEFINITION 7.9. Let g: Z — S be a morphism, and let ® be an infinitesimal equivalence relation
on Z. We say that ® is complementary to g if

@H(ZXSZ)QAZa
in other words, if z9 =¢ 21 and g(29) = g(z1) implies zy = 2;.

Here is another way to say that ani.e.r. ® in Z is complementary tog: Z — S. Let pg: ® — Z
be the composition of the inclusion ® C Z x Z with the first projection, let my: Soo — S be the first
projection, and let goo: Zoo — Soo be the obvious arrow of functors. Then @ is complementary
to g if and only if the arrow

LNy (7.5)
is a monomorphism.

DEFINITION 7.10. Let g: Z — S be a morphism of schemes and let ® be an infinitesimal equiv-
alence relation on Z. We say that ® is totally complementary to g if the arrow in (7.5) defines
an isomorphism.

Rephrasing Definition 7.10, we see that the i.e.r. ® in Z is totally complementary to g: Z — S
if
TC1. the S-linearization ® g is trivial;
TC2. for any given pair (z € Z(U),s € S(U)) satisfying g(z) =« s, there exists a z € Z(U)
such that z =g 2z and ¢(2) = s.

If we think of the condition g(z) =« s as being “there exists a path from g¢(z) to s”, and of
the condition z =¢ 2z as “there exists a path in Z contained in a leaf of ®”, then condition TC2
affirms the possibility of lifting paths “horizontally”. This is reminiscent of what Ehresmann calls
a connection on a fibered space [Ehr50, 3, definition on p. 36]. However, this parallel is simply
verbal, as totally complementary infinitesimal equivalence relations are just stratifications (see
below).

Remark 7.11. The role played by the base scheme B goes unmentioned just to simplify the
notation. However, when studying restrictions of infinitesimal equivalence relations, its utility
will become apparent. Whenever necessary, we will say that ® is totally complementary to some
morphism with respect to the base B.

To illustrate with a pertinent instance, we consider an i.e.r. & which is totally complementary
to the B-morphism g: Z — S. If f: S — T is another arrow of B-schemes, then ®,7 becomes
totally complementary to g with respect to the base T'.
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The connection between this concept and stratifications is obtained as follows. Let g: Z — S
be endowed with a stratification as explained in § 5:

a: /2 Xg ﬁs — 7.
(It is useful to remind the reader that we are following Convention 5.6 when forming fibre

products involving principal parts.) We write o, for the composition of « with the canonical
morphism Z Xg P’g — Z Xg Pg. Let my: Z x Z — Z be the first projection and set

B,u = (pr27 au) .

From the definition of an action of ]35, the composition

Z g Pt 7% 7 509, 76 (8 % 8)
is just
idz x g(natural inclusion): Z xg P§ — Z xg (S x S).
Since j, factors through the closed embedding P}, — Z x Z, what we just observed implies that
B, is a section of
(TOus Gu) - Pg — Z xg PY,
where we write (7o, g,) to denote the restriction of (mg, g x g) to PJ. Passing to the limit, we
get a morphism
,3: VA Xg ﬁs — ﬁZ

which is a section of (7, goo): Py, >z X g ]35 It follows from the fact that 8y = idz and [EGA,
I, Lemme 10.14.4, p. 210] that g is a closed embedding of formal schemes. Write Pq> for the
image of 5 in PZ The reader will have no difficulty in establishing that P@ is the graph of an
infinitesimal equivalence relation. From the very construction, Pq, is totally complementary to g.

On the other hand, interpreting FSch/B as a full subcategory of Set(Sch/B)°P (see the be-
ginning of this section), it is not hard to show that if g: Z — S is totally complementary
to @, then @ actually comes from a stratification. Indeed, given any U € Sch/B and any pair
(2,0) € (Z xg Ps)(U), there exists a unique (z,a(0,2)) € ®(U) which is taken by (7, go) to
(z,0). The association (0, z) — «(0, z) defines an action of Ps on g: Z — S, which is equivalent
to a stratification by Lemma 5.5

8. Smooth schematic infinitesimal equivalence relations

In this section, B denotes a noetherian and separated scheme. We follow the flow of the notation
introduced in §7.1, so that Sch/B is the category of separated noetherian B-schemes. We let
g: Z — B be a separated morphism of finite type. For the sake of graphical simplicity, we will
omit notational references to B whenever the omission is harmless: in this spirit, ’jSZ = :TDZ/ B
Dz =Dy p (see §7.1 for this notation), QL = QZ/B, etc.

8.1 Basic objects

Let © be a schematic infinitesimal equivalence relation on Z cut out by the ideal 2 of P z. The
sheaf of rings of the formal scheme Py (the underlying space is simply |Z|) is denoted by Pg.
The “Taylor expansion in the direction of ®”,

Te : Oz—>§q>, (8.1)

555



J.P. DOS SANTOS

will be the evident homomorphism of sheaves of algebras on Z: Oz ©» iT’Z — ’JA)@, where 7 is the
morphism of sheaves of rings alluded to in §7.1. In like fashion, if the need presents itself, we
will write

do(a) :==T1e(a) —a. (8.2)
Note that 7¢ is a homomorphism of rings, while dg is additive and satisfies
dq>(a'b) :a-d¢(b)+b-d¢(a)+d¢,(a)‘dq>(b). (83)

We let ©4 denote the image of D5 in f/}\)@.

DEFINITION 8.1. The schematic infinitesimal equivalence relation ® — Z is differentially
smooth of rank r if Dy C Py is a quasi-regular ideal [EGA, IV, Définition 16.9.1, p. 46] and the
locally free Py /D¢ = Oz-module

Qp == Dg/Dj,

called henceforth the cotangent module of @, is of rank r.

One important class of examples of differentially smooth i.e.r.’s is given by the totally comple-
mentary i.e.r.’s of Definition 7.10. Indeed, if g: Z — S is a smooth morphism of smooth schemes,
then an infinitesimal equivalence relation ® on Z which is totally complementary to g must be
differentially smooth of rank dim S/B.

Recall that a more direct way to say that an ideal J of some locally noetherian formal scheme
¥ is quasi-regular is to say that the Oy /J-module

Gr.(3) = g+ /gt

is locally free of rank (T_LJF“); this can be easily deduced from [EGA, IVy, Corollaire 16.9.4,
p. 47] and Nakayama’s lemma. This allows us to prove the following.

LEMMA 8.2. If ® is differentially smooth of rank r in the B-scheme of finite type Z, then for
each B’ € Sch/B, the i.e.r. ® x B’ is differentially smooth of rank r over B’'.

Proof. Let ® be a differentially smooth i.e.r. of rank r in Z. We fix some y € IN and let P :=
P}; denote by A the diagonal embedding Z — P. It follows that for all v < p, the quotient
Gry(A) = D% /D4H s locally free of rank (T_lll+”) over Oz. Now, let u: Z' — Z be a morphism
in Sch/B, and write P’ = Z' xz P and A’ =idyz X zA ow. From [EGA, IV, Corollaire 16.2.4,
p. 12], we conclude that

Gr,(A) ®o, Oz —Gr, (A)

for all ¥ < p. From the arbitrariness of p and the above remark, we derive that the obvious
morphism

7' — 7' x5 Py =lim 7' x; P} (8.4)

o
is a quasi-regular embedding. Now, if u: Z’ — Z is just the projection from Z' = Z x B, it is
not hard to deduce an isomorphism in Set(SM/B)” hetween Z' x, Pp = B’ x Py and & x B’
under which the closed embedding in (8.4) corresponds to the diagonal Z x B — ® x B’. [
Whenever we study a differentially smooth i.e.r. ®, the cotangent module ¢ will play a

prominent role. Before proceeding, we wish to attach a more familiar expression to it. Let 2 be
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the ideal of ® and denote by A;(®) the image of 2 in P}, = Oz & Q). We have exact sequences

0 A1 (®) QL QL /AL (®) —=0 (8.5)
0—— (D% +A)/D% —= D, /D% Qo 0,
which lead to
Qo ~ 0L /AL (D). (8.6)

We mention that this should be more familiar because of the following. Let Ty C T3 be the
tangent bundle of a r-dimensional foliation on the differentiable manifold M. Let As be the sheaf
of C°° one-forms which annihilate the vectors in T, that is, the kernel of T3, — T5. This is
usually called the conormal bundle of &F, as it can be identified with the dual of the normal bundle
Ng = Ty /Ts; see [MMO3, 1.3, p. 12]. The cotangent bundle Qg := T of J is then isomorphic
to T;/Ag. In particular, the rank of Qg is the dimension of the leaves of the foliation J.

8.2 Local behaviour and transverse sections

Let @ be a differentially smooth infinitesimal equivalence relation on Z of rank r, let z be a
point of Z, and let b = g(z). We assume that k(b) — k(z) is bijective. As QL (2) is generated by
elements of the form di(z), the equality k(b) = k(z) allows us to find z1,...,2, € Mz, such
that the images of dx1,...,dx, € QlZ,z freely generate Qg .. As Dg is a quasi-regular ideal of UA’@,
an application of [EGA, IVy, Corollaire 16.9.5, p. 47] gives (dz1,...,dx,) = D¢ near z, where
we use the notation introduced in §7.1. Hence, near z, we have

Ozdr,. .., dz,] = Po (8.7)
due to [EGA, IVy, 19.5.4, p. 91].
DEFINITION 8.3. Let x1,...,2, € Mz, be functions such that the images of the differentials
dxri,...,dx, € QIZ,Z in Qg . form a basis of the latter. Then the closed subscheme ¥ = {z; =

- =z, = 0} is called a transverse section of ® at z.

We observe that there are usually many transverse sections. If {z; = ... =z, = 0} is such a
section and (a;;) € GL;(0z,), then X' = {2} = --- = x; = 0}, where 2 := >, a;; - 7;, is another
transverse section. However, finding an element y € Oz, such that dy belongs to the kernel of
le , — g . is not a problem of linear algebra: such functions are first integrals.

For further reference we record a direct consequence of the Jacobian criterion [BLR90, §2.2,
Proposition 7, p. 39].

LEMMA 8.4. Assume that Z — B is smooth of relative dimension n at z. Let X be a transverse
section of ® at z. Then Y is smooth of relative dimension ¢ =n —r at z.

A transverse section induces a decomposition of Q} as follows. Let ¥ = {z; = --+ =z, = 0}
be a transverse section at z € Z. If y1,...,y; are elements of Oz, such that

d(yils), -, d(yls)

generate le ., then the conormal exact sequence

NZ/Z,z — QIZ,Z & 0272 — Q%,z — 0
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shows that lez ® Oy, is generated by (the images of) dy,...,dy; and dzq,...,dz,. Hence, by
Nakayama’s lemma,

T l
Oy, => Oz.-dvi+Y 0z, dy;. (8.8)

8.3 Formal behaviour

Let @ be a differentially smooth infinitesimal equivalence relation on Z of rank r, and let z be a
point of Z whose residue field k(z) coincides with k(g(z)). We will concentrate on the “formal”
behaviour of ®, and therefore assume Z = Spec(O) and B = Spec(A), and that there exist
functions x1,...,z, € O vanishing on z such that dzi,...,dz, generate Dg; the existence of
these was clarified in §8.2. In particular, ¥ = {1 = --- = x, = 0} is a transverse section of ®
(Definition 8.3) at z.

Recall from §5.2 that we have a morphism of O-algebras
0: {JSO — 330@\)@93@
which is employed to define the formal diagonal group01d By (7. 2) the morphism § passes to the

quotient and defines a morphism of O-algebras §: CPq> — qu>®oiP<p fitting into the commutative
diagram

O———=Ps (8.9)
v :
B PoBoPs .
(We write 1 for the identity of Po or Po. ) Let Ady,...,d;] be the formal Hopf algebra associated

Wlth the completion of Gy, , at the identity. Using the 1dent1ﬁcat10n qu> = O[dz1,...,dz,] made

n (8.7), we can write
Toy = Y Tealy)-dz,
acIN”

where 7 o(y) € O and dz® = (dz1)* - (dz,)* . In terms of this notation, the composition
(1®id) o ¢ is simply

y— 1® Z To,0(y) - dx® = Z 70 (7o o (y))@dz™.
acN” a€N”

This fact and the identities d(dz;) = 1®dx; + dx;®1 show that 7o defines a co-action, in the
category of topological A-algebras, of A[di,...,d,] on the discrete topological algebra O. (The
cautious reader will remark that we have left out the considerations concerning the behaviour of
the co-identity; this is readily bypassed using the fact that 7(y) = y mod ®g.) Clearly, this is
reminiscent of the proof of Frobenius’ theorem by means of R"-actions; see [CLN85, Appendix,
Corollary 1, p. 181] and the pages that follow it. In our setting, a formal analogue of the Frobenius
theorem, pointed out in [ESBO05], is the following.

PROPOSITION 8.5. Let O* be the (x)-adic completion of O, and write O(X) for the quotient
O/(x). Then

y— Z {r0 o(y) mod ()} di* - - - d
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induces an isomorphism o: O* — O(X)[d] of adic rings. Moreover, if 75: O* — O0*[dx1,. .., dz,]
is the obvious morphism, then the diagram
o - 0(X)[d]
T,i; l idi —d;+dx;

O*[dz] i@ O(2)[d][dx]

dx]

commutes. More geometrically, the formal scheme Z PORE @Z a-equivariantly isomorphic to the
product ¥ X (IA}ZA
Proof. The co-action of A[d] on O extends to a co-action on 0%, since 7¢(z;) = x; + dz; and the
(x, d)-adic completion of O[d] = ORA[d] is O*®@A[d]. Then [ESB05, Lemma 2.1, p. 115] can be
applied since

Ald] — 0%, di+— z;
is equivariant. See also [ESB05, Theorem 2.15]. O
Remark 8.6. One should observe, as is done in [ESB05], that this technique goes back to Zariski.
COROLLARY 8.7. For all O-modules in sight, denote with an asterisk the (x)-adic completion.
Let 7*: O* — P be the morphism obtained from 7. If 1 € O* is such that o(¢) € O(X), then
d*(¢) = 17(¢) — ¢ € A- Pg.
Proof. Use the diagram in the statement of Proposition 8.5 to obtain 73 (¢) = 1. O

9. Tangency and invariance of subschemes

Let B be a noetherian and separated scheme. We work with the category Sch/B of B-schemes
which are noetherian and separated, so that a “morphism”, a “scheme”, etc. should always be
taken in Sch/B. Continuing with the line of previous sections, we omit notational references to
B as much as possible, for example, x = xpg, ‘P’é = fP’é /B etc. Let Z be a scheme of finite type
and let ® be an infinitesimal equivalence relation on it.

9.1 Tangency

Let 0: Y — Z be a closed embedding whose image is defined by the sheaf of ideals I. There
is a canonical surjective homomorphism of sheaves of Oy-algebras, the “restriction of principal
parts” [EGA, IVy, (16.4.3.3), p. 18]

o P, — P (9.1)
More precisely, (9.1) is constructed from the morphism of =10 z-rings

-1

6= P, — PL
which is used to define the “functoriality” morphism P — P); see [EGA, IVy, 16.2.1, p. 9 and
(16.4.1.3), p. 16]. If Z = Spec (0), Y = Spec (Op), and B = Spec (A), then this is just induced
by

0o ®o ((0 @4 0)/DHH) — (09 @a Og)/DEH, (9.2)

where © and ®g are the kernels of the corresponding multiplication homomorphism. The kernel

of (9.1) is generated, as an Oy-module, by the image of 75,(I) [EGA, IVy4, Proposition 16.4.20,
p. 24].
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DEFINITION 9.1. Assume that ® is schematic. For each p € IN, let A, C ?’2 be the sheaf of ideals

of ﬁq, N P;. We say that a closed embedding 6: Y < Z is v-tangent to ® (respectively, tangent
to ®) relatively to B, or rel. B, if the natural composition

0* A, — 0°P, — P
is null for every pu < v (respectively, for every p).

A word of caution concerning the base scheme and the term “relatively to B” is in order, and
this is best illustrated by an example. Let k be a field and put B = Speck. Let g: A? — A! be the
projection on the first coordinate, and let ® be the Al-linear i.e.r. in A? defined by (A2/A!).:
two points ug,u1: U — A? are ®-equivalent if and only if gup = gu; and woly,., = u1lu,,,-
Therefore, A2 C A? is not tangent to ® relatively to B, but is clearly tangent to ® relatively to
A'. This is because tangency is a property on the fibres over B, and not an absolute one.

In the special case where v = 1, so that P/, = 0z & Q), [EGA, IVy, Définition 16.3.1, p. 14],
the requirement that §: Y — Z be 1-tangent to ® implies that Q%/ is a quotient of Q<11>|y, where
Qg is the cotangent sheaf of ® defined in (8.6).

An equivalent definition of tangency consists in saying that Y C Z is tangent to ® rel. B if
for any U € Sch/B and any pair of infinitesimally close points y9,y1 € Y (U), we have yo =4 1.
Or, in yet another clothing, Y is tangent to ® if Y — Z interweaves (Definition 7.3) Y, and ®.
These definitions, being completely expressed in terms of functors, apply to any infinitesimal
equivalence relation on Z, schematic or not. The reason behind our choice of presenting this
concept through Definition 9.1 will become clear in Section 10.

Remark 9.2. In the usual setting, a submanifold S — M is tangent to a foliation F if and only
if T,S C T,F for every = € S. This is possible if and only if w|g = 0 for every w € Ann(F).

9.2 Invariant subschemes

We now deal with a neighbouring notion. Throughout, 8: Y — Z denotes a closed subscheme
defined by a sheaf of ideals I C 0.

DEFINITION 9.3. We say that 0: Y — Z is ®-invariant, or ®-saturated, if, for each U € Sch/B,
the subset Y (U) C Z(U) is saturated under the equivalence relation ®(U).

We now take ® schematic. Let us assume that 6: Y — Z is ®-invariant; fix some v € IN and
let U be the inverse image of Y by py: Py — Z. Projecting to Y defines a morphism ug: U — Y
and projecting to Py and then composing with p7: Py — Z defines a morphism u;: U — Z.
Obviously, ug =¢ w1 which, by invariance of Y, entails that uq factors through 6: Y — Z; this
shows (pg)~'(Y) € (pY)'(Y).

On the other hand, assume that for each v € IN, the second projection p}: Pg — Z restricted
to (p§)~1(Y) factors through 0: Y — Z. Let ug: U — Y and uy: U — Z be ®-close, so that, for
some v € IN, the map (ug,u1): U — P} factors through PZ. As u is a point of Y, it follows that
(ug, u1) factors through (p4)~1(Y), so that u; = pY o (ug, u1) must equally factor through Y. We
state these findings in a more algebraic form, which will suit us later on.

LEMMA 9.4. We assume that ® is schematic. Let I be an ideal of Oy, and let Y be the closed
subscheme cut out by I. Then Y is ®-invariant if and only if

To(I) C 1Py .

560



HOMOTOPY EXACT SEQUENCE

The reader should note that for any ideal I C O, the inclusion 7¢(I) C I - iT’q; implies
To(I) Po=1Ps, (9.3)
since the switch automorphism
s: P — Po,  Yo®y1 — Y1&o
permutes 7¢ () - f/]\%p and I - ﬂA’q,.
One of the pleasing characteristics of invariance is that it is a “closed condition”.
PROPOSITION 9.5. Let Y C Z be a closed subscheme of Z cut out by the ideal I. Assume that

there exists an open subset Z° C Z such that Y° = YNZ° is saturated under ® and schematically
dense in Y. Then Y is saturated.

Proof. This is a local problem, so we assume Z = Spec (O). Moreover, we can suppose that in
is free over O on the basis

de® =dz{* - dzl™, o+ +a, <p.

'
It follows in particular that I-Pg = @<, [ - dx®. Let ¢ € I. Then, 74(¢)) = 3°, Yo - dz*, and
from the hypothesis, (1o|Y)|Y° = 0. Since Y? is schematically dense in Y, we have 1)|Y = 0.
As p is arbitrary, we arrive at the desired conclusion. O

9.3 Relation between the two concepts

LEMMA 9.6. Let Y C Z be a closed subscheme of Z which is smooth of relative dimension r
overB. Assume that ® is differentially smooth of rank r. Then Y is tangent rel. B if and only if
Y is invariant.

Proof. This is just a matter of counting ranks, applying Nakayama’s lemma, and using [EGA,
IVy, 16.4.20, p. 24], which says that
n
?/}L/ = T ?M TZ oo D
Py T Py
It should be remarked that the assumption on smoothness is necessary. Just take the i.e.r. ®
on A% defined by (z,y) = (2/,¢/) if and only if z = 2’ and y = ¥’ and note that Y = {y? = 0}
is invariant, but not tangent.

9.4 The formal shape of invariant subschemes of maximal codimension

We suppose B = Spec(A) and that Z is the spectrum of a smooth A-domain O of relative
dimension n. We let m be a closed point of Z whose residue field coincides with that of its image
n in B. We fix a differentially smooth i.e.r. ® in Z of rank r.

We now introduce a series of working properties, all of which can be guaranteed by passing
to a smaller open subset of Z. We assume that Q¢ (Definition 8.1) is freely generated by the
image of differentials dz1,...,dx,, where x; € m for all i. The associated transverse section (see
Definition 8.3) is

Y={x1=-=z,=0};
this is a smooth B-scheme of relative dimension ¢ = n — r, by Lemma 8.4. There is no serious
impediment in assuming that

s =PoE) - dy,
i=1
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with y; € O(X) vanishing on m. So we include this hypothesis. Moreover, we assume that (8.8)
actually gives

T (&
Oy =) 0-du;+ Y 0-dj,
i=1 j=1
where g; € O lifts y;. Let y7 € O* correspond to y; under the isomorphism
o: 0" — 0®0)[d], d=(d,...,d),
of Proposition 8.5.
LEMMA 9.7. Let 0%, respectively m¥, denote the m-adic completion of O, respectively the max-
imal ideal of O%. We shall consider O% as an O*-algebra in the obvious way.
(i) yr € md.
(ii) Denote by n the image of m in Spec (A). Let X = (X1,...,X,), Y™ = (Y",...,Y}) be

variables. Then the natural morphism An[[Y*,X]] — 0% sending X to x and Y* to y* is
an isomorphism.

(iii) We maintain the setting of the previous item. Let T(%: 0% — O%[dx] be the morphism

obtained from T upon passage to the m-adic completion. Then, under the aforementioned

isomorphism, T:% corresponds to

MJY*, X — AJY*, X][dx], X;— X; +da;, Y7 — Y/
Proof. (i) It is enough to show that y} € m- O*. Since 7¢(¢)) = ¢ mod (dx) for all ¢ € O, the
very definition of o gives o(9;) = y; mod (d). As o(z;) = d;, it follows that
yi=y; mod (), (9-4)
and this is enough to finish the proof.

(ii) We are assuming k(n) = k(m), so [EGA, IV, Proposition 17.5.3, p. 68] guarantees that
O8 is isomorphic to a power series algebra over A, in nAvariables. Hence, we only need to show
that the classes of x,y* generate the radical of O3 /t(A,) - O%. (From now on, t refers to the
maximal ideal, which equals the radical of a local ring.) From (9.4), it is sufficient to show that
x,§ generate this radical. Since O3 /t(A,) - O% is simply the completion of the local ring of the

fibre of Z — B above n, namely Oz, m = On/t(An) - On, the proof amounts to showing that x, y
generate the radical of Oz, . This is obvious given (9.4), the isomorphims

Qoa @ k(m) = Q0 @ k(m)
g t(OZn,m)/t(OZn,m)2 9

and Nakayama’s lemma.

(iii) We begin by noting that the definition of T(% is legitimate. For any ¥ € O, we have
To(1) =1 mod (dx). Hence, 7¢(m) C m-Ofdx]+(dx), and this allows us to pass to completions.
The rest follows immediately from the commutative diagram of Proposition 8.5, since o(z;) = d;
and o(y}) = yi. O

We now apply ideas of Seidenberg [Sei67], see Theorem 1 of this reference, to study invariant
subschemes of maximal codimension.

LEMMA 9.8. Let K be a field. Let € = &1,...,&; € =&,,...,&; and =, ...,n. be variables.
Denote by a the ring homomorphism

K[[gan]]—>K[[€"r’7£/]]a gl'—>£z+£;a Ny > N,
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and by 1: K[€,n] — K[&,n,¢] the inclusion. Let & be a proper ideal of K[¢,n] satisfying
“R C ‘K. Then the following hold.

(i) &S (m).
(ii) Assume that R is primary and ht(8f) > ¢; then V& = (n).
(iii) Assume only that ht(R) > ¢; then R is (n)-primary:.

Proof. (i) Let ¢1(€,m),...,¢¥m(&,n) be generators of & and let A;;(&,n, &) be such that
i€+ € m) Z%En Ai;(&m,¢).
Then, making £ = 0 and i = 0 in the above equation, we have
quj (0,0) - A;;(0,0,¢") =

(ii) We have ht(n) < c. From the inclusion £ C (n), it follows that v& C (n); as V& is a
prime of height at least ¢, we have v & = (n).

(iii) Let q be a primary ideal of & and denote by p its associated prime. Then ‘q is a primary
ideal with associated prime ‘p; see [Sei67, Lemma 2, p. 24]. Also, it is straightforward to see that
the extension a — “a takes intersections to intersections and is injective. Hence, if 8 = q1N---Nqe
is an irredundant primary decomposition of & [AM94, Chapter 4], then ‘q; N --- N ‘g is an
irredundant primary decomposition of “*K. As the associated prime ideals are uniquely determined
[AMO94, Theorem 4.5], it follows that each associated prime of ‘8K is of the form ‘p for some
associated prime p of K.

Let \: K[¢,7n,¢'] — K[¢,m,¢] be the automorphism (&,1,&) — (€ + &',n,—¢'). Then we
have Aot = a, Aoa = ¢ and Ao\ = id. Hence, the inclusion “K8 C *£ is an equality. It follows that
if p is an associated prime of &, then “p = *(“p) is an associated prime of *R = *&. Therefore,
there exists another associated prime [ of & for which *p = *I. Considering this equality modulo
¢’, we conclude that [ = p. Thus, p is a prime of height at least ¢ which satisfies ‘p = “p. The
previous item shows that p = (1), and we are done. O

COROLLARY 9.9. Maintain the assumptions and notation of Lemma 9.7. Let L — Z be a closed
subscheme passing through m and cut out by an ideal I C O. Assume that L is flat over B, of
codimension at least ¢ at m, and invariant under ®. Then, if Z, is the fibre of Z above n, we

have
VI-0z.m= ).

In particular, if the fibre L, is reduced at m, then L — B is smooth at m.

Proof. 1t is a simple exercise to show that
htl-Ogym=htI-Ogpm=htI-Ogp.

(Use [Mat89, Theorem 15.1, p. 116 and Theorem 17.4, p. 135] for the first equality, and [BouAC,
VIIL3.4, Corollaire 4] for the second.) From this, it follows that I - Oz, n is of height at least c.
The first part of the statement now ensues instantaneously from Lemma 9.7 and Lemma 9.8.

To prove the final statement, we recall that a theorem of Zariski and Nagata, see the examples
and [BouAC, IX.4.4, Théoreme 3|, guarantees that once Op, w is reduced, then so is O, m.
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Thus, k(n) — 6me is formally smooth, and L, — Spec (k(n)) is smooth at m [EGA, IVy,
Proposition 17.5.3, p. 69], so that L — B is smooth at m [EGA, IV, Théoréme 17.5.1, p. 67]. O

10. The Hilbert scheme of subschemes tangent to an
infinitesimal equivalence relation

Let B be a noetherian separated scheme. All ensuing constructions are made in Sch/B, which
is the category of separated and noetherian B-schemes (not necessarily of finite type). Let

7. X

BN

S

be a commutative diagram. We suppose that f: X — S is smooth of relative dimension r,
geometrically connected, and proper. We also suppose that g: Z — S is quasi-projective and
fix, tacitly, a g-ample invertible sheaf on Z. Under these assumptions, [TDTE, IV, §4c, p. 19ff]
guarantees that

Sch/S —s Set, T s { closed subschemes Y — Z x¢ T flat over T’ }

and isomorphic, via ¢ x idp, to X xgT
is represented by a scheme

mo: Hy — S, (10.1)
called the Weil restriction. Grothendieck’s notation for Hy is Ix/g(Z/X), see [TDTE, II, C.2]
and [TDTE, IV, §4c], but 9ix/¢(Z) can also be found in the literature, for example in [BLR90,

§7.6]. The scheme Hy is an open subscheme of the S-scheme Hilb(Z/S) and as such is locally of
finite type and separated. In fact, Hy is an open subscheme of the disjoint union

[ HibX(Z/9),

X
where x € Q[\] runs over all numerical polynomials (those which map Z into Z) of degree
r = dim f. Given that each HilbX(Z/S) is a quasi-projective scheme, see [TDTE, IV, §4a] or
[Nit05, Theorem 5.20], Hp is a disjoint union of quasi-projective S-schemes. It is also worth
noticing that if ¢ is smooth, then so is mg; this is a formal consequence of the “valuative criterion
for smoothness”; see [BLR90, § 7.6, Proposition 5].

Remark 10.1. By calling Hy a scheme, we have deviated from our initial convention: Hy is not
necessarily quasi-compact. This will cause no harm.

Notation 10.2. Let ® be an infinitesimal B-linear equivalence relation on Z such that ®,g is

differentially smooth of rank 7 = dim f. We denote by A, the sheaf of ideals in P/, /s defining

the closed formal subscheme ®,g N P}, /s

Let Y9 — Z x g Hy denote the universal closed subscheme. Composition of the canonical arrow
[EGA, TVy, (16.4.3.3), p. 18]

L

n
:PZXSHO/HO P

Yo Yo/Ho

with the obvious map

(‘AM XS H0)|'go — (iPZ/S xS HO) ’%’0 = :P%XsHo/HO Yo
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(see [EGA, IVy, Proposition 16.4.5, p. 19] to justify the identification made above) defines a
homomorphism of Oy,-modules

Wy, : (‘AM Xs Ho) ’130 — fng/Ho . (10.2)

LEMMA 10.3. There exists a closed subscheme Hé“ ) C Hy having the following property: an

arrow T — Hy factors uniquely through H(g” ) if and only if the morphism obtained from (10.2)
Wy X Hy T: [(.A# Xg Hg) ‘90] X Hop T — (PgO/HO X Hy T

is null.

Proof. As Hy-schemes, Yo and X xg Hp are isomorphic. Hence, (Pgo JHo is a locally free Oy,-

module for any one of its two canonical structures [EGA, IV, 16.10]. A fortiori, inO /Ho is flat
over Hy. From the projectivity of Yo — Hy, we are in the situation of [Nit05, Remark 5.9], and
this results in what we expected. More precisely, there exists a linear scheme over Hp, call it

V — Hy, which represents the functor
T € Sch/Hy — Hom@%XHOT( (A x5 Ho) lyo] x 11 T, PYy 0 X Ho T).
Since there are at least two homomorphisms of Oy,-modules

(A x5 Ho) lgo — Pl

)

is their intersection.
O

in sight, namely 0 and w,,, the morphism V — Hj has two sections, and Hé“

From the surjectivity of the natural homomorphisms A, 1 — A, it follows that the closed
embedding H(()“H) — Hj factors through Hé“) — Hp.

DEFINITION 10.4. The S-scheme ﬂuHé“ ) will be denoted by H(Z,®). The structure morphism
to S will be denoted by .

Note that H;(Z,®) is, as a closed subscheme of Hj, a disjoint union of quasi-projective
schemes over S. Rewriting Lemma 10.3 in terms of flat families of closed subschemes, H(Z, ®)
represents the functor

T closed subschemes Y «— Z xg T, flat over T" and isomorphic,
via ¢ X idp, to X xg T, such that A, xgT — iP‘;//T is null for all [~
Since the image of A, xg T in ?é/s xgT = ?‘Z‘XST/T is just the ideal of ® /g x5 T in PngT/T’

H¢(Z,®) represents the functor

T closed subschemes Y — Z xg¢ T, flat over T, tangent rel. T’
to @, xg T, and isomorphic, via ¢ x idr, to X xgT ’

Or, in yet another interpretation, H¢(Z, ®) represents the functor which parametrizes sections
o: X X sT — Z xg T

to
CXST:ZXST—>X><ST
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which are tangent to the infinitesimal equivalence relation ®,g x g T'. Using Lemma 9.6, we can
also affirm that Hy(Z, ®) represents

T closed subschemes Y «— Z x g T, flat over T, invariant under
/g Xg T, and isomorphic, via ¢ X idr, to X xg T ’

With this reformulation, it is easier to establish the following result.

THEOREM 10.5. Assume that (: Z — X is smooth, proper, of relative dimension ¢, and that
® 5 is complementary to . Then the restriction of w: Hy(Z,®) — S to each one of its connected
components is projective.

Proof. We already know that 7 is separated and locally of finite type, as H¢(Z, ®) is a closed
subscheme of the locally quasi-projective scheme Hy.

Let T be an S-scheme which is the spectrum of a complete discrete valuation ring. The
generic, respectively closed, point of T will be denoted by ~, respectively o. We also include the
hypothesis that k := k(o) is algebraically closed. As is traditional, we abbreviate the operation
of base-changing by decreeing (*)e = * X g .

We consider a closed subscheme Y, C Z, of Z, which is saturated under ®,5 xg v and
isomorphic, via ¢y, to X,. In particular, Y, is an integral scheme. Let Y7 C Z7 be a T-flat and
closed subscheme of Zr which restricts to Y., when intersected with the generic fibre Z, = Zr\ Z,
[EGA, IV, Proposition 2.8.5, p. 35]. By construction, Y, — Y7 is schematically dense, so that
Yr is integral. From Proposition 9.5, we know that Y7 is saturated under ®,g xg T. We now
prove that Yp — Xp is quasi-finite [EGA, 11, 6.2, p. 114ff], so that Zariski’s main theorem [EGA,
I1I;, Corollaire 4.4.9, p. 137] guarantees that Y7 = Xrp; the valuative criterion for properness,
see [EGA, II, Théoreme 7.3.8, p. 144 and Remarque 7.3.9i, p. 145], then concludes the proof.

To show that Y7 — X7 is quasi-finite, we pick a point Q) € Yp; denote its image in X7 by P.
If Q € Y,, then Ox, p = Oy, o by definition of Y,. Hence, we can assume that @, respectively
P, lies on the special fibre Y,, respectively X,. We assume that @ is closed, or, equivalently,
that k(P) = k(Q) is the algebraically closed field k. Since the problem is now local, we write
Z7r = Spec (0), X = Spec(A), and T' = Spec (A). In order to simplify the notation, we let ¥
denote the i.e.r. @5 X g T. Recall that due to Lemma 8.2, the i.e.r. ¥ is differentially smooth of
rank r = rel.dim.(A/A) over T

Since A — A is smooth of relative dimension r, it is possible to find z1,..., z, such that the
augmentatlon ideal D 4/, of TPA/A is, near P € Spec (A), generated by dxy,...,dz,. As the ideal

of PZT /Xp 1D PZT /7 1s generated by the image of the diagonal ideal © 4,5 C P A/A under the
obvious morphism of topological rings

jA’A/A — UA’O/A )
the fact that W,y is trivial means that
QA/A : ?\I} =Dy .

Since W is differentially smooth of relative dimension r, the quotient Qg = Dy/ CD%I, is then freely
generated by the elements dzxq, ..., dx,. Due to k(P) = k, we can modify the x; to comply with
the condition z;(P) = 0. A fortiori,

{1‘1:-”:.%',«:0}‘—>ZT

is a transverse section at @ (Definition 8.3). Due to the smoothness assumption made on (, we
can apply [EGA, IVy, Proposition 17.5.3, p. 68], just as we did in Lemma 9.7, to identify Oz, ¢
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with A€, n], where & = (&1,...,&) and n = (m1,...,7n:). Moreover, under this identification, ;
corresponds to x;.

Let I C O be the ideal of Y in Zp. As Y7 is invariant under V¥, flat over T', and of codimension
at least ¢ at ), we can use Corollary 9.9 to conclude that

VI-0z,.=). (10.3)

An important consequence of this equality is that for some integer N, the element nlN belongs
to (¢(A), 1) - Oz, 0 for all i.

Since the residue field of X7 at P, the image of @, coincides with the residue field of A, an
application of [EGA, IVy, Proposition 17.5.3, p. 68] shows that it is possible to identify Ox, p
with A[€], where & = (&1,...,&). Moreover, the natural local morphism of complete local rings

(A[€] =)0x,.p — Oz, o(= Al€,n])

is the obvious inclusion of A[€] in A&, n]. Hence, the radical of the local noetherian ring (the
fibre local ring)

6ZT7Q — 6Z07Q
t(Oxpp) Ozp @ +1-0z;0 v(Ox,p) Oz,0+1-0z,0

is generated by nilpotent elements. Therefore, this is a local Artin k-algebra of residue field k,
and consequently a k-algebra of finite dimension. This means, by definition, that

Oxp.p — Oz;p/1 0700 = Oy
is quasi-finite [EGA, I, 7.4, p. 68ff], and therefore,
Oxp.p — Ovz @

is quasi-finite. In conclusion, we have shown that Yr — Xp is quasi-finite at any closed point.
As the set of such points is open in Y7 (a consequence of the main theorem; see [EGA, III;,
Proposition 4.4.10, p. 137], we are done. O

11. Closed subschemes equivalent under an infinitesimal equivalence relation

Let B be a noetherian separated scheme. By Sch/B we understand the category of noetherian
separated B-schemes and in what follows, unless explicitly stated otherwise, the words “mor-
phism”, “scheme”, etc. should always be in this category. We endow Sch/B with the Zariski
topology, so that the word “covering” will have that meaning. Finally, we fix Z € Sch/B of
finite type over B.

Let Yy € Z and Y7 C Z be closed subschemes. For the sake of discussion, we will say that Yy
is infinitesimally close to Y1, and write Yy =, Y1, if they underlie the same topological space.
Expanding this definition, we say that two closed embeddings 8y: Yy — Z and 61: Y1 — Z are
infinitesimally close if the associated closed subschemes [EGA, I, 4.2.1, p. 122] are infinitesimally
close. A more explicit way to say this is as follows: there exists a reduced scheme R, together
with nilpotent closed embeddings wy: R — Yy and wy: R — Y7, such that 6y o wy = 01 o ws.

Let ® be an infinitesimal (B-linear) equivalence relation on Z.

DEFINITION 11.1. Let Yy,Y7 € Z be closed subschemes; We say that Yy <¢ Y; if, for each

U € Sch/B and each yy € Yy(U), there exist a covering U — U and a point g; € Y1(U) which
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is ®-equivalent to yo|U € Yp(U). (Put in words, every yo € Y is locally equivalent to some y;
in Y7.) We say that Yy and Y; are ®-equivalent, and write Yy = Y7 mod @, if Yy < Y7 and
Y1 <s Y.

Obviously, the notion of ®-equivalence is an equivalence relation. Moreover, it is an infinites-
imal equivalence relation in the following sense. Let Hilb be the scheme whose U-points corre-
spond to the closed subschemes of Z x U which are proper and flat over U (we assume that it
exists). Fix some u: U — Hilb, and write Y for the closed subscheme of Z x U corresponding
to u. If w: Ueqg — U is the canonical nilpotent embedding, then u o w: U,.q — Hilb defines the
closed subscheme Y’ = (idz xw) 1Y) of Z X U,eq. If assumptions are made to guarantee that
Y is reduced, we derive that u o w actually corresponds to Y;eq, which is a closed subscheme of
Z X Ueq. In this setting, the following lemma, whose proof is omitted, explains the reason why
the notion of ®-equivalence describes an i.e.r.

LEMMA 11.2. If Yy = Y7 mod ®, then Y'O,red = Yl,red-

We now bring in the situation of Section 10 and let H¢(Z, ®) be the scheme of Definition 10.4.
Note that H¢(Z,®) is a B-scheme which comes with a natural morphism 7 to S. (Of course,
this just means that H¢(Z, ®) is an S-scheme, but we want to emphasize that the morphism =
is to be regarded as an extra structure.) Consequently, for each morphism of B-schemes u: U —
H¢(Z,®), we obtain a closed subscheme Y (u) of Z x g, U. In the following definition, we identify,
for any u € Homp (U, Hy(Z, ®)), the scheme Z x g, U as a closed subscheme of Z x U.

DEFINITION 11.3. Let up and u; be morphisms of B-schemes from U to H¢(Z, ®). Let Yy —
Z X§quy U and Y1 < Z Xg .y, U represent ug and wui, respectively. We say that up = wug
mod Hg, or ug = u; mod P if confusion can be avoided, if, as closed subschemes of Z x U,
Yo =Y1 mod & x U. That is, the following two conditions must hold: (i) for each morphism of
U-schemes tg: T — Y, there exist a covering c: T —Tanda U-morphism £; : T — Y7 such that
t1 = toc mod ® x U, and (ii) the same as (i) but with Yy and Y7 interchanged.

A direct application of Lemma 11.2, the fact that X is smooth over S, and the discussion
preceding it give the following result.

LEMMA 11.4. The equivalence relation Hg is infinitesimal.

Remark 11.5. Let U be a B-scheme, and let Yp,Y1 € Z x U be closed subschemes. Assume
Yy <oxvu Yi, ar~1d let to: T'— Yy be a U-morphism. Then there exist a covering ¢: T' — T and a
morphism #1: T'— Y of U-schemes such that

t1 =topc mod ® x U. (11.1)

However, there is no need to assume that t; is a morphism of U-schemes in the presence of
(11.1): any morphism of B-schemes 1 : T — Y; satisfying (11.1) will, by definition of ® x U, be
a morphism of U-schemes. This means that in analyzing the equivalence relation Hy we have
one less fact to check.

12. Investigation of the adjointness property of Hs(Z, ®)

We keep the assumptions and notation introduced in Section 10: B is a noetherian and separated
scheme; Sch/B, which is the setting of our construction, is the category of noetherian separated
schemes; f: X — S and (: Z — X are morphisms such that f is smooth of relative dimension r,
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geometrically connected, and proper; g := f o( is quasi-projective; ® is an i.e.r. such that ¢ g is
differentially smooth (Definition 8.1) of rank r. We also assume that the infinitesimal equivalence
relation @ is schematic. The S-scheme H¢(Z, ®) (Definition 10.4) will be abbreviated to H.

12.1 The evaluation morphism
By definition of H, there exists a morphism
Y=(ev,pryg): X xg- H — Z x5 H
which is a section of
(xXgidy: Z xgx H— X x5, H.
The morphism defined above,
ev: X Xg H — 7, (12.1)
is henceforth called the evaluation morphism.

PROPOSITION 12.1. The evaluation morphism (12.1) interweaves the infinitesimal equivalence
relations X Xg He and ®.

Proof. Let U € Sch/B and consider U-points (xg,ug) and (z1,u1) of X xg H. Put
zi = ev(wi, u;) .

We suppose 9 = 1 mod X and ug = u; mod Hg, and set out to show that (zg,idy) =
(21,idy) mod ® x U. Ensuing from (zg, ug) =0 (1, u1) is the fact that zgp and z; are infinitesi-
mally close. Consequently, the two U-points (zo,idy) and (z1,1dy) of Zx U are (ZxU/U)o-close.

The existence of u; defines, via X, a section
0i: X X§7qu; U —Z X574, U
of Z Xgzmu; U — X Xg 7y U. By construction of ¥, it is clear that
o; = (evo (idx xu;), pry) .
In particular, using
zi =evo (idx xu;) o (x;,idy): U — Z,
we conclude that
(2i,1dy) = 0 0 (x4, 1dy) .
Let Yy and Y7 be the closed subschemes of Z x U associated with o9 and o1, respectively. Due

to the equivalence ug = u; mod Hg, we have Yg =Y; mod ® x U, so that it is possible to find
a covering ¢: U — U and a point 91 € Homp(U, Y7) such that

01 = (20,idy) oc mod & x U. (12.2)
A fortiori,
01 = (20,idy) oc mod (Z x U/U) o,
as ® x U C (Z x U/U)s. Employing the equivalence
(20,1dy) = (21,idy) mod (Z x U/U) s,
it follows that
01 = (z1,idy) oc mod (Z x U/U ) -
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As Y7 is tangent to ® x U and both #7 and (z1,idy) are points of Y7, we obtain

01 = (z1,idy)oc mod & x U . (12.3)

Using (12.2) and (12.3), we conclude that
(20,idy) o ¢ = (21,idy) oc mod ® x U . (12.4)
Due to the fact that ® x U is a sheaf, (12.4) guarantees the desired conclusion. O

12.2 Adjointness of Hs(Z, ®)

We remind the reader that H denotes the S-scheme 7: Hf(Z,®) — S, and that Hg denotes the
infinitesimal equivalence relation on H introduced in Definition 11.3.

Let (T, V) — (H, Hy) be a morphism of IER/S. (For the notation, see §7.2.) As ev (see
§12.1) interweaves Hg X5 Xoo and ® (Proposition 12.1), the composition

(T x5 X, xg Xoo) — (H xg X,Hp x5 Xoo) — (Z,®)

interweaves ¥ x g X, and ®. We obtain a map

Homg_ (¥, Hep) — Homx_ (¥ x5 Xoo, P) (12.5)
which fits into the commutative diagram
Homg_ (¥, Hp) —— Homx__ (¥ x5 Xoo, D) (12.6)
Homg (T, H) Homyx (T xs X, 7).

From the facts that H is a closed subscheme of Hy and that
Homg (T, Hy) ~ Homx (T xs X, Z)
by definition of Hy (see (10.1)), we conclude that arrow (12.5) is injective.
Let
c: T xg X — 7

be an X-morphism which interweaves ¥ xg X, and ®. In particular,

(pry,0): Txg X — T xsZ
interweaves T' x5 (X/S)oo (€ ¥ x5 Xoo) and T' x5 ® /g, which means that (pry,o) is tangent
rel. T'to T' xg ® /5. This guarantees the existence of an arrow

T—H (12.7)

of S-schemes which is mapped to o by the bottom horizontal arrow of (12.6).

ProposiTION 12.2. The arrow 1T' — H generated above interweaves W and Hg. That is, the
arrow o € Homyx__ (¥ xg X, ®) belongs to the image of Homg_ (¥, Hg).

Proof. Let tg,t1: U — T be W-equivalent points, and write s;: U — S to indicate the morphisms
induced by T'— S. Using (12.7) we obtain two U-points of H. These are defined by the closed
embeddings

(pry, oo (t; xidx)): U x5, X — U x Z.

Their images will be denoted by Y;. (Note that Y; is in fact a closed subscheme of U xg, ¢ Z.)
Our goal is to establish that Yy and Y] are U x ®-equivalent.
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Let w: Ureq < U be the reduced subscheme. Since ty =, t1, we know that sgw = sjw; we
are then in a position to consider the following nilpotent embeddings:
w; = w Xidx: Ured XSX —>U><si7sX.
To simplify the notation, let us write Y; instead of U X, ¢ X in the remainder of the subsection.

Let p: }70 — Yy be a Zariski covering of Yy with }70 affine. We then arrive at a commutative
diagram

Y LI Ured X5 X <>\; i;E),red (128)
lm lwo O \LQO
Uiy Yo Yo,

where 7 is the natural projection, the rightmost square is cartesian, and the fibre product is
identified with Y eq because Ureq X g X is reduced. As Y7 is formally smooth over U, we obtain
an arrow ¢: Yy — Y] rendering commutative the diagram

Y =" Yo e (12.9)
l Sl i

1 ~ N wo
U Top Yo.

Let V € Sch/B, and consider an arbitrary V-point w = (v,z9): V — Yy = U x4, 5 X. Let

Yo<2—Y, (12.10)

4ot

be the cartesian diagram deduced from it. Using 1, we produce a XN/—point YW V — Y. Due
to the commutativity of diagrams (12.9) and (12.10), we have ¥w = (vc, #1) for some V-point
Cf'l of X.

Since tg,t1: U — T are W-equivalent, so are tg(ve) and t1(ve). As Vied — V — Yy factors
through @y : %,red — }70 and pry owg = pry owi, it is not hard to conclude that zgc and z; are
infinitesimally close. Hence the V-points (to(vc), zoc) and (t1(ve), 1) of T xg X are ¥ X g Xoo-
equivalent. By the hypothesis on o, the V-points o (t(vc), zoc) and o(ty(ve), &) of Z are -
equivalent.

To summarize, we have started with an arbitrary (v, z9) € U(V) x Z(V') (here zg = o o (tg x
idx)(v,z0)) belonging to Yy and obtained a Zariski covering ¢: V — V and a V-point (vc, 31) of
U x Z belonging to Y7 (here Z; = o o (t; x idx)(ve, Z1)) and U x $-equivalent to (ve, zgc). This
shows that Yy <yxe Y1, and as the case Y7 <yxe Yy is completely analogous, we conclude that
Yy and Y7 are U x ®-equivalent. ]

COROLLARY 12.3. The morphism

Homg_ (¥, Hy) — Homx_ (¥ x5 Xoo, @)
(t:T—-H)— (evo (t xgidx): T xg X — Z)

is a bijection.
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12.3 Compatibility of H with base change

We consider a cartesian diagram

x o x
f’l lf
S/ T‘ S
in Sch/B. Denote Z xx X' by Z’ and ® x x X/ by ®'. (Note that (ID’/S, = ®,g xg S, which is
differentially smooth of rank r.) Our goal is to compare the i.e.r. Hg in Hp(Z', ®') with the i.e.r.
Hg xgSL, in Hp(Z, @) x5S In order to do this, one possible approach is to use the well-known

fact that “right adjoints commute with limits”, but due to technical inconveniences we opt to
give a direct verification. In one way or another, this is a straightforward task.

If 6: T — S’ is a morphism, we note that
p:=(prp,Bopry/): T xg X' — T xg X

is an isomorphism (the structure of S-scheme on T is the obvious one); this permits the definition
of the canonical bijection

R:Homy (T xg X,Z) — Homy/ (T'xs X', Z') , @+ (pop,prys).

This is functorial in 7' € Sch/S’. Let ¥ be an infinitesimal equivalence relation on 7" and assume
that ¢ € Homx (T xg X, Z) interweaves ¥ xg X, and ®. Then, for a variable scheme U and
two W x g X/ -equivalent U-points (to, () and (t1,2]) of T xg X', it follows that

R(p)(to, z0) = (@(to, B(zp)), 2p) and  R(p)(t1,z1) = (o(t1, B(21)), 27)

are ®’-equivalent U-points of Z’; therefore, R(yp) interweaves ¥ xg X/ and ®’. Conversely,
assume that R(y) interweaves W x g X2 and @'. Let (to, o) and (¢1,x1) be any two given ¥ x g
Xoo-equivalent U-points of T' x g X corresponding to U-points (o, [zo,0(t0)]) and (t1, [x1,0(t1)]),
respectively, of T' x g X'. It is obvious that

(to, [xo,e(to)]) = (tl, [1’1,9(751)]) mod U X gt Xc/xzv
so that

(¢(to, z0), [0, 0(t0)]) = (p(t1, 1), [x1,0(t1)]) mod @',
and, a fortiori, ¢(tg, zo) =¢ ¢(t1,21). Thus we have shown that the dotted arrow in

Homg_ (¥, Hg)

Homx_ (¥ x5 X, P)

~
~
~
AN
N

Homx (T xs X, Z) N

Homg (7', H)

~

Homg (T, Hy(Z',®')) ——Homx: (T xg X', Z')
e

-
—~

J =~
HOIIIXC/><J (\If X gt XC/)O,(I)/)

Homg; (¥, Ho)

~

is bijective. Such a fact, when allied to the Yoneda lemma applied to IER /S’ and to the obvious
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isomorphism in Set (IER/55,)°P

Homg,_ (e, Hp) —> Homg:_ (e, Hp x5 5%, ,

ensures the existence of an isomorphism of infinitesimal equivalence relations Hg X g S = Hgr.
These findings are collected in the following statement.

COROLLARY 12.4. Let S’ — S be a morphism of Sch/B. Denote by X' the S’-scheme X xg 5,
by Z' the X'-scheme Z xx X', and by ® the infinitesimal equivalence relation ® xx X'  on

Z'. Then, there exists an isomorphism of infinitesimal equivalence relations over S’ between
Hcp Xg S{)o and Hq,/.

An afterthought. The application of the Yoneda lemma employed above can profit from further
remarks, since (H, Hg) is not really an object of IER/S. For (H, Hg) to belong to IER(B),
according to the convention of Subsection 7.2, the scheme H should be quasi-compact. With this
in mind, we introduce Sch’/B, the category of locally noetherian separated schemes whose con-
nected components are quasi-compact. Accompanying Sch’/B is the category IER/(B), whose
definition is obtained by interchanging Sch/B and Sch’/B in Definition 7.3. But this is not yet
what we need, and we introduce cIER(B), the full subcategory of IER(B) consisting of those
equivalence relations which respect disjoint unions. We define cIER/(B) analogously. It is then
easily proved that the evident functor cIER(B) — cIER/(B) is full and dense (in the sense
of [ML98, X.6, p. 246]) From that, the dual of [ML98, X.6, Proposition 2, p. 246] gives us the
necessary Yoneda lemma. That (H, Hg) in fact belongs to cIER'(B) follows directly by using
that ®, being schematic, belongs to cIER(B).

13. Conditions for the equivalence relation on H¢(Z, ®) to come
from a stratification

Let B be a noetherian separated base scheme, and let Sch/B be the category of noetherian
separated B-schemes. All arrows and objects are in Sch/B. Let

z-5x-1s8
be smooth morphisms of smooth schemes. Denote the composition f o ( by ¢g and the relative
dimension of f by r. Let ® be a B-linear i.e.r. in Z which is totally complementary to ¢ (Defini-
tion 7.10); that is, it comes from a B-linear stratification of {. (In particular, ® is differentially

smooth of rank dim X/B.) Our goal here is to derive Corollary 13.10 below. This corollary is a
translation of the following.

PROPOSITION 13.1 (Parallel transport). Let u,u': U — S be infinitesimally close. Let Y be a
closed subscheme of Z x g, U which is tangent to ® 4 X5, U rel. U and which is sent isomorphi-
cally, via ¢ X g, idy, to X Xg, U. Then, there exists a unique closed subscheme Y’ C Z x g,/ U
which is

(i) @ x U-equivalent toY;

(ii) tangent to ®,, X5, U rel. U; and
(ili) sent isomorphically, via ¢ X g, idy, to X x g, U.

We begin by showing that property (ii) follows from property (i). First, it is sufficient to
prove that Y’ is tangent to ® x U rel. U, since Y’ is a closed subscheme of Z xg, U. Second,
we have the following result.
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LEMMA 13.2. Let Y C Zx U andY' C Z x U be closed subschemes which are equivalent modulo
® x U. Assume that Y is tangent to ® x U rel. U. Then Y’ is tangent to ® x U rel. U.

Proof. We write Zy = Z x U and &y = ® x U. Let t,t} € Homy (7,Y) be infinitesimally
close. Since Y and Y’ are equivalent modulo ®;, there exist a covering c: T — T and T-
points to, 11 € HomU(’f Y’) such that #, o ¢ = #; mod ®y. Since ¥y is infinitesimal, #; and
t1 are infinitesimally close points in Y. Due to the tangency assumption made on Y, we have

to = t1 mod ®;r. Hence, ty o c =t) oc mod ®y. Because Py is a sheaf, it follows that t{, = ¢}
mod Py;. ]

Continuing with the peeling off of minor assertions made in Proposition 13.1, we now show
that “uniqueness” also comes without much effort. Since ® is totally complementary to ¢ (Def-
inition 7.10), @/, is also totally complementary to ¢ with respect to S (see Remark 7.11), so
P, is differentially smooth of rank dim X/S =r over S. Now, let Y’ be as in Proposition 13.1.
From properties (ii) and (iii) and Lemma 9.6, it follows that Y is invariant under @, x5 U.
Consequently, Y’ is also invariant under ® /g X U, as a simple manipulation demonstrates. Such
a Y’ must be unique, as stated in the following lemma.

LEMMA 13.3. Let j*: Y* — Zx U and j': Y' — Z x U be closed subschemes which are invariant
under (® x U) gxid,, and ® x U-equivalent. Let u: U — S x U be a U-morphism and assume
that (gxy) o j* and (g x idy) o j' factor through w: U — S x U. (That is, they are both on the
same “fibre” above S x U.) Then Y* =Y".

Proof. To ease the notation, we write (o) = exU. We want to prove that the two subfunctors Y*
and Y are identical. Let t': T — Y’ € Homy (T,Y”). Since Y* and Y are ®y-equivalent, there
exists a covering c: T T together with t* € Homy (T Y*) such that j't’c = j*t* mod ®y.
Using the commutative diagrams (unnamed arrows are the canonical ones)

and T—sy L. 7,

SN

UHSU7

it follows that j't'c = j*t* mod (®y) g, Since Y* is invariant under (®y) ,,,, we have j't'c =
j*& for some % € Homy (T, Y*). By descent, f = t*c with ¢ € Homy (T, Y*). We have proved
that j'(Homy (T,Y")) C j7*(Homy (T,Y™*)). Applying the same argument with Y* and Y inter-

changed, we arrive at Y* =Y. O

The proof of Proposition 13.1 can now be achieved by something more concrete.

PROPOSITION 13.4. Assume B = U = Spec (C), S = Spec (A), X = Spec (R), and Z = Spec (0).
Assume the existence of etale coordinates € = (x1,...,2¢), Yy = (Y1,...,Yr), and z = (21, ..., 2n)
for A/C, R/A, and O/R, respectively. Suppose that the ideal A of ® in ﬂA’o/c is generated by n
elements Fi,..., F,.

Let u,u': A — C be infinitesimally close C-morphisms and write u = Ker(u) and v’ = Ker(u').
Let 0: O — R/uR be a C-morphism enjoying the following properties:

(a) The morphism o annihilates u.

(b) The morphism o induces a section of R/uR — O/u0.
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(c) The closed subscheme {Ker(c) = 0} C Spec (0) is tangent to the i.e.r. ®,, rel. C.
Then there exists a unique morphism
T(o,u'): O — R/WR
annihilating w' and inducing a section of R/W'R — O/u'O such that
(i) the subscheme {Ker(T'(o,u’)) = 0} is ®-equivalent to {Ker(o) = 0}; and
(ii) the subscheme {Ker(T(o,u’)) = 0} is tangent to D)5 rel. C.

Let us illustrate the situation using diagrams:

0 A O/u0 ~——0
d e T
R \
| 1) ¢ R/uR
A
(1, --,w)‘
C

As Lemma 13.3 and the discussion preceding it clarify, the uniqueness of T'(o, u’) ensues from
properties (i) and (ii). Also, as Lemma 13.2 and the discussion preceding it elucidate, property (ii)
is guaranteed by property (i). Finally, the hypothesis made on the number of generators of 2 is
not seriously restrictive, as I3¢, — ﬁZ/ B 1s a quasi-regular immersion of codimension n, due to
the total complementarity of ® and [EGA, IVy, Proposition 19.1.5, p. 186]. We are then left with
the construction of T'(¢,u’), which is the subject of the following lines.

Write ¢ = u(z) and ¢ = u/(x), so that  — ¢ € w*¥ and = — ¢ € w'*%. Fix an arbitrary
morphism of noetherian C-algebras ¢: O — A which factors through o, and put ¢ = oo. Note
that ¢(x) = ¢ 14. Define

x —c
C[x7y7 Z] — A) Yy go(y) (131)
z —p(z) o,

where a € A*"™ is nilpotent and will be adjusted later. Since C[x,y, z] — O is etale, we obtain
a commutative diagram

O\ PACY Ared
=
cp \\

A
Ol y, 2] — 55— 4

where pa: A — A,eq 1S the obvious map.

LEMMA 13.5. The morphism ¢’ constructed above enjoys the following properties:
(i) The morphisms ¢ and ¢’ are infinitesimally close.

(i) ¢'(x)=¢ -14.

(iii) For each A € A, we have ¢'(\) = u'(X) - 14.

Proof. Only statement (iii) requires justification. The desired conclusion will be reached once we
have shown pgo¢'(A) = u/(X)-14,., for all A € A, in other words, that ¢': A - Aandv': A - A
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are infinitesimally close. For ¢’ and v/, send x to ¢/, so that the aforementioned equality leads
to a commutative diagram

A—2L2% o A (13.2)

where the dotted arrow can be either ¢’ or u/; as Clx] — A is etale, we arrive at the sought
conclusion.

Now,
pa{e’ (N} = pale(N)} (definition of ¢')
= pa{@oo(N)} (definition of ¢)
= pa{@(u(N))} (A —u()) € u0 C Ker(o))
= pa{p(W'(\)} (v (A) — u(N) is nilpotent)
= pa{u/(\) - 14} ( is C-linear
=u'(\)-1a,,- O

COROLLARY 13.6. The ideal WO is annihilated by ¢’.

Let us now assume
0:0— A = 0: 0 — R/uR.
Accordingly,
00— R/UR = ¢': 0 — A.
We remind the reader that the definition of ¢’ depends upon a parameter a € Nil(R/uR)*™
which we will have the liberty to adjust further down.
LEMMA 13.7. The restriction of o’ to R induces an isomorphism of C-algebras R/W'R — R/uR.

Proof. Contrary to o|g, the restriction ¢’|g: R — R/uR does not need to be R-linear. But it is
certainly C-linear and satisfies

PruR © 0 (1) = prpug © () (construction of o)
=7 L(R/uR)eq (definition of o)
for all » € R. In particular, o’: R — R/uR is surjective modulo Nil(R/uR). As C' — R/Ru is
smooth, it follows that Nil(C') - (R/uR) = Nil(R/uR), from which we deduce that
R/WRZSR/uR —s (R/uR) ©c C/Nil(C)

is surjective. We now show that ¢’: R/u'R — R/uR is an isomorphism when tensored over C with
C/Nil(C). This will show that ¢’ is an isomorphism by a well-known result [Sch68, Lemma 3.3,
p. 216]. (We were unable to find a more convenient reference.) Let r € R. If ¢/(r) belongs to

Nil(C) - (R/uR) = Nil(R/uR)

then ppp(o’(r)) = 0, which gives » € VuR. As u and v’ are infinitesimally close, we have

Vit = VW, which entails vVuR = V'R (due to smoothness of A — R). Thus, r € VIR, so that
r +u'R is an element of Nil(R/uw' R), which equals Nil(C') - (R/uw'R). We are done. O
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Write F' = (FY,..., F,) and interpret the F; as elements in O[dz, dy, dz] = ﬂA)o/C (see (8.7)
and the references nearby). Let F? be the list obtained by mapping each F; to its image in
R/uR[dx,dy,dz]. Clearly, the following holds.

LEMMA 13.8. The R/uR-points of Spec (O) defined by o and o’ are ®-close if and only if
F°(c —¢c,0,a)=0, (13.3)

where a € Nil(R/uR)*™ is the parameter introduced in (13.1).

LEMMA 13.9. There exists a unique o € Nil(R/Ru)*"™ satisfying (13.3).

Proof. This is a consequence of Hensel’s lemma. Write F(dz,0,dz) = 3_, ; F; - dzr'dz’. Fix a
positive integer u such that Nil(R/Ru)**! = 0, and define
G:= Y o(Fy)(c —c)' - WieR/RuWy,...,Wy]"".
il 1] <p

Clearly, for each w € Nil(R/Ru)*"™ we have F?(c' — ¢,0,w) = G(w). As the i.e.r. ® is comple-
mentary to Spec (O) — Spec (R), the restriction ®,p is the trivial i.e.r., so

(dx,dy,dz) = (dx,dy, F) .
Regarding ¢/ — ¢ and G as line vectors, we then have
Wi=(d —¢) - Li+G-M; mod (Wy,..., Wy)*™ 1<i<n, (13.4)

where L;, respectively M, is an £ X 1, respectively n x 1, matrix with coefficients in R/uR[W].
Due to the fact that Fgg = 0, we have

G0)= > o(Fy)-(c —e) € Nil(R/Ru)*" .
0<lil<p

Taking partial derivatives in (13.4) and making W = 0, we obtain

i (0)-M(0) = 5 (¢ =) T(0) = G(0) - i 0.
nilpotent in R/uR  nilpotent in R/uR
Consequently,
di1
!(Jac(G)(0)) - M;(0) = © | + nilpotents,
din

which forces Jac(G)(0) to be in GL,(R/uR). By Hensel’s lemma [BouAC, II1.4.5, Corollaire 2,
p. 270], there exists a unique a € Nil(R/uR)*™ such that G(a) = 0, which gives F? (¢’ —
¢,0,a) = 0, and we are done. O

Now, let 0’: O — R/uR be the morphism defined by means of the element o € Nil(R/uR)*™
obtained in Lemma 13.9. Since the R/uR-points of Spec (0) defined by o and ¢’ are ®-close, it
follows that the closed subschemes {Ker(c) = 0} and {Ker(c’) = 0} are ®-equivalent. Let

T(o,u') := (inverse of isomorphism in Lemma 13.7) o o’.

Then Ker(T'(o,u")) = Ker(o’), so that {Ker(T'(c,u’)) = 0} and {Ker(c) = 0} are ®-equivalent.
Furthermore, since ¢’ annihilates 'O, the very definition of the isomorphism in Lemma 13.7
shows that T'(c,u’) is a section of R/u'R — O/u0.
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We have therefore proved the existence of the morphism 7T'(o, u’) complying with the two con-
ditions mentioned in Proposition 13.4. (Recall that the tangency property follows from the other
properties, as explained in the lines following Proposition 13.1.) With this, we have concluded
the proof of Proposition 13.4, and arrive at our goal.

COROLLARY 13.10. Assume in addition that f: X — S, respectively g: Z — S, is proper and
geometrically connected, respectively quasi-projective. Let w: H¢(Z,®) — S be the S-scheme
of Definition 10.4 and endow it with the i.e.r. found in Definition 11.3. Then Hg is totally
complementary (Definition 7.10 and following lines) to mw: Hy(Z,®) — S.

14. Description of H¢(Z, ®) in the particular case where S = Speck
and Z stems from the fundamental group scheme

Let k be an algebraically closed field. The category Sch is the category of all noetherian separated
k-schemes and in this section, all schemes and morphisms are to be taken in Sch. Let X € Sch
be of finite type.

14.1 Simple stratified schemes
Let
{ay: P xx E— E : pe N}
define a k-linear stratification of the X-scheme 6: E' — X (see Section 5). Write « for the
morphism of formal schemes Px xx E — E induced by the system (o).

Recall that a closed subscheme Y C F is invariant or saturated if o sends Y X x I3X into Y.

DEFINITION 14.1. With the above notation, we say that F is a simple stratified X-scheme if the
only non-empty invariant closed subscheme of F is F itself.

If 0 is affine and X is smooth, then invariance of Y means invariance of the ideal Jy C Og by
Dx k- We also note that if « is simple, then E must be connected, since |a] is just the identity
on the underlying topological spaces.

PROPOSITION 14.2 (Universal simplicity). Let X be smooth and irreducible, and let 6 be affine.
Suppose that the stratification « is simple. Fix a scheme of finite type T, and let j: Y — Ex T
be a non-empty closed subscheme. Assume that

(i) the morphism ay, x idr: (E xx P§) x T — E x T preserves Y for each p; and
(ii) the morphism Y — T has a section o: T — Y.

ThenY = FE xT.

Proof. If U — T is a morphism of schemes, then Y xpU C ExU is also invariant and Y xpU — U
has a section. By Lemma 14.3 below, it is therefore sufficient to treat the case where T' = Spec A
is the spectrum of a local Artin k-algebra. We proceed by induction on dimg A to show that j
is an isomorphism. If dimy A = 1, there is nothing to be proved. Let ¢ € t(A) \ {0} be such that
e -t(A) = 0 and denote by A; the quotient A/eA. Now Y ®4 A; C F ®j Ay is invariant and
hence must equal F ®;, A1. Let I C O ®j A be the ideal sheaf of Y; since Y ® 4 A1 = F ®;, A1,
it follows that J C O ®y €A. Define a sheaf of ideals of O by

I={¢pe0p: ¥®1)-(1xe) €I}
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This is clearly coherent (as a kernel between a morphism of coherent O g-modules). Because P4
is locally free, it is easy to verify that the closed subscheme of E cut out by J’ is invariant and,
therefore, ' is either O or (0). Since J # (0) and €A ~ k, it is not hard to see that I’ # (0).
Thus, 1 is a global section of ', so 1 ® € is a global section of J. This gives a contradiction with
the fact that Y — T is dominant. O

LEMMA 14.3. Let f: M — T be a morphism of algebraic k-schemes, and let j: N — M be a
closed subscheme. Then j is an isomorphism if for each spectrum D of a local Artin k-algebra of
residue field k and each morphism 7: D — T, the closed embedding j X7 idp is an isomorphism.

An application of Proposition 14.2 which will be useful later is as follows.

LEMMA 14.4. Let X be smooth and connected. Denote by Ux the universal torsor and by Ux[e]
the functor

{ actions p of II(X) on the left of an algebraic

scheme F such that Ux x” F' is a scheme } — {stratified X -schemes} .

Then Ux o] is fully faithful.

Proof. This is easy, but tedious. Denote by Sx the domain of Ux/[e]. For each F' € 8x, let xr
denote the natural projection from Ux x F' to the quotient U x [F]. We know [Jan87, Part 1, 5.14,
p. 88] that

(pr,xF): Ux X F— Ux xx Ux[F] (14.1)

is an isomorphism of Ux-schemes. In particular, Ux[e] is faithful. Endowing Uy x F with its
standard action of II(X) and Ux x x Ux [F] with the action on the first factor only, it follows that
(14.1) is II( X )-equivariant. Furthermore, endowing Ux X x Ux[F] with the product stratification,
it follows that (pr, xr) is an isomorphism of stratified X-schemes.

We now deal with fullness. We take F, F’ € Sx (recall that they are separated), and let
¢: Ux[F] = Ux[F’] be a morphism of stratified X-schemes. Using (14.1), we obtain a morphism
of U x-schemes

p=(pr,0): Ux x F — Ux x F’.
It is not hard to see that @ respects the usual stratifications.

Recall that Ux is a projective limit of stratified torsors:

Ux :@uA, (14.2)
A

where each Uy — X is a torsor under an algebraic group scheme. In fact, Uy corresponds to some
affine quotient I1(X) — IIy, so that any closed non-empty subscheme of Uy which is invariant
under the stratification corresponds to a closed subgroup scheme of 1T, which is invariant under
I1(X); consequently, the stratification of Uy is simple.

From [EGA, IV3, Théoréme 8.8.2, p. 28] there exist an index A and a morphism of Uy-schemes
V)= (pr,@A): Uy x FF— Uy X F’
such that

P XUy idux =Q.
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In particular, we have a commutative diagram

Ux x F—2=Uy x F' (14.3)

L

UAXFﬁUAXF/7
P

where the vertical arrows respect stratifications and are faithfully flat and affine morphisms.
Using this diagram, one is able to verify that ©, is a morphism of stratified X-schemes.

Let ug be a k-point of Uy above xg, and let Y be the closed subscheme of Uy x F where
0y coincides with (u,y) — 0)(up,y) (recall that all schemes we consider here are separated).
Since @, is a morphism of stratified schemes, it follows that Y fulfils conditions (i) and (ii) of
Proposition 14.2, so that Y = Uy x F. Let a: F' — F’ be the morphism y > 6y (ug, y); we have
just proved that @, = idy, xa. It is now easily verified that a induces ¢. O

14.2 Determination of H(Z, ®)

Let us take X smooth and projective. We give ourselves a projective scheme F', an algebraic
group G, a principal G-bundle : F — X, and an action G — Aut(F'). Moreover, we assume
that E is a stratified principal G-bundle and let I be the accompanying i.e.r. Note that, in this
case, the equivalence classes of I' are preserved by the action of G. Last, we take for granted that
the source of the associated fibration [Jan87, § 5, Part I

(:ExYF —X
is represented by a quasi-projective X-scheme Z. We will denote (I' x F')/G, the induced i.e.r.
in Z, by .
In the following proposition, F@ is the scheme defined in [Jan87, Part I, 2.6, p. 27ff].

PROPOSITION 14.5. Assume that the stratification on E is simple. Then H(Z,®) is isomorphic
to FC.

Before proceeding to the proof, we describe how such a Z should come about. Let G be a
quotient of the fundamental stratified group scheme II(X) (see §6.1) of X at some k-rational
point of X. We define E as being the stratified torsor associated with G, that is, E = Ux x1X) G,
see again §6.1. (This also equals the quotient of Ux by the kernel of II(X) — G.) It is not hard to
note that this stratification is simple, as an invariant closed subscheme gives rise to an invariant
ideal of O; see also the justification of simplicity offered for “U,” (lines following (14.2)). We
then choose a representation p: G — PGL,, leaving invariant a subscheme F of P™~! and
projective descent [BLR90, §6.1, Theorem 7, p. 138] ensures that Z = E x F is a scheme.

Proof of Proposition 14.5. We start by defining a natural transformation
w: FY — H(Z,®).

For this, in all that follows, we let G act on the right of £ X F in the standard fashion, namely
(p,v) -9 = (pg, g~ 'y), and trivially on parameter schemes 7.

Given a parameter scheme T' € Sch and a: T — F%, we note that idg xa: ExT — E x F
is G-equivariant and interweaves I' x T" and I" x F'. Consequently, using that quotients commute
with products [DG70, I11.1.1.8, p. 287], we can define a morphism of X-schemes

wr(a): X xT — Z
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interweaving I'/G x T, which is just X, x T as I is totally complementary to 6: F — X,
and ® = (I' x F')/G. Clearly, wr respects compositions, and we have constructed the natural
transformation w.

If x: E x ' — Z denotes the quotient morphism, the arrow
(prg,x): ExF — Exx Z (14.4)

is a G-equivariant isomorphism [Jan87, Part I, 5.14, p. 88| of E-schemes, which results from the
fact that a: T — F© can be reobtained from w(a). Hence, wr: FY(T) — H(Z,®)(T) is always
injective.
We now aim at showing that wy is surjective. Let T € Sch and let
c: XxT —Z7

be a morphism of X-schemes (a family of sections of {). By means of ¢ and the isomorphism in
(14.4), we derive a G-equivariant morphism

he: ExXT — F

rendering

ExT- "M gy k (14.5)

X
cw(@%)\l
Z

commutative. At this point we wish to show that h, is “constant on certain equivalence classes
of I' x T™.

LEMMA 14.6. Fix U € Sch and let (po,t), (p1,t) € E(U) x T(U) be I' x T-equivalent. Assume
that the U-points

X(po; ho(po, 1)) and  x(p1, ho(p1,t))
of Z are ®-equivalent. Then hy(po,t) = he(p1,t).

Proof. Let us write h = h, to simplify. The fact that x(po,h(po,t)) and x(p1,h(p1,t)) are
equivalent modulo ® means that we can find an fppf covering ¢: U’ — U and an element
g € G(U’) such that

(poc, h(po, t)e) - g' = (pre, h(pr,t)e) mod T' x F.
Hence, (poc) - ¢’ =r pic; since po =r p1, we obtain
(p1c) - g' =r (poc) - ¢’ =r prc.

Since T is complementary to 6: E — X (Definition 7.9) and 6(p1c) = 6(pic - ¢'), we arrive at
(p1¢) - ¢’ = p1c, which gives ¢’ = id. Therefore, h(pg,t)c = h(p1,t)c and hence h(pg,t) = h(p1,t)
by descent. O

We now assume that 7' is algebraic and that o interweaves X, x T" and ®, so that o corre-
sponds to a T-point of H(Z,®). Let pp: Spec (k) — E be a point of E; by means of pg, define a
closed subscheme Y of E x T having as U-points the set

Y(U)={(p,t) € E(U) xT(U) : hy(p,t) = hs(po,t)}.
This Y enjoys the following properties:

581



J.P. DOS SANTOS

(a) The scheme Y is invariant under I" x T" due to the interweaving property of o, diagram
(14.5), and Lemma 14.6.

(b) The morphism (pg,idr): T — Y is a section of pry: Y — T.

As the stratification on F is simple, Proposition 14.2 lets us conclude that Y = E' x T'. Hence, for
each U € Sch, p € E(U), and t € T(U), we have h,(p,t) = hs(po,t), which means that, writing
Qg = hO”{po}XTv

we have
he = ag o pro.

From the fact that h, is G-equivariant (recall that T" has the trivial G-action) we conclude that
a, takes its values in F©.

We hence conclude that o = wr(a,), which shows that wr is surjective for 7' € Sch algebraic.
A standard limit argument [EGA, IV3, Théoreme 8.8.2, p. 28] then shows that wy is unrestrictedly
surjective, and the proof of Proposition 14.5 is achieved. ]

15. Proof of the main result

We now prove the main result, Theorem 1.1(ii). The notation and conventions are those of the
statement. We rarely mention references to base points from now on.

We wish to deal with some preparatory material on category theory. Our arrows go in the
opposite direction of those in [ML98, III.1, Definition, p. 55].

DEFINITION 15.1. Let F': A — B be a functor, and let b € B. A universal arrow from F' to
b is a pair (bs,u) consisting of an object b, of A and an arrow u: Fb, — b such that for any
a: Fa — b, there exists a unique a: a — b, rendering commutative the diagram

An element b, is universal from F' to b if there exists a universal arrow from F' to b of the form
(u,b).

Another way to define the previous concept is the following [ML98, I111.2, p. 59]. If u: Fb, — b
is universal from F' to b, then

Ny : Homa (=, b,) — Homp (F(=),b), (x5 b,) — (Fz 5 Fb, % b)

is a natural isomorphism of contravariant functors. Conversely, any natural isomorphism between
these two functors is of the form 7, for a unique universal arrow u: F'b, — b.

LEMMA 15.2. Let
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be a commutative diagram between categories (up to natural isomorphism). Assume that U and
V are fully faithful. Let b € B and let b, € A be such that V(b.) is universal from F’ to Ub.
Then b, is universal from F' to b.

Proof. We have natural isomorphisms

b) . O

This lemma will be applied to the categories and functors introduced of §6.2. Recall from
that section that Rx denotes the category of proper schemes F' endowed with a left action of
II(X) such that Ux x™X) F is an X-scheme. We then have functors

Ux[o] :=Ux xX) (o) and Ugle] := Ug x"%) (o).
(See §6.2 for more details concerning them.) Using the isomorphism of stratified presheaves
(Ux x F) /TI(X)— {[Ux x TI(S)] /TI(X) x F} /TI(S),

the isomorphism of stratified schemes Ux x™(¥) TI(S) ~ Ug xg X [Nor76, Proposition 2.9(c)],
the isomorphism of stratified presheaves

{(Us x5 X) x F} /TI(S)—= {(Us x F) /TI(S)} x5 X,

and the fact that “taking the associated sheaf commutes with fibre products” [SGA4, II, Propo-
sition 4.3 and I, Définition 2.5], it is possible to verify that the following diagram commutes:

Ry — X gep(x)
restrictionRT Tf*
P .
Rs Usle] StrP(.5)

Let p: II(X) — GL(V) be a finite-dimensional representation of II(X), and let p: II(X) —
PGL(V) be the induced projective representation. Let

T H= Hf(uX[IP(V)aP]) — S

denote the S-scheme of Definition 10.4. We know from Corollary 13.10 and Theorem 10.5 that H
is a stratified scheme over S whose connected components are projective. (There is no reason a
priori for 7 to be quasi-compact.) Consequently, any connected component is a stratified proper
scheme over S and, as such, is mapped onto S; see Lemma 6.2.

We also know that 7~ !(sq) ~ P(V)™@: apply Corollary 12.4, the commutativity of the
above diagram in the case Xo — X, and Proposition 14.5. As (V)™ has only finitely many
connected components, we conclude that H has only finitely many connected components. We
have deduced that 7 is proper.

As the automorphism group scheme of P(V)™(®) is affine (see Proposition 16.3), we obtain
a homomorphism 7: TI(S) — Auty(P(V)™() and an isomorphism in StrS(S)

Ug[P(V)™@) 7]~ H .
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(See Proposition 6.4.) Since H is universal from f* to Ux[P(V), p| (see Corollary 12.3) and both
Ug[e] and U [e] are fully faithful (Lemma 14.4), Lemma 15.2 allows us to say that P(V)™@) with
the aforementioned action of II(S), is universal from R to (IP(V'), p). Using that II(X)/Ker(b) ~
I1(S), we deduce that P(V)Xer®) is universal from R to (P(V), p). We conclude that the II(S)-
schemes P(V)™®) and P(V)Ker®) are isomorphic. A fortiori, the reduced k-schemes underlying
P(V)Ker®) and P(V)™(@) are isomorphic, so that the closed embedding

IP(v)Ker(b) N P(V)Im(a)

must induce a bijection on k-points. This means that Property 4.2 holds, and we conclude that
Im(a) = Ker(b) using Lemma 4.3 and then Lemma 4.2.

Remark 15.3. The cautious reader must have realized

(i) that the fact that Ux[P(V), p] is a scheme and Ux[P(V'), p] — X is projective and smooth
needs justification;

(ii) that F := P(V)Xer®) is not necessarily an element of Rg; for that, we need Ug x5 F to
be a scheme. (See (6.2) for the definition.)

In the following lines we justify these claims.

(i) Pick an algebraic quotient G of II(X) such that II(X) — GL(V) factors through G. Then
Ux xTE) P(V) ~ (uX x TI(X) G) xCP(V)~ P xCP(V),

and P — X is a G-torsor. It follows from [BLR90, Theorem 7, p. 138] that P x“IP(V) is a scheme
and that the obvious morphism to X is quasi-projective. That it is proper, respectively smooth,
follows from [EGA, IVa, Proposition 2.7.1, p. 29], respectively [EGA, IV4, Corollaire 17.7.3,
p. 72].

(ii) Pick an algebraic quotient G of II(X) such that II(X) — GL(V) factors through G. Let
K QTI(X) be the kernel of II(X) — G. Let L be the image of K in II(S). As b is a quotient
morphism, L <II(S) and H := II(S)/L is a quotient of G. It is then straightforward to show
that L acts trivially on F'. Hence,

Ug x15) p ~ (us x11(5) H) xH F
~Px"F,

where P — S is an H-torsor. (This detour intends simply to avoid analysis of the morphism
I1(S) — Auti(F).) As H and P are reduced and k is perfect, (P X F');eq = P X Fleq is invariant
under H. We are then in a position to apply [DG70, I11.2.7.1, p. 318], which guarantees that
(PxF)/H is representable if (P x Fyoq)/H is likewise. Since Ker(b) acts on A(V'), the scheme Fieq
is a disjoint union of projective spaces. Consequently, the action of H on F¢q can be linearized
by using the anti-canonical bundle [GIT, Chapter 1, §3]; projective fpqc descent [BLR90, 6.1,
Theorem 7, p. 138] ensures the representability of (P X Fieq)/H.

16. Digression on specific automorphism group schemes

Our goal here is to study a simple instance where automorphism group schemes are affine. These
are tailored to fit some technical requisites found in studying the schemes P(V) appearing in
§4.2. The most relevant result here is Proposition 16.3. Indeed, if G is an affine group scheme
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(over k) and V is a finite-dimensional representation of it, then
PV D= 1T H,
A a character of G
where
Hy=P({veV : G acts on v through \}) .

Note that, already in the case where G, acts on P! by “translations”, the fixed-point scheme is
not reduced.

Throughout, Sch denotes the category of schemes over an algebraically closed field k&, where all
morphisms and constructions take place. The full subcategory of all reduced schemes is denoted
by RSch.

The reader should bear in mind that for a proper scheme M, the functor of its automorphisms
Auty(M): Sch® — Grp, T +— Autyp(M x 1)

is represented by a group scheme which is locally of finite type. For a proof under the extra
assumption of projectivity, see [Nit05, Exercise following Theorem 5.23, p. 133]. The more general
case is in [MOG67, Theorem 3.7, p. 17].

We now present some basic tools employed in this section. First, we state two results which
will be much used: Lemma 16.1 and Lemma 16.2. Proofs are in [EGA, I, Corollaire 5.1.10, p. 131]
and [SGA3, VI, 2.4.1, p. 304], respectively.

LEMMA 16.1. Let W be a scheme of finite type over k. Then W is affine if and only if Wyeq is
likewise.

LEMMA 16.2. Let G be a group scheme locally of finite type over k. If G is connected, then G is
of finite type.

Second, we discuss the neutral component of a group scheme. Given a group scheme G lo-
cally of finite type over k, we let GV denote the connected component of the identity of the
topological space underlying G. Since G is locally noetherian, G° is an open subset of G' [EGA,
I, Corollaire 6.1.9]. As G° x G° is connected, we obtain a group scheme structure on G° which
turns the inclusion into a morphism of group schemes. The group scheme G is called the neutral
component of G. Due to Lemma 16.2, G is of finite type over k. For more on this, the reader
should consult [SGA3, VIa, §2].

PROPOSITION 16.3. Let M be projective. Assume that, for each connected component C' of M4,
Aut(C) is affine and its Néron—Severi group

NS(C) = Pic(C)/Pic’(C)
has rank one (as a finitely generated abelian group). Then Auty(M) is affine.

The reader should bear in mind that NS is of finite type; see [SGA6, XIII, Théoréme 5.1,
p. 650]. The proof of Proposition 16.3 is built up of the following results.

LEMMA 16.4. Let W be projective and connected. Let W' be the disjoint union of n copies of W.

(i) Let &,, be the constant group scheme associated with the symmetric group on n letters.
Then there exists a morphism of group schemes

o: Autp, (W) — &,
whose kernel is Auty(W)*™.
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(ii) In particular, if Aut,(W) is affine, then Auty(W') is likewise.

Proof. First, we label W7, ..., W, the connected components of W’. Let T € Sch be connected
and consider an automorphism of T-schemes p: W’/ x T — W' x T. It is clear that W/ x T is
the disjoint union of the W; x T" and that each one of these is connected. Then ¢ induces a
permutation o(p) of the set {1,...,n}. It is easily verified that if U — T is a morphism from a
connected scheme, then o(p X7 U) = o(¢). This constructs the morphism of group functors o.
The kernel is easily determined and we conclude our proof of part (i). From this it follows that

(Auty (W)™ =5 (Auty(W))°.

Since each connected component of Auty(1W’) is a scheme isomorphic to Auty(W’)?, it follows
that Autg(W’) is a disjoint union of affine schemes. Moreover, since o is surjective—in fact
there exists a section &,, — Auty(W')—we conclude that Autg(W’) is a disjoint union of a
finite number of quasi-compact spaces. Consequently, Auty(W’) is quasi-compact, so that its
number of connected components is finite. A finite disjoint union of finitely many affine schemes

is affine. O

The proof of the following result is quite easy and we leave it to the reader.

COROLLARY 16.5. Let M be a projective scheme. If Auty (V') is affine for each connected com-
ponent V of M, then Auty(M) is affine.

One important ingredient in verifying that an automorphism group scheme is affine relies
on verifying that there are only finitely many connected components. Here is our result in this
direction.

LEMMA 16.6. Let M be a projective scheme. Assume that its Néron—Severi group
NS(M) = Pic(M)/Pic® (M)
has rank one (as a finitely generated abelian group). Then Auty (M) is of finite type.

Proof. Given a very ample invertible sheaf £ on M, we obtain an open immersion [Nit05, Exercise
following Theorem 5.23, p. 133] v: Auty(M) — Hilbys«as defined by associating with each
automorphism its graph. (We use the very ample sheaf pri £ ® pr5£ on M x M.) Write, as usual,
HileI\D/IxM for the open subset of Hilby,x s associated with the polynomial P € Q[m]. If a is a
k-point of Auty (M), its image in Hilbysx s lies in HilbY,, ,,, where P(m) = x (L™ @ a*L™) for
large m. From this, it follows that, if a*£ is T-equivalent to £ (see [SGAG6, XIII.4.4, p. 29]) for
every a € Auty(M)(k), then v sends Auty (M) into Hilb?, ,,, where P(m) = x(£>™) for large
m (as explained in [SGAG6, XIII, Théoreme 4.6]). In particular, Aut;(M) is quasi-projective.
Let Pic); be a connected component of Picy; which generates the free part of NS(M) and
which has a very ample class £. We conclude that for each a € Auty(M)(k), the sheaf a*L is
T-equivalent to L. O

Let us now fix a connected and projective scheme V. Denote the nilradical [EGA, I, 5.1] of
V by N. For each p, let V), be the closed subscheme of V' cut out by N¥.

Given any reduced k-scheme 7', the closed subscheme Vieq X T of V' x T is reduced [EGA, IVo,
Proposition 4.6.5, p. 69] and has the same underlying topological space as V' x T'. Consequently,
the nilradical of Oy« is the pullback of N by the obvious projection from N x T'. Thus, for each
¢ € Autp(V x T'), the associated isomorphism of rings

o* Ovurp@ — Ovxra
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maps (N X 1)) onto (N x T');, and we can associate an automorphism of V,, x T" with ¢. In
this way, we are able to define a morphism p,, from the functor

Ay: RSch® — Grp, T +—— Autp(V xT)

to the functor

Ay, : RSch® — Grp, T +— Autp(V, xT).
LEMMA 16.7. Let p be such that N* is of square zero. Then the functors

RSch® — Set, T +— Kerp,(T)

and

RSch® — Set, T +— Dero,(Oyxr,N* xT)
are isomorphic, where N* x T' is the pullback of N* by the obvious projection.
Proof. The proof is in [SGAL, III, 5.1]. Let T" be reduced, and let

p: VT —VxT

be an isomorphism of T-schemes inducing the identity on V), x T". Then, ¢ is determined by an
automorphism of Op-algebras
0% : Oyur — Ovur
such that
Lp#(a) =a modN*xT, VaeOOyxr.
Thus, ¢ is determined by the element

(p# — idOVxT S DerOT(OVXT>NM X T) .

Conversely, any element J of the above group defines a morphism id+6§: Oyyxr — Oy of
Op-algebras. Since this morphism is an isomorphism (the identity) modulo a nilpotent ideal, it
follows that id +4 is an automorphism. O

Let u be as in the Lemma 16.7. Note that the functors Ay and Ay, are represented by
Auty(V)rea and Auty(V),)red, respectively; as the category RSch possesses direct products,
Auty(V)rea and Auty(V,)rea are naturally group objects in RSch and p, is a morphism of
group objects. So we have a morphism of group schemes

pu: Auty(V)rea — Auty(Vy)red -
By [Nit05, Theorem 5.8] together with Lemma 16.7 and the equality
Derg, (Ovxr, N* x T) = Homy w7 (7, N x T),
the functor

RSch® — Set, T +— Kerp,(T)

is represented by an affine space Af. (We are not affirming that it is represented by Gt ) Hence,
Ker(py)red is affine and connected.

LEMMA 16.8. We maintain the above notation. If (Autk(Vu)red)O is affine, then Auty(V)° is
likewise.

Proof. Let G = Auty(V)ieq and H = Auty(V},)rea- Let K be the kernel of p,: G — H; above
we showed that K,.q is connected and affine. By Lemmas 16.1 and 16.2, the kernel K is affine,
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connected, and of finite type. Due to the connectedness of K, the arrow K < G factors through
G,

According to [SGA3, Vla, 3.2], the quotient of the fppf sheaf G° by K is representable by
a group scheme GY/K. Moreover, p: G° — G°/K is faithfully flat and of finite presentation
[DG70, I11.3.2.5, p. 328]. As K is affine, [DG70, I11.3.2.6, p. 329] shows that p is affine. Now we
only need to show that G°/K is affine.

Since GV is of finite type and p is affine and faithfully flat, [BouAC, 1.3.6, Proposition 11]
guarantees that G°/K is locally of finite type. Since G is quasi-compact and p is surjective,
GY/K is quasi-compact. As the induced morphism G°/K — H? is a monomorphism, it is a
closed embedding by [DG70, I1.5.5.1, p. 249]. It follows that G°/K is affine. The proof that G°
is affine is then completed.

Since the topological spaces underlying G° and Auty(V)? coincide, it follows from Lem-
mas 16.1 and 16.2 that Autg(V)° is affine. O

Proof of Proposition 16.5. Let V be a connected component of M. Using [SGA6, XII, Théore-
me 1.1] (see also [SGAG, XIII, Lemme 4.3]), we know that

NS(Vieq)/(torsion) ~Z = NS(W)/(torsion) ~ Z

for any nilpotent immersion W — V. Using this fact, induction, Lemma 16.6, Lemma 16.8 and
the affineness of Auty(Vieq), we conclude that Autg (V) is affine. Corollary 16.5 now completes
the proof. O

ACKNOWLEDGEMENTS

This work profited greatly from P. H. Hai’s ideas. In fact, it was by understanding some points
of [Hail3] that the author developed the idea of considering the criteria defined in Section 4.
Equally important was the encouraging interest P. H. Hai showed in some parts of the present
work during a visit to Jussieu in 2011. We would also like to thank the referee for an exemplary
job, B. Conrad for a very useful e-mail exchange, and H. Esnault for alerting us to overlapping
work.

REFERENCES

AM94 M. Atiyah and I. MacDonald, Introduction to Commutative Algebra (Westview Press, 1994).

Ber74 P. Berthelot, Cohomologie cristalline des schémas de caractéristique p > 0, Lecture Notes in
Math., vol. 407 (Springer-Verlag, Berlin — New York, 1974); http://dx.doi.org/10.1007/
BFb0068636.

BLRI90 S. Bosch, W. Liitkebohmert, and M. Raynaud, Néron models, Ergeb. Math. Grenzgeb. (3), vol. 21
(Springer-Verlag, Berlin, 1990); http://dx.doi.org/10.1007/978-3-642-51438-8.

BO78 P. Berthelot and A. Ogus, Notes on crystalline cohomology, (Princeton University Press, Prince-
ton, N.J.; University of Tokyo Press, Tokyo, 1978).

BouAC N. Bourbaki, Eléments de mathématique, Algébre commutative, Chapitres 1 a 4, Cha-
pitres 5 a 7, Chapitres 8 et 9, and Chapitre 10 (Springer-Verlag, Berlin — Heidel-
berg, 2006-2007); http://dx.doi.org/10.1007/978-3-540-33976-2, http://dx.doi.org/
10.1007/978-3-540-33979-3, http://dx.doi.org/10.1007/3-540-33980-9, and http://
dx.doi.org/10.1007/978-3-540-34395-0.

CLN85 C. Camacho and A. Lins Neto, Geometric Theory of Foliations (Birkhduser Boston, Boston, MA,
1985); http://dx.doi.org/10.1007/978-1-4612-5292-4.

588


http://dx.doi.org/10.1007/BFb0068636
http://dx.doi.org/10.1007/BFb0068636
http://dx.doi.org/10.1007/978-3-642-51438-8
http://dx.doi.org/10.1007/978-3-540-33976-2
http://dx.doi.org/10.1007/978-3-540-33979-3
http://dx.doi.org/10.1007/978-3-540-33979-3
http://dx.doi.org/10.1007/3-540-33980-9
http://dx.doi.org/10.1007/978-3-540-34395-0
http://dx.doi.org/10.1007/978-3-540-34395-0
http://dx.doi.org/10.1007/978-1-4612-5292-4

DG70

DM82

EGA

Ehr50

EHV

Eke87

ESBO05

GIT

Hail3

Jan87

Mat89

Miy87

ML98

MMO3

MO67

Mum70

Nit05

Nor76

dSan07

Sch68

HOMOTOPY EXACT SEQUENCE

M. Demazure and P. Gabriel, Groupqs algébriques. Tome I: Géométrie algébrique, généralités,
groupes commutatifs (Masson & Cie, Editeur, Paris; North-Holland Publishing Co., Amsterdam,
1970).

P. Deligne and J. Milne, Tannakian categories, Lecture Notes in Math., vol. 900, 101-228
(Springer-Verlag, Berlin-New York, 1982).

A. Grothendieck and J. Dieudonné, Eléments de géométrie algébrique, Publ. Math. Inst. Hautes
Etudes Sci. 4 (Chapter 0, 1-7, and I, 1-10), 8 (II, 1-8), 11 (Chapter 0, 8-13, and III, 1-5), 17
(I11, 6-7), 20 (Chapter 0, 14-23, and 1V, 1), 24 (IV, 2-7), 28 (IV, 8-15), and 32 (IV, 16-21),
1960-1967; available at http://www.numdam. org.

C. Ehresmann, Les connexions infinitésimales dans une espace fibré différentiable, Colloque de
Topologie, Bruxelles, 1950.

H. Esnault, H. H. Phung, and E. Viehweg, On the homotopy ezact sequence for Nori’s fundamental
group, arXiv:0908.0498.

T. Ekedahl, Foliations and inseparable morphisms, Algebraic geometry, Bowdoin, 1985
(Brunswick, Maine, 1985), 139-149, Proc. Sympos. Pure Math., vol. 46 (2) (Amer. Math. Soc.,
Providence, RI, 1987); http://dx.doi.org/10.1090/pspum/046.2/927978.

T. Ekedahl and NI. Shepherd-Barron, Tangent liftings of deformations in mized characteristic,
J. Algebra 291 (2005), no. 1, 108-128; http://dx.doi.org/10.1016/j. jalgebra.2005.05.023.

D. Mumford, J. Fogarty, and F. Kirwan, Geometric invariant theory, third ed., Ergeb.
Math. Grenzgeb. (2), vol. 34 (Springer-Verlag, Berlin, 1994); http://dx.doi.org/10.1007/
978-3-642-57916-5.

P.H. Hai, Gauss—Manin stratification and stratified fundamental group schemes, Ann. Inst.
Fourier (Grenoble) 63 (2013), no. 6, 2267-2285; http://dx.doi.org/10.5802/aif .2829.

J. C. Jantzen, Representations of algebraic groups, Pure and Applied Mathematics, vol. 131 (Aca-
demic Press, Inc., Boston, MA, 1987).

H. Matsumura, Commutative ring theory, second ed., Cambridge Stud. Adv. Math., vol. 8 (Cam-
bridge Univ. Press, Cambridge, 1989); http://dx.doi.org/10.1017/CB09781139171762.

Y. Miyaoka, Deformations of a Morphism along a Foliation and Applications, Algebraic Geom-
etry, Bowdoin, 1985 (Brunswick, Maine, 1985), 245-268, Proc. Sympos. Pure Math., vol. 46 (1)
(Amer. Math. Soc., Providence, RI, 1987); http://dx.doi.org/10.1090/pspum/046. 1.

S. Mac Lane, Categories for the working mathematician, second ed., Grad. Texts in Math., vol. 5
(Springer-Verlag, New York, 1998); http://dx.doi.org/10.1007/978-1-4757-4721-8.

I. Moerdijk and J. Mrcun, Introduction to foliations and Lie groupoids, Cambridge Stud.
Adv. Math., vol. 91 (Cambridge Univ. Press, Cambridge, 2003); http://dx.doi.org/10.1017/
CB09780511615450.

H. Matsumura and F. Oort, Representability of group functors, and automorphisms of algebraic
schemes, Invent. Math. 4 (1967), 1-25; http://dx.doi.org/10.1007/BF01404578.

D. Mumford, Abelian varieties, Tata Inst. Fund. Res. Stud. Math., vol. 5 (Oxford University
Press, London, 1970).

N. Nitsure, Construction of hilbert and quot schemes, Fundamental Algebraic Geometry,
Grothendieck’s FGA Explained, 105-137, Math. Surveys Monogr., vol. 123 (Amer. Math. Soc.,
Providence, RI, 2005).

M. V. Nori, On the representations of the fundamental group, Compos. Math. 33 (1976), no. 1,
29-41; http://www.numdam. org/item?id=CM_1976__33_1_29_0.

J.P.P. dos Santos, Fundamental group schemes for stratified sheaves, J. Algebra 317 (2007),
no. 2, 691-713; http://dx.doi.org/10.1016/j.jalgebra.2007.03.005.

M. Schlessinger, Functors of Artin rings, Trans. Amer. Math. Soc. 130 (1968), 208-222; http:
//dx.doi.org/10.2307/1994967.

589


http://www.numdam.org
http://arxiv.org/abs/0908.0498
http://dx.doi.org/10.1090/pspum/046.2/927978
http://dx.doi.org/10.1016/j.jalgebra.2005.05.023
http://dx.doi.org/10.1007/978-3-642-57916-5
http://dx.doi.org/10.1007/978-3-642-57916-5
http://dx.doi.org/10.5802/aif.2829
http://dx.doi.org/10.1017/CBO9781139171762
http://dx.doi.org/10.1090/pspum/046.1
http://dx.doi.org/10.1007/978-1-4757-4721-8
http://dx.doi.org/10.1017/CBO9780511615450
http://dx.doi.org/10.1017/CBO9780511615450
http://dx.doi.org/10.1007/BF01404578
http://www.numdam.org/item?id=CM_1976__33_1_29_0
http://dx.doi.org/10.1016/j.jalgebra.2007.03.005
http://dx.doi.org/10.2307/1994967
http://dx.doi.org/10.2307/1994967

Sei67

SGA1

SGA3

SGA4

SGAG6

SR72

TDTE

Tei93

Wat79

Zhal3

J.P. DOS SANTOS

A. Seidenberg, Differential ideals in rings of finitely generated type, Amer. J. Math. 89 (1967),
22-42; http://www. jstor.org/stable/2373093.

A. Grothendieck and M. Raynaud, Revétements étales et groupe fondamental, Séminaire de
géométrie algébrique du Bois Marie 1960-61, Updated and annotated reprint of the 1971 original,
Doc. Math. (Paris), vol. 3 (Soc. Math. France, Paris, 2003).

M. Artin, J.-E. Bertin, M. Demazure, A. Grothendieck, P. Gabriel, M. Raynaud, and J.-P. Serre,
Jean-Pierre, Schémas en groupes, Séminaire de Géométrie Algébrique du Bois Marie 1962-64,
Revised and annotated edition of the 1970 French original, edited by P. Gille and P. Polo, Doc.
Math. (Paris), vol. 7 (Soc. Math. France, Paris, 2011).

M. Artin, A. Grothendieck, and J.-L. Verdier, Théorie de topos et cohomologie étale des schémas
I, II, III, Lecture Notes in Math. 269, 270, 305 (Springer-Verlag, 1971).

P. Berthelot, A. Grothendieck, and L. Illusie, Théorie des intersections et Théoréme de Riemann-
Roch, Lecture Notes in Math. 225 (Springer-Verlag, 1971).

N. Saavedra Rivano, Catégories Tannakiennes, Lecture Notes in Math., vol. 265, Springer-Verlag,
Berlin — New York, 1972; http://dx.doi.org/10.1007/BFb0059108.

A. Grothendieck, Technique de descente et théorémes d’existence en géométrie algébrique,
Séminaire Bourbaki 5 (I: Exp. no. 190, 299-327 and II: Exp. no. 195, 369-390), 6 (III: Exp.
no. 212, 99-118 and IV: Exp. no. 221, 249-276), 7 (V: Exp. no. 232, 143-161 and VI: Exp.
no. 236, 221-243), 1959-1962; available at http://www.numdam. org.

B. Teissier, Résultats récents sur l'approzimation des morphismes en algébre commutative,
(d’apres André, Artin, Popescu et Spivakovsky), Astérisque 227 (1995), Exp. No. 784, 4, 259-282.

W. Waterhouse, Introduction to affine group schemes, Graduate Texts in Math., vol. 66, Springer-
Verlag, New York — Berlin, 1979; http://dx.doi.org/10.1007/978-1-4612-6217-6.

L. Zhang, The homotopy sequence of the algebraic fundamental group, Int. Math. Res. Not. IMRN
2014 (2014), no. 22, 6155-6174; http://dx.doi.org/10.1093/imrn/rnt163.

Joao Pedro dos Santos joao_pedro.dos_santos@yahoo.com
Institut de Mathématiques de Jussieu, Paris Rive Gauche, 4, Place Jussieu, 75005 Paris, France

590


http://www.jstor.org/stable/2373093
http://dx.doi.org/10.1007/BFb0059108
http://www.numdam.org
http://dx.doi.org/10.1007/978-1-4612-6217-6
http://dx.doi.org/10.1093/imrn/rnt163
mailto:joao_pedro.dos_santos@yahoo.com

	Introduction
	Terminology
	Surjectivity of b2mu-:6muplus1mu(X,x0)(S,s0)
	Criterion for exactness using projective representations
	
	

	Stratified schemes
	Groupoids and actions of groupoids
	The formal diagonal groupoid and stratifications

	A non-affine Tannakian correspondence
	OS-coherent DS-modules
	Proper stratified schemes 
	Local triviality of proper stratified schemes
	Proper stratified schemes obtained from US

	Infinitesimal equivalence relations and stratifications
	Notation concerning the sheaves of principal parts
	Basic definitions
	Relation to stratifications

	Smooth schematic infinitesimal equivalence relations
	Basic objects
	Local behaviour and transverse sections
	Formal behaviour

	Tangency and invariance of subschemes
	Tangency 
	Invariant subschemes
	Relation between the two concepts
	The formal shape of invariant subschemes of maximal codimension

	The Hilbert scheme of subschemes tangent to an  infinitesimal equivalence relation
	Closed subschemes equivalent under an infinitesimal equivalence relation
	Investigation of the adjointness property of  Hf(Z,)
	The evaluation morphism
	Adjointness of Hf(Z,)
	Compatibility of H with base change

	Conditions for the equivalence relation on Hf(Z,) to come from a stratification
	Description of Hf(Z,) in the particular case where S=Speck and Z stems from the fundamental group scheme
	Simple stratified schemes
	Determination of H(Z,)

	Proof of the main result
	Digression on specific automorphism group schemes
	References

