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Lectures by Frans Oort:

I Finite commutative group schemes annihilated
by p

II Is a finite group scheme annihilated by its
rank?

1 Introduction. We focus on the concept of a finite group scheme. Al-
though basic concepts are formulated for schemes, eventually the core of our
considerations can be formulated for base fields or base rings and algebras
over base rings. We do not need deep basic concepts of algebraic geometry,
although in remarks indicating geometric motivation and consequences more
knowledge is needed for understanding.

Warning. My mini-course is not meant as a complete course in finite group
schemes. Some results will be taken as BB (black box: the statement should
be clear and understandable, but no proof is given here). More extensive
description of the theory of finite group schemes are given in [24], [44], [36],
[32], [35].

We have two main themes:

(I) A classification of finite commutative group schemes annihilated by p
over a perfect field as announced by Hanspeter Kraft in [15]. This
implies that the set of isomorphisms classes of such group schemes of
a fixed rank over an algebraically closed field is finite, Section 8, see
(1.1), with important geometric applications. In the preprint by Kraft
this result is stated. Complete proofs can be found in [26], [18], [3].

e It this interesting, is this a useful mathematical idea to study? In
Section 20 we see that this theorem is crucial in understanding moduli
spaces of polarized abelian varieties in positive characteristic.

Dieudonné theory translates properties of commutative group schemes over
perfect fields into properties of modules over a certain ring. By the Krull-
Remak-Schmidt Theorem, see (2.3), a module of finite length is a direct sum
of indecomposable modules. The idea of a proof of a proof of (I) is



e construct candidates for indecomposable finite group schemes, see (3.2),
(3.3).

e then show these are indeed indecomposable,
e and prove these are all possible indecomposable modules.

The classification of finite commutative group schemes annihilated by p over
an algebraically closed field k as described in Theorem (8.3) has a corollary:

(1.1) Corollary. Let k be an algebraically closed field of characteristic p.
For any n € Z~q the set of k-isomorphism classes of finite commutative
group schemes of rank p™ annihilated by p is finite. See (8.4).

We see three condition: (1) k is algebraically closed, (2) work with commu-
tative group schemes, (3) annihilated by p. In Section 10 we show all three
conditions are necessary in order to conclude finiteness in (1.1).

The idea of this classification can be found in a preprint [15] in 1975.
Proofs of this can be found in [26], [18], [19], [20], [3], [21]. In order to
state this theorem we will first develop notations and ideas, especially the
concepts of circular words (3.3) and linear words (3.2), as for the first time
given by Kraft, in order to be able to formulate precise results.

Of independent interests are two tools we use in the proof: the Krull-Remak-
Schmidt Theorem, see (2.3), and a theorem originally proved by Hasse and
Witt in 1936, now known as the Lang-Seidenberg Theorem (5.3).

(IT) We study the question whether a finite group scheme of constant rank
over an arbitrary base scheme is annihilated by its rank (the scheme
theoretic analogue of a theorem of Legendre for abstract finite groups).

Open Question. In the second talk for a finite group scheme G — S of
rank m we study the morphism [m]g : G — G and we ask the question
whether this factors through the trivial element of G/S:

(mle:G—@Q) = (G—>S<3>G>, rank(G/S) = m.

We collect all kind of examples in a separate section. These will be of crucial
importance for understanding material discussed.



The following concepts will be assumed to be known to the audience: basic
algebra and basic algebraic geometry; the definition of a group scheme;
the morphism Fg : S — S® for a (group) scheme in characteristic p; the
notion of the morphism Vg : G® — G of a commutative group scheme in
characteristic p. The theory of the Dieudonné module of a commutative
group scheme in over a perfect field of characteristic p.

2 Strategy for proof of the classification of finite commutative
group schemes annihilated by p

(2.1) In this topic we fix a prime number p, and all group schemes con-
sidered will be over an algebraically closed field £ O F,. We study com-
mutative group schemes, apply the Dieudonné module functor, shifting the
problem to a classification of certain modules. We assume moreover that
group schemes considered, and hence Dieudonné modules considered, are
annihilated by p. We write A = Ay, for the ring of infinite Witt vectors over
k, and R = A{F,V} with the well know relations, in particular

RY = R/pR = k{F,V}
for the Dieudonné ring modulo p, i.e. with relations
FV=0=VF, Fx=2F, zV=ViPl.

Write M = M, for the category of left modules over RV, finite as a k-
vector space (i.e. of finite length). We are going to classify all isomorphism
classes in M.

This category M is an abelian category, kernels and cokernels exist, direct
sums exist, and every object is artinian and noetherian (descending and
ascending chains are stationary.)

Covariant Dieudonné module theory translates F : G — G®) into mul-
tiplication by V : D(G) — D(G), and (for commutative group schemes)
translates V : G’ — @G in multiplication by F : D(G) — D(G). If G is
finite and local, then F' is nilpotent, hence V is nilpotent. If GP is finite and
local, then V' is nilpotent on GG, hence F is nilpotent.



(2.2) Definition. An object M in an additive category is said to be inde-
composable it M # 0 and M = My & M, implies either M7 = 0 or My = 0.
An object M is called simple if 0 C M} C M implies 0 = M;.

Example. A finite abelian group G is indecomposable if and only G is
cyclic of prime power order. A finite abelian group G is a simple object in
that category if and only G is cyclic of prime order.

Example. Up to isomorphism there are three simple finite group schemes
of rank p over K = k D I, in the category of finite commutative group
schemes over k:

Zlp,; Opki  Hpks

their (covariant) Dieudonné modules are k-vector spacs of dimension one
with respectively:

F =0, and V bijective; F =0,and ¥V =0; F =0 bijective, and V = 0.

The splitting of finite commutative group schemes (over a perfect field )
into etale-local, local-local, local etale summands translates into properties
of their Dieudonné modules. In particular

(G is local-local) <= (V and F are nilpotent on M = D(G)).

The category of finite dimensional Dieudonné modules annihilated by p is
an abelian category, kernels and cokernels exist, direct sums exist, and ev-
ery object is artinian and noetherian (descending and ascending chains are
stationary.)

Remark / Definition. For a module over k{F,V} we have
V(M) C Ker(F) and F(M) C Ker(V).

Suppose dimy(M) < co. Note that dim(Ker(F)) + dim(F(M)) = dim(M)
and the same for V. Hence:

(V(M) = Ker(F)) < (F(M) = Ker(V)).

We say M is a BTj-module (explanation of this terminology later) if this
condition holds.



Remark. Consider MPBT the category of BT -modules over k; note that
(e, ) is not in this category; we know a (non-trivial) classification of all
simple objects in MBT, see [27]; for more information see Section 20; note
that any simple object in MPT on which F and V are nilpotent is not simple
in M. We use the terminology “simple” and “indecomposable” for objects
considered in M. Note that not every morphism in MPT has a kernel or a
cokernel in this category MPBT.

We recall the following result for an arbitrary ring, and later we will apply
this for the Dieudonné ring.

(2.3) Theorem (Krull-Remak-Schmidt).

See [1], § 2.5; see [33] Chap 5;

see [16], Proposition X.7.4 and Theorem X.7 5.

Just a reminder: for R = Z, classifying finite abelian groups, we see that
every simple object is Z /¢ where ¢ is a prime number, and every indecompos-
able object is of the form Z/¢", with n € Z~o. (Do not get into confusion:
“simple finite groups” is a much wider concept than ”simple object” in the
category of finite abelian groups.)

Hence the classification theorem we are looking for translates into:
Question. Classify all isomorphism classes in M = My: describe all
indecomposable objects in M.

A little warning. In the theorem above the indecomposable modules and
their multiplicities are determined by a module M considered; however the
decomposition-isomorphism in the theorem in general is far from unique.
This will be the most serious obstacle in the proof discussed below.

This idea indicates what kind of facts we have to show in order to answer
the question: find all indecomposable objects in M.

The proof we are going to give as an answer to this question will consists of
the following steps.

(A) In the category M, following Kraft, we construct objects M and
M|,1. The goal is to show these are indecomposable and that these
are the only indecomposable modules in M.



(B)

(©)

(D)

(E)

— How do we prove these are indecomposable,

— how do we show there are no other idecomposable modules in M,
and

— how do we find which appear in a decomposition of a given M €

M?
For any M € M we construct the canonical filtration (canonical flag)

canflaglM) =Qu=(0=Q S-S Qi S Qi1 & S Qm=M)

and we prove various properties. In particular we show this flag is
saturated, see (4.2), (4.4). A flag is a filtration were the numbering is
chosen such that Q; & Qi1 for every i.

The associated graded

G(M) = G(canflag(M)) := > Qit1/Qs

0<i<m

turns out to be a Dieudonné module, steps in the canonical filtration
are vertices of a directed graph I' = T'(M) and

(AHA) this defines a set of words and a decomposition of G(M) into
the indecomposables constructed in (A).

Note that we still have to show these are all indecomposable modules.
Notation. We write > or x for a direct sum of k-vector spaces and @
and € for a direct sums of Dieudonné modules.

Using this filtration we show every M/, is indecomposable and for an
indecomposable cyclic word w the object M), is indecomposable.
Remark. We give a proof using filtrations; is is plausible that a
(complicated) direct proof can be given of the fact that these modules
are indecomposable.

The canonical maps Q;+1 — Q;+1/Q; can be lifted (choices involved)
to an isomorphism of Dieudonné modules

~

M & gM) = (@i M{”)@(@jec MLwﬂ)’

where L is a finite set of linear words and C' is a finite a set of inde-
composable circular words.



3 A: Construction of M, and M|,

(3.1) We explain a notation we are going to use. For a module M € M
and a non-zero element x € M we use the following shorthands.

Vo Vz # 0 z¢ Ker(V) | (V(z)#0) &z
Fx dJye M with Fy==x x e F(M) y»fmc, V(z)=0
T

0z |z € Ker(V) and z¢& F(M)
xF Fr#0 x & Ker(F)
xV Jye M with Vy==x xy, Flx)=0
20 | x € Ker(F) and x ¢ V(M)

Note the direction of the arrows. Moreover, as FV = 0 = VF we have
Ker(V) € F(M) and Ker(F) C V(M); check that al possibilities appear in
the table above.

Note:

<~
oy
I

0;
(x) =0.

(3.2) Linear words: construction of M.
Let h € Z>o, let Ly,--- , L, € {F,V}; write u = 0 if h = 0, and otherwise
u = (Ly---Lyp); we say u is a linear word. We choose a k-vector space of

dimension A + 1
M= Y kz
1<i<h+1

and we define F and V on M/, by
021 L122 - - - 2nLinznial;

sometimes we write Lo = (), and L1 = (). For every index i the notation
L;—1zL; defines F(z;) and V(z;). Moreover FV = 0 = V.F for every base
vector.

Conclusion. We have defined a Dieudonné module M, € M.

Moreover F**1 and V! are zero on M/ (give a proof); hence M/ € M is
local-local.

A particular case. For the emptyword, h = 0 we see MVI) has dimension one,
and F and V are zero on this module. We see D(cy,) = M.



Claim. Suppose F and V are nilpotent on M For every 0 # M € M there
exists an inclusion Mé — M;

MQ’) is the only simple local-local object in M.
Proof. For every 0 # x € M either F(z) =0 = V(x), and we are done,

or there exists j € Zso with F/(x) # 0 and F/(z) = 0, and M =
k-Fi (@),

or there exists j € Zso with V/(x) # 0 and V/™(z) = 0, and M =
k- VI (x). O

Claim. For every word u, M € M/, we have

u’

V(M) G Ker(F) and F(M) S Ker(V).

Proof.
For (0217 we see z1 € F(M) and z; € Ker(V);
For 72,0 we see z;, & V(M) and 21 € Ker(F). 0

(3.3) Circular words: construction of M|,,.

Let h € Z>1, let Ly,--- , L, € {F,V}. We write w = [Ly - -- Ly, call this a
circular word; define L; for every j € Z: write Lj iy, = L; for every m € Z;
circular permutations (shift of indices) give an equivalence between circular
word; its equivalence class is indicated by |w]. We choose a k-vector space

of dimension A
M= D, k=
1<i<h

and we define 7 and V on M|, by
ZlleQ tee Zth,Zl.

For every index i the notation L;_;z;L; defines F(z;) and V(z;). Moreover
FV =0 = VF for every base vector.
Conclusion. We have defined a Dieudonné module M.

Consider M = M|,,) with w = [Ly --- Ly] over k =k D F),

e For every w and every d € Zg, there is an isomorphism M lwd] =
(Mtw])d; here we write w? = [Ly---Ly,---,L1---Ly], the word w
repeated d times. In a proof of this fact we use Fa C k.

e Definition. A circular word w’ is said to be indecomposable if there

does not exists a circular word w and d € Z~; with v’ = w?.



We going to show that an indecomposable circular word w defines an
indecomposable module M = M|,,.

On M| (7)) the map V is zero and F is bijective. Note that M|z =
D(Z/p). Recall that M| za = (Mr)”.

On M|y the map F is zero and V is bijective. Note that M =
D(pp). Recall that M| yna = (My)®.

Any M = M|, is a BT1-module. (Give a proof.)
If both F and V do appear in w, then M|, is local-local (give a proof).

We see: over k the classification of indecomposable modules M,, € M
is easy if only F or only V appear in w, and we are left with the case
both F and V do appear in w.

We will write M,, instead of M|, if no confusion is possible.

Remark.

Maps between BT -module can have a a kernel and/or a cokernel that
is not a BT{-module.

A map M), — M, can have a a kernel and/or a cokernel that is a
BT;-module.

In general an automorphism of M, & M |w] does not preserve the sum-
mands.

There are many extensions of the form M/P’ = P” that are not split,
even in the case P’ and P” are indecomposable.

These facts are serious obstacles for a proof we are going to present: we are
going to write any M as a decomposition of indecomposables, but even the
splitting in circular-linear ones is not canonical in general.

(3.4) Exercise. If M/P' = P" is an extension in M and P, P" € MBT
then also M is a BTi-module.



(3.5) It is convenient to visualize linear and circular words by graphs. Here
are examples

N

Note : F from left to right,

= (VFFVF);

NN

Note: F(z1) =0=V(z1), F(z4) =0 =V(x4) and F(xg) = 0 = V(xg).

V from right to left.

x1 w = [FFVFV] Note : F from left to right,
R

Y from right to left.
or

Note : clockwise F

I
N
iy x4 T2 w = [FFVFV].
/ N
F 1%
5

T3 anti — clockwise : V.

4 B: The canonical filtration

(4.1) In this section we develop the basic idea used in proofs below. We
consider filtrations of M by Dieudonné submodules. A flag in M is a fil-
tration S, = (0 = Sy C --- C Sy, = M) with proper inclusions: for every
0 <i<m we have S; G Siy1.
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(4.2) Definition. A flag S, is called saturated if the following two prop-
erties hold:

(F) For every index 0 < i < m either F(S;) = F(S;41) or there exists a
(unique) index j < i with

]:(Sl) C Sj, I(SZ'+1) C Sj+1,

F(Sir1) NS5 = F(Si), Sj + F(Sit1) = Sjta,
(V) For every index 0 < ¢ < m either V(S;) = V(Si+1) or there exists a
(unique) index j < i with

V(S;) C Sj, V(Si+1) C Sj+17

V(Si+1) N Sj = V(SZ'), Sj + V(SZ'+1) = Sj+1.

The conditions (F) and (V) can be rephrased as:
for every index 0 < i < m either the map induced by F on S;11/S; is zero,
or there exists j and a bijective map

Sit1 ~_ Sjt1
i+ J+

F mod F(S;) : S, s,

For every index 0 < i < m either the map induced by V on S;;+1/S; is zero,
or there exists j and a bijective map

Sit1 ~ Sj+1
s s

VY mod V(S;) :

(4.3) Construction. For a filtration S, we use the following operations:

e (F)(S.): add all S; + (F(S;) N Si+1) and ((F))(Ss) := (F)>%(S,);
analogous notation for ((V 1)), ((V)), ((F~1)); each of these opera-
tions refines the previous filtration;

o (V-LF)(S,) := (((V‘l))((F)))>>O (S,); analogous notation for (F'~1-V)(S,).
e Start with S(©) = (0 ¢ M). Define

S(2m+l) _ (V_I-F)(S@m)), S(2m+2) _ (F_I-V)(S(2m+1)).

11



e In S0 renumber the steps in order to obtain a flag:

Qi=0=5Q1CQi S Qiy1 CQr=M),

the canonical filtration of the module M. This is called the V~1-F
canonical filtration.

e As we start with ((F))(Sp), we see that all A; := F'M appear as
submodules in Q:

0=A, ::PnA;Am_l C---Ai=FM C Ay := M.
e Remark: in general V' A do not appear in this filtration and in general
F!A do not appear in the (F~! — V) canonical flag.

e Remark. For a BTj-module it suffices to choose (V~1-F)(S,) and
obtain a saturated filtration; however if at least two different linear
words appear this will not give a saturated filtration, and we extend
the procedure as is described above.

(4.4) BB Proposition. For any M € M its canonical filtration Q. =
Q(M) is saturated.

5 Semilinear maps

(5.1) We work over a field K D F,. Let M be a vector space over a field
K, and ¢ = p*. Wesay ¢ : M — M is a g-semilinear map, if it is a
homomorphism of additive groups with moreover the property that

olax) =alp(x), acK, ze&ll.

Understanding the theorem below it is useful to grasp the essence of the
following exercises.

(5.2) Examples. Consider over any field K the matrix

()

(1) There does not exist an invertible matriz S such that S™*AS is a diagonal
matric.
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Proof. The eigenvalues of A are equal to one. If S~'AS would be a diagonal
matrix, this is

S71.A.8 =1y hence A=S515-5"1=1,,

a contradiction.

(2) With K =k D F,, algebraically closed, and q-semilinear map defined by
A, ie. o(1,0) = (1,1) and ¢(0,1) = (0,1), show that for every A € k there
exist a,b € k such that p(a,b) = A(a,b).

Proof. Indeed, choose any a with a?~! = X and then b satisfying b¢ — b +
Aa = 0.

Exercise. For A as above, show for any non-zero A1, Ao there exists

S € GL(2,k) such that S~'AS@ = Diag(\;, ).

Below we will show a result generalizing this exercise; we see that “eigen-
values of ¢g-semilinear map” is not a good concept.

Write G = GL4 for the matrix group variety with G = GL(d, k) = GL4(k)
the group of square d x d matrices over k with non-zero determinant.

(5.3) Theorem (Hasse-Witt, Lang-Steinberg). Let k = k D F, be an
algebraically closed field op characteristic p. Let ¢ = p®, and let d € Z~q,
and write M = k. For any A € G := GL(d, k) there exists T € G such
that

T1AT@ =1,

I.e. any g-semilinear endomorphism on a d-dimensional vector space over k
can be written as diagonal matrix 14 after an appropriate choice of base.

References for the theorem: [11], § 3, Satz 10; [41], Theorem 10.1; [21].

For any X consider the morphism fx : G — G, with G = GL4 given by
U UTIXUW.

Corollary. (1) For A, B € G there exists S € G such that
B=S5"14580,

(2) For every invertible X € G the morphism of algebraic varieties
fX : GLd — GLd

13



18 surjective on geometric points.

Proof. For given A and given B choose T~'AT@ = 1, and Z~'BZ@ = 14;
write S = TZ~! and conclude B = S~ AS@ . This proves (1).

For B € G and X € G we can choose S with B = S7'1X S ie. fx(S)= B.
This proves (2).

We give a proof of 5.3. For any X and any U € G(k) consider the induced
map on tangent spaces

(dfx)u : tau = ta fo -

Note that the kernel of this tangential map is the same as the kernel of
the tangential map at U € G(k) defined by U + U~'X; this last one is
injective, hence (dfx)y is injective, hence an isomorphism. This shows that
the morphism fx has finite geometric fibers; as G = GLg4 is an irreducible
variety this shows that fx(G) C G contains a Zariski-dense open subset for
every X. We apply this with X = A and with X = 14, proving

fa(G) (k) N f1,(G) (k) # 0.
With ~ in this intersection we have
Yy lAY @ = v = A RYAC

hence
T'ATD =1, for T=YZ "

This proves the theorem. a

6 C: Directed graphs

(6.1) Let Ry = (Ro G --- & R, = M) be a saturated flag of M € M. We
define a directed graph I'(R.):

the set vertices is {0,--- ,7 — 1}; this is the same as {Rj;1/R; |0 < j <r};
for any bijective map

F: (Riy1/Ri) = (Rj41/Rj) an edge is given by i — j with label F};
for any bijective map

Vi (Ri+1/Ri) = (Rj+1/R;) an edge is given by i <+ j with label V.
Note the direction of the arrows: the last one could also better be baptized,

or understood as VL.

14



(6.2) Proposition / Notation. Let
I,cT=T(R), 1<t<g

be the connected components. All subquotients appearing in the same I'y have
the same dimension dy. In this way R, determines {(T'y,di) |1 <t < g}.

O
In this way R, determines a set of words v; with multiplicities d; for every
t with either v; a linear or a circular word.

(6.3) The word determined by a connected directed graph. Note
that any vertex in I' = I'(R.) has at most two ends of an edge connected to
this vertex. Every edge is directed by F' or (in the opposite direction) by V.
This implies that a connected component I'y C I’

either has a beginning, and an end, and the labels F' and V give a linear
word, which we denote by u = word(T';),

or the graph TI'; is circular, and the labels F' and V give a word, which
we denote by w = word ().

(6.4) Proposition. A saturated flag R, determines its associated graded

G(R.) = ) Rjy/R;

1<5<r

The maps induced by F and V on these subquotients give G(R.) the structure
of a Dieudonné module. We obtain an isomorphism

G(r) = (e0r)™) @ ((M)"™).

sums taken over al words in I'(Ry) and their multiplicities.

A final filtration Ry = (Ro G --- G R, = M) is a saturated filtration where
moreover all subquotients R;1/R; have dimy(R;11/R;) = 1.

(6.5) Proposition. Any saturated filtration R, can be refined to a final,
saturated filtration R, . These two filtrations define the same sets of words
and equal mutiplicities.

Two saturated filtrations Ry and Ty, of M give the same sets of words
with their multiplicities.
Conclusion. For M € M any saturated filtration gives, up to isomorphism,

15



the same decomposition as in (6.4).

Hence without risk for confusion, but up to isomorphism, we can write G(M ).
Proof. Strategy:

(1) we choose an ordered k-basis for G(R.) respecting > 1o, , Rj1/R;;
(2) this defines a final filtration of G(R,) and it induces a final filtration R};
(3) the final filtrations R, and T}, up to a permutation, have isomorphic
subquotients.

(1) For a connected I't C I' = I'(Q«) we know all submodules appearing in
this word have the same dimension d;.

If word(T'y) = w = Ly --- Ly is a linear word, consider the subquotient
Qi+1/Q; given by the first position in the word (the beginning). Choose an
ordered k-basis for Q;+1/Q; and using the bijections L; in the saturated Q.
prolong this basis to all subquotients appearing in I'y; use this coherent set
of bases in order to refine the filtration, adding steps in these subquotients.
In this way we obtain a filtration by Dieudonné modules of G(R,) with
subquotients of dimension one in the subquotients appearing in I';.

If word(I'y) = w = Ly --- Ly, is a circular word consider the subquotient
Qi+1/Q; given by the first position in this word; the sequence of p-semilinear
bijections following the letters of of the word, give a p™-semilinear bijection
©:Qir1/Qi — Qit1/Q;. By (5.3), note that we work over an algebraically
closed field, we can choose a basis on which ¢ is the identity matrix; use
this ordered basis to chose a refinement of all subquotients appearing in T'.
We obtain a filtration by Dieudonné modules of G(R,) with subquotients of
dimension one in the subquotients appearing in I';.

(2) In this way we obtain a final flag G(R,) and it induces a final flag R/,
of M refining R,. The connected graph I'y C I'(R.) with subquotients of
dimension d; gives d; connected graphs I't ¢ C T'(R,), with 1 < s < d; and
word(T'y) = word (T 5). We see that R, and R/, give the same decomposition,
as in (6.4), of G(R,), i.e.

G(R.) = G(R).
(3) Choose refinements to final filtrations R}, and T,. For every R; ,/R;,
choose any x; € I, \ R}, there is a unique j = f(i) such that z; € T}, \T}.

The action of F and of V coincide on R} ; \ R and T}, \ Tj modulo this
permutation. This shows

G(R) = G(R) = G(T) = GT) ™ """ gm).
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064+ 6.5

Warning/comment. We find a F-stable and V-stable basis of I'(Q.),
resulting in a final filtration on the associated graded Dieudonné module
G(M). However we did not yet prove the existence of a F-stable and V-
stable basis on the Dieudonné module M; this is the crucial problem in our
proof; that will be done in Section 8.

For later use we observe:

(6.6) Lemma. Suppose P',P" € M. Then

D(Q.)(P'@ P") =T(Qu)(P") UT(Qs)(P")

and

G(Q:) (P & P")) = G(Q.)(P) & G(Qu)(P").

Proof. Exercise.
7 D: Indecomposable modules

(7.1) Proposition. For every linear word the module M) is indecompos-
able.

For every indecomposable circular word w the module M., is indecomposable.
Proof. Suppose the length of u is h. Choose a final filtration S, of M],.
For every base vector z; there is unique index ¢ with z; € S;11 \ S;: if there
would be zj,zjr € Sip1\ S;, with j < j' follow the rest of the word u for
both, after h — j' + 1 steps the word ends after j* and does not end after
j, a contradiction. Hence, any step S; C M contains exactly ¢ of the ele-
ments {z1, -+, 2zp+1}. This proves that any two of the subquotients of S,
are connected by a path in I" = I'(S,); this proves that I' is connected. Note
that T' is independent of the choosen filtration, only depends on M. If we
would have M = P’ & P"” with non-zero summands, than we would have
I' =T(P)UT(P"), see (6.6), a non-connected graph. This contradiction
shows M is indecomposable.

Suppose w = [Lj - - - Ly] is an indecomposable word. Because the word w
is indecomposable, for any pair 1 < j < j/ < h the shift +(j" — j) does not
map {L; | ¢ € Z} to itself. From here repeat the arguments in the previous
paragraph, showing M, is indecomposable. a
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Remark. For small words v and w easier proofs exist; for the general
situation we use filtrations in order to give a proof for (7.1). Probably a
more direct (and also more involved) proof for (7.1) exists.

We still have not shown there are no other indecomposable modules in M.
8 E: A choice of a lifting M <— G(M), end of the proof.

(8.1) Theorem, BB. For every M € M and any saturated filtration S,
of M that contain all FIM as steps we can choose an isomorphism of D-
modules

(3]
M < G(Sy)
such that
for every Sit1 — Si+1/S; this induces a section S;yq il Siv+1/Si,

and ® is given by these sections.

Remark. In general ® is not unique: for a non-zero BT;-module M with F
and V nilpotent, there are several different choices for ® possible.

A proof of (8.1) for BT1-modules is given in [18]. A new proof of this fact,
included in a proof in the general case, will appear in [3].

(8.2) We mention (without proof) steps that together imply Theorem (8.1).
Assume S, is a final (saturated) filtration of M which moreover contains
VI(M) as a step for every j > 0. Let

F(S*) =U; Fj

be the connected components of the associated graph. We can show the
following facts:

o If u; = word(I';) is a linear word, the steps in the connected graph I';
can be lifted to an inclusion

G(M) D> M,L'Lj — M.
e If w; = word(I'y) is a circular word such that I'; contains the lowest
step 0 = Sp C S the steps in the connected graph I'; can be lifted to

an inclusion
G(M) D My; — M.
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e Suppose I' = I'y U T’y has two connected components; this implies
G(M) =2 P' @ P"” with T'(P') = T'y and T's = T'(P”); suppose there is
an exact sequence

0P —M-—P' =0

such that P" — M gives I'(P’) = T'y and M — P’ gives T_T'(P");
then the extension M /P’ = P’ is split exact.

e Rephrased. In general an extension M /P’ = P” is non-split; however
if P c M and M — P”

give the decomposition T'(M) = T'(P") UT(P")

then the extension M/P’ = P” is split.

e Easy exercise. Assume these facts are proved. Conclude a proof for
Theorem (8.1).

This ends a proof of:

(8.3) Theorem. Any finitely generated module M over the ring k{F,V}
can be written as:

~

M < GM) = (@ M&i)@(@jec MLwﬂ))

where L is a finite set of linear words and C is a finite a set of indecomposable
circular words.

(8.4) Corollary. Let k be an algebraically closed field of characteristic p.
For any n € Zsg the set of k-isomorphism classes of finite commutative
group schemes of rank p™ annihilated by p is finite.

9 Some exercises

Convention for the exercises: a prime number p is fixed. We work over a
field k = k D F,. Write M for the category of modules over k{F,V} of
finite length, i.e. of finite dimension over k. In this category

Image(V: M — M) =: VM C M[F] :=Ker(F: M — M),
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and
FM C MV).

We use notation M, and M,, as explained in the course.
We use BT to indicate a Barsotti-Tate module truncated at level one, i.e.
M € M with

VM = M[F]; equivalently FM = M[V];

MPBT is the category of BT -modules in M.
We use x for a product of vector spaces, and & for a direct sum of Dieudonné
modules.

(1.a) Describe all isomorphism classes of M € M of dimension 2 in which
F and V are nilpotent.

(1.b) Show that Ext(Mxry, Mry) is not finite. Explain that this does not
contradict the (finiteness) result obtained in the previous line.

(2.a) Give a morphism ¢ : Q" — Q" in MBT such that Ker(y) and Coker(¢p)
are not in MPBT,

Eg. Q = Mry = Q" and Q' = ke x kFe, and Q" = kh x kFh and
p(e) = Fh. This gives an exact sequence

0= My—Q =Mry — Mry=Q" — My —0

(2.b) Give linear words w1, and up and a morphism ¢ : M, — M, such
that Ker(y) and Coker(p) are in MBT.

Conclusion. The subcategory MBT ¢ M and the subcategory generated
by all M are clearly defined; however any M € M in general decomposes
into summands in these subcategories in many ways. Kernels and cokernels
in these subcategories do not exist in general in that subcategory. Extensions
in many cases do take us out of these subcategories. In order to prove the
theorem announced by Kraft we have to do a lot of work.

(3) Consider M := My & M7%.

(3.a) Apply the process of taking “all F images, all V! images”, that
is, apply (V~!-F). Show the filtration (V~1-F)(0 C M) obtained is not
saturated.

(3.b) Apply the process of taking “all V images, all F~! images”, that
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is, apply (F~!-V). Show the filtration (F~'-V)(0 C M) obtained is not
saturated.

Remark. For a BT; module the operation (V~!-F)) and also the operation
(F~1-V)) produces a saturated filtration.The exercise shows that for an
arbitrary M € M this need not be the case, we really need both processes
(applied several times).

Question. Is this true? Check. Let u; and uy be different linear words;
for any set of words ui,us, - ,u, with r > 2 and M := ®1<j<, M{Lj the
filtrations (V~'-F)(0 € M) and (F~-V)(0 C M) are not saturated.

Question. Is this true? Check. For a linear word u and M = M, the
filtrations (V~1-F)(0 € M) and (F~1-V)(0 C M) are saturated.

(4) Consider over K = k D [, algebraically closed and for ¢ = p® define a
g-semilinear map given by the matrix

()

Show for any non-zero A1, Ao there exists

S € GL(2, k) such that S~'AS@ = Diag(\1, Aa).

(5) Suppose M/P' = P" is an extension in M such that P', P” € MBT.
Show this implies M € MBT,

(6) Find an extension M /P’ = P” with the properties:
this extension is non-split,
P’ and P" are indecomposable, and
M is decomposable.

Conclusion. You might be tempted to give a “cheap” proof of the theorem
announced by Kraft: apply induction on the number of indecomposable
summands, and consider extensions. The exercise shows this methods does
not work directly. In our proof we follow this road, with the refinement that
using directed graphs, we can recognise which extensions are possible.

We show that an extension M /P’ = P"” with I'(M) = T'(P")UT'(P") and
equality induced by P’ < M and M — P” implies that M = P’ @& P”".
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(7) Show Mj,» cannot be embedded into M7y, » 7.
(8 Find all M]:y — Mll/]:}'V‘
(9) Choose u = VFFVF; show P := M) is indecomposable.

Remark. It is quite likely that arguments as used in the previous exercise
can be used to show any M), is indecomposable, and for any indecomposable
w, the module M, is indecomposable.

Problem. Find a direct proof (not using the canonical filtration) for the
fact that M, is indecomposable for every linear words w and M, is inde-
composable for every indecomposable circular word.

10 Some examples

(10.1) We have assumed in Corollary 1.1 and in Theorem (8.3) that
(1) we work over an algebraically closed ground field,
and
(2) that we consider commutative group schemes
and
(3) moreover we consider group schemes annihilated by p.

We give examples that show these conditions are essential for the classi-
fication and finiteness result described in this section. Work over a field
K D TF,.

(a), (2+3) satisfied. For K = k(T'), using notation as in (19.2), see [43]),
consider for every t € k the group scheme N = Gr—t0. We know

N® > NG e Fye K*: WP (T —t) =T — s.

Assume p > 2. We can write v = A(T)/B(T) with coprime A, B € k[T].
Then
APTYT —t) = BPH(T — s).

Assume s # t; then we would conclude T — s divides A4, and (T — s)? divides
BP~YT — s), a contradiction.
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Conclusion. For p > 2 there are infinitely many isomorphism classes of
group schemes of rank p over K = k(7). Conditions (2) and (3) are satisfied.

Variant. For KseP) = u; k( %/T), the inseparable closure of K = k(T)
the same conclusion holds.

Variant. For K(P) the separable closure of K = k(T'), there are finitely
many isomorphism classes of group schemes of rank p over K (5P),

(b), (1+2) satisfied. Group schemes not annihilated by p. Consider
over k and x € k* the Dieudonné module M ®) with generators e, h, g and
z € k and relations

pe=0V(e)=Fe), pg=0,V(g)=F(g), V(h)=e F(h)=ug.
We see:

e ¢ generates M|y rr), and g generates M|yyr),

o M@ /M@ |[F?] has {e,h} as k-basis,

o M® /M@ [V?] has {g,h} as k-basis,

o M@ /M@ [p) has {h} as k-basis, (in particular M is not annihilated
by p).

Suppose z,y € k and consider an isomorphism ¢ : M @) — M®. Then
there are b, ¢,d € k* such that

o(e) =be (mod M(I)[]—"Q]), o(g) =d-g (mod M@ V3]), ¢(h) =c¢h (mod M®) [p]),

and we see b, c,d,x/y € F,5. We conclude:
over k algebraically closed of characteristic p there are infinitely many
isomorphism classes of finite commutative group schemes
of rank p” annihilated by p?.

Conditions (1) and (2) are satisfied. Another example can be given for rank

p°.

(c), (2+3) satisfied; Ext(Z/p, p) over a non-perfect field. Group

schemes of order p°.
Let K = k(T), and let N(®) be an extension in the exact sequence

0—>up—>N(a)—>Zi/p—>O (a).
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By [17], page 391 we know
Extic(Z/p, np) = K*/(K*)P.
For any t € k, we see
(T —t) mod (K*)?) € K*/(K™)P

is non-trivial (of order p), hence for any p > 2 the group K*/(K*)? is infinite.
Moreover Aut(Z/p) and Aut(pu,) are finite. The sequence (a) is split exact

over an algebraic closure of K, hence N(@ is annihilated by p. The set of
K-isomorphism classes of group schemes N (%) is infinite over the non-perfect
field K, while conditions (2) and (3) are satisfied.

(d), Heisenberg groups. ( Sometimes people wonder whether every (ab-
stract) group G with exponent p is commutative; for a group G its exponent
is defined as the smallest n such that 2" = e for every g € G; the exponent
of G is the least common multiple of all orders of elements in G.)

Easy exercise. A group with exponent p = 2 is commutative. Indeed,
(zy)(zy) = e, 22 =e, y?=e imply xy = yx.

As a corollary we see that any finite group scheme (over any base) annihi-
lated by p = 2 is commutative.

However for odd prime numbers the situation is different.

Construction of UT(3,p). Let p > 2 be prime number and G be the group
generated by x and y with

zi=a W lay, xz=zx, yz=z2y, aP=yP=2:P=c.

We see xy = yxz, the subgroups < x,z > and < y,z > are normal in G,
every element can be written in a unique way as x%y"z%, with 0 < u, v, w <
p, we have

G =2 <z,z>X<Yy> =2 <y,z2>X<x>,

the order of G equals p® and G is not commutative.

Claim. The UT(3,p) group G with p > 2 is annihilated by p.
Proof. Forp >2wesee 1+2+---+(p—1)=p-((p—1)/2).
Using xz = zx and yz = zy and xy = yxrz we see:

(zyV V)P = gPuyP? 42+ (=) o — o
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https://math.stackexchange.com/questions/3684342/
a-p-group-of-exponent-p
https://groupprops.subwiki.org/wiki/Unitriangular_matrix_group:
UT(3,p)#As_a_semidirect_product

Hence for any p > 2 there are group schemes annihilated by p that are not
commutative, e.g. the constant group scheme UT(3,p).

Inspired by the Heisenberg construction over K O F, with p > 2 we define
a non-commutative local group scheme by its Hopf-algebra:

E = KI[&,n,¢]/(&"n", ),

SE=E@14+1®E snp=n®1+1®n, s(=(R1+10(+LR.
This idea can be generalized in the following way.
(e), Heisenberg group schemes, (1+3) satisfied.
Claim. For any p > 2 and k = k D F, there exists a number p" such
there are infinitely many isomorphism classes of (non-commutative) finite

group schemes over k annihilated by p of rank p". Conditions (1) and (3)
are satisfied

Example. Fix p > 2 and k = k D F,. Choose group schemes X,Y, Z
defined by

D(X) = M| rry), DY) = M rvy, D(Z) = M Fy

(group laws written multiplicatively), commutative and annihilated by p.
For any A € k* we define a group scheme N over k:

e start with ¢\ = : X — Z given by ¥(e) = A\-F(h) for a generator e
of M| rry) and a generator h of M| ry1;

e define ¢ : X — Aut(Y x Z) given by the matrix
id
e (1)

NX = (v x Z) x, X.

e define

25



With these definitions the following facts are easily proved.

e The group scheme N® is non-commutative and annihilated by p.
Indeed, for any k-scheme T and z € X(T), y € Y(T), z € Z(T), we
have xy = yxy(x), vz = zz and yz = zy and, using p > 2, we see

(yaz)P = ypxpw(x)lerJr(p—l)Zp - 1.
e For any )\, 0 € k¥,
A () o N (0)
S Q ]Fp6 — N % N .
This proves the claim. a

More details about semidirect products can be found in 19.5.
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IT Is a finite group scheme annihilated by its rank?

11 Introduction. We take a group scheme G — S of finite presentation
and locally free over a base scheme S of constant rank m = rank(G/S). We
ask whether

(mloys: G = G) = (G=8-5a).

If this is the case, we say G/S is annihilated by its rank.
See [6], Exp. VIII, 7.3.1, see [43], page 5.

In case we write rank(G/S) we are assuming that G — S of finite presenta-
tion and locally free of this rank. We use the word order for the cardinality
#(H) of a finite abstract group, and rank as indicated for finite group
schemes; if the base ring is local "locally free” for a module is the same as
free.

Notation. For a group scheme G = Spf(FE) over a ring R and a posi-
tive integer r we write [r] : G — G and also [r] : E — E for the mor-
phis/homomorphism given by x +— 2" on all x € G(R’). This amounts
to:

] = (E—>E®m—‘ﬂ§E)

We can cover S by affine scheme, and we see the question can be translated
into the following. Suppose R is a base ring (commutative with 1 € R), let
F be an R-Hopf-algebra, of finite presentation, flat of constant rank m. We
ask whether

] : (E—’”>E®mm—‘ﬂ§E) L (ELE/IE:R—HE).
In this case we say the Hopf-algebra is annihilated by its rank.

We will see that at present an answer to this question in the general situation
is not known. This part of this note is not well-organized, may contain
mistakes or misleading arguments.

Convention. Saying that G is a finite group scheme over R we assume GG

is of finite presentation and locally free of constant rank over a base ring R,
unless otherwise mentioned.
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Obvious observation / Exercise. Suppose G is a finite flat group scheme over
a ring Ry; let Ry < Ry be an inclusion of rings, and suppose G' ®p, R is
annihilated by its rank. Then G/R; is annihilated by its rank.

We recall some basic facts, used below.

(11.1) Suppose K D F), is a perfect field, and E is a local K-Hopf-algebra.

Then there exist integers ni,- -+ ,ng and an isomorphism of K-algebras
E~g Klm, - ,71a)/(T} 1,--- ,Tg d).

See [44], 14.4, Theorem.

Example. If K D F, is a non-perfect field, a € K with ¢/a ¢ K,
E = K[X,Y]/(X?”,X? = aY?) defines G := Spf(E) C (G,)2,

a subgroup scheme of rank p3, and E is not of the form described in the
previous result.

(11.2) Suppose G is a group scheme, locally of finite type over a field K.
The identity component GO is an open and closed subgroup scheme, and for
any field extension K C L we have G' @k L = (G ® L)°.

(11.3) Suppose G is a finite group scheme over a field K. The identity
component G° is a normal subgroup scheme, we have an exact sequence

e—>G'— G — G > e,

and G — G° is the largest etale quotient of G.

(11.4) Suppose G/S is a finite group scheme of finite presentation and
locally free over a base scheme S of constant rank m = rank(G/S). Suppose
the integer m is invertible in all local rings of S.Then G — S 1is etale.

(11.5) Let G be a locally algebraic group scheme over a field K. The center
of G is a closed subgroup scheme of G.

See [40], 39.8 for a definition of the center of a group scheme, and for a proof
of this fact.
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Example. An abstract finite non-trivial p-group has a non-trivial center.
The analogous statements is not true for finite group schemes. The non-split
group scheme G = oy, X 1y, to be studied below, see (15.1), has rank p?, is
non-commutative, and its center is trivial.

(11.6) Let G be a finite flat group scheme over a base scheme S and let
G1 C G be a normal subgroup scheme flat over S. Then the (categorical)
cokernel Gy = Coker(G1 — G) exists. In case G and Gy are of constant
rank over S, then rank(G) = rank(G1) X rank(G3).

For further information and for proofs, the reader can consult [24], [6], [43],
[42], [37], [36], [32], [35], [44], [22].

12 Known cases

(12.1) Proposition (Edixhoven). Let A be a finite flat R-Hopf-algebra,
with augmentation ideal I C A. Let p be a prime number. In this case

[p|(I) = pI + IP.

For the elegant proof, see [37], Proposition 2.1, [39], Proposition 2.1. From
this one concludes:

(12.2) Over a field. Theorem. Suppose E is a Hopf-algebra over a field
R =K. In this case E is annihilated by its rank.
See [37], Corollary 2.2, [39], Corollary 2.2. See [6], VII4.8.5

We conclude that any group scheme finite and flat over an integral domain
1s annihilated by its rank.

(12.3) Commutative finite group schemes.

Theorem (Deligne, 1970). Any commutative group scheme of finite pre-
sentation is annihilated by its rank.

Comment. In general we can try to transplant a proof in the theory of
groups to the theory of group schemes.

Suppose H is a finite commutative abstract group; in this case we can prove
Lagrange’s theorem as follows: for any y € H with #(H) = m we have

(I 9=-T1 o2y x(I] o5 bewce ym =

z€H reH zeH
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The equality = uses the fact that H is commutative. Deligne had the insight
how to formulate this proof “without using elements”. For details see [43],
Theorem on page 4.

(12.4) Etale group schemes. We observe (a theorem by Larange) that
an element in a finite abstract group H has order dividing the order of H.
Hence

Theorem. Any etale group scheme G — S is annihilated by its rank.
Indeed, first assume S is connected. We can cover S by affine schemes 5;
such that for any S; = Spf(R;) there is an etale cover Spf(R}) = S, — S;
and a finite abstract group H or order equal to rank(G/S) such that we
have G ® R, = H R}, & constant group scheme, and the Lagrange theorem
implies G ® R}, hence G/S is annihilated by its rank.

(12.5) Corollary. Suppose the integer rank(G/S) is invertible in all local
rings of S. Then G/S etale and G/S is annihilated by its rank.

(12.6) Small artin rings

Theorem (Schoof, 2001), see [37], Theorem 1.1. Let R be a local artin ring,
with mazimal ideal m = mp, and m? = 0 = pm and R/m D F),. Any finite
flat group scheme over R is annihilated by its rank.

As far as I know these are all known general cases where “annihilated by
rank” has been proved.

13 Reduction of the problem

(13.1) Problem. Let p be a prime number, R a local artin ring, with
mazximal ideal m = mp and algebraically closed residua class field R/m =
kD F,. Let n be a positive integer. Is every finite flat local R-Hopf-algebra
of rank p™ annihilated by its rank?

Suppose the answer to (13.1) is affirmative. Then it follows that any group
scheme GG — S of finite presentation and locally free over a base scheme S
of constant rank is annihilated by its rank. We leave this as an exercise to
the reader. You can also consult [39], Section 1.
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14 Lifting and deformation problems

(14.1) In general deformation problems in algebraic geometry e.g. we al-
ready find in a paper by Kodaira and Spencer in 1985; later in the theory
of schemes many theoretical results were described by Schlessinger (1986),
Grothendieck and many others.

In many cases we can accurately describe a deformation problem in case of
a “small surjection” R — R’ of local artin rings; this means a surjective
homomorphism ¢ with Ker(p)-9tr = 0. In case the deformation problem
is unobstructed (for example for algebraic curves, for principally polarized
abelian varieties) this theory provides us with satisfactory answers.

If a deformation problem is obstructed in a given infinitesimal step, it seems
hard in general to obtain final answers to lifting problems. For abelian
schemes this was circumvented by Mumford by his theory of “displays”,
later generalized by Zink in his theory of “windows”.

We start with examples for finite group schemes.

(14.2) (1) For K D ), and a local ring R — K with 0 # p-1 € mp, and
p-1 ¢ m% we see that o, x cannot be lifted to R. If you would not know
the structure of all group schemes of rank p this obstructed situation would
seem mysterious.

(2) Let K D F,, and R = K[e]/(¢?) and H' = G in the notation of (19.1).
Let R — R’ be a ringhomomorphism with F,, C R.In this case H' cannot be
lifted to R.

There are many examples of H'/R' and an integral domain R and R —
R’ where H' cannot be lifted to R.

(3) Let Go = oy % 1, be a non-split (non-commutative) group scheme over a
field K of characteristic p, see (15.1). Let R be a characteristic zero domain
with R — K. The group scheme Go/K cannot be lifted to R (as there does
not exist a non-commutative abstract group of order p?). More difficult, and
in fact more interesting;:

(4) Let Go = oy % i, be a non-split (non-commutative) group scheme over a
field K of characteristic p, see (15.1) and let R be a local artin ring, R — K
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with 0 # p-1 € R. In this case Gy cannot be lifted to R — K; see [37],
Proposition 3.3.

Do there exist group schemes of rank p? over a ring R with 0 # p-1 € R?
Although the previous examples seems to suggest the answer should be
negative, we will give many examples, see 19.6.

We see that there exist a non-commutative finite group scheme that cannot
be lifted to characteristic zero. However for commutative group schemes the
situation is different:

(14.3) Theorem (Mumford-FO). A finite commutative group scheme Ny
over a field k can be lifted to characteristic zero. See [29].

Comment. We know in general the lifting situation can be obstructed, e.g.
see (14.2.1). In the situation of (14.3) a method was developed bypassing this
difficulty: first deform the situation characteristic p to a “better situation”,
and then lift. This method was successful for commutative group schemes,
later it was used for a proof of the “Grothendieck conjecture” and for the
(obstructed) situation of lifting an algebraic curve with an automorphism.
For a description of this method and for references where this was used see
[31].

Suppose we wold know that any G over a local artin ring R’ could be lifted
to an integral domain R — R’ that would solve the “annihilated by rank”
problem. We know however many situations where a lift to an integral
domain does not exist.

Do we know any method analogous to this that can be of help for the prob-
lem “annihilated by rank”? We do have an extensive theory of obstruction
calculus and deformation theory of finite group schemes, however up to now
I have not been able to successfully applying this theory tot the problem
studied.

(14.4) Obstruction calculus. For a small surjection of artin rings and
for finite for group schemes the following references give full solutions to
these questions: [12], [13], [14].
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15 Group schemes of rank p?

(15.1) In [43], on pages 6/7 we see a non-commutative group scheme over
any characteristic p ring R D F),. An easy way to remember the construction

is:
T = (‘g’ 01?) .
This group scheme T has the following properties:
e rank(7) = p? and T is non-commutative;
o T = Spf(R[p,0]/(p? — 1,0P)), the comultiplication is given by
s(p)=p®p, slo)=pRoc+o®l,

the augmentation is given by p— 1, o +— 0,
and the coinverse is given by p+— 1/p, 0 — —0o/p;

e there is an exact sequence
e—=op—T = pp—e,

R[o’] « R[p,0] <> R[p], o' ¢ 0,

where the normal subgroup «;,, C 7 is given by p — 1
and there is a subgroup u, C T given by o = 0;

e in fact
T = ap % pp, given by the natural map p, — Aut(a,) = Gy,

and the center of this semi-direct product is the trivial subgroup e :

S—=T.

e Note that 1 : up — Gy, and @2 : p, = Gy, give
p Ny Hp = Qp Ny Hyp.

T is not annihilated by p, and 7 is annihilated by p?.
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(15.2) Proposition. Any group scheme of rank p? over a field K of char-
acteristic p is either commutative or it is non-commutative, and in this case
over an algebraic closure of K C k isomorphic with T ® k.

Essentially this is contained in [37], proof of Proposition 2.3. Here is a sur-
vey of arguments proving (15.2).

It suffices to give the proof in case K = k is algebraically closed. Etale
group schemes of rank at most p? are constant and commutative.

If GV has rank p, then Gy is commutative and G = G° x G, hence com-
mutative.

Suppose G = G, a local group scheme of rank p?. If G # G[F], its Hopf-
algebra E = k[X]/(X?") has a maximal ideal generated by one element, and
G is commutative.

Remaining case: suppose G is of height one, i.e. G = G[F], and E =
k[ X,Y]/(XP,YP).

Either G is commutative and we are done. Suppose G is not commutative;
in [37], page 4 we see that the p-Lie algebra of G/k has a non-zero ideal of
dimension one (here we essentially use that this p-Lie algebra has dimension
at most two). In this case we conclude there is a normal subgroup scheme
N C G of rank p. Both N and G/N are commutative and for both there
are two possibilities, o, or fip.

A careful analysis of the four resulting cases shows that three of these
give a commutative G, and that only the case N = o, and G/N = p,. A
further analysis, case (iv) on [37], page 5, shows that a non-commutative G
has the structure of G = ay, X pp; as we know all p, — Aut(ay) = Gy, see
the description in (15.1), we are done. O (15.2)

Remark. See [2] for a discussion of p-Lie algebras. We see there is a simple
p-Lie algebra of dimension three, see [2], 4.1.1.

16 Hierarchy and peak group schemes

This section contains new material. However, of any value? We will see in
the future.

(16.1) For a finite group scheme G over a field K we consider the pair

(G,K). We say (G1,K1) and (G2, K2) are geometrically isomorphic, and
we write (G1,G1) ~ (Ga, K») if there exist a field Q containing K; and
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containing K9 and an isomorphism G| ® 2 & G2 ® ; a class under this
equivalence relation is denoted by [G, K].

We write [G1, K1] > [G2, K2] (defining a “hierarchy”) if “there exists a
specialization from G to G” | i.e. if there exists an integral scheme S, with
a closed point 0 € S(K) and generic point 1 and a finite flat group scheme
H — S with (Gl,Kl) ~ (Hn,li(’r]) and (Go,K()) ~ (Ho,K).

Note that the relation “>” is transitive, see [29], Lemma 2.1.

We say G is a peak group scheme, if G is a finite group scheme over a field
K and any (G', K') » (G, K) implies (G', K') ~ (G, K)

(16.2) We recall: Let R — R’ be a surjective homomorphism of local rings.
The base change functor gives an equivalence of categories between finite
etale algebras over R’ and finite etale algebras over R.
See [9], 18:1 Une équivalence remarquable de catégories” in particular The-
orem 18.12 on page 109.
We conclude that any etale finite group scheme (G,K) is a peak group
scheme.

Describe all peak group schemes of rank p? over a field k D Fp.

17 Moduli

In mathematics, in particular in algebraic geometry it is convenient to clas-
sify isomorphism classes of objects considered. In 1857, discussing what we
now call Riemann surfaces of genus p, Riemann wrote: “.
behorende Klasse algebraischer Gleichungen von 3p— 3 stetig verdnderlichen
Grossen ab, welche die Moduln dieser Klasse genannt werden sollen.” See
[34], Section 12.

It took mathematicians some time to formulate precise results (represent-
bable functors, Grothendieck, coarse moduli schemes, Mumford, a long lists
of names and statements). One of the obstacles is that the notion of “mod-
uli” is a bit complicated in case objects to be considered have non-trivial
automorphisms. There are basically two ways to overcome this. Either
use stacks, coarse moduli schemes. Or “rigidify” objects, thus eliminating
non-trivial automorphisms. In our case this last method seems the easiest.

. und die zu thr

(17.1) For a given m € Z~( we study triples (R, N, 3), were R is a com-
mutative ring with 1 € R, and N = Spf(E) — Spf(R) is a (finite) group
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scheme, with augmentation ideal I = Ker(4 — R), and
B:R™ T

is an isomorphism of R-modules. This implies that E is R-free hence R-
flat. Note that the interesting case that R is a local ring and FE is finitely
generated and flat implies that F is R-projective, hence F is R-free, and [
is R-free of rank equal to rank(E/R) — 1.

We show that R +— (R, N, ) defines a representable functor.

(17.2) Theorem. There exists such a triple (R, N 30 we write
R =R N = Spf(AM), with A™) = A,
such that for any triple (R, N, 3) there exists a unique ring homomorphism

Y : R — R such that
(R,N,8) = (RMW N gMye, . R.

Proof. The equations for comultiplication, coinverse, and augmentation are
given by a finite number of coefficients. Use these as variables T;; the Hopf-
algebra conditions give an ideal J = J™ c Z[T}], write R"™ = Z[T;]/J,
and define the R(™-Hopf-algebra A™ by these relations. For any (R,N,p)
the coefficients in its comultiplication, coinverse, and augmentation define
¥ : R — R and the result follows. a

Remark. For any algebraically closed field k the set of k-isomorphism
classes of finite group schemes of rank p equals GL(k, p)\RingHom (R, k).
Even in case the quotient GL,,/(Spf(R(™)) would exist, in general N'™) does
not descend to this quotient.

(17.3) Example. In case n = p =2 we know R = Spf(Z[A, C|/(AC —p)),
and the structure of R® c A®) is known, see [43], see 19.2.

If n = p > 2 the structure of R is more complicated. For A, as in [43],
the quotient of Spf(R®) @ A, by GL, and by Z/(p — 1) is isomorphic with
Spf(Ap[A, B]/(AB + p)), which is an integral domain.

It seems not easy to describe R(™) explicitly for every m.

Fix a prime number p and an integer n > 0. We see Spf(R®")) is of finite

type over Z, this scheme has finitely many irreducible components. These
can can be of three different kinds:
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(0) There are irreducible components 7" C Spf(R ")) such that the generic
point of T' is in characteristic zero.

(p) It can happen that an irreducible component T C Spf(R®%)) is pure
in characteristic p.

(Op) Forn > 1 there exists at least one irreducible component T' C Spf(R "))
such that it is not of type (0) and not of type p. This seems an obstacle
for progress.

(17.4) Expectation. We expect that in case m = p" any irreducible
component T C Spf(R®")) has a geometric point Py € T(k) such that
N(n) XT Po = (Oép)n.

(17.5) Another approach to be used in 19.8 below. Fix a field K D F,
(we prefer K to be perfect), and a finite group scheme Gy/K. Consider
artin local rings R with R/mpr = K. Consider pairs (G,) of a finite flat
group scheme G/R with a given K-isomorphism

¢:G®RKL>G0.

This gives a prorepresentable functor Def(Gy) (the local moduli problem).
Properties of the representing object can be studied. This can be studied
via a completion of a local ring on Spf(R®")).

In particular we can choose Gy = (ay)". Choose all (R, G, ) where R is a
local artin ring with residue field R/mR = K characteristic p, and a given
isomorphism

¢0:()"®@K —G®R.
This functor is prorepresentable. We write A for the ring prorepresenting

Def((a;)™). This is a finitely generated W (IF,)-algebra.

Let 0 = (R, N, ) with N and § given by (a,)". We see that R(™ is the
formal completion

A = (R(m))/0,

If the answer to (17.4) is positive, every component of Spf(R("™) can be
studied via the universal family over A(™).

37



18 (Non)-Ideas?

In this section we collect some ideas that (at present) did not lead to an
answer to the question whether every finite group scheme is annihilated by
its rank.

(18.1) Torsion subschemes. Let G be a finite flat group scheme over a
ring R, and let ¢ € Z~¢. Let G[q] — G, a closed subscheme, be defined by
the cartesian diagram

Glq|~——C

"

S ——G.

Can this be of any help to study “annihilated by rank”? In general, even
over a base field, G[g] C G need not be a subgroup scheme (as we see already
in the case of abstract groups). Moreover, over an arbitrary base Glg] — S
in general is not flat (examples are easy to give). A far as I know a study
of this subscheme is of no help for our problem.

(18.2) Lifting to a domain. Suppose G is a finite group scheme over a
ring R, let Ry — Ra be an inclusion of rings. If G ®pg, R is annihilated
by its rank, then G/R; is annihilated by its rank.

If G is a finite group scheme over a ring Ry and Ry — R; is a ringhomo-
morphism, and if there exists a finite flat group scheme G3 over Ry such
that G1 = G2 ®pg, R1 and Ga2/Rs is annihilated by its rank, then G/R; is
annihilated by its rank.

Note that any finite group scheme G over a domain R is annihilated by its
rank.

Indeed, embedding R into its field of fractions R — Q(R) = K gives (G ®p
K)/K, and we know a finite group scheme over a field is annihilated by its
rank, hence G/R is annihilated by its rank.

Can we lift any finite group scheme to a domain?

Example. As we see already by the remark on page 6/7 in [43], also see
(15.1), there exist commutative group schemes of rank p?, and these cannot
be lifted to a characteristic zero domain. In 19.5 we show that for any prime
number p and any e € Zx> there exist a ring R in which 0 # p®1 € R and
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a non-commuative group scheme G /R of rank p?; for e > 0 in this situation
lifting to an integral domain is not possible.

Example. Take R = F,[c]/(¢?) and G = G, with a = ¢ = b. There does
not exist a characteristic p domain Ry and a surjective ring homomorphism

Ry — R and a lift of this Ggp/R to Rs.

Example. Take n > 2 and Gy = (ap)". Consider A™ = (R(M)/0 as in
(17.5). As Go can be lifted to every constant groups scheme in charcteristic
zerop, we can find two irreducible components T1, Ty C Spec(A(™) say, with
generic fibers Z/(p™) respectively (Z/(p)™). Choose 0 C Spf(R) C T1UT, C
Spec(A™) with Spf(R) C T; and Spf(R) C Tp. The universal G/Spf(R)
cannot be lifted to a commutative group scheme in characteristic zero.

Conclusion. The method “lifting to a domain” does not answer “annihi-
lated by rank”.

(18.3) Finding a subgroup scheme. We will see that there exist finite
flat group scheme G — S of rank p" for any n € Z>3. such that there is no
subgroup scheme e G H G G. See (19.8) This method does not give a proof
for the “annihilated by rank” problem.

There is a long list of all kind of ideas and methods I tried, and for the

moment, none of these did lead to a conclusion about the “annihilated by
rank” problem.

19 Examples
Convention. We will say a ring I' has characteristic zero if it is an integral
domain, and the canonical ringhomomorphism Z < T' is injective. L.e. For

any n € Z~g we have 0 #n-1 € T

The property “for any n € Z~g we have 0 £ n-1 € I'” does not imply I’
is an integral domain, we will see examples.

We will say a ring I' has characteristic p if it is an integral domain and
0=plel.

Suppose Ny is a finite flat group scheme over a ring R. We say Ny/R
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can be lifted to characteristic zero if there exist an integral domain I' of
characteristic zero, a ringhomorphism 1 : I' — R and a finite flat group
scheme N/I" with N ®@r R = Ny/R.

We will not discuss: abelian varieties, abelian schemes, matrix algebras.

Over any field of characteristic p > 0 there is precisely one local-local group
scheme of rank p: a,. Moreover Cartier duality gives (a,)? = ay.
Convention. Schemes of different base schemes should be denoted by dif-
ferent symbols. However we make an exception for examples like ), tim,
where the base scheme in the notation is omitted in case the context makes
clear what is intended. However, be careful: End(cy) is not well-defined
without specifying the base scheme.

Over any algebraically closed field of characteristic p > 0 there is precisely
one etale group scheme of rank p and it is an etale-local group scheme: Z/p;
over any perfect field K of characteristic p > 0 any etale-local group scheme
of rank p is given by a continuous Galois representation Gal(K*/K) — F;.

An analoguous statement for a local-etale group scheme of rank p: for
K there is precisely one, namely 1, and over a perfect K it is given by a
continuous Galois representation Gal(K*/K) — ;.

(19.1) TO group schemes. Group schemes of rank a prime number p
are classified in the paper [43]. In order to obtain a feeling for the topic
describe this classification in one special case:

Exercise. Describe all group schemes over an arbitrary base ring R in the
case the augmentation ideal is free of rank one. See [42], 3.2, [35], 8.6.1.

Hint. The Hopf-algebra is E = R @ I, write I = R-x, then 2? € I and use
the comutiplication and the ring structure in order to describe E explicitly.

We recall results and notations contained in [43].
A first result: a group scheme of prime rank is commutative, and annihilated
by it rank, [43], Theorem 1.

For more general base schemes, consult that paper, but let us assume here
that the base ring is a noetherian complete local ring R with residue class
field R/mp = kK, a field of characteristic p. Note that in this case p — 1 is
invertible in R, all (p — 1)-root of unity contained in IF,, C  lift uniquely to
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R, and any finitely generated, flat R-module is free.
There exists a symmetric polynomial
1
Dp(X,Y) € Z[Eafpfl][Xa Y]

homogenous of degree p and X and Y do appear in every term;

this polynomial D,(X,Y’) is characterized by (X +Y +pD,)? = X+Y +pD,
with X? = X and YP =Y.

Examples: Dy = —XY, D3 = —(X?Y + XY?)/2.

For

a,c € R with ac = p we define G¢ = Spf(E¢) as follows:

E¢ = E = R[z|, augmentation x — 0, with P = ax, a comultiplication is
given by
s(x)=2@1+1®@z+cDy(z®1,1® )

and a coinverse is given by

vr)=—x if p>2; wx)=+zx if p=2

(19.2) Theorem, see [43], Theorem 2.
(1) For a noetherian complete local ring R with residue class field R/mp = kK,
a field of characteristic p, and

a,c € R with ac = p and comultiplication s(—) and coinverse (—)

given above the result is a R-Hopf-algebra free of rank p.

(2) Conversely if G is a flat R-group scheme of rank p there exist a,c, s,. as
above such that G = Spf(R|[z]).

Notation. This group scheme will be denoted by Gg = Gg, p.

(3) The group schemes

Ggl and Gg2 are isomorphic R-group schemes

if and only if there exists a unit u € R* such that

wlay =ay and u'"Pey = co.
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(19.3) Let H be a finite abstract group. Over any base scheme S we
define H g by the representable group functor H ¢(7") = H for any connected
scheme T" and T" — S. This is called a constant finite group scheme.

Over any base G, is given as A! with + as group law; for a base scheme
S = Spf(R) its Hopf-algebra is given by F = R[X], the augmentation is
given by X — 0, and s(X) =X ®1+1® X and «(X) = —X.

For a base in characteristic p > 0 we have, a;, = Ker(F : G, = G,), and
its Hopf-algebra for p-1 =0 € R is R[z|, with 2P = 0.

Over any base Gy, s is given as A\ 0g with x as group law; over a base ring
R its Hopf-algebra is R[T,1/T], augmentation 7' +— 1, and s(T) =T ® T);
for any integer m > 1 over a base ring R we have the finite group scheme
pm,s = Ker([m] : G, g — Gy g); over a base ring R its Hopf-algebra is
R[T,1/T)/(T™ — 1) with augmentation 7"+ 1 and s(T)) = T'® T. Over any
base scheme we have

D
(umys)D =Z/m_, and Z/m = lim,S-
S —S

Over any base scheme on which m is invertible p,, s — S is etale.

This confirms the solution you probably gave for the exercise above: for
p = 2 the Hopf-algebra of a group scheme of rank 2 such that I is free of
rank one is given by a,b € R with ab = 2, with F = R[z], 2? = az, and

s(x)=r®1+1®z—cr®x, and v(x) = x.

For the construction of units wy = 1,ws, -+ ,wp—1 and w, we refer to [43],
pp. 8-10. Here we need the existence of w,_; and the property w, = p-wp_1.
These elements satify

One property of these elements is w; = j! (mod p) for 1 < j < p — 1.
wp—1 mod p = —1 € ).

The group schemes G,;. Using (over a base ring R, omitted in the

notation here) the group scheme G¢, with ac = p, writing b = w,_1c, we
define G by

b/wp—1
Gup =Gy =Gd " =Gaw, 1e, awp_1¢=ab=wp 1p.
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Cartier duality. We have:
(Gap)? = Gha, (GO)P = G%ﬁﬁzl.

See [43], page 15.
The group scheme

%R =G =Gruw, ,p isgivenby a=1, b=w,=wp_1p, c=p,
and
Up,R = G}U/pwp*l =Guy,1 isgiven by a=wp, =wp_1p, b=1, c=1/w, 1.
See [43], the proposition on page 9.
In particular, if p-1 =0 € R:

@R =G0 = G(l)a and ppRr = Gal = Go,1.

For a € k and ¢ € k*, and for R complete local R/mR = k and ¢ € R* we
can scale by »-y/w, and have G§ 2 p,, = G, respectively G§ 2 u, p = G

(19.4) Terminology: eale-reduced. For a commutative ring R we write
VO={z € R|3n € Zsy: 2" =0}.

We say a commutative ring R is reduced if /0 = 0, i.e. R has no non-zero
nilpotent elements.

(1) For a non-perfect field K and a K-algebra E it can happen that E is
reduced and F ® K®°P is non-reduced; here K®°P is the smallest perfect
field containing K. For example an inseparable extension K C K’ has this
property.

(2) There exists a reduced group scheme G over K such that G ® K*%P is
non-reduced. For example, choose a € K with ¢/a ¢ K. Consider

G = Spf(K[X, Y]/(X? — aY?)) C Sp{(K[X,Y]) = (Ga,x)*.
Show K[X,Y]/(XP — aY?P) is reduced, but K[X,Y]/(XP —aY?) @ K(¥/a)

is not reduced.
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(3) For a scheme T the sheaf of nilpotents I C Or defines a closed subscheme
Treqa:=Z(I) CT.

For a group scheme H over a perfect field L the subscheme H,.q C H is
a L-subgroup scheme.

For a group scheme G over a non-perfect field K, in general, Geq C G
is not a K-subgroup scheme. For an example se below.
(4) For a group scheme H over a perfect field L the L-subgroup scheme need
not be a normal subgroup scheme.
(5) For any field K and a K-algebra E of finite K-dimension the following
are equivalent:

(E/K isetale) & (E is reduced).

See [36], Proposition on page 23.

We see that for a finite group schemes over a field the notions “etale” and
“reduced” are the same.

(6) Hidden nilpotents. Let K ba a non-perfect field with a € K with
Ya ¢ K. The closed subset

G :=Spf(E) CSpf(K[X])=Gax, E=KI[X]/(X” +aXP))

is a finite subgroup scheme. In this case Gi.q C G is not a K-subgroup
scheme. We have = Ey x Fy x --- x E,: the scheme G is a disjoint union
of p subschemes, with

By = K[r]/(7), E; = K({/a),1<j<p.

The ideal I — (7) of nilpotents has K-dimension equal to p — 1. The ideal
of nilpotents of E ® K ({/a) has dimension p x (p — 1) over K(¥/a).

(7) Another example that Gyeq C G is not a K-subgroup scheme and of
hidden nilpotents can be found in [4], 3.10: choose an ordinary elliptic curve
Ey over k D F), take the universal deformation E/E[[t]] in characteristic p
and let G = E[p], a finite group scheme of rank p? over K = k[[t]]. Here
G'ed 1s nog a subgroup scheme, and we have “hidden nilpotents” as above.
Here we see that such examples appear quite naturally.

Reminder. In (15.1) we find a description of a non-commutative group
scheme of rank p?.

(19.5) Semidirect products Let N and H be (abstract) groups, written
multiplicatively. Let ¢ : H — Aut(N) be a homomorphism of groups. We
define the semidirect product

G=Nx,H
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as follows: as sets we have a bijection G = N x H, and the group law on
this product is given by:

(x1,91) (22, y2) := (z1-90(y1) (22), y1-Y2).

We see that conjugation on the normal subgroup N C G is given by

(Ly)(z,1)-(1,y7") = (o) (x),1).

Note that N = {(z,1)} C G and H = {(1,y)} C G are subgroups.

For group schemes this can be generalized as follows. Suppose given group
schemes N and H over some base scheme S. Define Autg(N) as

Autg(N)(T) = Autp(Nrp), forany T — S.

Example. Show Auty(op r) = Gy, ik for any base field K O F,. For a
proof and a generalization see 19.6

(19.6) We compute Aut(G) over any A, base ring R.

Note that Z/p operates on a group scheme annihilated by p, hence elements
of (Z/p)* = Z/(p—1) act as automorphisms; moreover these commute with
automorphisms. Suppose the Hopf-algebra of G§ = Spf(FE) is free over R; for
example this is the case if R is a local ring. The action on E = R[7]/(7P =
aT) splits the augmentation ideal I in eigenspaces, each of them free of rank
one, and any automorphism of G¢ (over any base extension) respects this
splitting. This we use to prove the following result.

Theorem.

Aut(GS) = Spf(R[\, %]/(a()\p_l —1),¢(\’"t—1)); note that ac=p-1€ R

with comultiplication A — A ® X, coinverse X — 1/A and augmentation
A1

Proof. Over any base ring R’ we can view an automorphism of the Hopf-
algebra R'[7]/(7P — aT) as a ringhomorphism given by 7 — A-7. The con-
dition 7P = a7, after multiplying with 1/A, gives a(A?~! — 1) = 0. This
condition applied to the comultiplication gives ¢(\P~! — 1) = 0. Any in-
vertible value of A satisfying these relations gives an automorphism, and all
automorphisms are given in this way. This proves the theorem. O

For example a = 0 = ¢ gives Aut(a,) = Spf(R[A, }]) = Gy
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Comment. For abstract groups there is no nontrivial homomorphism
Z]p — Aut(Z/p); any Z/p x Z/p is split commutative. However for group
schemes an analogous situation is very different. Over k& we have a homomor-
phism g, <= Aut(oyp k). Over several base rings we can have a non-trivial
GG — Aut(G), and we will see consequences below.

As we will see, G = oy, X 1 1, as above cannot be lifted to a ring R in which
p-1 # 0. One could therefore wonder whether there exist non-commutative
finite group schemes of rank p? over a ring in which p-1 # 0. We will see
that for every integer » > 0 there exists a local artin ring R and a non-
commutative group scheme of rank p? over R such that 0 # p™-1 € R, see
(19.8).

Acknowledgement. I thank Alexander Petrov who showed me this is not
the case, see (5) below for p = 2 and p-1 # 0 € R, and I thank Alexander
Petrov and Shizhang Li for further exchange of examples and ideas that lead
me to show (5) below.

(19.7) We study (non-commutative) group schemes G = G¢ x, G§. We
write G x Gg in case o will be specified later.
Convention for this subsection:
k is an algebraically closed field of characteristic p and
R is a local artin ring with R/mp = k.
Note that

if a € R* then G¢ 2y GY ~p Z/pg,
and
if ¢ € R* then G =g Gil"™ =g G) 2g i .

We consider a finite flat group scheme G of rank p? over k or over R. We
mention and show the following properties:

(1) Over R any p, X Gg is commutative and split, and any Z/p x Gg is
commutative and split.

(2) A non-commutative group scheme G of rank p? over k is G = Qp o X fhp ke
over k, as described in 15.1. In particular, up to k-isomorphism there
is only one non-commutative group scheme of rank p? over k. See [37],
Prop. 2.3.
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(3) Suppose Go/k is Gy = oy X fip i, and suppose G/R is a lift of Go/k
over R — k. (A lift over R is supposed to be flat over R.) Then there
exist a, ¢, p such that G = G X, pp . See [37], theorem on page 13.
Comment: compare with 19.8.

(4) In the situation as in (3), if G is non-commutative, then p-1 =0 € R.
We give a proof; also see [37], Prop. 3.3.
In other words: Gy = oy, X fip ) as in (3) cannot be lifted to a a ring
R in which p-1#0 € R.

(5) For any prime number p, for any integer r € Z~ there exists an R with
p'1 #0 € R, and a,¢,C € mr and A € R and a non-commutative
GS x GG over R.

Proof. (1) For u, = G over R, the case ¢ € R* and for Z/p = G, the case
a € R+ we have

Aut(G5) 2 SpE(RIA, 11/(a(3™" — 1), e — 1)) 2 SpE(RIN/ (30! ~ 1),

a group scheme of rank p — 1, and any homomorphism to Gg is trivial. This
proves G¢ x G4 is commutative for these cases. This proves (1).

(5) Choose u,v € Zsp, e.g. u =1 =wv. Choose R = Z[n]/[r""" — p,p"7];
note that p"-1 #0 € R. Wetakea=7"% c=p", 1 <w<u+v, C=7",
A =7 and &, ,&p—1 = pP"; note that ac = p = AC, and C&; = 0
for every j and &;,&;, = 0 for every ji, j2. We define

¢+ R $)/(@(0 = 1),e(0 !~ 1)) = Rl7) /[ — Ar]

by A= 143 1 cicp g &7, We see that ¢/ (a(W~1—1)) = 0= ¢/(c(\P! -
1)). Hence ¢’ is a ring homomorphism, defining

0 GG — Aut(GY).

As a&; = 0 every j we see that

s =s1+ > &)

1<5<p-1

This proves (5).
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Survey. We see that

G = a1, X fip 1, non-commutive cannot be lifted to a ring R with p-1 # 0,
however

Qp i X op g and o g X @k can be lifted
to a ring with p”-1 # 0 € R for any integer r > 0.

Comment. Consider R?*) as in 17.2. We see there exists a quotient
RP*) - A such that N'?*) O (p2)
integer r > 0 we have p"-1 # 0 € A, however there is no ring homomor-
phism from A to a characteristic zero domain. We will not consider A as a
characteristic zero ring.

A is non-commutative, and for every

Proofs can be given for statements below.

(19.8) Examples. (1) For any r € Z>q there exists a local artin ring R in
which p-1 # 0 and a finite flat non-commutative group scheme G /R of rank
p? over R such that for any R C R', where R' is a local artin ring, there is
are non-zero proper subgroup schemes Ny C G ® R', and H C G ® R’ both
flat of rank p over R' with the property that (G ®r R') = N1 x H.

(2) For any n > 1 there exists a local artin ring R and a finite flat com-
mutative group scheme G/R of rank p"™ over R such that for every R C R/,
where R’ is a local artin ring, there is mo mnon-zero proper subgroup scheme
Ny € G® R’ flat of rank p over R'.

20 Tate-/-groups, p-divisible groups (Barsotti-Tate groups) and
the EO-stratification

In this section we give some background (not essential for understanding my
talks).

(20.1) Suppose A is an abelian variety of dimension g over a field K and ¢
is a prime number not equal to the characteristic of K. For every n € Z>g
the group scheme

Al = ([0"]): A — A)
is a finite group scheme of rank ¢?™9 etale over K. It can be described as a
Galois module with Gal(K*°?/K) operating on (Z/¢™)?9. The Tate-{-group
or the Tate-f-module is defined as

Tye(A) = lim (A[¢"]), lim. = proj.lim
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which is “the same” as Ty(A)(K) = (Z,)? with a continuous Galois action.
This tool gives an important point of view on the arithmetic of A. Many
important theorems in number theory use this approach.

Variant. Suppose S is a base scheme, ¢ is a prime number invertible in
all local rings of S and A/S is an abelian scheme. We define Ty(A) =
lim, (A[¢"]) and also in this situation this is useful tool

(20.2) How do you use this circle of ideas for a prime number p equal to
the characteristic of K7 Iacopo Barsotti and John Tate pioneered in the
period 1962-1967 by introducing a new concept:

p-divisible groups, also called Barsotti-Tate groups.
The technical advantage is that these can be usefully studied over any base
scheme. For an abelian scheme A over a base scheme S define

Ap™] =lim, (A]p"]) =U, A[p"], lim_, = ind.lim.

The choices either taking inverse limits, as in Ty(A), or inductive limits, as
in A[p>°] have been made for technical reasons.

Remark. If p = ¢ is invertible in all local rings of .S, the concepts Ty(A)
and A[p*°] are equivalent notions.

Definition. A p-divisible group of height h over a base scheme S is given as
an inductive system X = (--- Gy, C Gp41---), of finite flat group schemes
over S, with the property that (UG, )[p‘] = G;. This means that for every
m and n there is an exact sequence

0 — Gn — Gan — Gn — 0.
In particular
Gn+1/Gn = Gl = Im([p"] : Gn+1 — Gn+1) :

you can view X as a tower of extensions where every consecutive subquotient
1s isomorphic with G.
We say that G,, = X[p"] is a Barsotti-Tate group truncated at level n.

(20.3) This opened a whole new approach, carried on by Manin, Grothendieck
and many others. Invariants of abelian varieties can be given as:
isomorphism classes of their p-divisible groups,
isogeny classes of their p-divisible groups, and
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isomorphism classes of their BTi-modules.
This gives naturally defined foliations and stratifications of moduli spaces
of abelian varieties in characteristic p. For a survey and for references, see
[28].

The importance of the Kraft theorem is that

classifying abelian varieties by their BT1-modules gives

a natural decomposition of the moduli space into a finite union

of locally closed subvarieties, called the KEO-stratification.
In characteristic p we have no methods like arcs and cell-decompositions,
so useful in characteristic zero, but it turns out that the EO-stratification
behaves like a cell-decomposition (the boundary of every non-complete stra-
tum is a finite union of strata in codimension one, and much more). For a
survey, and for references see [28].

(20.4) Minimal p-divisible groups An interesting notion is “minimal
p-divisible groups”. We have seen that a p-divisible group X is a tower of
subquotients all isomorphic with X [p]; moreover ons can show that any BT}
group scheme G over k = k is a p-kernel: there exists X with X[p] = G.

A fascinating story: does X|[p| = Y[p| imply X = Y7 This was asked by
Grothendieck in a letter on January 5, 1970 to David Mumford: see [23],
page 745. For many p-divisible groups the answer is “no”.

Historical remark. The correspondence between Grothendieck and Mumford
only became known and available to me in 2010; I did not know this question
by Grothendieck and the answer by Mumford when I worked many years
ago on the result to be found in [25]; also see [30], 8.6.

The p-divisible groups for which X[p] = Y[p] implies X = Y are called
“minimal”; a classification is known (the problem being reduced to a com-
binatorial one). These play a crucial role in understanding the foliation of
the moduli space of polarized abelian varieties in characeristic p by isomor-
phism classes of A[p™]. For every X the BT; group scheme X [p] € MET is
a simple object in MET if and only if X is a minimal p-divisible group. For
more information, see [25], [28].
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21 Some questions

(21.1) Question. Fix p™. Is the set of [G, k] with (G) = p™ a finite set of
isomorphism classes? For the definition of [G, k] see Section 16.

(21.2) Question. Suppose G = Spf(E) is a finite group scheme over k
such that G[F] = G; then E = k[r,--- ,7]/[7%, -+ ,72]. If n > 1 does
there exist a normal subgroup scheme 0 ; N ; G? — The answer is probably

negative.
(21.3) For every p and n > 1 determine the precise structure of Spf(R®")).

(21.4) Specific example: m = p?, group schemes of rank p?. We have
seen in Section 15 and in 19.6 that there do exist non-commutative group
schemes of rank p? over artin rings not in characteristic p Moreover we have
a complete classification of group schemes of rank p? over an algebraically
closed field. We can ask and expect:

Question. Is every irreducible component of Spf (R(p2) ® F)) reduced, and
is the set of these irreducible components in bijetive correspondence with
the set of isomorphism classes of [G, k] of rank p??

Question. Determine the structure of every irreducible component of Spf (R(pQ)
not in characteristic p.

We expect: there is one component of Spf(R(pQ) ® Fp) with generic point
corresponding with a non-commutative group scheme, and this component
is not contained in a component in mixed characteristic, and all other ir-
reducible component of Spf(R(pQ) ® Fp) are contained in a component in
mixed characteristic.

Can we formulate generalizations of these questions to reasonable questions
about Spf(R®")? See below.

We wonder wether every finite group scheme can be “specialized to a product
of copies of a,,”. Reminder: see (Expectation) (17.4). For a commutative
finite group scheme in char zero this is the case. Here is a precise question.

(21.5) Conjecture. Let L; be an algebraically closed field of characteris-
tic zero, and e > 0. Suppose G is a finite group scheme of rank p® over L.
Then (7) there exist an integral domain A of characteristic p, a finite flat
group scheme G of rank p® over A, and

(generic fiber) inclusions A C Lg and L1 C Lo such that G ® Ly 2 G ® Ly
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and

(special fiber) a homomorphism A — K such that G ® K = (o x)°.

(21.6) Let Spf(T®")) be the "moduli space” in the sense of Section 17
classifying commutative group schemes of rank m = p™, with universal object
Gm-com. Let IIo(Spf(7"))) be the set of irreducible components. We
expect:

Every irreducible component T' of Spf(7 ")) has its generic point in
characteristic zero, i.e. there is a characteristic zero field k such that

Spf(T®™)) (k) # 0.

m-com) .
) 1

Note that for the generic point n € T' the geometric fiber g%
given by a finite commutative p-group Np. We expect that

S

the map from TIo(Spf(7")) to the set of isomorphism classes of
finite commutative groups of order m = p™, given by T'— Hrp to be
bijective
ie. if 17,75 are two irreducible components and Ny, = Np, then

Ty =1Ts.

Every irreducible component T of Spf(’T(pn)) admits a point Py €
Spf(T?P™"))(K) with K algebraically closed of characteristic p and

gl(Dr:—com) ~ (ap,K)n

Question. Is every irreducible component T of Spf(7®") ® F,) a
reduced scheme?
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22 Giving a lecture
“Is there a particular example of this general problem?”

Why yes, of course. " Give me one example”.

| can’t understand anything in general unless | am carrying along in my mind a
specific example. When the guy's in the middle of a bunch of equations, I'll say, “Wait
a minute! There is an error! That can't be right.”

The guy after a while finds the mistake and wonders “How the hell did this guy,
who hardly understood at the beginning, find that mistake in the mess of all these
equations?”

| have a specific example and | know from instinct and experience the properties of
the thing, | know the equation is the wrong way around.

Richard Feynman, [7], pp. 244/245

Suppose you are going to give a lecture about a mathematical topic, or
you teach a course for students. Here are some suggestions for rules to be
followed (not about the presentation, but about the contents, and the way
you explain your material).
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Within the first few minutes of your talk, tell the audience what is the
aim of the lecture, a question, a result, or whatever along these lines.
— Some talks start with a long series of definitions and lemmas, that
usually make no sense to the audience. Start by giving a clear picture
of what you are going to do.— Sometimes a list of steps to be taken, or
aspects of the topic, helps giving a good structure. In that case after
finishing a step you say so, and you announce the next one.

More generally: at every moment of your talk the audience should
receive the information what you are presenting, in which stage of
your talk you are.

Every mathematical talk should contain at least one proof. Without
some of the people in the audience have no idea whether material
presented is easy or difficult. A clear proof indicates what you expect
people to understand.

If possible, give an example that is an illustration of what you are
doing. Nice trick: if you know you are going to present a hard and
difficult proof, first give an easy example, explain well, and you will see
that mathematicians recognize later the general pattern of your proof
or theorem as a generalization of the example they did understand.

Try to tell the audience which details of your proofs are easy, which
depend on deep abstract facts, and which use complicated arguments
like examples, combinatorics and tricks.

Give the audience possibilities to ask questions; after you answer a
question, before proceeding, check whether the person who asked the
question did understand your explanation.

Have a plan in your head: if for some reason you are running out to
time (too many questions, or ill-planned schedule), know what you
are going to delete, and which important messages you do present
in the remaining minutes. — Do not use more time than allowed: an
audience loses interest, or people have to go to another urgent meeting,
or whatever, if you are still talking after your time slot has ended.

Take care that you spend the last 5 minutes in giving a survey, give
an answer to a question asked in the first minutes, or whatever is
necessary to conclude the message you started with. The tail of your
talk should abut to the beginning.
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