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1 Introduction

These notes are based on a series of lectures that I gave in March 2023 at the Uni-
versity of Edinburgh. The main purpose of writing them is in order to present certain
differences between the geometry of algebraic varieties in characteristic zero and in
characteristic p > 0 and to familiarise the readers with certain positive characteristic
techniques.

Geometry in positive characteristic is not only of interest for its own sake but it is
also strongly connected to geometry in characteristic zero. In fact many fundamental
results in characteristic zero, like Mori’s theorem of the rational connectedness of
a smooth Fano variety in characteristic zero, are proved via characteristic p > 0
methods.

There are many differences between geometry in characteristic zero and in posi-
tive characteristic. In particular, many fundamental vanishing theorems that hold in
characteristic zero (like the Kodaira vanishing and the Akizuki-Nakano-Kodaira van-
ishing theorem), as well as fundamental inequalities like the Bogomolov-Miyaoka- Yau
inequality, fail to hold in general in positive characteristic. The automorphism group
scheme and the Picard scheme may not be reduced and bounds for their size that hold
in characteristic zero do not hold in positive characteristic (see Sect. 4). Many of the
positive characteristic “pathologies” were investigated by D. Mumford in a series of
papers [43-45].

I did not intend to present a wide range of topics, an excellent reference for which
is the paper of C. Liedtke [34], but rather to emphasise on some particular topics that
I considered of special interest, some of them directly related to my own personal
research.

I'tried to present in some detail theory that exists exclusively in positive characteris-
tic, give references for further reading and to exhibit through explicit examples certain
fundamental differences between the characteristic zero and the positive characteristic
case. In addition, I provided proofs, or the main parts of them, of selected results with
the aim to familiarise the reader with certain techniques of the subject that might be
useful to someone who intends to work in these areas.

The main topics presented here are infinitesimal group schemes and their actions
on algebraic varieties, the structure of the automorphism group scheme of an algebraic
variety and the failure of the Kodaira Vanishing Theorem in positive characteristic.

The material presented in these notes is organised as follows.

In section 2 some basic results about purely inseparable field extensions and mor-
phisms of schemes are presented. The notion of a restricted Lie algebra is defined and
the Jacobson correspondence between purely inseparable field extensions of height
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1 and restricted Lie algebras of derivations is presented. The section concludes with
generalizations to schemes.

In section 3 some fundamental results about group schemes in positive characteristic
are presented and discussed. Some topics are. The Lie algebra of a group scheme. Non
smooth group schemes and other unusual properties of group schemes in positive
characteristic. Infinitesimal group schemes. The Demazure-Gabriel correspondence
between height 1 group schemes and restricted Lie algebras. Actions of infinitesimal
group schemes, and in particular of o, and i, on algebraic varieties. The quotient
of a variety by an infinitesimal group scheme. The singularities of the quotient of a
smooth surface by a nontrivial &), or 11, action. Many examples are also given.

In section 4 the structure of the automorphism group scheme of a smooth variety
of general type in positive characteristic is discussed. Existing results in characteristic
zero about its size and structure are reviewed and it is shown by explicit examples
that almost all fail in positive characteristic. Finally some structure results in positive
characteristic are presented.

In section 5 the failure of the Kodaira Vanishing theorem in positive characteristic
is discussed. Conditions under which it holds are presented and an explicit example of
a smooth projective surface of general type in any characteristic is given where both
the Kodaira Vanishing Theorem and the Bogomolov-Miyaoka-Yau inequality fail.

2 Frobenius and purely inseparable maps

2.1 The Frobenius map

Definition 2.1 Let: X — Speck be a scheme defined over a field k of characteristic
p > 0. The Frobenius morphism F: X — X is the map of ringed spaces which is
the identity on the topological space X and for any U C X open, F(U): Ox(U) —
Ox(U) is given by F(U)(a) = a”, forany a € Ox (U).

The Frobenius map F': X — X, and more generally its n-iterated product F”,is a map

of ringed spaces but it is not a map of schemes over k. To remedy this the geometric
Frobenius map FP") is defined from the following diagram.

X.

M
T

x " =)'

.,

Speck L Speck

where F" : Speck — Speck is the n-iterated Frobenius map, X (?") is the fiber product
and FP"): X — X" is the map induced from the universal property of the fiber
product. This is a k-map.
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Suppose that k is a perfect field. Then the Frobenius map F: k — k is an isomor-
phism and therefore X (?") is isomorphic to X as abstract schemes but not necessarily as
k-schemes as shown by Example 2.2. Locally, if X = SpecA, where A is a k-algebra,
X(P") = SpecA as aringed space and its k-algebra structure is given by A-a = A1/ "q,
foranya € Aand A € k.

In particular, a straight forward chase through the definitions shows that (AZ)(P")
is isomorphic to A} as k-schemes and the geometric Frobenius map

FP". A} — A}

is induced from the the homomorphism of k-algebras &: k[xq,...,x,] —
klx1, ..., xq] given by ®(f(x1, ..., x0) = f(xI . x0).

Example 2.2 Let k be a perfect field and E be the elliptic curve over k given by
y> = x3 4 ax + b, ab # 0. Then E(P is the elliptic curve given by the equation
y? = x34aPx +bP. The j-invariant of E is 6912a°/(4a> +27b?) and the j-invariant
of EP is 6912a3P /(4a’P + 27b*P). Therefore, E and EP) are not isomorphic as

k-schemes, even though they are isomorphic as abstract schemes.

If X is a variety of dimension n over a perfect field k of Characteristic p then the
absolute and the geometric Frobenius are finite morphisms of degree p”.

Finally, many properties of the singularities of X are determined by properties of the
Frobenius endomorphism of X. In particular, X is smooth if and only the Frobenius
map F: X — X is flat [28]. A very informative reference for the relation of the
Frobenius and the singularities of a variety X is the book by Karen Smith and Karl
Schwede [60].

2.2 Purely inseparable field extensions

Definition 2.3 Let E be a field of characteristic p > 0. A field extension E C F is
called purely inseparable if and only if for any a € F, there exists n > 0 such that
aP" € E. The least such n > 0 is called the height of a and is denoted by & (a).

Suppose that E C F is finite. Then there exists » > 0 such that F P c E.The
least such > 0 is called the height of F over E.

Example 2.4 Let E be a field of characteristic p > 0,a € E — EP and n > 0. The
polynomial xP" — a is then irreducible over E [32] and therefore F = E[x]/ (xf’" —a)
is a field. The extension E C F is purely inseparable of height n and degree p”.

More generally, let ay,...,a, € E and ey, ..., e, € N be positive integers such
e1—1 ej_1—1
thata; ¢ kP[af " cal "\ foralli =1, ...,n. Then the tensor product
k[x1] k[x1]
F = AL A0 T R k- 1

o Kbl
€] en
(x{’ —al> (x,f —a,,)
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is a field and E C F is a purely inseparable extension. An extension of this form is
called modular [61]. All extensions of height 1 are modular [61] but not every purely
inseparable extension is as shown by the following example of Sweendler [61].

Example 2.5 Letk =T ,(a, b, c) be the field of rational functions in three variables of

F,.Let E = k[z, xz — y], where = ¢, xP = a and y? = b. This is an extension
of height 2 which is not modular.

2.3 Restricted Lie algebras

Letk be afield. A Lie algebra over k is a vector space g over k together with a k-bilinear
map g X g — g denoted by (x, y) — [x, y] such that

(1) [x,x]=0,forall x € g.
2 [x, [y, 21+ [y, [z.x11 + [z, [x, 11 = 0.

Let x € g. The k-linear map ad, : g — g defined by ad,(y) = [x, y] is called the
adjoint endomorphism of g.

Suppose that k has characteristic p > 0. A restricted Lie algebra over k is a Lie
algebra g over k, together with amap g — g, x — x!P1, called the p-map, subject to
the following three axioms:

(1) We have ad,, = (ad,)? for all vectors x € g.
(2) Moreover (4 - x)!P1 = AP . x[P] for all vectors x € g and scalars A € k.

(3) The formula (x 4 y)IP) = x[P1 4 ylrl 4 Zf:_ll sy(x,y) holds forall x, y € g.

Here the summands s, (x, y) are universal expressions defined by

1
srlto, 1) = —~ Y (ady,, 0 ady, g 0. 0ad,,, ) (1),

u

where the the index runs over all maps u : {l,...,p — 1} — {0, 1} taking the
value zero exactly r times. For p = 2 the expression simplifies to s; = [fo, #1],
whereas p = 3 gives s1 = [t1, [t0, 11]] and 52 = [19, [0, 11]]. Restricted p-Lie algebras
were introduced and studied by Jacobson [22-24] and also go under the name p-Lie
algebras. More details can be found to the monographs of Demazure and Gabriel [12],
in particular Chapter II, Strade and Farnsteiner [17] or [41].

The prototype example of a restricted Lie algebra and the motivating example for
its definition is the Lie algebra of k-derivations Dery (R) of a k-algebra R, where & is a
field of characteristic p > 0. In this case the Lie algebra structure is given by defining
[D1, D>] = D1Dy — D> Dy, for any k-derivations Dy, D, of R and the p-map is
defined by DIPl = DP_ Note that unlike in characteristic zero, in characteristic p>0
DP? is a derivation. Indeed, let x, y € R. Then by Leibniz’s formula,

p—1
DP(xy) =xDPy+ yDPx + Z <p> D/xDP~/y.
Jj=1
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Now in characteristic p > 0, p divides (?), for 1 < j < p — 1 and therefore

DP(xy) = xDPy 4+ yDPx and hence D? is a k-derivation of R. Hence Dery (R) is
a restricted Lie algebra. The conditions on the p-map in the definition of a restricted
p-Lie algebra are simply the properties that the p-map satisfies in the case of Dery (R).

In particular, when R, = k[xi,...,x,1/(x1, ..., x}) Derg(R,) is called the
Jacobson-Witt algebra. This is a restricted simple Lie algebra. Restricted simple Lie
algebras have been classified by R. Block and R. Wilson [4].

Let g be a restricted Lie algebra. A subalgebra is a subspace h of g such that for
any x, y € b, [x, y] € hand for any x € b, x[?! € h. An ideal of g is a subspace J of
g such that forany a € g, x € J, [a, x] € J and for any x € J, x[P1 € 7.

2.4 Jacobson correspondence between purely inseparable extensions of height 1
and Lie algebras of derivations

Let E be a field of characteristic p > 0. Then E? = {a?, a € E} is a subfield of
E. Then, as explained in the previous section, the E-vector space g = Der(E) of
derivations of E is a Lie algebra over E and a restricted p-Lie algebra over E7.

Let F C E be a height 1 field extension. This means that for any a € E, a? € F
and therefore E? C F C E. Let g(F) = Derp(E) be the set of F-derivations of E.
This is a Lie subalgebra of g which is also restricted over F.

Let C be the set of subfields F of E such that E” C F C E. Let also Z be
the set of finite dimensional E-vector subspaces ) of g = Der(E) such that for any
Dy, Dy € ,[Dy, D3] € handforany D € b, D? € h. In other words, § is a restricted
Lie subalgebra of g over E” which is also an E-vector space (but not necessarily a
restricted Lie algebra over E). For any h € Z, let /() C E be the set of x € E such
that Dx = 0, for all D € b. This is a subfield of E such that E” C I(h) C E and
moreover, the extension /() C E is of height 1.

The next theorem gives a one to one correspondence between subfields F of E such
that the extension F' C E is of height 1 and restricted Lie subalgebras of derivations
of E.

Theorem 2.6 (Jacobson Correspondence, [8, 22,24, 25]) Let E be a field of character-
istic p > 0. The mappings F — g(F) and ) — I1(b) are bijections between the set C
of subfields F C E such that EP C F C E and the set T of restricted Lie subalgebras
of ¢ = Der(E) which are also E-vector spaces. These mappings are mutually inverse.

Moreover, let F € C and b € T such that F = I(h). Then [E : F] = p%, where
d = dimg b.

The notions of purely inseparable extensions and the classification of height
1 extensions given by Jacobson in Theorem 2.6 generalize naturally to algebraic
schemes.

2.5 Purely inseparable morphisms of schemes

Definition 2.7 Let 7: X — Y be a surjective finite morphism where X and Y are
integral schemes over a perfect field k of characteristic p > 0. The map 7 is called
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purely inseparable if and only if for any x € x and y = 7 (x) € Y, the map Oy ;, —
Ox x is purely inseparable, i.e., for any a € Oy y, there exists n > 0 such that
a’" e Oy,y. In particular the map between the function fields k(Y) — k(X) is purely
inseparable.

The height of 7 is the smallest integer n > 0 such thatforany x € X anda € Oy ,,
a?" e Oy,y, where y = m(x).

Note that in the generality that the notion of a purely inseparable map w: X — Y is
stated in the previous definition, it is possible that the height of m is different than the
height of the corresponding extension of function fields k(Y) C k(X). However, if Y
is normal, then the two heights are the same.

Proposition 2.8 Let w: X — Y be a purely inseparable map of schemes such that Y
is normal. Then the height of v is the same as the height of the extension k(Y) C k(X).

Proof This is a local result. So one may assume that X = SpecA, Y = SpecB and
7 is induced by an injective ring homomorphism f: B — A which induces a field
extension k(B) C k(A). Therefore there exists a commutative diagram

f

B——A

L

k(B) — k(A)

where f is finite and B integrally closed in k(B). Let n be the height of the extension
k(B) C k(A). Leta € A. Then a”" € k(B). To prove the proposition it suffices
to show that this element is actually an element of B. Since a is integral over B,
a?" € k(B) is also integral over B and since B is integrally closed it follows that
a?" € B. This concludes the proof.

(]

Purely inseparable maps appear naturally and are very important in the classification
of surfaces, and higher dimension, in positive characteristic [6, 7]. Some of the simplest
examples are the p-cyclic covers which are defined in the next two examples.

Example 2.9 Let f € k[x1, x2, ..., x,] be a homogeneous polynomial of degree mp,
where k is a field of characteristic p > 0 and m > 0. Let P(m, 1,..., 1) be the
n-dimensional weighted projective space with coordinates y, x;, i = 1,...,n and

weights m, 1,...,1.Let Z C P(m, 1, ..., 1) be the hypersurface of P(m, 1, ..., 1)
defined by the equation y? — f(xo, ..., x,) = 0. Then for general choice of f, Z is
normal and the projection Z — pr-l given by [y, x0, ..., Xp] > [x0,...,Xxp]1s a
purely inseparable morphism of height 1.

Example 2.10 Let X be a normal projective variety over a field k of characteristic
p > 0. Let £ be an invertible sheaf on X and s € H°(X, £”) be a nonzero section.
Then the section s defines a map £L77 — Oy which gives the sheaf of Ox-modules

R(L) = @f’;ll L7 asheaf of © x -algebras structure. If in addition, s is not a p-power,
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which means s # ¢?, forsome t € H°(X, £), then R(L) is a sheaf of integral domains
and the map of schemes 7 : Z = Spec(R(L)) — X, is a purely inseparable map of
degree p. Locally if X = SpecA and s € A corresponds to the section s, the map &
is simply the inclusion A C A[x]/(x? — s).

The Jacobson correspondence between purely inseparable height 1 extensions of
fields and restricted Lie algebras of derivations presented in Theorem 2.6 can be
generalized in the case of purely inseparable morphisms of height 1 between normal
varieties as follows.

First notice that if 7: X — Y is purely inseparable of height 1, then there exists a
factorization

x—F _x» (2.10.1)

N A

Let now X be a normal variety defined over a perfect field k of characteristic p > 0.
Let 7 C 7Tx be a coherent subsheaf of the tangent sheaf 7y = Homx(Qxx, Ox)
of X. F is called saturated if 7x/F is torsion free and a subbundle if both 7y and
Tx/F are locally free. A saturated subsheaf F of 7y is always a subbundle on the
codimension > 2 open subset U of X where X is smooth.

A saturated coherent subsheaf F of Ty is called a foliation on X if and only if F is
closed under Lie bracket and it is also p-closed [14, 49]. These conditions mean that
if U C X is any open subset of X and any section D € F(U), then D? € F(U) and
[D, D'l € F(U) forany D' € F(U), D, D’ viewed as a k-derivations of Oy .

Let 7 C Tx be a foliation on X. We define Ann(F) C Ox to be the sheaf of
subrings of Oy on X defined by

Ann(F)(U) ={a € Ox(U)| D(a) =0,VD € F(U)},
where U C X is any open subset, and the sections of F over U are viewed as k-

derivations of Oy. Let S(F) = Spec (Ann(F)). Then O§ C Ann(F) and hence
there exists a factorization

xX® (2.10.2)

N A

S(F)

where F: X — XP) is the geometric Frobenius and 7 is purely inseparable of height
1.

Conversely, let 7: X — Y be a purely inseparable map of height 1. Then there
exists a factorization as in diagram (2.10.1). Let F = Ann(Oy) C Tx be defined by
FWU) ={D € Tx(U)| D(a) = 0,Va € Oy(U)}, for any open U C X. Then F
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is a foliation. The next theorem says that these two operations establish a one-to-one
correspondence between foliations and normal varieties between X and X 7).

Theorem 2.11 ([14, 49)]) Let X be a normal variety defined over a perfect field k of
characteristic p > 0. The mappings F +— S(F) and Y — Ann(Qy) are bijections
between the sets of foliations of the tangent sheaf Tx and purely inseparable maps of
height 1 w: X — Y. These mappings are mutually inverse.

Moreover, let F C Tx be a foliation on X of rank r and let Y = Spec (Ann(F)).
Then [K(X) : K(Y)] = p”

The next proposition gives some basic properties of the map 7: X — S(F) and an
adjunction formula for purely inseparable maps.

Proposition 2.12 ([14, 49]) Let X be a normal variety defined over a perfect field of
characteristic p > 0. Let F C Tx be a foliation, Y = S(F) and w: X — Y the
corresponding map. Then.

(1) Y is a normal variety.

(2) Suppose that X is smooth. Then Y is smooth if and only if F is a subbundle.

(3) Suppose that X is smooth and F be a subbundle of Tx. Then there exists a natural
exact sequence

0— F*(F") —» n*Qyy — Qxp — F* — 0, (2.12.1)

where F: X — X is the absolute Frobenius map.

Corollary 2.13 With assumptions as in the previous proposition,
—1 kek
wy = (]T*a)y ® (/\r]:)p ) s

where r is the rank of F.

Proof Since X is normal, to prove the formula it suffices to prove it on any open subset
of X of codimension > 2. Now because X is normal, there exists an open subset U
of X of codimension > 2 such that U is smooth and the restriction of 7 on U is a
subbundle. Then Therefore it can be assumed that X, and hence Y is smooth. and F
locally free of rank r. Then the formula follows from the exact sequence (2.12.1).

m]

More information about purely inseparable maps can be found in [12, 14, 49, 67,
68].
3 Group schemes in positive characteristic
Groups schemes is a fundamental class of algebraic schemes which, due to its impor-

tance, has been heavily studied. Standard references in the subject are [12, 41, 72]. The
purpose of this section is to highlight some important differences in the structure of
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group schemes in positive characteristic in comparison to the characteristic zero case.
In particular to present some results concerning the structure of infinitesimal group
schemes and their actions on algebraic varieties.

3.1 Definition of group schemes and Hopf algebras

Definition 3.1 Let G be an algebraic scheme over a field k andletm: G x G — G,
e: Speck — G,i: G — G be morphisms. G is called a group scheme over k if and
only if the following diagrams commute.

ey

mxlg

GxGxG—GxG

llgxm lm

GxG “ G

@

1 1
Speckaex—G>GxG<$GxSpeck

lm

1g lg

3

G x

ZA
G pec = G
(& /

G X

Q

wn
b

Q

An important and very useful equivalent definition is by using the functor of points
of a scheme.

Definition 3.2 An algebraic scheme G over a field k is a group scheme over £ if and
only if for any scheme S over k, the set of k-morphisms G(S) = Hom(S, G) has a
group structure and for any map of k-schemes § — T',theinduced map G(T') — G(S)
is a group homomorphism.

Suppose that G = SpecA is an affine group scheme. Then the maps m, e and i in
Definition 3.2 correspond to maps m*: A — A Q; A,e*: A — kandi*: A — A.
The conditions (1), (2), (3) in Definition 3.2 correspond to certain conditions on the
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maps m*, i* and e*. (the reader may deduce them directly from Definition 3.2 or refer
to [50, p. 7] or [41, p. 65]). This leads to the following notion of a Hopf algebra.

Definition 3.3 ([1, 41, 50, 62]) A Hopf algebra over a field k is a commutative k-
algebra A together with k-algebra homomorphisms m*: A — A Q@ A, e*: A — k
and i*: A — A such that the following diagrams are commutative.

ey

AR A ——— AR AQr A

m*T T1A®m*
*

A AR A
2)
kA~ AgiA—1% _Aguk
~ m*T ~
A.
3)
@i*,14) AR A (14,i%) A

d |
e* A e
Comparing the definition of a group scheme to this of a Hopf algebra it immediately
follows that a k-algebra A is a Hopf algebra with maps m*, e* and i * as above, if and
only if G = SpecA is a group scheme over k with multiplication m, identity element
e and inverse map i induced by m*, ¢* and i*.

3.2 Cartier duality

Suppose that G = SpecA is a commutative group scheme. Let u: A @ A — A be
the k-algebra homomorphism defined by p(a; ® a2) = ajaz and ¢: k — A be the
k-algebra structure of A. Letalsom*: A - A® A,i*: A — Aande*: A — k
be the k-algebra maps defining the group scheme structure of G as in the previous
section. Let A* = Homy (A, k) be the dual of A as a k-vector space. Dualizing the
maps m*, i*, e*, u and € one gets the following diagram.
e** p*
kT AT A A

e* U m**

G
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Then the k-vector space A* becomes a commutative (because G is commutative)
ring with multiplication defined by m™**. Then one can easily check that the k-algebra,
as defined previously, A* together with the maps u*, i** and ¢* is a Hopf algebra.
Therefore the affine scheme G* = SpecA* is a group scheme over k.

Definition 3.4 The group scheme G* is called the Cartier dual of G.
For basic properties of Cartier duality the reader may refer to [41] or [50].

Example 3.5 Let G = Z/ pZ be the cyclic group of order p > 0, where p is any prime
number. Let k be a field of characteristic p and (Z/pZ) the constant group scheme
over k defined in Example 3.10. Then, as shown in Examples 3.10, 3.9,

(Z/pL)t = D(Z/pZ) = 1.

Similarly one may show [41, 50] thar a; = ap and ,w; = (Z/pZ)g.

3.3 Group schemes are smooth in characteristic zero

Let G be a group scheme over a field k and lete € G be the closed point corresponding
to the identity map e: Speck — G. Then it is well known [41, Proposition 1.8] that
the following are equivalent. G is smooth, Og . is a regular local ring and G is
geometrically reduced.

In characteristic zero all groups schemes are smooth as the following theorem of
Cartier states.

Theorem 3.6 ([10, 41, 46]) Any group scheme over a field k of characteristic zero is
smooth.

However, this theorem fails in positive characteristic as the following examples
show.

3.4 Examples

Next we give some explicit examples of group schemes with emphasis on peculiarities
of positive characteristic.

Example 3.7 (The additive groups G, and o pn.)

Let k be any field. The additive group scheme G, over k is defined as follows.
As a scheme, G, = Speck[x]. The group scheme structure is given by the following
k-algebra maps. Multiplication is defined by the map m™: k[x] — k[x]® k[x], where
m*(x) = x ® 1 + 1 ® x. The identity element e corresponds to the residue map
k[x] — k given by f(x) — f(0) and the inverse map i corresponds to the map
i*: k[x] — k[x] defined by i*(x) = —x.

As a functor of group valued points it is defined as follows. For any scheme S over
k,G,(S) = HO(S, Oy), as an abelian group.

Suppose that the field k has characteristic p > 0. Then the map m* defined above
factors through k[x]/ (xP"), for any n > 0. Therefore the subscheme & n of G, where
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apn = Speck[x] /(xP") is a group scheme over k. It is a nonreduced group scheme of
length p" and is called the infinitesimal additive group scheme of order p”.

As a functor of group valued points, «n is defined as follows. Let S be any scheme
over k. Then

@, (8) = {a € H(S, Os), a” =0},
Since k has characteristic p > 0, this is an abelian group with addition.

Example 3.8 (The multiplicative groups G,, and 1) Let k be any field. The mul-
tiplicative group scheme G,, over k is defined as follows. As a scheme, G,, =
Speck[x, 1/x]. The group scheme structure is given by the following k-algebra
maps. Multiplication is defined by the map m™: k[x, 1/x] — k[, 1/x] ® k[x, 1/x],
where m*(x) = x ® x. The identity element e corresponds to the residue map
k[x,1//x] — k given by f(x) — f(1) and the inverse map i corresponds to the
map i*: k[x, 1/x] — k[x, 1/x] defined by i*(x) = 1/x.

As a functor of group valued points it is defined as follows. For any scheme S over
k, G,,(S) = HO(S, Og)*, the group of units of H(S, Os) as a multiplicative group.

For any n > 0, the map m* factors through k[x, 1/x]/(x" — 1) = k[¢t]/(" — 1)
and therefore u, = Speck[x]/(x"* — 1) becomes a group scheme. This is called the
multiplicative group scheme of n-units.

Suppose that k& has characteristic p > 0 and n = p™. Then k[x]/(x" — 1) =
k[x]/((x—=1)P m) and hence it is nonreduced. It is called the infinitesimal multiplicative
group scheme of order p™.

As a functor of group valued points, i, is defined as follows. Let S be any scheme
over k. Then

1,8 = a e H(5, 09), a”" =1].

Since k has characteristic p > 0, this is an abelian group with multiplication.

Example 3.9 (The group scheme D(G)) Let G be a finitely generated group written
multiplicatively. Let k[G] be the group ring k-algebra. Its structure is the following.
It is a vector space over k with basis the elements g € G. Multiplication in k[G] is
defined by

(Ze) (20 = o) 0,

iJ

where a;, a} € kand g;, g} €G.

Let m*: k[G] — k[G] ®k k[G], i*: k[G] — k[G] and e*: k[G] — k be the
k-algebra homomorphisms defined by setting m*(g) = g ® g, i*(g) = g~ and
e*(g) = 1, for all g € G. Then it is easy to verify that k[G] with the maps m*, i*,
e* is a Hopf algebra. The corresponding group scheme G = Speck[G] is called the
group scheme associated to G and is denoted by D(G).
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As a functor of group valued points it is defined as follows. Let S be any scheme
over k. Then

D(G)(S) = Homg, 0y (G, H(S, Og)*).

Suppose for example that G is cyclic of order n. Let g be a generator of G. Then the
map ¢: k[x]/(x" —1) — k[G] defined by f(x) = g is an isomorphism of k algebras.
Then m*: k[G] — k[G] ® k[G] defined above gives a k-algebra map

kix] kix] k[x]

A —
x" —1) x"—=1) ~ x*=1

given by A(x) = x ® x. Therefore k[G] = .

Let p be the characteristic of k. If p does not divide n, then u,, and hence D(G),
is a smooth group scheme and the abstract group of its closed k-points is isomorphic
to Z/nZ, the cyclic closed points of order n. If on the other hand p divides n then u,,
is not smooth. In particular, if n = p”, then D(G) = ppm, which is an infinitesimal
non reduced group scheme.

Let D(G)* be the Cartier dual of D(G). Then it is not difficult to check that this is
a smooth group scheme and its group of k-points is isomorphic to G.

Example 3.10 (The constant group scheme) Let G be a finite group and k any field.
For any g € G, let §; = Speck. Let also Gy = ]_[geG S,. As a scheme this is simply
the disjoint union of |G| closed points. Let s, € Gy be the closed point of S,. Then
G becomes a group scheme by defining multioplication m: Gy x Gy — Gy, inverse
i: Gr — Gy and identity e: Speck — Gy as follows. For any (sg, s¢/) € G x Gy,
m(Sg, Sg) = Sgo. For any s, € Gy, i(sg) = s,-1 and e is the inclusion §1 — Gy,
where 1 is the unit element of G.

Let A = {f: G — k, fisamap of sets}. Define addition and multiplication
A be setting (f + h)(g) = f(g) + h(g) and (f - h)(g) = f(g)h(g). Then A is a
commutative k-algebra and it is simply isomorphic to the product x ﬁ‘lk. Therefore, as
ascheme Gy = SpecA. Let g € G. The maps f,: G — k defined by setting f,(g’) to
be lif g = g’ and 0 if g # g’ form a k-basis of A. The group scheme structure of Gy,
as defined above, correspond to maps of k-algebras m*: A - A A,i*: A — A
and ¢*: A — k defined as follows.

8

(1) Forany g € G,

m*(fg)= Z fo ® for.

7ol —

88 =8

(2) Forany g € G,i*(fg) = fy-1.
(3) Forany f € A, e*(f) = f(1).

The group scheme Gy is called the constant group scheme corresponding to G. Its set
of closed points is a group isomorphic to G.
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Suppose now that G is finite and commutative. Let G} be the Cartier dual of Gy.
We will next show that G is isomorphic as a group scheme to the group scheme D(G)
defined in the previous example.

By its definition, G} = SpecA*, where A* = Homy (A, k), is a commutative k-
algebra with multiplication the dual m** of m*. The group scheme structure of G, is
given by the dual map p*, i* and ¢*, where : A ® A — A is the multiplication map
of A.

Let us now look more carefully to the multiplication in A*. A k-basis for A* is

the dual basis f; of the k-basis f, of A, g € G, as defined above. Then f; . g*, =
m*(fg ® f;‘,). Let g’ € G. By checking the definitions of all the maps involved, it
easily follows that m™* (f; ® f;‘,)( fg*,/) is 1if g” = gg’ and zero otherwise. Therefore
f; . f;, = f;g,. Similarly one can easily see that i**(f;) = f;‘,l.

Let k[G] be the group k-algebra of G. Define now the map

®: A* - k[G]

as follows. Let ¢ = dec rgfg € A¥, where Ay € k. Then ®(¢) = dec Leg €
k[G]. The description of multiplication in A* shows that this is an isomorphism of
group algebras. One may also check that this is in fact a group scheme map. Therefore

G = D(G),

as group schemes.

Example 3.11 (Group schemes of automorphisms) Let X be a scheme of finite type
defined over a field k. The automorphism functor Auty  of X is the functor of groups
which is defined as follows. For any k-scheme S,

Aut; (X)(S) = Autg(X x ),

the group of S-automorphisms of X x S. If X is proper over k then the group valued
functor Auty . is represented by a scheme Autx /x locally of finite type over k [26].
This is called the group scheme of automorphisms of X and is a fundamental object
of study in algebraic geometry.

Let p be the characteristic of k. If p = 0 then Autz(X) is smooth since group
schemes in characteristic zero are always smooth. However, if p > 0, then it may not
be smooth [37, 55, 68-70].

A very simple example which exhibits this situation is the following. Let X =
SpecA, where A = k[x]/ (x2), where £k is a field of characteristic 2. We will show that

Autp(X) ZE ap X Gy,.

In particular it is not smooth.
Let S = SpecR be an affine k-scheme. Then

Hom(S, Aut (X)) = Autg <R[x]/ (x2>> .
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Let now ¢: R[x]/ x%) — R[x] / (xz) be an R-isomorphism. This is determined by
¢ (x). Suppose that ¢ (x) = a + bx,a,b € R. Then

0=0¢(x>) = (p(x))? =da> +b*x* = a°.
Hence a? = 0. Moreover, since ¢ is an R-isomorphism, b € R*. Define now

W Autg (R[x]/ <x2)> — R x R* G.11.1)

be setting W (¢) = (a, b), where ¢ is an R-automorphism ofR[x]/(xz), ¢(x) =a+bx
and R?1 = {r e r, r? =0)}. Thisisa bijection of sets.

Let now ¢1, ¢ be R automorphisms of R[x]/(xz). Letg;(x) =a; +bix,i = 1,2,
with a? = 0 and b; € R*,i = 1,2. Then ¢; o ¢2(x) = a1 + bias + bibx. Define
now multiplication in R?! x R* be setting

(a1, b1) - (a2, b2) = (a1 + braz, by, by).

Then ¥ becomes a group isomorphism. Moreover, this multiplication exhibits R? x
R* as the semidirect product R?! x R* via the map f: R* — Aut(R"!), where for
any r € R*, f(r) is the automorphism of R givenby f(r)(a) =ra,a € R, From
this it immediately follows that Auty (X) = ap x Gy, as claimed.

The previous examples show that in positive characteristic a group scheme G may
not be smooth. In this case one may ask if the reduced subscheme G,.q4 is a group
subscheme of G and therefore smooth since smoothness and reducedness of group
schemes are equivalent notions [41, Proposition 1.28]. This is true if k perfect [41,
Proposition 1.38] but not always if k is not perfect, as the following example shows.

Example 3.12 (G,.q4 may not be a group scheme, Exercise 1.57 [41]) Let k be a non
perfect field of characteristic p > 0 and let (Gg be the product group scheme G, x
Gy. As a scheme it is Speck[x, y] with group scheme structure defined by the map
m*: k[x, y] = k[x, y] ®k k[x, y] such that m*(x) = x ® 1 + 1 ® x and m*(y) =
y® 1+ 1®y.Let G be the subscheme of G2 given by the equation xP? —1xP = 0,
where t € k — kP. Then the group structure map m* factors through G and therefore
G is a sub group scheme of G, x G,.

The reduced subscheme G,.4 of G is defined by the equation x(xpz_l’ —1)=0.
We will show that not only G4 is not a subgroup scheme of G, but the scheme
Geq does not admit any group scheme structure. Suppose that this was true, i.e., G
admits some group scheme structure. It is easy to see that G4 is a regular scheme.
Since G,.4 admits some group scheme structure, it must be smooth [41, Proposition
1.28] (note that over non perfect fields regularity and smoothness are not equivalent
notions). In particular it is geometrically reduced. Let k be the algebraic closure of k.
Then in k[x, y], x(x”z’l’ —1) = x(xP~1 — 5)P where s” = t. Therefore G ® k is
not reduced, a contradiction.
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The last example shows another property unique of group schemes in positive char-
acteristic which indicates how much richer the theory of group schemes is in this
case.

Example 3.13 (Group schemes of order p> may not be commutative) In characteristic
zero many properties from the theory of finite abstract groups carry to the theory of
group schemes. For example, let G = SpecA be a finite group scheme over a field k
of characteristic p > 0. Then A is a finite dimensional k-algebra. The dimension of A
as a k-vector space is called the order of G and is denoted by |G|. Suppose that p = 0.
Then G is smooth and hence just a disjoint union of |G| reduced points. Then the set
of closed points of G is an abstract group many of whose properties carry to G. In
particular, if |G| = p2, where p is a prime number, G is commutative. However, this
is not true if p > 0 and |G| = p>.

Let for example G = SpecA, where A = k[s, t]/(s?, tP — 1), where k is a field of
characteristic p > 0. Then G becomes a group scheme by definingm™*: A - AQ®y A,
i* A —> Aande*: A — k by setting m*(t) =t Qt,m*(s) =t s +sQ® 1,
i*(t) = tP71, i*(s) = —s and e*(f(s,1)) = f(0, 1), for any f € k[s,t]. G is not
commutative of order p2.

The group scheme G constructed above is isomorphic to the semidirect product
ap X |1 where the semidirect product structure is given as follows. Let R be any
commutative finitely generated k-algebra. Let ¢r: up(R) — Aut(a,(R)) be the
group homomorphism defined as follows. Letr € up(R) ={r € R, r? =1} and
r' € ap(R) ={r € R, r? =0}. Then ¢(r)(+') = rr'. Then the group structure on
ap(R) X pp(R) is defined by setting

(ro, r1) - (rg, 1) = (ro + rgri, riry).

The definition is functorial in R and the group functor defined this way is represented
by G.

3.5 The Lie algebra of a group scheme

Let X be any algebraic scheme defined over a field k. A vector field on X is a map of
sheaves D: Ox — Ox such that for any openset U C X, D(U): Ox(U) — Ox(U)
is a k-derivation. A rational vector field on an integral algebraic scheme X is a vector
field of some non empty dense open subset U of X.

Vector fields of X are in one to one correspondence with elements of
Homy (2x/k, Ox). In the case when X is smooth this is simply HO(X, Tx).

Let X and Y be algebraic schemes over a field &, let X x Y be their product and
p: X xY — X,qg: X xY — Y be the projections. Then there exist a natural
isomorphism Qxxy/x — p*Qx/k ® q*Qy k. Let D be a vector field on ¥ which
corresponds to a map Qyx — Oy. Then from the previous isomorphism it follows
that D induces a vector field denoted by 1 ® D on X x Y. Locally it is defined as
follows. Suppose that X = SpecA and Y = SpecB. Then D is a k-derivation of B.
Then 1 ® D is the k-derivation of A ® B defined by (1 ® D)(a ® b) = a Q Db.

Next we define the notion of left invariant vector field on a group scheme G.
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Definition 3.14 Let G be a group scheme over a field k and D: Ox — Oy a vector
field on G. The vector field D is called left invariant if and only if the following
diagram is commutative.

06 b O (3.14.1)

lm* im*
m*(1®D)

m*OGxG — m*OGXG

where m* is the map induced from the multiplication map m.

Let now e: Speck — G be the unit map of a group scheme G defined over a field
k and let T . be the tangent space of G at the closed point e of G. Then

Tg.. = Homy (mG,e /mZ k(e)) = Dert (Og.c. k),

where mg , is the maximal ideal of Og .. Hence T . is canonically isomorphic to
the k-vector space of k-derivations §: Og,. — k. In the following we will use this
interpretation of the tangent space.

Let D: Og — Og be a vector field of G. Let e*: Og, . — k be the k-algebra map
inducing e. By composing D with e* we get a tangent vector § of G ate € G.

The next proposition shows that § completely determines D and that the tangent
space of G at e is isomorphic to the space of left invariant vector fields of G.

Proposition 3.15 Leté € Tg . be atangent vector of G at e. Then there exists a unique
left invariant vector field on G which induces § at e.

Proof The proof will be in two steps. In the first step it will be shown that a left
invariant vector field of a group scheme G is completely determined by the tangent
vector of G at the identity point e that it induces. In the second part of the proof, given
a tangent vector 6 of G at e, a left invariant vector field D on G inducing é will be
explicitly constructed.

Step 1 Let D: Og — Og be aleftinvariant vector field of G and let§: Og . — k
be the tangent vector (a k-derivation) of G at e that it induces. In order to show
that D is uniquely determined by §, it suffices to show that D = 0 if and only if
8 = 0. From the diagram (3.14.1) in the definition of left invariant vector fields
we get the commutative diagram

g (3.15.1)
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where 0 = (1 ® D) o t and 7 is the sheaf of rings map induced from the map

G = G x Speck: 1G—§EG><G.

Let g € G be any closed k-point. Since m(g, e¢) = g, at the point g the map o is
the composition

1Gg®De
06,4 ® Og,e — 06,4 ® OG.e (3.15.2)
\ ir

Oc,g

where D, is the k-derivation of O¢ , induced by G. Now from the definition of t
it follows that forany a € Og g and b € Og ., T1(a @ b) = ba, where b € k is the
image of b in k = Og ./mg_.. Therefore o (a ® b) = §(b)a. Hence if § = 0 at
e, then 0 = 0 at any closed k-point g € G. From this, since D = om*, it follows
that D is zero at any closed point g € G and hence D = 0.

Step 2 Let 6: Og,. — k be a tangent vector of G at e. We will show that there
exists a left invariant vector field D on G restricting to § at e.

The tangent vector § of G at e defines a morphism ¢ : Speck[t]/(t?) — G [20].
Locally at an affine neighborhood U = SpecA of e in G the map ¢ is induced
from the k-algebra map ¢*: A — k[t]/(tz) defined by ¢*(a) = a + 8(a)t, where
a is the image of @ in A/mg = k.

The group scheme structure on G defines the G-isomorphism

mxp2

GXG————=GxG

N

G

where ps is the second projection. Pulling back by ¢ we get the Speck[t]/(t)
isomorphism &

k[t]

G x Spec )

(12) G x Specz5+

Spec tz)

which pulls back to the identity automorphism of G by the residue map k[z]/(z>) —
k. Therefore @ is the identity map on the underlying topological spaces. Let U =
SpecA be an affine open subset of G. Then on U, ® is defined by a k[t]/(tz)—
algebra homomorphism ®*: A[z]/(t>) — A[t]/(¢?) which becomes the identity
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modulo (#). Hence it easily follows that ®(a + bt) = a + (b + f(a))t, for some
map f: A — A. The fact that ® is a ring homomorphism shows that f is a k-
derivation of A. These local derivations patch to a vector field D on G. A careful
look at the construction of D shows that D is left invariant and induces § at e. The
details are left to the reader.

Finally, note that if G = SpecA is an affine group scheme, then D can be defined
directly from the diagrams (2.15.1) and (3.15.2) by setting D = om™, where o: A ®
A — k was defined by setting o (a ® b) = §ba. One easily checks that this is a left
invariant derivation of A. O

Next we define the notion of Lie algebra of a group scheme G over a field k. It is
a fundamental invariant of G and it determines to some extent (completely in some
cases that we discuss see in the next section

Definition 3.16 (The Lie algebra of a group scheme [12, 41, 46]) Let G be a group
scheme over a field k. The k-vector space of left invariant vector fields of G with
bracket defined by [Dy, D>] = D1 Dy — Dy Dy, where D1, D; are left invariant vector
fields on G, is a Lie algebra which is called the Lie algebra of G and is denoted by
Lie(G).

Suppose that k has characteristic p > 0. Then, as explained in Sect.2, if D is a
vector field of G, D? is also a vector field of G. Then £ie(G) becomes a restricted
Lie algebra with bracket as defined above and p-map D7 = DP.

Let G be a group scheme over k. Define

B k[t]
Hom?¢ (Spec@, G> — Ker (Q(k[t] /(%) — Q(k)).

This is the k-vector space of maps Speck[¢]/(1%) — G such that here is a factorization

SpecM G

.

Speck

Considering that such maps are in one to one correspondence with k-derivarions
8: Og.e — k, Proposition 3.15 implies the following.

Corollary 3.17 There exists a natural isomorphism of k vector spaces

Lie(G) = Homk(mc,e/m%;,e, k(e)) = Homj, <Spec%, G) ,

wherek(e) = Og../mg . = k and Homz (Spec%, G) is the k-vector space of maps
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The next proposition shows that the correspondence G +— Lie(G) defines a functor
between the category of group schemes over k and finite dimensional restricted Lie
algebras over k.

Proposition 3.18 Let f: G1 — G2 be a morphism of group schemes. Then f induces
a homomorphism of restricted Lie algebras

Lie(f): Lie(Gr) — Lie(Ga).

The previous map is functorial in the following way. Let f1: G — G, and
f2: Go — Gj3 are group scheme morphisms, then

Lie(f2 0 f1) = Lie(f2) o Lie(f1).

Proof From Corollary 3.17, there are natural isomorphisms between £i¢e(G;) and the
tangent space of G; at the identity point, i = 1, 2. Then it is clear that there exists
a map Lie(f): £ie(G1) — Lie(G2) which is a homomorphism of k-vector spaces.
We will show that this map is in fact a homomorphism or restricted Lie algebras,
i.e., it preserves the bracket and the p-map. In order to show this it is necessary to
explicitly describe the map Lie(f). Let D; be a left invariant vector field of G| and
let §1: Og, — k be the induced tangent vector at the identity of G. Composing with
the map f*: Og, — Og, we get a tangent vector §3: Og, — k to the identity of
G». Then, from the proof of Proposition 3.15, the left invariant vector field D, =
Lie(f)(D1) of G, fits, and in fact is constructed from the following commutative
diagram.

Do

OGQ OGQ ® OGQ —— OGQ
if* lf*®f* if*
m} lg, ®61
O = 0080 T =0
Dy (3.18.1)

By using the commutativity of this diagram one can easily check that £ie( f) pre-
serves the bracket and p-map and therefore is a homomorphism of restricted Lie

algebras.
he proof of the second part of the proposition is by explicitly describing all the
maps Lie(f1), Lie(fr) and Lie(f> o f1) by using the diagram (2.18.1). O

Finally we apply the previous theory to the case of the automorphism group scheme
of an algebraic scheme. More precisely, let X be a proper algebraic scheme X defined
over a field k and let Auty , be the group valued functor defined by Auty , (S) =
Autg(X x §), where S is any scheme over k. Then it is well known [26] that Auty Jk
is represented by a group scheme Auty /; over k. The next proposition shows that the
Lie algebra of Auty y is isomorphic to the Lie algebra of vector fields of X.
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Proposition 3.19 Let X be an algebraic scheme defined over a field k of characteristic
p = 0and G = Auty y its automorphism group scheme. Then there exists a natural
isomorphism of Lie algebras

®: Lie(Auty k) — Derg(X),

where Dery (X) is the Lie algebra of vector fields of X. Moreover, if p > 0, ® is an
isomorphism of restricted Lie algebras.

Proof Let A = k[t]/ (t%). Then there exist the following natural isomorphisms of
k-vector spaces

Lie(Auty k) BN Homy, (SpecA, Autx k) 2 Autg (X x SpecA) L4

%, Deri(X) = Homy (k. Ox)

Where 7 is the isomorphism from Proposition 3.15 and Corollary 3.17, o is from the
definition of Auty as a group valued functor and its universal property and ¢ is the
isomorphism explained explicitly in the proof of Proposition 3.15.

The reader may now verify easily by following the definitions of each map that
the resulting isomorphism of k-vector spaces between Lie(Auty /) and Dery (X) is
actually an isomorphism of Lie algebras (an restricted in positive characteristic).

O

Next we give some examples of Lie algebras of certain group schemes with
emphasis on positive characteristic cases when the Lie algebras are restricted.

Example 3.20 ([41] p. 188) Let GL(n, k) and SL(n, k) be the affine group schemes
of invertible matrices and matrices with determinant 1 over a field k of characteristic
p > 0. As group valued functors they are defined as follows. Let A be any finitely
generated k-algebra. Then Homy (SpecA, G L(n, k)) is the group of A-automorphisms
of A" while Homy (SpecA, SL(n, k)) is the group of A-automorphisms of A" with
determinant 1.

Then Lie(GL(n, k)) = gl, (k) and Lie(SL(n, k)) = s, (k), where gl,, (k) and s[,, (k)
are the restricted Lie algebras of matrices and matrices with trace zero, respectively.
In both cases, the bracket is the bracket of matrices and the p-map is p-powers of
matrices.

Example 3.21 (The Lie algebra of 11 ,,) Let k be a field of characteristic p > 0. In this
example it will be shown that ie(u ) = gl (k), where gl (k) = k with trivial bracket
and p-map the Frobenius.
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Let D be a left invariant vector field of , in characteristic p > 0. Then D is a
k-derivation of k[¢]/(t? — 1) such that the following diagram commutes

kt] D kt]
@r—1 =y

k1] k[t] 1®D k1] k[t]
-0 ® @-n -0 ® @r-n

where m*(t) =t ® t. Then D = f(t)j—[, for some f(t) € k[t]/(¢7). Suppose that
f@) = f;ol a;t', a; € k. Then from the above diagram it follows that

p—1 p—1
doa @)=Y ait®r).
i=1 i=1

This is possible only if a; = O for all i # 1. Therefore D = at,a € k. Let§ =t 4.
Then Lie(pp) = ké = {ad, a € k}. Moreover, [ad, bd] = 0 and 67 = §. Hence
Lie(up) = gl (k).

Example 3.22 (The Lie algebra of or,) Let k be a field of characteristic p > 0. Working
identically as in the previous example, it follows that the Lie(a,) = k8, where 6 =
d/dt.In this case 6” = 0. Moreover, [ad, bS] = 0, forany a, b € k. Hence Lie(ap) =
k, where k is the trivial one dimensional restricted Lie algebra (trivial bracket and

p-map).

Example 3.23 (The Lie algebra of automorphisms of the Witt algebra [54, 55]) Let &
be a field of characteristic p > 0 and A = k[t]/(t? — w), where w € k. If w ¢ kP then
k C A is apurely inseparable field extension of height 1. If on the other hand w € k?,
then A = k[¢]/(¢?). To cover both cases we may assume that either w ¢ k” or w = 0.

Let Auty . be the group scheme of automorphisms of SpecA over k. The group
scheme Aut4 /. can be described as follows. Let R be a commutative k-algebra. Then
&A/k(R) is the group of R-algebra automorphisms ¢: R[t]/(t? —w) — R[t]/(tP —
). Such an automorphism is determined by ¢ (¢). Since ti=0,1,..., p—1is
an R-basis of R[t]/(tP — w), ¢(t) = Z{:ll Ait, for some A; € R. Since t” = w in
R[t]/(t? — w), it follows that

Mot =D+’ +- + oA =0 (3.23.1)
Moreover, since ¢ must be invertible it follows that the determinant of the map ¢
corresponding to the basis ti=0,1,..., p — 1 must be non zero. From this it
follows that Auty / is isomorphic to the subscheme of A,f defined as the intersection
of the Eq. (3.23.1) above and the open subset of A,f defined by the determinant. The
reader can find a detailed description of these in [54, 55].
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Suppose that @ = 0. Then Auty is not reduced. Suppose on the contrary that
¢ kP.Then Auty /i isreduced. However it is not geometrically reduced. In particular,
in both cases Aut 4y is not a smooth group scheme.

Let g be the restricted Lie algebra of Auta k. This is called the Jacobson-Witt
algebra. It is a restricted simple Lie algebra and of fundamental importance to the
classification of restricted simple Lie algebras in positive characteristic [4]. By Propo-
sition 3.19 it follows that g = Der(A). The k-derivations '8, where § = d/dt,
i =0,..., p—1form ak-basis of g. The Lie bracket is given by the formulas

[ﬂ'a, ﬂ'a] — (= i)t

Using this relation for i = 0 and j = 0 as well as the relation [1P~18,18] = 2 -
p)tP~18 one easily sees that if p # 2, then g is simple.

Consider in particular the cases when p =2 and p = 3.

Suppose that p = 2. Then §; = 6 and , = ¢ form a k-basis of g. Moreover, 8]2 =0,
8% = &7 and [§1, §2] = 8. From this description it easily follows that g = &k x gl (k).
In particular it is not simple.

Suppose that p = 3. Then §; = 5,8, = t§and §3 = 128 is a k-basis of g. Moreover,
8 =83 = 0,85 = 83, [81,8] = 81, [81,83] = 28, and [5>, 83] = 83. From this
description it easily follows that g = sl (k).

3.6 Infinitesimal group schemes

The purpose of this section is to present some results about finite affine group schemes
over a field of positive characteristic and to explain how their structure is related to the
properties of its restricted Lie algebra. Standard references for the material that will
be presented are [12, 41].

Definition 3.24 Let G = SpecA be a finite group scheme over a field k of characteristic
p > 0. The dimension of A as a k-vector space is called the length of G and is denoted
by |G|.

Group schemes of length p over an algebraically closed field are completely
classified.

Proposition 3.25 ([48]) Let G be afinite group scheme of order p over an algebraically
closed field k of characteristic p > 0. Then G is isomorphic to one of the following.
The constant group scheme 7./ pZ, the multiplicative group scheme (i, or the additive
group scheme a . In particular, G is commutative.

If k is not algebraically closed this result is not true as there exist constant group
schemes of length p with less than p points and therefore not isomorphic to Z/pZ.
For example, G = SpecA, where A = k[x]/(x? + wx), where o ¢ kP.

Remark 3.26 In contrast to the characteristic zero case where every group scheme of
order p? is commutative, there exist non commutative group schemes of order p? over
a field of characteristic p > 0 as was shown in Example 3.13. This exhibits how much
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richer the theory of group schemes in positive characteristic is compared to the one in
characteristic zero.

Next we define the notion of height of a finite group scheme.

Definition 3.27 Let G = SpecA be a finite group scheme with just one point over a
field k of characteristic p > 0. The height of G is the least positive integer e such that
a’ = 0, for all @ € my4, where my is the unique maximal ideal of A.

The next proposition describes the scheme structure of a connected finite group
scheme.

Proposition 3.28 ([41], Theorem 11.29) Let G = SpecA be a connected finite group
scheme over a perfect field of characteristic p > 0. Then

A%k[ll,...,tn]/<t{7el,...,t,fen>,

for some ey, ...,e, > 1. In particular, if G has height 1, then

AZklty, .t/ (1] 8).

If the field k is not perfect then the previous result is not correct as the following
example shows.

Example 3.29 ([72] Chapter 14, Exercise 1)] Let G = SpecA, where A =
k[x, y]1/(x*, y*> —ax?), where a ¢ k? and k has characteristic 2. The k-algebra homo-
morphismm™: A - A®A definedby m*(x) = x®1+1®xandm™*(y) = yQ1+1Qy
defines a group scheme structure on G. In fact it exhibits it as a closed group subscheme
of GZ =G, x G,.

Letnow V = {f € A, f? = 0}. Suppose that A has the form in Proposition 3.28.
Then, since dimy A = 8, A would be isomorphic to k[s, ¢]/ (s*, £2). If this is the case
then it is not hard to see that dimy; V = 6. However, we will show that this is not true.

Let f € V. Then we may write f = fo(x) + f1(x)y, where f; € k[x] of degree
at most 3, i = 0, 1. Suppose that fo(x) = ag + a;x + ax? + azx> and filx) =
bo + b1x + byx? + b3x3. Then

2= R+ ey = G+ 7 (37 - ax?) + e 7).

Since f2 € (x* y? — ax?), it follows that f7(x) + ax?fZ(x) € (x*). Therefore,
aé + ax? + ab3x* € (x*) and hence a3 + (a? + ab3)x* = 0. This implies that
ay = a% + abg = 0. Now since a ¢ k%, we get that ag = a; = bgp = 0. Hence
dim V = 5, a contradiction.

Let G be a group scheme defined over a field k of characteristic p > 0. To G there
is an associated ascending filtration of infinitesimal group schemes which can be used
in order to study the group scheme structure of G. The filtration is derived from the
notion of Frobenius Kernel which will be defined next.
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Definition 3.30 Let G be a group scheme defined over a field k of characteristic p > 0.
Let F?"): G — G¥") be the n-iterated geometric Frobenius morphism. G®") is a
group scheme and the morphism F?") is a morphism of group schemes. The kernel
of FP") is called the n-Frobenius Kernel of G and is denoted by G[nF].

The n-Frobenius kernel G[n F'] is an infinitesimal group scheme and from its definition
it is not hard to see that it can also be described as follows. Let O¢ . be the local ring
of G at the unit point ¢ € G and m, its maximal ideal. Let mL’” ={a”", aem,).

Then

GInF] = Spec (Oc,e /mg’”) .

Remarks 3.31 (1) From the definition of Frobenius kernel it is clear that for any
group scheme G over a field of characteristic p > 0, there exists a filtration
of infinitesimal closed group subschemes of G,

GIF]C G[2F]C---CG[rF]Cc Gln+ DF]C---CQG.

(2) The height of a finite group scheme G is the smallest natural number n > 1 such
that G[nF] = G, i.e., the Frobenius map G — GP") is trivial.

(3) Since the tangent space at the identity of G[n F'] is the same as the tangent space
at the identity of G[F1] it follows that Lie(G[F]) = Lie(G[nF]), for any n > 1.
This moreover shows that (in the case that G is positive dimensional) that there
may exist infinitely many non isomorphic group schemes with the same restricted
Lie algebra.

Example 3.32 Let G,, G,, be the additive and multiplicative group schemes in
characteristic p > 0.

The n-Frobenius Kernel G, [n F] is the infinitesimal group scheme which is defined
as a functor of groups as follows. Let X be any k-scheme. Then from the definition of
n-Frobenius kernel it follows that

Homy (X, Gy[nF]) = Ker [FU’"): k[x] — HO(X, OX)] ,
where F(P")(f(x)) = (f(x))?. Therefore,
Homy (X, Gu[nF]) = {a e HOX, Oy), a”" = o} .

Hence G4[nF] = apn.
Similarly it can be shown that G,,[nF] = ppn.
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3.7 The Demazure-Gabriel correspondence

Let k be a field of characteristic p > 0. The purpose of this section is to show that
there exists a one to one correspondence between infinitesimal group schemes of
height 1 over k and finite dimensional restricted Lie algebras over k. In particular,
a group scheme of height 1 is completely determined by its restricted Lie algebra
of derivations. This establishes a link between the representation theory of restricted
Lie algebras and the algebraic theory of group schemes. The main references for this
section is [12, 41, 46].

The first step in constructing the correspondence between restricted Lie algebras
and height 1 group schemes over k is the construction of the universal algebra of a
restricted Lie algebra g.

Let A be a k-algebra. Then A is a restricted Lie algebra over k by defining bracket
by [a, b] = ab — ba, foralla, b € A and p-map by al?! = a?, foralla € A.

Definition 3.33 Let g be a restricted Lie algebra over k. A universal restricted algebra
of g is a k-algebra A together with a map of restricted Lie algebras p: g — A which
satisfies the following universal property. Let B be any other k-algebraandt: g — B
a map of restricted k-algebras. Then there exists a unique k-algebra homomorphism
f: A — B such that the following diagram commutes.

94p>

N

For any restricted Lie algebra g its universal restricted algebra exists and can be
constructed as follows. Let T'(g) = @Szog[s] be the tensor algebra of g viewed as
a k-vector space, where g!*! is the tensor product of k-vector spaces g @y - - - ®x g,
s- times. Let p: g — T(g) be the map defined by p(x) = x, for any x € g, where
by x in the right hand side we mean the element x € gl!l = g as an element of
grade 1 in T(g). Let I C T(g) de the two sided ideal generated by the elements
p(x, y) — p(x)p(y) +p(»)p(x) and (p(x))” — p(x!P!) of T (g), forall x, y € g. Let
now U'PI(g) = T(g)/I. Then it is not hard to see that p: g — U!Pl(g) is injective
and that

Proposition 3.34 ([12, 41]) y'rl (@) is the universal restricted Lie algebra of g. If in
addition g is finite dimensional, then U'P1(g) is also finite dimensional as a k-vector
space.

From now on and for the simplicity of notations, we will identify g with p(g) and
write x for p(x) in UP1(g), for any x € g. Any products will be products in UP1(g).

From the universality of U!Pl(g) there exist the following homomorphisms of k-
algebras.

(1) m: UPN(g) — UPY(g) @ UP)(g) such that m(x) = x® 1+ 1®x, forany x € g.
() i: UPl(g) — UP)(g) such that i (x) = —x, forall x € g.
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(3) e: U'PI(g) — k defined by e(x) = 0, for all x € g.

Let (U'P1(g))* be the dual of UPl(g) as a k-vector space. Dualizing the
homomorphism m above we obtain a homomorphism of k-vector spaces

m*: (U (@) ® (U () — U (g)*.
From the definitions it easily follows that for any f, g € (UP!(g))*,

m*(f ® g)(x) = f(Dgx) + f(x)g(l) =m™ (g ® f)(x),

forany x € g. Therefore, considering that g generates U1 (g) as a k-algebra, it follows
thatm*(f®g) = m*(g® f) and hence m* makes (U'P!(g))* acommutative k-algebra.

Let u: UPl(g) ® UPl(g) — U'P)(g) be the map defined by the multiplication
of UP)(g), ie., w(x ® y) = xy. Dualizing we get a k-algebra homomorphism
w*: (UPY(g)* — (UPI(g)* @ (UPN(g))*. Let also e*: (UP)(g))* — k be defined
by e*(f) = f(1). Then after a careful verification by using the definitions it follows
that

Proposition 3.35 The commutative k-algebra (Ul (9))* together with the homomor-
phisms p*, i* and e* is a Hopf algebra. Therefore

G(g) = Spec (U LP] (g))*

is a group scheme with group scheme structure coming from the Hopf algebra structure

of (UP(g)*.

(The reader may find the details in [41] or [12]).
Consider now the map

¢: g — Homy (UP(g))*, k) (3.35.1)

defined as follows. Let x € g. Then ®(x) = ¢,, where ¢, : (UP)(g))* — k is defined
by ¢ (f) = f(x), forall f e (UP!(g))*. By the definition of product in (U?!(g))*,

ox(f1f2) = i) f2(x) + fo(x) fr(D) = e*(fD)$x (f2) + " (f2)bx (f1).

This shows that ¢, : (UP1(g))* — k is a derivation. From Proposition 3.15 it follows
that there exists a unique left invariant derivation ®, of (U!P)(g))* restricting to ¢, at
the identity point. Therefore there exists a map of restricted Lie algebras

®: g — Lie(G(g) (3.35.2)

defined by setting ® (x) = ®,.

Proposition 3.36 ([12, 41]) Let g be a finite dimensional restricted Lie algebra over
a field of characteristic p > 0. Then
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(1) The group scheme G(g) is a height 1 group scheme.
(2) The map ®: g — L£ie(G(g)) is an isomorphism of restricted Lie algebras.

Proof 1 will show the first part. The reader may find a detailed proof of the second in
[12, Chapter II, 7].

Let R = U!P)(g) and let m. be the maximal ideal corresponding to the identity
map e*: R* — k. Let x € m,+. Hence x(1) = ¢*(x) = 0. To show that G(g) has
height 1 it suffices to show that x” = 0.

Suppose on the contrary that x? # 0. Let m, be the ideal of R generated by x € g.
This is a maximal ideal and it is simply the kernel of the map £: R — k. Given then
any r € R, thereexistsay € gand A € k such thatr =y + A.

Since x” # 0, there exists r € R such that x”(r) # 0. From the above discussion,
there exist y € g and A € k such that r = y + A. Considering that x (1) = 0, it follows
that x”(y) # 0. But this means that, in the notation of Eq. (3.35.1), ¢, (x*) = 0.
But ¢, is a derivation. Therefore, ¢, (x?) = pxp_lrb(y) = 0, a contradiction. Hence
xP =0.

O

The following proposition shows that morphisms between height 1 group schemes
are in one to one correspondence with homomorphisms between their restricted Lie
algebras.

Proposition 3.37 Let g1, g2 be finite dimensional restricted Lie algebras over a field
k of characteristic p > 0 and let ¢: g1 — g2 be a homomorphism of restricted Lie
algebras. Then there exists a unique morphism of group schemes G(¢): G(g1) —
G (g2) such that the following diagram commutes.

Lie(G(g1) —9P _ ie(G(g1)

1o

g1 a2

where @ is the isomorphism (3.35.2).

Proof By its definition, G(g;) = Spec (U[”] (gi))*, i =1,2. Themap ¢: g1 — @
induces a k-algebra homomorphism U!Pl(g;) — U!P!(g,). Dualizing this map (as
k-vector spaces) we get a k-linear map (U!P)(g2))* — (U!P)(g1))*. By checking
carefully the definition of the k-algebra structure of (U[?!(g;))* one sees that this map
is actually a k-algebra homomorphism and the resulting morphism G(¢): G(g1) —
G (g2) is a group scheme morphism.

The existence and commutativity of the diagram in the statement follows by a
careful study of the definition of the Lie( f) where f: g1 — g is a map of restricted
Lie algebras as defined in Proposition 3.18. The reader can find more details in [12,
Chapter II, 7].

O
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Putting all the above together we get the Demazure-Gabrier Correspondence. A
detailed exposition of this can be found in [12, Chapter II, 7]. The case when g is
abelian is treated in detail in [46, pp. 124—134].

Theorem 3.38 (Demazure-Gabriel correspondence. [12, 46]) Let k be a field of char-
acteristic p > 0. The functor G +— Lie(G) is an equivalence between the category of
finite group schemes of height 1 and the category of finite dimensional restricted Lie
algebras. Its inverse is the functor g — G(g),where g is a finite dimensional restricted
Lie algebra over k.

In particular, let g be a finite dimensional restricted Lie algebra and G a finite
group scheme of height 1, Then,

Lie(G(g) =g and G(Lie(G)) =G

Remark 3.39 According to the Demazure-Gabriel correspondence, the categories of
finite group schemes of height 1 and of finite dimensional restricted Lie algebras are
equivalent. Therefore the classification of finite group schemes of height 1 is equivalent
to the classification of finite dimensional restricted Lie algebras. Restricted simple Lie
algebras are classified [4]. However this classification does not provide a classification
of simple height 1 group schemes because the corresponding restricted Lie algebra of
a simple group scheme is a simple restricted Lie algebra but may not be a simple Lie
algebra.

We will finish the discussion about the Demazure-Gabriel correspondence with two
explicit examples that will be useful in the next sections.

Example 3.40 Let k be a field of characteristic p > 0 and g = k be the 1-dimensional
restricted Lie algebra with trivial bracket and p-map. From the Example 3.22 this is
isomorphic to the Lie algebra of . We will explicitly construct the group scheme
G(g) and show that it is isomorphic to «.

Since the bracket and p-map of g are trivial, it easily follows that as k-algebras

UPl(g) = T(g)/(xy — yx, xP, x,y € g) = S(@)/(x?) = k[t]/(t7).

Thenthemapm™: A — AQ®; A, where A = k[t]/(¢?) as defined after Proposition 3.34
is simply defined by m*(t) =t ® 1 + 1 ® t. This makes U!?!(g) into a Hopf algebra
and hence Spec(U!?1(g)) is a group scheme. Moreover, the previous description of
m* and U'P1(g) show that

Spec(U[P] () = ap.

From this it follows that G(g) = Spec (U (p] (g))* is the Cartier dual of «), which is
isomorphic to a .

Example 3.41 Let k be a field of characteristic p > 0 and g = gl (k) be the 1-
dimensional restricted Lie algebra with trivial bracket and p-map the Frobenius map.
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Therefore gl (k) is generated by an element e such that el?! = ¢. Then there are
isomorphisms of k-algebras

U (g) = T(g)/(xy — yx,xP —x, x,y € g9) = S(g)/(x” —x, x € g)
= [k[t]/ (P —1).

As in the previous example, the map m*™: A — A Qi A, where A = k[t]/(tP — 1) is
defined by m*(t) =t ® 1 + 1 @  and it makes U”)(g) into a Hopf algebra. Therefore
Spec(UP1(g)) is a group scheme. In fact from the description of m* this is simply the
constant group scheme (Z/pZ)i. Hence G(g) is its Cartier which by Example 3.5 is
isomorphic to fip.

3.8 Actions of infinitesimal group schemes

In this section we will discuss several useful properties, unique in positive character-
istic, of an action of an infinitesimal group scheme G on an algebraic variety X over
a field of characteristic p > 0. Special emphasis will be given to the case when G has
height 1 and in particular when G = o) or G = u,. These cases are of particular
interest since «;, and 1, may appear as subgroup schemes of the automorphism group
scheme of a variety. The main references for this section are [41, 46, 47].

Definition 3.42 An action of a group scheme G on a scheme X over a field k is a
morphism p: G x X — X such that

(1) The composite

XESpeckxXeX—;XGXX—’ﬁX

is the identity.
(2) The diagram

GxGxG—M  _Gxx

|1 |+

G xX X

is commutative, where m: G x G — G and e: Speck — G is the multiplication
and identity morphisms of G.

In the language of functor of points, the previous definition is equivalent to the fol-
lowing. A group scheme G acts on a scheme X if and only if for any scheme S over
k, Hom(S, G) acts on Hom(S§, X) functorially, which means that for any morphism
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f: 8§ — T of schemes over k, the following diagram commutes.

Hom(T, X) Hom(S, X)

Hom(T, G) x Hom(T, X) ——— = Hom(S, G) x Hom(S, X)

where 7 and g define the action of Hom(7', G) and Hom(S, G) on Hom(T, X)
and Hom(S, X), respectively.
Suppose that G acts on X. Consider then the morphism

(u,p2):Gx X —> G xX,

where p>: G x X — X is the projection. We say that the action is proper or free if
and only if the morphism (u, p») is either proper or a closed immersion, respectively.

Next we will recall the notions of G-invariant maps and quotient of a scheme by a
group [27, 46, 47].

Definition 3.43 Let G be a group scheme acting on an algebraic scheme X over a field
k. A morphism f: X — Z is called G-invariant if and only if the following diagram
commutes.

GxXt sx
P2 J{f
f
x—1 .7

In particular, if Z = Al f is called a G-invariant function.

Definition 3.44 ([27]) Let G be a group scheme acting on an algebraic scheme X over
afield k. Let also r : X — Z be a G-invariant morphism.

(1) The morphism 7 : X — Z is called a categorical quotient of X by G if and only if
for any other G-invariant morphism g: X — Y, there exists a unique morphism
h:Z — Y suchthath =gom.

(2) The morphism 7 : X — Z is called a topological quotient of X by G if and only
if the following conditions are satisfied.

(a) For any algebraically closed field E the map
f(E): X(E)/G(E) — Z(E)

is an isomorphism of sets.
(b) The morphism 7 is universally submersive.
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(3) The morphism  is called a geometric quotient of X by G if and only if itis a
topological quotient and in addition,

Oz = (1.0x)%,

the sheaf or rings of G-invariant functions of X.
(4) All three kinds of quotients are unique if they exist.

The next theorem establishes the existence of a geometric quotient under certain
conditions in the case of finite group schemes. More general results can be found in
[27, 47].

Theorem 3.45 (Theorem 1, p. 104 [27, 46]) Let G be a finite group scheme acting on
a scheme X defined over a field k. Then,

(1) Suppose that the orbit of any point is contained in an affine open subset of X.
Then the geometric quotient w: X — Z exists. Moreover,  is a finite morphism
of degree n = |G|.

(2) Suppose that k has characteristic p > 0. Then the geometric quotientw: X — Z
exists as an algebraic space [27].

Suppose that either of the above conditions is satisfies and therefore the geometric
quotient w: X — Z exists. Suppose in addition that G acts freely on X, then the
morphism 1 is flat of degree n = |G|.

Remarks 3.46 (1) Suppose that G is an infinitesimal finite group scheme, i.e., G is
a single point as a set. Then since every orbit is a point as a set, the condition
(1) above is satisfied automatically and hence in this case the geometric quotient
exists. Moreover, every open subset U of X is G-invariant.

(2) Suppose that G = SpecR. Then according to the proof of part (1) of the previous
theorem found in [46, Theorem 1, p. 104], locally the morphism n: X — Z
is described as follows. Suppose X = SpecA. Thenthe map u: G x X — X
defining the action of G on X corresponds to a homomorphism of k-algebras
uw*: A — R Qi A. Then Y = SpecB, where

B={acA, pa=1Q®a).

We next consider the case of actions of group schemes of height 1.

Proposition 3.47 Let G be a finite group scheme of height 1 over a field k of charac-
teristic p > 0. To give an action of G on a scheme X over k it is equivalent to give a
map of restricted Lie algebras

Lie(G) — Deri(X),
where Dery (X) is the restricted Lie algebras of vector fields of X.
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Proof Let Auty i be the automorphism group scheme of X. To give an action of G
on X is equivalent to give a morphism of group schemes ¢: G — Auty /. This map
induces a map of Frobenius Kernels

¢[F]: G[F] — Auty ;[F].

Since G has height 1, G[F] = G. Then by the Demazure-Gabriel correspondence,
Theorem 3.38, ¢[F] is determined completely by the map between the restricted
Lie algebras of G and Auty[F] that it induces. Taking into consideration that
Lie(Autxk[F]) = ZLie(Auty,) and that by Proposition 3.19, Lie(Autyx/;) =
Dery (X), we get the statement of the proposition. O

The previous proposition makes it possible to obtain a description of the geometric
quotient of a scheme by a height 1 group scheme by using vector fields. Note that the
geometric quotient exists by the first remark after Theorem 3.45.

We first define a special kind of purely inseparable map constructed by rational
vector fields of a variety.

Definition 3.48 Let X be anintegral scheme of finite type over a field k of characteristic
p > 0.Leth C Dery(k(X)) be arestricted sub Lie algebra of the restricted Lie algebra
of derivations of the function field k(X) of X. Let Dy, ..., D,, be rational vector fields
of X forming a k(X)-basis of h. Let Y9 be the scheme whose underlying topological
space is X and its sheaf of rings is defined as follows. Let U C X open. Then

Oyy(U) ={a € Ox(U), Di(a) =---= Dpla) =0} C Ox(U).

The resulting map 7: X — X" is called the quotient of X by h. By Theorem 2.6 &
is purely inseparable of degree p". Sometimes, X" is denoted by X P1:Dn

Proposition 3.49 (Proposition 4.2 [55]) Let G be a height 1 group scheme over a field
k of characteristic p > 0 acting on an integral scheme X. Then by Proposition 3.47,
the action of G on X is determined by a map between of restricted Lie algebras

¢: Lie(G) — Dery(X).

Let Dy, ..., Dy, be vector fields of X forming a k-basis for the image of ¢. Let also
7w X — Z be the geometric quotient of X by G, which exists by Theorem 3.45. Then

7 = XD],-an

Moreover, deg(mw) = p™, where m is the dimension, as a k(X)-vector space, of the
restricted Lie subalgebra of Dery(X) generated by Dy, ..., Dy. Suppose in addition
that X is normal. Then Y is also normal.
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3.9 Actions of a), and 1,

In this section we will study in more detail actions of 11, and ¢, on an algebraic variety
X over a field of characteristic p > 0 and the quotient of X by this action. A more
detailed treatment of this topic can be found in [68].

Proposition 3.50 Let X be a scheme of finite type over a field k of characteristic p > 0.
Then X admits a nontrivial o), or p, action if and only if X has a nontrivial global
vector field D such that DP = 0 or DP = D, respectively. Moreover,

(1) Let D be a vector field of X such that D = 0. Then the action of ap on X is
defined by the map

o : OX — OX[t]
(tP)
where
L, Dka X
D(a) = I;) Tl

(2) Suppose that X admits a ., action induced by a vector field D of X such that
DP = D.Then the action is defined by the map

(P =1

where

p—1 i p—1 i
D*a D*a
Ua)=) —+Y —i-
! !
P k! P k!
Proof Let G be either «, or i p,. Since G is a group scheme of height 1, from Propo-
sition 3.47, an action of G on X is completely determined by a map of restricted Lie
algebras

¢: Lie(G) — Dery(X). (3.50.1)

By Examples 3.21 and 3.22, Lie(u ) and Lie(a,) are one dimensional over k gener-
ated by an element e such that either el?! = ¢ or e!?! = 0, respectively. Let D = ¢ (e).
Then either D? = D or D” = 0. Conversely, if such a vector field exists then there
exists a map of restricted Lie algebras as in (3.50.1) above and hence an action of
or i, on X.

The above argument is based on the Demazure-Gabriel correspondence and even
though short the form of the action is hiden. However, it is possible to write a simple
self contained argument which describes the action explicitly and might be useful for
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calculations. We will only consider the case of an «, action. The (1, case is identical
and is omitted.
Suppose that X admits a nontrivial o -action. Let

mioap x X — X
be the map that defines the action. Let

k(t]
uw': Ox - Ox ®x m

be the corresponding map on the sheaf of rings level. The additive group «, is Spec ) ,ﬁl
as a scheme with group scheme structure given by

- k[t] klr] _ klr]
m ® —
(ﬂ’) Py = (tP)

defined by m*(t) = 1 ® t + t ® 1. Then by the definition of group scheme action,
there is a commutative diagram.

Ox Ox ®x é‘,[,i])

lu* lu*®1

1@m* k[t] k[t]
Ox & {1 —= Ox ®% i} ®* 37}
The map p* is given by
p—1
pr@)=a®@ 1+ @) @t+y P(a) @,
k=2

where ®;: Ox — Oy are additive maps. The fact that u* is a sheaf of rings map
shows that @ is a derivation which we call D. We will show by induction that ¢ (a) =
DFa/k!. and hence the first part of the proposition.

From the commutativity of the previous diagram and the definition of u* and m*
it follows that

p—1
a®1®14+Da®t@1+) P@@"®1+Da®1®t+Datd1
k=2
p—1
—i—Zfbk(Da)@tk@t
k=2
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p—1 p—1
+Y | 2@ @10 + D(@r@) @@ + ) O(Pr(a) @1* @1
k=2 s=2

p—1 k
k
=a®1®1+Da®t®l+Da®1®t+ZZ®k(a)( >t5®t"‘s.
k=2 s=0 §

Equating the coefficients of *~! ® ¢ on both sides of the equation we get that
k®p(@)t* ' @ t = ®p_1(Da) @ t*~! @ t. By induction, ®;_; = D*1/(k — ).
Therefore @y (a) = D¥a/k!as claimed. Moreover, equating the coefficients of r @17~
it follows that D? = 0.

O

The previous proposition motivates the following definition.

Definition 3.51 Let D be a vector field on a scheme X defined over a field of
characteristic p > 0. D is called additive if D? = 0 and multiplicative if D? = D.

Example 3.52 In this example we will exhibit an action of ), on ]P’,% in two different
ways in characteristic p > 0. One by using the functorial definition of action and
another by using the previous proposition, i.e., by exhibiting an explicit additive vector
field on IP5.

To write an action of «, on IP’,3C is equivalent to define a map of group schemes
¢: ap — Autps ;. This can be done by defining a map

¢r: &, (R) > Autgs (R)

for any finitely generated k-algebra R. Now gp(R) ={r e R, r? =0}and Autp3(R)
is the group of R-automorphisms of IP’%. Let now r € R such that r? = 0. Define
¢r(r) to be the R automorphism of ]P’?e given by the matrix A(r) € M3(R), where

A(r) =

S o o=
S o~ O
oS = O O
—_ o O N

It is not now difficult to see that ¢ g is a group homomorphism and that it is functorial
in R. Therefore it induces a group scheme morphism ¢ : «, — Autps ;. Note that in
this way one can define various actions of o, on ]P’,z or in [P} in general.

Letnow X C Pz be a surface given by a homogeneous polynomial f of degree d.
The matrix A(r) defined above corresponds to the automorphism ¢r (r) of IP’?e given
by

¢r(r)([x,y, z, w]) = [x +rw, y,z, w].

If X is invariant under this automorphism of IP’?e for any R, then the action of ), on
]P’z induces a non trivial action of «;, on X.
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For example, one can easily check that this happens for
fx,y, z,w) = wPy 4+ wy? + wyzP =1 + zxP.

Moreover, with some effort one can show that the surface X defined by f is singular
with only rational double points. If in addition p > 5, X is asurface of general type with
anontrivial o, action. A similar example will be studied in detail in Proposition 4.8.

The a, action can be defined also from the the following additive vector field on
X.Leté: k[x,y,z,w] — k[x,y,z, w] be the homogeneous k-derivation given by
D = yd/ox. Then §# = 0. Since §(f) = 0, § induces a homogeneous k-derivation
of k[x, y, z, w]/(f) and therefore gives a vector field of D on X with D? = 0. Then
by Proposition 3.50, D induces an o, action on X.

Example 3.53 In this example we will exhibit in a way similar to the previous example,
nontrivial actions of 14, on IP’,% in characteristic p > 0. The methods can be generalized
to produce actions of i1, in P} for any n > 1 and also to hypersurfaces X C IP}.

Let ay, a», a3, a4 be positive integers. Let R be any finitely generated k-algebra.
Then ﬁp(R) ={r e R, r? =1}. Letalso

¢r: 1, (R) — Autps(R)

be the map defined as follows. Let r € R such that r” = 1. Then ¢r(r) is the
R-automorphism of IP’%e given by the matrix A(r) € M3(R), where

0 00

0 r 0 0

AN =1 o o
0 0 0 re

It is not hard to see that ¢ is a group homomorphism and that it is functorial in R.
Therefore itinduces a group scheme morphism ¢ : 11, — Autps ; and hence an action
of i, on IP’,%.

This action can alternatively be defined by a vector field of IP’,Z of multiplicative type
in the following way. Let § : k[x1, x2, x3, x4] — k[x1, x2, x3, x4] be the homogeneous
derivation defined by

a0 d d d
d =ajxj— + arxo— + azx3— + agxg— (3.53.1)
3)61 3)(2 3X3 8)64

It is not hard to see that 67 = §. Hence § induces a vector field D of IE”;E such that
D? = D. Then by Proposition 3.50, D induces an p,, action on X.

Let X C IP’,% be a surface given by a homogeneous polynomial f of degree d. If
X is invariant under this automorphism of }P’?e for any R, then the action of u,, on IP’,%
induces a non trivial action of 1, on X. We will give two such examples of special
interest.
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Letp=2,a1 =a, =1,a3 = a4 = 0 and
p
f(x1,x2, X3, x4) = xf +x§ +x§ + X1X2X3X4.

Then X is a quartic in ]P’,3( with only rational double points. Such a quartic is called a
generalized K3 surface [38, 39]. X is invariant under the ©; action defined with the
weights ay, az, az, as above and therefore the action of py on IP’,% induces a non trivial
W2 action on X. Note that in this case the vector field D on X which induces the .y
action on X is obtained from the k-derivation

5 0 N 0
=x— +xp—.
laxl 28x2

of k[x1, X2, x3, x4]. This derivation has the property that > = § and moreover §(f) =
0. Therefore § induces a vector field D on X such that D = D.
Letp=5,anda; =i,i =1,2,3,4. Letalso
FOLx2. 23,0 = D Mg Xy X x5
i1+ir+iz+is=5

where i +2i2+43i3+4is = 0 mod 5. Then X is a quintic surface in ]P’z. X is invariant
under the w5 action defined with the weights aj, a», a3, as above and therefore the
action of us5 on ]P’i induces a non trivial ps action on X. From the point of view of
vector fields again, this action is induced by the vector D on X which is defined from
the derivation § in (3.53.1) witha; = i,i = 1, 2, 3, 4. This derivation has the property
that §( f) = 0 and hence induces a vector field D on X such that D3 = D.

The surfaces X defined above are fundamental in the classification of Godeaux
surfaces in characteristic 5 [30]. By [30], the singularities of the general X are exactly
11 rational double points and the quotient Y = X /us is a smooth classical Godeaux
surface. In fact by [30] all classical Godeaux surfaces in characteristic 5 are of this
form.

In the remaining part of this section we will present several results regarding quo-
tients of a variety by «, or u, actions. To begin we will define the divisorial and
isolated part of a vector field, or more generally of a rational vector field of an alge-
braic scheme X. In the literature [52], the definitions in the case of a rational vector
field are local for smooth varieties only. Here we will give a global definition for
normal varieties.

Definition 3.54 Let D be a vector field on an algebraic scheme X defined over a field k.
The fixed part of D is the closed subscheme of X defined by the ideal sheaf (D (Oy)).
Moreover,

(1) The divisorial part of the fixed part of D is the closed subscheme of X defined by
the height 1 components in the primary decomposition of (D(QOy)).

(2) The isolated part of D is the closed subscheme of X defined by the height > 2
components in the primary decomposition of (D(QOy)).
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Definition 3.55 Let D be a rational vector field on a normal integral algebraic scheme
X defined over a field k. Then D gives a k-derivation of the function field k(X) of
X.LetY C X be a codimension 1 integral scheme. Let A = Oy y be the local ring
of Oy at the generic point of Y. Since X is normal, this is a DVR. Let my y be its
maximal ideal. Then my y = (¢). Then, considering A as a subring of k(X) = k(A)
and because X is of finite type over k, there exists a € A such that aD is a derivation
of A, Then (aD(A)) = (¢"), for some n € Z. Since A is a DVR, a = ut™, where
u € A* and m € Z. Define vp(Y) = n — m. The divisor

div(D) =Y “vp(Y)Y,
Y

where Y runs over all codimension 1 integral subschemes of X is called the divisorial
part of D. (As an exercise one can prove that this is a finite sum)

Let now Z C X be an integral subscheme of X of codimension > 2. Let Ox_z be
the local ring of Oy at the generic point of Z. Viewing this as a subring of k(X) then,
since X is of finite type over k, there exists a € Oy, z such that a D is a derivation of
Ox.z. Let my 7z be the maximal ideal of Oy z. Then Z is called an isolated part of
D if and only if my 7z is an embedded prime the ideal (a D(Ox z)).

These definitions can be made locally explicit in the case when X is smooth of
dimension n > 1 over k. Suppose that this is the case. Let P € X be a closed point
and let x1, x2,...,x, € A = Oy, p be aregular system of parameters. Let A be the

completion of A at P. Then A k[[x1, ..., x,]]. Then

a )
D=¢>(f13—m+-~+fn8x”)

such that ¢ € k(X) and f; € A C k[[x1,...,x4]],i = 1,...,nand the f1,..., fu
do not have a common factor. The divisorial part of X in a neighborhood of P € X is
div(¢) and the isolated part is defined by the ideal (f1, ..., fu)-

Example 3.56 Let k be a field of characteristic 2. Then

5 a n 5 0
=xy— —.
yax Y ay

is a k-derivation of A = k[x, y] such that 82 = 0. The fixed part of § is defined by the
ideal

(8(A)) = (5(x), 8(»)) = (xy, y*) = (x,») N ().
Therefore the divisorial part of § is given by the ideal (y) and the isolated part by the
ideal (x, y).

Suppose that X is an algebraic scheme over a field k of characteristic p > 0 such
that X admits a nontrivial «z, or ), action. In the remaining part of this section we
will present some results about the structure of the quotient of X by this action.

@ Springer



ANNALI DELL'UNIVERSITA’ DI FERRARA

By the remark after Theorem 3.45, the geometric quotient 7: X — Y exists.
Moreover, by Proposition 3.50 the «, or 1, action on X is determined by a vector field
D on X such that D? = Oor D? = D, respectively. In addition, from Proposition 3.49,
locally the morphism 7 is described as follows. Suppose X = SpecA. Then ¥ =
SpecB, where B = {a € A, D(a) =0}.

The next proposition provides information about the map 7 and the singularities
of Y. The reader may find more information in [2, 38, 39, 68].

Proposition 3.57 ([68]) Let X be an integral scheme of finite type over a field k of
characteristic p > 0. Suppose X has a non trivial o), or |, action induced by a
vector field D on X such that D? = 0 or DP = D, respectively. Let m: X — Y be
the quotient. Then

(1) The map 7 is a purely inseparable morphism of degree p.

(2) If X is normal then Y is normal.

(3) If X is S> then Y is S> as well.

(4) If X is smooth then the singularities of Y are exactly the image of the isolated part
of the fixed part of D [2].

(5) If X is normal and Q-Gorenstein, then Y is also Q-Gorenstein. In particular, let
B be a divisor in Y and B be the divisorial part of 71~ (B). Then if nB is Cartier,
pnB is Cartier too.

Singularities of the quotient of a smooth surface by a non trivial 1. ,action

The singularities of the quotient of a smooth surface with a nontrivial ) action
are in a great extend similar to cyclic quotient singularities in characteristic zero, as
we will see next.

Definition 3.58 Let P € X be a normal surface singularity defined over an alge-
braically closed field k. Let f: ¥ — X be its minimal resolution. P € X is called a
toric singularity of type %(1, m), 1 <m < p — 1, where p is a prime number, if the
exceptional set of f is a chain of smooth rational curves

e — 0 —--— @
El E2 Em
such that the intersection numbers El2 = —b;, are obtained from the continuous

fraction decomposition of p/m.

Let P € X be a toric singularity of type %(1, m). If the characteristic of the base
field is not p, then a toric singularity P € X of type %(1, m) is locally analytically

isomorphic to the cyclic quotient singularity A,%/ W p, where the group i, of p-roots
of unity act on Az by¢-x =¢x,¢-y=1¢"y, where ¢ is a primitive p-root of unity
and x, y the coordinates of Ai.

Suppose that the characteristic of the ground field k is p > 0. Let X be a smooth
surface with a nontrivial 1, action and let w : X — Y be the quotient of X by the 1,
action. According to Proposition 3.50, the 4, action is induced by a nontrivial vector
field D on X of multiplicative type. Moreover, by Proposition 3.57, the singularities
of Y are the image of the isolated fixed points of D.
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Let P € X be an isolated fixed point of D and Q = w(P) € Y. Then locally
analytically at P € X, D = xd/dx + myd/dy, forsome 1 < m < p — 1. Let
Q = w(P) € Y [52]. Then the following holds.

Proposition 3.59 [21] The singularity Q € Y is a toric singularity of type 1/ p(1, m).
In particular, it is a rational singularity.

Therefore, according to the previous result, toric singularities are precisely the
singularities of the quotient of a smooth surface by a non trivial x, action. Hence the
singularities of the quotient of a smooth surface by a ., action in characteristic p > 0
are the same as those of the quotient of a smooth surface by a nontrivial Z/pZ action
in characteristic zero. However, the situation is very different with o), actions as we
will see next.

Singularities of the quotient of a smooth surface by a non trivial ,action

In contrast to the case of the singularities of the quotient of a smooth surface by a
nontrivial u , action, the singularities of a smooth surface with a non trivial o ,-action
can be much worse than what can be expected of a quotient of a smooth variety by a
finite group in characteristic zero. In particular, in characteristic zero, the quotient of
a smooth variety by a finite group has rational singularities [9]. This is not always true
in positive characteristic for quotients by «, actions, as the next example illustrates.
This makes &, quotients very hard to handle in general.

Example 3.60 (A non rational quotient singularity)
Let k be a field of characteristic 2 and let § be the k-derivation of k[x, y] given by

) =)c4i +y —.
ax ay

It is easy to see that 82 = 0, i.e., § is a additive derivation. The derivation § induces
an additive vector field D of A% which by Proposition 3.50 induces a non trivial o
action on A%. Letm: A,% — Y be the quotient of A,% by this «p action. We will show
that Y has an elliptic singularity and therefore it is not rational.

The description of the singularities of ¥ will be done by constructing its minimal
resolution g: Z — Y. In fact we will show that there exists a diagram

=1

AN

X
Pk
Z4g>Y

with the following properties.

(1) X is smooth and f is birational.

(2) The morphism g is the minimal resolution of Y.

(3) The vector field D lifts to an additive vector field D on X without isolated part.
(4) Y is the quotient of X with the oy action on X induced by D.
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The first part is to construct X. This will be constructed by repeatedly blowing up
the reduced isolated points of the fixed part of D and by showing that by doing so
one arrives at a smooth surface X and a vector field D on X lifting D which has no
isolated part.

From the definition of D, its fixed part is given by the ideal (x*, y*) of k[x, y].
Therefore the fixed part of D has only isolated part and no divisorial part.

Let fi: X1 — X be the blow up of A,% at (0,0)andlet £ = IE”}( be its exceptional
curve. Since the point (0, 0) is in the fixed part of D, D lifts to a vector field D
on X which can be explicitly described as follows. From the definition of blow up,
Xi=UUV,whereU,V = A,%. The restriction of f; on U is induced from the map
f1: k[x, y] — k[x, y] given by f1(x) = xy and f;(y) = y, while the restriction of
fionVisgiven by f1: k[x, y] = k[x, y] given by fi(x) = x and fi(y) = xy.

Restricting f1 on U we get a commutative diagram

kLx, y] —L k[x, y] (3.60.1)

C

k[-xv y] Hk[x, )’]

where §; is a k-derivation of k[x, y] inducing D on X. Then §; = ¢(x, y)d/dx +
Y(x,y)d/dy. From the commutativity of the previous diagram it follows that
o (x,y) =x*y> —xy3and ¥ (x, y) = y*. Therefore,

From this description we see that the divisorial part of §; in U is 3E given by y> =0
and the isolated part consists of four reduced closed points given by x* — x = y =
0. Locally at every isolated fixed point of &1, and for appropriate choice of local
coordinates x and y,

) 9

By doing an identical calculation on V we see that there is one more reduced isolated
fixed point of D there of the same form. Therefore, the fixed part of D; consists of
3F and five isolated reduced points such all of them lie on E and locally at each one
of them, §; has has the form in (3.60.2) above.

Letnow f>: X — X be the blow up of X at the five fixed points of Dy. Let also
E = IP’,l, i =2,3,4,5, 6 be the fr-exceptional curves and call also, for the sake of
uniformity of notation, E; the birational transform of E; on X. Since f, blows up
fixed points of Dy, D lifts to a vector field DonX. A straightforward calculation,
similar to the one done for X at every isolated fixed point of D and using the form
(3.60.2), shows that D has no isolated fixed part and its divisorial part is the divisor
3E| + Y0, E;. Moreover, E? = —1,i =2,3,4,5,6 and E} = —6.
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Letnow v: X — Z be the quotient of X by the a5 action on it induced by D. Then
since D has no isolated part, from Proposition 3.57, Z is smooth. Moreover there
exists a morphism g: Z — Y producing the diagram (3.60.1). Since f is birational
and both 7 and v are purely inseparable of degree p, g is also birational.

Next we will describe the exceptional set of g. The g-exceptional curves are the
curves F; = v(E;), 1 <i < 6.Local straight forward calculations show that v*(F}) =
E| and that v¥(F;) = 2E;, for 2 < i < 6. Therefore, F} = —3 and F? = —2, for
2 < i < 6. Moreover by looking at the construction of X, we see that Fy - F; = 1,
2 <i<6andF;-F; =0,2 <i,j < 6. Therefore, the configuration of the
g-exceptional curves is the following.

F3 Fy Fs
. . .
° ° °
%) Fy Fe

From this it follows that the fundamental cycle B of the singularities of Y is
B=2E1+Ex+ E3+ E4+ Es + Eg.
Let p,(B) be the arithmetic genus of B [3]. From this we now get that
2ps(B) —2=Kz-B+ B*=0.

Therefore, p4(B) = 1 and hence Y has one elliptic singularity. In particular the
singularity of Y is not rational.

We will finish this section by presenting an adjunction formula for quotients of
surfaces by an «, or 1, action or more generally by a rational vector field of either
additive or multiplicative type.

Proposition 3.61 ([52]) Let X be a normal Q-Gorenstein surface over a field of char-
acteristic p > 0. Let D be a nontrivial rational vector field of X such that D? = 0 or
DP = D. Let w: X — XP be the quotient of X by D as defined in Definition 3.48.
Then

Kx =7n*Kyp + (p — DA,

where A is the divisorial part of the fixed part of D and = denotes numerical
equivalence of divisors.

Proof Since X is normal and Q-Gorenstein, K y is Q-Cartier. Then by Proposition 3.57,
Y is normal and Ky is also Q-Cartier. Therefore 7* Ky is well defined. Let U =
X — (Sing(X) U Z), where Sing(X) is the singular part of X and Z the isolated part

@ Springer



ANNALI DELL'UNIVERSITA’ DI FERRARA

of the fixed part of D.Let V = n(U) C Y. Then U and V are open subsets of X and
Y of codimension 2 and moreover, since D has no isolated part in U, V is smooth.
Since X is normal, to prove the formula of the proposition it suffices to prove that on
U the formula is actually linear equivalence of Cartier divisors. In this case, since U
is smooth it follows from [52].

O

By Proposition 3.50 the previous proposition applies directly to the case of quotients
by o or u, actions.

Corollary 3.62 Let w: X — Y be the quotient of a normal Q-Gorenstein surface X
over a field of characteristic p > 0 by a nontrivial o), or i, action. Then

Kx =7n*Ky + (p — DA,

where A is the divisorial part of the vector field D of X defining the o, or up-action.

4 Automorphism group schemes in positive characteristic

The purpose of this section is to present certain results about the structure of the
automorphism group scheme of a variety of general type in positive characteristic
and to highlight through explicit examples some important differences between the
positive characteristic case and the zero characteristic.

The automorphism group scheme of an algebraic variety is a fundamental invariant
of it and an object of great interest and in a great extent determines its deformation
and moduli theory.

A case of particular interest is the automorphism group scheme of smooth varieties
of general type and more generally of canonically polarized varieties which are defined
next.

Definition 4.1 Let X be a projective variety over an algebraically closed field k. Then

(1) X is called of general type if and only if X is smooth and the pluricanonical linear
system |m K x| defines a birational map to its image for m sufficiently large.

(2) X is called canonically polarized if and only if it has canonical singularities and
Kx is an ample Q-Cartier divisor. These are the canonical models of varieties of
general type. In the case of surfaces these are projective surfaces with rational
double points and ample canonical class.

Varieties of general type and their canonical models play a fundamental role in the
classification of smooth projective varieties. In characteristic zero canonical models
exist in all dimensions but in positive characteristic only in dimension at most 2 [5].
Moreover, the automorphism group scheme of a smooth variety of general type or
more generally of a canonically polarized variety is zero dimensional and of finite
type over the ground field £ [13].

Let X be a smooth projective variety of general type over an algebraically closed
field of characteristic p > 0.

Suppose that p = 0. Then the following are known.
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Theorem 4.2 Let X be a smooth variety of general type over an algebraically closed
field of characteristic zero. Then.

(1) Auty i is smooth over k (because every group scheme is smooth in characteristic
zero).

(2) Suppose that dim X = 1. Then |Auty /x| < 42(2py(X) — 2) [20].

(3) Suppose that dim X = 2. Then |Auty /x| < 422K)2( [73, 74].

(4) Let n > 3. Then there exists a number ¢ € R which depends only on n such that
Sfor any smooth variety X of general type and dimension n, |Auty ;| < cK% [19].

Suppose on the other hand that p > 0. Then we will show by examples that in
dimension > 2, all of the above fail. In fact one of the fundamental problems in the
theory of automorphism groups schemes of varieties of general type is to find explicit
bounds for its length and structure results about its group scheme structure and in
particular its component Aut(;( Ik containing the identity.

Failure of the characteristic zero bounds in positive characteristic
The next example shows that the bounds that hold true in characteristic zero are no
longer true in positive characteristic.

Example 4.3 ([19]) Let p > 0 be a prime number and ¢ = p™, for m > 0. Let
K = Fp and let A: K — K be defined by A(a) = a?. Then A2 = A. This map
is the positive characteristic analog of complex conjugation. Denote for any a € K,
a = Aa).

Let A = (a;j) € M, (K) be a square matrix of order n with entries from K. Let
A= (a 7). Incomplete analogy with the complex case, a matrix A € GL,(K) is called
unitary if and only if AA = I,,. Let U, (K) be the set of all unitary matrices of order n.
U, (K) is a subgroup of GL,(K) and therefore acts on P}, by linear automorphisms.

Let X C I[“’I’(+l be the hypersurface of degree ¢ + 1 given by the equation

q+1 q+1

1 1
b at+ +xq+ =0.

Tt n+l =

X issmooth and Kx = Ox(q —n —1). Thisis ample if g —n — 1 > 0 and therefore it
is canonically polarized and in particular of general type. Note that Auty s is smooth
and finite since the automorphism group scheme of any smooth hypersurface in P” is
smooth [40].

It is not difficult to ckeck that X is invariant under the action of U,,+>(K) on ]P”};rl
and therefore U, 17(K) acts faithfully on X and hence it is a subgroup of Auty .
Therefore, |Auty /x| > |Uy42(K)|. Now it is known [18] that

1 n+2 n+2 . .
= 40D i i
|Un+2(K) nt2.q 59 2 i|_2| (q ( 1)). 4.3.1)

Moreover, X has dimension n and K% = (¢ —n — 1)"(¢g + 1). In particular, Ky is
a polynomial of degree n + 1 in g. On the other hand, from the Eq. (4.3.1) it follows
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that the order of U, 1, (K) is a polynomial in g of degree

n+2 n n+3 1

2 2 '
This shows that given an integer n > 2 there does not exist a number ¢ € R which
depends only on n such that if X is smooth of general type of dimension 7, then

|[Auty k| < cK ;’( and therefore the bound in Theorem 4.2.2, are false in positive
characteristic.

Problem 4.4 Find an explicit bound for the length of the automorphism group scheme
of a smooth variety of general type of dimension n > 2.

In dimension 1 things are much simpler. Auty /x is smooth and there is the following
explicit bound for its length.

Theorem 4.5 ([59]) Let X be a smooth curve of genus g > 2 defined over an
algebraically closed field k of characteristic p > 0. Then

4 2
P s <_g + 1> .
-1 p—1
Other than this result I am not aware of any explicit bound for the size of the
automorphism group scheme in higher dimensions.
To get an idea what might be expected as a bound, consider the case n = 2 in the

previous example. Then X is surface of degree ¢ + 1 in IP’; and K )2( =(g—3)*(q+1),
which is a polynomial of degree 3 in g. On the other hand,

[Auty k| <

|Auty /x| > |Us(K)| = ;qﬁ(qQ - D@+ DEg* -1
= 4, q+1) ’

which is a polynomial of degree 15 in ¢ and much greater than the bound 422K )2(
that holds in characteristic zero. In fact this shows that in the case of surfaces the best
possible analog of the Xiao or Hacon-McKerna-Xu bound in Theorem 4.2 would be
something like, for any n > 0 there exists a ¢ € R such that |Auty /x| < c(K%)S.

Non reduced automorphism group schemes in positive characteristic

Let X be a projective variety of dimension at least 2 over an algebraically closed
field k of characteristic p > 0. Unlike the case of characteristic zero, when all
group schemes are smooth, the automorphism group scheme Auty /x of X may not be
smooth over k anymore. This fact complicates the moduli theory of X compared to
the characteristic zero case.

If X is a smooth curve of genus g > 0, then Auty /; is smooth over k. Indeed. If
g = 0 then Auty,x = PGL(2, k), which is smooth. If g = 1, then X is an elliptic
curve and also Auty  is smooth [58]. Suppose that g > 0. Then Auty s is finite and
its tangent space at the identity is Homx (Qx/x, Ox) = Ho(a);(l) = 0, because wy
is ample. Therefore Auty s is smooth again.
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Examples of smooth surfaces of general type with non smooth automorphism group
scheme have been found in [31, 33, 53, 57]. Examples of del Pezzo surfaces with
rational double points with non smooth automorphism group scheme have been found
in [35, 36].

Next we will present two explicit examples, one of a canonically polarized surface
and one of a smooth surface of general type with non smooth automorphism group
scheme. The two examples will be obtained by two different methods and they are
indicative how such examples can be obtained. Another example will be obtained in
Sect.5.

A key observation is the following.

Proposition 4.6 Let X be a canonically polarizedvariety over a field k of characteristic
p > 0. Then Auty i is not smooth if and only if X has a non trivial global vector field
D such that either DP = 0 or DP = D. Equivalently if and only if there exists a non
trivial action of o, or jup on X.

Proof 1t is well known [13] that Auty  is zero dimensional and of finite type over
k. Therefore Auty is not smooth if and only if its tangent space at the identity is
not trivial. The tangent space at the identity is Homyx (22x/x, Ox) = Der;(X). Hence
Auty s is not smooth if and only if X admits a nontrivial global vector field D. Then
by [52] there exists a non trivial vector field D on X such that D? = D or D? = 0.
Therefore by Proposition 3.50 there exists a non trivial 1, or «) action on X. O

Example 4.7 We will next construct a canonically polarized surface X such that Frobe-
nius Kernel of its automorphism scheme is (i, for any prime p > 2. In particular,
Auty s is not smooth. This example appeared in the first version of [55] that can be
found on the arxiv.

Let

D d a
= X1 —X2—
13)61 23)(2

be a graded derivation of the polynomial ring k[x1, x2, x3, x4]. Then it is not hard to
see that D? = D.

Let us next examine what the fixed part of D is. This can be seen by working
locally in each open set of the standard affine cover of ]P’,%. Consider first U; = Ai
to be the affine open subset of IP’?( with coordinates y; = x2/x1, y2 = x3/x1 and
v3 = x4/x1. Then D(y1) = D(x2/x1) = —2x3/x1 = —2y;. Similarly D(y2) = —y>
and D(y3) = —y3. Therefore on Uy, D is given by

D ) d 0 d
=2y -— =V r— — Vi —.
ayi ay2 ay3

Hence the fixed part of D on U] is given by the ideal (2y1, y2, y3).If p # 2, this is the
point [1, 0, 0, 0] of IE”?(. If on the other hand p = 2, then this is the line y, = y3 =0
which is the restriction of the line x; = x3 = 0 on U;. Similar calculations in the
remaining affine open sets U; on ]P’i given by x; # 0,i = 2, 3, 4 show that if p # 2,
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the fixed part of D is the union of the line given by x; = x» = 0 and the points
[1,0,0,0] and [0, 1, 0, O]. In particular it is one-dimensional. If on the other hand
p = 2, the fixed part of D is the union of the lines L given by x; = xo = 0 and L,
given by x3 = x4 = 0.

let X C IF’; be the hypersurface given by the equation

2p—1 2p—1 2 2 2p+1 2p+1
fx1, x2, x3, x4) lexz(xgp +x4p )+x1px3 +x2px4+x3p +x4p =0
“4.7.1)

Then D(f) = 0 and therefore D induces a nontrivial global vector field on X which
we still call D. If p # 2, since the line L1 is not contained in X, the fixed part of D on
X is zero dimensional and hence has only isolated part. If on the other hand p = 2,
then since the line L, given by x3 = x4 = 0 is contained in X, L is the fixed part of
the restriction of D on X. In particular if p = 2, the fixed part of D has no isolated
part.

Let g = Lie(Auty;r) = Dery(X) be the Lie algebra of vector fields on X and
Auty k[ F] the Frobenius Kernel of the automorphism scheme Auty /x of X. Then

Proposition 4.8 X is a canonically polarized surface and
g = gli(k) andAuty[F]1= pp.

Moreover, c% = ©2p —3)2Q2p+ 1) and c; = 8p> — 4p?> — 14p + 3. In particular,
Auty /i is not smooth.

Proof We will first show that X is normal and that its singularities are rational double
points of type A,, for some n.

In order to do so we will study the equation defining X on each one of the open
affine sets of the standard affine cover U; of Pz, where U; = {x; #0},i = 1,2, 3, 4.
We will only work in detail the case of Uj. The rest are identical and are omitted.

Let yo» = x2/x1, y3 = x3/x1 and y4 = x4/x1 be the coordinates of U; = A,%. The
singular points of X in U; are the solutions of the system of equations

2p—1 2p—1 2 2p+1 2p+1
F=w (37 7 ) 4 T =0 @s)

af 2p— 2p—

S =0 "y =0 (4.8.2)
Y2

d _

A —yy P14y =0 (4.8.3)

dyy

af w2 2 2

It is not hard to see that the Eqs. (4.8.1)—(4.8.4) have finitely many solutions and
therefore X is normal.
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By [55, Lemma 14.3 and Proposition 14.4], the singularities of X are not of type
Ay, if the following equations are satisfied

2

32 3% f 92 _
( f ) S A R 4.8.5)
9y20y3 dy3 dy3
92fF \*  92f o2 _
( f ) S I R (4.8.6)
0y20y4 dy3 dy;
0°f ' 0ir o 2p-3 2p-3
< > ) (4.8.7)
dy39y4 dy3 dy;

The Egs. (4.8.5) and (4.8.3) are incompatible. Hence every singularity of X is of type
A, . Therefore X is a normal surface whose singularities are rational double points and
therefore it is a canonically polarized surface.

By the adjunction formula in P? it follows that wxy = Oy (2p — 3), and hence wy
is ample, for all p > 0. Therefore X is a canonically polarized surface. Moreover,
c% = K}z( = (2p —3)’Q2p + 1). To find ¢; we go through the minimal resolution
f:Y — X.Since X has rational double points, Ky = f*Kx and x (Ox) = x(Oy).
Then by Noether’s formula on Y,

2 = c2(X) = 12x(Oy) — Ky = 12x(Ox) — c7.

A straightforward calculation of x (Ox) and the above formula give the formula for
c; stated in the proposition.

Let A be the divisorial part of the fixed part of D. We will next show that
HO(OX(A)) = k. This is obvious if p # 2, since in this case A = 0. Suppose
that p = 2. Then A = L, is a line in P3. Then by Serre duality, HY(Ox(A) =
HZ%(wx(—A)). Then from the exact sequence

0— wx(—A) > wxy —> wx @ Op — 0,
we get by taking cohomology the exact sequence
H'(0x ® Op) > H*(wx(—A)) > H*(wx) — 0

Now since wy is ample and A = P!, it follows that wy ® Op = Opi(d), d > 0.
Therefore H(wx ® O4) = 0 and hence

H*(ox(—A)) = H*(0x) = H'(Ox) = k.
Then by [55, Lemma 14.5], there exists an exact sequence
0— Ox(A) > Homx(Qx, Ox) — a);(l(—A) — N — 0,

@ Springer



ANNALI DELL'UNIVERSITA’ DI FERRARA

where N is a coherent sheaf with zero dimensional support. By taking cohomology in
the previous sequence it follows, since wy is ample and A effective, that

Der(X) = Homy (Qx jk, Ox) = H(Homx (Qxk, Ox)) = k.

Therefore the Lie algebra g of Auty/ is one dimensional generated by the vector
field D such that D? = D. Hence g = gl (k). Therefore by the Demazure Gabriel
correspondence, since Auty /¢ [ F']is aheight 1 group scheme with restricted Lie algebra
g = gl (k), it follows that Autx [ F] = up

]

The following example is due to C. Liedtke [33].

Example 4.9 ([33]) Let S = IP’,l X ]P’,i, where k is an algebraically closed field of
characteristic 2. Let xg, x1 and yp, y; be the homogeneous coordinates in the first and
second copy of IP’,i in §, respectively. Let K = k(S) be the field of rational functions of
S. Then K may be naturally identified with k(x, y), where x = x1/x9 and y = y1/yo.
Consider now the k-derivation D of K defined as follows.

(x—a)* 0 T —c)?d
H(x—b)zaﬁ,g(y—di)z@’

where a;, bj.c;,d; € k, 1 <i < n are all pairwise disjoint. Then D defines a rational
vector field on S such that D? = 0.

Let U;, V; be the affine open subsets of the two copies of IP’}< in S given by x; # 0
and y; # 0, respectively,i = 1,2. Then U; x V;, 1 < i, j < 21is an affine open cover
of § and D in the form described above is defined in the affine open set Uy x Vp. In
Up x Vp, the divisorial part of D is the divisor of the rational function

1
= 11 o = b2y — d;)?

Moreover the isolated part of the fixed part of D in U x V) are the 2n? points (a;, ;)
and (b;,d;), 1 <1i,j < n.Describing D in the other affine open sets U; x V;, we
see that the points ([0, 1], @), (&, [0, 1]) and ([0, 1], [0, 1]) are also isolated fixed
points of D, where Q; = [1,c;]and P; =[1,q;],1 <1i, j < n. Therefore, the total
number of isolated points of the fixed part of D is 2n% 4 21 + 1 and no new divisorial
part exists in the other open sets. Hence globally on S, the divisorial part of D is the
divisor

= —2nl, — 2nb, 4.9.1)
where [, [, are two fibers of the projections p;: § — IP’}, i = 1,2, to the first and

second factor respectively, and the isolated part consists of 2n> + 2n + 1 reduced
points.

@ Springer



ANNALI DELL'UNIVERSITA’ DI FERRARA

Let us now describe D locally at an isolated point of its fixed part. From the
description above it follows that locally analytically at an isolated point of the form
(@i, cj),

D=¢ <u(x)x28i + w(y)yzi> . 4.9.2)
X ay

On the other hand at an isolated point of the form (b;, d;),

2 0 2 0
D=¢ (u(x)y F +w(y)x 5) , (4.9.3)

where u(x), w(y) € k[[x, y]] are units in x and y.

Let now m: S — Y be the quotient of S by the rational vector field D of S. This
is a purely inseparable morphism of degree p. Also, according to Proposition 3.57,
Y is normal and its singular points are the image by 7 of the isolated fixed points of
D. Moreover, since locally at its isolated fixed points D is given by (4.9.2) or (4.9.3),
according to [33, Proposition 3.2], the singular locus of ¥ consists of 2n> + 2n + 1
rational double points of type D4. One could also see this directly by doing an explicit
calculation as in the Example 3.60. Let also g: X — Y be the minimal resolution of
X. Then.

Proposition 4.10 Y is a canonically polarized surface and X a smooth surface of
general type such that

(X)) =c1 (V) =4(n — 1)? andcy(Y) =4 andcy(X) =8 <n2 +n+ 1) )

Moreover,

(1) The automorphism group schemes Auty i and Auty s are not smooth.
(2) There exists fibrations Y — P! and X — P! such that every fiber of both is a
singular rational curve of arithmetic genus n.

Proof By the adjunction formula for purely inseparable morphisms in Proposi-
tion 3.61, and the Eq. (4.9.1), it follows that

Ks=n"Ky + A =n*Ky — 2nl| — 2nl.
Considering that Ks = —2I; — 21, it follows that
7*Ky =2(n — DI} +2(n — Di,. 4.10.1)

In particular this is an ample divisor on S. Therefore, since 7 is finite, Ky is an ample
Cartier divisor on Y. Hence, as explained earlier, ¥ has only rational double points
and therefore is a canonically polarized surface.
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Let g: X — Y be the minimal resolution. Since Y has rational double point sin-
gularities, Kx = g*Ky. Therefore K% = K. Then from this and (4.10.1) we get the
statement about the first Chern numbers.

Since 7 is purely inseparable, c3(Y) = c2(X) = 4. Moreover, since Y has exactly
2n2 4 2n + 1 singular points, all of which are of type Dy, g has exactly 4(2n%+2n+1)
exceptional curves. Hence

02(X):cz(Y)+8n2+8n+4:8<n2+n+1).

We will next show the existence of the fibration ¥ — P! such that every fiber is a
singular rational curve of arithmetic genus n. Since 7 is of degree m, the geometric
Frobenius morphism F(): § — §() = § factors through 7. Hence there exists a
commutative diagram

Y (4.10.2)

/ \
F®

—_—
p1 p1

]P’l F® Pl

Let¢p: Y — P! be the composition p; o v. Let now Y; = ¢>’1(t), for any ¢ € Pl
From the commutativity of the above diagram it follows that 7*(Y;) = 2F;, where
F, = pl_1 (t). Then from the Eq. (4.10.1) it follows that Ky - Y; = 2(n — 1). Then for
general t € P!, ¥} is in. the smooth part of ¥ and hence from the adjunction formula,
pa(Y:) = n, as claimed. Moreover, the restriction of 7 on F; gives a map F; — Y,
which in fact must is birational. Considering that F; = P!, Y, is rational as claimed.
We will next show that Auty /x is not smooth. Since Y has rational double points
and Ky is ample, Auty / is finite over k [13]. To prove that it is not smooth it suffices
to show that its tangent space at the identity, which is Homy (Q2y, Oy), is not trivial.
Let U C Y be the smooth part of Y. This is a codimension 2 open set. Let V =
v(U) C S(P) = § where v is as in the Eq. (4.10.2) above, Then, since both U and V
are smooth, dualizing the exact sequence in Proposition 2.12.4, we get the injection

0— F — Homy(Qu i, Ov)
Moreover, from Corollary 2.13, F = wy ® v*wy. Taking sections and since U has
codimension 2 in Y, and wy, v*ws and Homy (Qyk, Oy) are reflexive, we get the
inclusion of sections

0 — Hwy ® v*w;') — Homy (Qy sk, Oy). (4.10.3)

We will show that H(wy ® v*w;l) # 0 and therefore Homy (Qy /k, Oy) # 0. Hence
Auty x is not smooth.
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Note that Ai°(v*ws) = 0 because if this was not true then h0(7*(v*ws)) =
WO((FP)*wg) = ho(w?z) # 0, which is not true. Therefore by Serre duality,
ho(wy®v*a)§1) = 0. Since Y has rational double points and wy, v*wgl are invertible,

Rieman-Roch holds for wy ® v*wgl. Hence, since h%(wy ® v*wgl) = 0, it follows
that

"oy ® viogh) = x(wy @ viog')
1
= x(Oy) + 3 ((Ky —v*Ks)? — Ky - (Ky — U*KS))
1 1
= x(Ox) — EV*KS(KY —V*Ks) = x(Ox) — Z(ﬂ*v*Ks)iT*(Ky — V" Ky)
1 1
= E(c%(X) + (X)) — Z(ZKS)((Zn =21 + 2n —2)lh + 411 + 41)

1
= E(4(n — 1?2+ 8°+8n+8) +4n+ 1) =n>+4n+5>0. (4.104)

Therefore Auty /¢ is not smooth. Morever, the above calculation shows that not only
Auty  is not smooth but its length goes to infinity as n goes to infinity, or equivalently
as K 12, goes to infinity.

Next we will show that Auty/ is also not smooth. By [21], there exists a
commutative diagram

with the following properties.

(1) Z is smooth and f birational.

(2) The rational vector field D of X lifts to a rational vector field § on Z whose fixed
part has no isolated part.

(3) X is the quotient of Z by 4.

Note that one could obtain this diagram directly by repeating the process in Exam-
ple 3.60. Locally at its isolated points, D is given by either (4.9.2) or (4.9.3). Then
blowing up repeatedly the isolated points of D and making use of these two possible
forms as in Example 3.60 one gets Z and the fact that D lifts to a rational vector field
8 on Z without isolated part. Then the quotient X of Z by § is smooth and one gets
the claimed diagram.

As in the case of Y, the geometric Frobenius F(P): Z — Z(P) factors throught 7.
This means that there exists amap o : X — Z@ such that 6t = FP) As in the case
of Y there exists an inclusion

0— H° (a)x ® v*a)g(lp)> — Homy (Qx/k, Ox) .
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An identical but lengthier calculation as in Y shows that H Ywx ® v*a)g(lp)) # 0and
hence Auty ; is not reduced. Note that it would have been possible to work directly
in X and not do the case of Y and then descend to Y through the map g but the
calculations on Y are simpler and makes the exposition clearer. The reader may repeat
the calculations identically for X.

O

Remark 4.11 The Proposition does not only produce an example in characteristic 2
of a surface of general type X such that Auty / is not reduced but in fact a series of
examples X, (depending on ) such that the automorphism group schemes Auty, /i is
not smooth and moreover, the order |Auty, /x| goes to infinity as n does. This follows
from the Eqs. (4.10.3) and (4.10.4) in the proof.

Exercise 1 how that Auty x[F] = a;‘f’", for some m > 0. Moreover, find m explicitly
as a function of n. (By Theorem 12.1 [55], it suffices to show that there does not exist
anon trivial ), action on X, or Y. Then use the method of Proposition 14.2 [55]).

Having established the existence of smooth varieties of general type, or more generally
of canonically polarized varieties with finite and non reduced automorphism group
scheme, a natural problem is the following.

Problem 4.12 What is the structure as a group scheme of Auty s, or its component
containing the identity Aut())( Ik Moreover, What is the geometry of varieties with non
reduced automorphism group scheme?

In dimension at least 3 these are, to my knowledge, completely open problems. How-
ever, in dimension 2 the following regarding the structure of the Frobenius Kernel of
the automorphism group scheme is known.

Theorem 4.13 ([55]) Let X be a projective normal surface over a field k of character-
istic p > 0 such that ho(a);l) = 0. Then the Frobenius kernel Auty ;[ F] of Auty i
is isomorphic to one of the following group schemes:

SLy[F] and ot;?" and a;?” X Up,

for some integer n > 0. In particular, if X is a canonically polarized surface, then

< (T332 + )2 =1 ifcd > 2
| g 21 + )2 =1 ifd =1.

The above result includes more cases other than surfaces of general type, for example
properly elliptic surfaces.

Finally, regarding the geometry of canonically polarized surfaces with non reduced
automorphism group scheme the following is known. More detailed results in specific
cases can be found in [69-71].

@ Springer



ANNALI DELL'UNIVERSITA’ DI FERRARA

Theorem 4.14 ([70]) Let X be a canonically polarized surface over an algebraically
closed field of characteristic p > 0. Suppose that Auty i is not reduced and

2 3 2 2 2
p > max {8 (K%) +12(K}) +3,4508K3 + 3} .
Then X is unirational and w1 (X) = {1}.

5 Failure of the Kodaira vanishing theorem in positive characteristic

One of the fundamental tools in the classification theory of smooth projective varieties
defined over an algebraically closed field of characteristic zero is the Kodaira vanishing
theorem and its variations.

Theorem 5.1 (Kodaira Vanishing Theorem) Let X be a smooth projective variety
defined over an algebraically closed field of characteristic zero. Let L be an ample
invertible sheaf on X. Then

(1) H'(X,L™") =0, foralli < dimX.
(2) H(X,L® wx) =0, foralli > 1.

An excellent treaty of the Kodaira Vanishing Theorem and other vanishing theorems
can be found in [16].

In characteristic p > 0 the Kodaira Vanishing Theorem as stated above does
not hold anymore. This is a major obstacle to extending the classification theory
of characteristic zero to positive characteristic.

Counterexamples to the Kodaira Vanishing Theorem in positive characteristic have
been obtained initially by Mumford [45] and Raynaud [51] and later by many others
like Mukai [42] and Zheng [75].

The main purpose of this section is to discuss the failure of Kodaira Vanishing in
positive characteristic. In particular, to present conditions under which it holds, or
fails, and give an explicit counterexample.

5.1 Conditions for the Kodaira Vanishing to hold in characteristicp > 0

The reader may find a very detailed exposition of results concerning conditions under
which the Kodaira vanishing holds in positive characteristic in [16].

One of the most general results in this direction is a criterion obtained by Deligne
and Illusie [11]. Before we state the theorem, we define what it means for a variety to
lift to characteristic zero.

Definition 5.2 Let X be a scheme of finite type over a perfect field k of characteristic
p > 0. Let (R, mg) be alocal integral domain such that the function field k(R) of R
has characteristic zero and R/mg = k, (Forexample R = Z,, k =Z,/(p) =TF).)

We say that X lifts to characteristic zero over R if there exists a flat morphism
f: X — SpecR, such that the special fiber is isomorphic to X.
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There are many ways that a scheme X over a perfect field of characteristic p > 0
may lift to characteristic zero. These depend on the choice of the ring R as in the
previous definition. One particular such ring with especially nice properties is the Witt
ring or the ring of Witt vectors [56].

Proposition 5.3 ([50, 56]) Let k be a perfect field of characteristic p > 0. Then there
exists a complete discrete valuation ring W (k) with the following properties.

(1) The field of fractions of W (k) has characteristic zero.

(2) The maximal ideal of W (k) is generated by p and its residue field is isomorphic
to k.

(3) The Frobenius map F: k — k lifts to a ring homomorphism of W (k).

(4) Every complete discrete valuation ring with function field of characteristic zero
and residue field k contains W (k) as a subring.

Let W (k) be the Witt ring where k has characteristic p > 0. The Artin ring ring
Wy (k) = W(k)/(p") is called the ring of n-Witt vectors. In particular, if k = IF,, then
W(k) = Zp, the ring of p-adic integers, and W, (k) = Z/p"Z.

The ring W> (k) is described as follows. Let Z[k] be the group ring Z-algebra, where
we consider k as an abelian group. It is a free Z-module with basis k. Its elements
have the form ) ; m;A;, A; € k and m; € Z. In Z[k], for any prime p > 0, denote
by k- p = {Ap, A € k}. Then, as an additive group, Wa(k) = k @ k - p and the
multiplication is defined by

x+y-p) - +y - -p)=xx'+ &y +x'y) - p,

for any x, y € k.

If X admits a lift to characteristic zero over the W (k) then many results of char-
acteristic zero remain valid in positive characteristic [34, p. 279]. In particular, the
following is true.

Theorem 5.4 ([11]) Let X be a smooth projective variety defined over an algebraically
closed field k of characteristic p > 0. Let L be an ample invertible sheaf on X. Assume
that both X and L admit a lifting to W, (k) and that dim X < p. Then

H(X,L™"Y=0, i <dimX.

In the case of surfaces of general type, Ekedahl [15] has obtained the following.

Theorem 5.5 ([15]) Let X be a minimal surface of general type and L an invertible
sheaf that is numerically equivalent to a)?', for some i > 1. Then H'(X, L™ =0
except possibly for certain surfaces in characteristic 2 with x (Ox) < 1.

5.2 Counterexample of Kodaira Vanishing in positive characteristic

Many of the known counterexamples of Kodaira vanishing for surfaces and especially
the first ones constructed by Raynaud [51] are based in the following observation of
Mumford [45] and Szpiro [63]. A clear exposition of it with applications can also be
found in [64]
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Theorem 5.6 ([45,63]) Let f: X — C be afibration from a smooth projective surface
X onto a smooth projective curve C such that all fibers are reduced, irreducible and

have positive arithmetic genus. Suppose that there exists a section I of f such that
I'2 > 0. Then

(1) The sheaf L = Ox(I") ® f*N is ample on X, where N is an ample invertible
sheaf on C isomorphic to Ox(A) ® Or.
(2) H' (X, LY # 0. In particular this is a counterexample to Kodaira Vanishing.

Note that the previous theorem does not mention the characteristic of the base field
anywhere. Considering that the Kodaira Vanishing theorem holds in characteristic
zero, the theorem implies then that the condition I'?> > 0 can only happen in positive
characteristic.

We next defined the notion of a Tango curve [42, 65, 66].

Definition 5.7 Let C be a smooth projective curve defined over an algebraically closed
field of characteristic p > 0. C is called a Tango curve of type (p, n, d) if and only if
the following holds.

(1) There exists an invertible sheaf £ on C of degree d > 1 such that w¢c = LP".

(2) There exists anopen affine cover U;,i € I,0f C andsections & € I'(U;, Oy, ) such
that Qg, is generated by d&; as an Oy, -module and moreover on the intersection
Uj = UiNUj, d&§ = afjpdéj, where a;; € I'(Ujj, O*Uij) are the transition
functions defining L.

Note that, in the notation of the previous definition, since on U;; d(§; — a?]P £) =0,
there exist b;; € I'(U;j, Ou;;), such that

& =a; +b]. (5.7.1)

In constructing Tango curves the following criterion obtained by Kurke [29] is
useful.

Proposition 5.8 ([29, 64]) Let C be a smooth projective curve defined over an alge-
braically closed field k of characteristic p > 0. Let w be an exact rational differential
form of C such that div(w) = pnD, where div(w) is the divisor of w, D is a non zero
effective divisor of degree d > 0 and n is not divisible by p. Then C is a Tango curve

of type (p, n, d).
Example 5.9 ([42, 65]) Let C C PP? be the curve given by the equation

ynp + yznp—l _ xnp—lz -0

where k has characteristic p > 0, n > 1 and np > 2. It is not hard to see that
C is smooth and by adjunction p,(C) = (np — 1)(np — 2)/2. Hence degwc =
2pa(C) —2 =np(np — 3).

LetU, C ]P’i be the affine open set where z = 1. In U_, C is given by the equation
Yy 4y — x™~1 = 0. In this open set, dy = —x""~?dx and therefore on U, Q¢
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is generated by dx. Hence the restriction of the divisor div(dx) of the exact rational
differential form dx on U, is zero. Hence div(dx) is supported on the line L given by
z = 0. But the intersection L N C is supported on the point P = [1, 0, 0]. Considering
then deg(div(dx)) = deg wc, we get that

div(dx) = np(np — 3)P.

Therefore by Proposition 5.8, C is a tango curve of type (p, n, np — 3).

We are now ready to give an example of a smooth projective surface of general
type where the Kodaira Vanishing Theorem fails. It is a Raynaud surface [51] and the
reader may find the details of the construction and relevant calculations in [31, 64,
65].

Example 5.10 (Counterexample to Kodaira Vanishing.) Let C be a Tango curve of
type (p, n, d) over an algebraically closed field k of characteristic p > 0 such that
n = pm — 1, m > 2. One can get such curves from the previous example by setting
n=pm-—1.

By the definition of a Tango curve, there exists an affine open cover U;, i € I of
C,& e I'(U;, Oy,), aij € T'(Ujj, O*Ui,-) satisfying the cocycle condition, such that

on Ujj, d&; = aip.(mp _1)d§ 7, and therefore (as mentioned after Definition 5.7), there
exists b;; € I'(Ujj, OUij) such that

-1
& =al"" Vg 4 bl (5.10.1)

Let now P; be the two dimensional weighted projective space with coordinates x;,
vi, zi and weights w(x;) = m, w(y;) = w(z;) = 1. Let V; C P; x U; be the closed
subscheme given by the graded homogeneous equation

WP = Xl g (5.10.2)

Let also f;: V; — U, be the restriction of the projection IF’i x Ui — Ui~0n Vi. Let
Uj=UNU; CU,foranyi,jel,i# j.ThenV;; = f'(Uy) C B x Uy is
given again by the Eq. (5.10.2) but now §&; € I'(Oy; ).

Let¢;;: P; x Uij — IF"J- x Uj; be defined by setting ¢;; ([x;, yi, zi]) =[x}, ¥, 21,
where

mp—1

xj=ay X —bjiz!
yj = af,')’i
zj = 2. (5.10.3)

It is now easy to see, by taking into consideration the Eq. (5.10.1), that

mp—1 P np p(pm—1) ( mp—1 14 np
y;©ozj—x; =z =ay yioozi— X =&z
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Hence ¢;;(Vij) C V;; and hence ¢;; is an isomorphism between V;; and V; over Uj;.
It is now easy to check, by using the fact that the a;; satisfy the cocycle condition and
using the Eq. (5.10.1), that on the triple intersection U; jx = U;NU;NUy, ¢ jx®ij = Gik-
Therefore the maps f;: V; — U; glue toamap f: X — C. This surface is called a
generalized Raynaud surface. This surface has the following properties.

Proposition 5.11 ([31, 64, 65]) Let f: X — C be the generalized Raynaud surface
constructed above, where C is a Tango curve of type (p,n, d), where p = mp — 1.
Then the following hold.

(1) X is smooth. Moreover,
K}Z( =dp (mzp3 — 2mp2 —m(m+4)p+2m + 4) and c2(X) =2pd(1 — mp).

(2) Every fiber of f is reduced and irreducible and has arithmetic genus %(m -
Dp(p =D+ 5(p = D(p —2).

(3) Every fiber of f is singular and its singular locus consists of exactly one point
locally isomorphic to the cusp given by the equation y"?~! — xP = (.

(4) There exists a section S of f such that S* = d > 0.

(5) Let Kx be the canonical divisor of X and F be a section. Then

KxE(mp+p—1)F+(m(p2—p)—21?)5-

where "=" denotes numerical equivalence.
(6) H'(X.Ty) = H°(C. L).

Proof We will only prove the smoothness of X, the existence of the section S of f
and the fact that all fibers of f are singular. Detailed proofs of the remaining parts of
(1)—(5) can be found in [31]. The proof of (6) can be found in [65].

Let Wy,, Wy,, W;, be the affine open cover of the weighted projective space P;
given by x; # 0, y; # 0and z; # 0, respectively. From the Eq. (5.10.2) which defines
Vi C ]f",' it is clear that it is not possible to have z; = y; = 0 on V;. Therefore,
Vi € Wy, U W,,. Hence in order to prove that X is smooth, it suffices to show that
Vi N Wy, and V; N W, are smooth. In particular, V; lies in the smoothh part of ]F’,-. This
makes calculations easy.

Let us describe V; N Wy,. Wy, is isomorphic to A% with coordinates X; = x;/y!' and
Zi = z;/yi. Therefore, from (5.10.2), V; N Wy, is the closed subscheme of A,% x U;
given by the equation

Zi =5 + &z
Since U; is smooth, this is also easily seen to be smooth.

Let us now describe V; N W;,. W, is isomorphic to A% with coordinates X; = x;/z}
and y; = y;/z;. Therefore, from (5.10.2), V; N W, is the closed subscheme of A,% x Uj;
given by the equation

T =5 4ok (5.11.1)
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We will show that this is smooth. By completing U; at any closed point P € Uj, and
since (’)U p = k[[z]], it follows that over Oy, p, V; N W, is given by the Eq. (5.11.1)
above, but in k[[#]][x;, yi, zi]. Moreover, & = &;(¢). If thls is singular, then él (t) =0.
Therefore, & = &;(¢t”). But then d§; = 0. This contradicts the fact that d§; generate
locally €2¢ and in particular this is not zero. Therefore V; N W, is also smooth and
hence X is smooth.

Next we will show that every fiber of f is singular and will describe its singularities.
Let P € Candlet Xp = f~'(P) be the fiber of f over P. Then Xp = (Xp N Wy,) U
(Xp NW,,). Xp N W, is the affine plane curve given by the equation

~mp—1 ~D £
yi = xl' +§iv

in k[x;, i, zi], where §,~ is the image of &; in k = k(P), the residue field of P € C.
Since k is algebraically closed, this defines a singularity locally isomorphic to the cusp
e - = &/ at the point (—Eil/ P 0). Therefore every fiber of f is singular and its
singular locus is one cusp singularity as above.

Finally we will prove the existence of a section S of f.Let S; C I@’,‘ x U; be defined
by z; = x; =0,1.e.,S; =10, 1,0] x U;. Then S; C V; and a section of f;: V; — U;.
Now it is not difficult to see that the S; glue, by the glueing data (5.10.3), to a curve
S C X which is a setion of f.

O

Let X be a surface of general type over an algebraically closed field of characteristic
zero. Then c%(X) < 3c¢2(X) and c2(X) > 0. The first inequality is the Bogomolov-
Miyaoka-Yau inequality and the second is the Castelnuovo inequality. As a corollary
of the previous proposition we get that the generalized Raynaud surface X construc-
ter above violates several properties that hold in characteristic zero. In particular
the Kodaira Vanishing Theorem, the Bogomolov-Miyaoka-Yau and the Castelnuovo
inequality.

Corollary 5.12 With notation and assumptions as in the previous theorem.

(1) Kx is ample, and hence X canonically polarized, unless (p,m) = (3,1) or
(p,m) = (2,2).

(2) Let N = Ox(S) ® f*M, where M is an invertible sheaf on C isomorphic to
Ox(S) ® Os. Then N is ample and

H' (X, N_l) £0.

Hence this is a counterexample to the Kodaira Vanishing Theorem.
(3) Suppose that (p, m) % (3, 1) or (p, m) #% (2, 2). Then

c(X) < 0.

Hence this is a counterexample to both the Bogomolov-Miyaoka-Yau inequality
and the Castelnuovo inequality.
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(4) The automorphism group scheme Auty i is not smooth.

Proof The statement (5.12.1) follows easily from Proposition 5.11.1 and the Nakai-
Moishezon criterion for ampleness.

The statement (5.12.2) follows from Proposition 5.11.4 and Theorem 5.6.

The statement (5.12.3) is clear since from the first part, c% > 0and ¢y < 0.

Finally, regarding the last statement. Since X is of general type, Auty s is a finite
group scheme [13] and its tangent space at the identity is H 0(X , Tx). Hence Auty y is
smooth if and only if HO(X, Tx) = 0. However, by Proposition 5.11.6, HO(X, Tx) =
HO(C, L) # 0, Hence Auty  is not smooth.

O
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