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Actions rationnelles de schémas en groupes infinitésimaux

Résumé : Cette thése porte sur I'étude des actions (rationnelles) des schémas en
groupes infinitésimaux, avec un accent particulier sur les schémas en groupes infinitésimaux
commutatifs unipotents et les actions génériquement libres et les actions fidéles. Pour tout
k-schéma en groupes fini G agissant rationnellement sur une k-variété X, si 'action est
génériquement libre, alors la dimension de 1’algébre Lie(G) est majorée par la dimension
de la variété. Nous montrons que c’est la seule obstruction lorsque k est un corps parfait
de caractéristique positive et que G est infinitésimal commutatif trigonalisable. Si G
est unipotent, nous montrons aussi que toute action rationnelle génériquement libre sur
X du noyau de (toute puissance du) Frobenius de G s’étend & une action rationnelle
génériquement libre de G sur X. De plus, nous donnons des conditions nécessaires pour
avoir des actions rationnelles fidéles de schémas en groupes infinitésimaux commutatifs
trigonalisables sur des variétés, et des conditions suffisantes (différentes) dans le cas
unipotent sur un corps parfait.

L’étude des actions fidéles des schémas en groupes sur une variété X fournit des
informations sur les sous-groupes représentables du foncteur-groupe des automorphismes
Auty de X. Pour tout corps k, PGLg j représente le foncteur-groupe des automorphismes
de IP’/,lC et donc les sous-schémas en groupes de PGLy ;, correspondent aux actions fidéles sur
IP)}C. De plus, PGLg i (k) coincide avec le groupe de Cremona en dimension un, c’est-a-dire
les morphismes birationnels de ]P’}C, puisque toute application rationnelle d’'une courbe
projective non singuliére dans elle-méme s’étend & la courbe entiére. En caractéristique
positive, la situation est complétement différente si 'on considére les actions rationnelles
de schémas en groupes infinitésimaux. La plupart des actions infinitésimales fidéles sur la
droite affine ne s’étendent pas a IP’}C. Si la caractéristique d’un corps k est impaire, tout
sous-schéma en groupes infinitésimal de PGLy ;, se reléve a SLy ;. Ceci n’est pas vrai en
caractéristique 2 et, dans ce cas, nous donnons une description compléte, & isomorphisme
pres, des sous-schémas en groupes infinitésimaux unipotents de PGLy .

Enfin, nous prouvons un résultat qui donne une description explicite de tous les
k-schémas en groupes infinitésimaux commutatifs unipotents avec algébre de Lie unidi-
mensionnelle définis sur un corps algébriquement clos k, montrant qu’il y a exactement n
tels schémas en groupes non isomorphes d’ordre fixé p™.

Mots-clés : schémas en groupes ; actions rationnelles ; torseurs ; algébres de Hopf ;
opérateurs différentiels ; algébre de Lie ; smash product.
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Rational actions of infinitesimal group schemes

Abstract: This thesis focuses on the study of (rational) actions of infinitesimal
group schemes, with a particular emphasis on infinitesimal commutative unipotent group
schemes and generically free actions and faithful actions. For any finite k-group scheme
G acting rationally on a k-variety X, if the action is generically free then the dimension
of Lie(G) is upper bounded by the dimension of the variety. We show that this is the
only obstruction when k is a perfect field of positive characteristic and G is infinitesimal
commutative trigonalizable. If G is unipotent, we also show that any generically free
rational action on X of (any power of) the Frobenius kernel of G' extends to a generically
free rational action of G on X. Moreover, we give necessary conditions to have faithful
rational actions of infinitesimal commutative trigonalizable group schemes on varieties,
and (different) sufficient conditions in the unipotent case over a perfect field.

Studying faithful group scheme actions on a variety X yields information on rep-
resentable subgroups of the automorphism group functor Auty of X. For any field k,
PGL;y j, represents the automorphism group functor of ]P’,lg and thus subgroup schemes of
PGLjy j, correspond to faithful actions on IP’,lg. Moreover, PGLj ;. (k) coincides with the Cre-
mona group in dimension one, i.e. birational self-maps of IP’,lg, since any rational self-map
of a projective non-singular curve extends to the whole curve. In positive characteristic,
the situation is completely different if we consider rational actions of infinitesimal group
schemes. Most of the faithful infinitesimal actions on the affine line do not extend to
IP)}C. If the characteristic of a field k is odd, any infinitesimal subgroup scheme of PGLj j
lifts to SLg ;. This is not true in characteristic 2 and, in this case, we give a complete
description, up to isomorphism, of infinitesimal unipotent subgroup schemes of PGLy ;..

Finally, we prove a result that gives an explicit description of all infinitesimal com-
mutative unipotent k-group schemes with one-dimensional Lie algebra defined over an
algebraically closed field k, showing that there are exactly n non-isomorphic such group
schemes of fixed order p™.

Keywords: group schemes; rational actions; torsors; Hopf algebras; differential operators;
Lie algebra; smash products.
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Résumé substantiel en francais

Cette these se concentre sur ’étude des actions (rationnelles) des schémas en groupes
infinitésimaux, avec un accent particulier sur les schémas en groupes infinitésimaux
commutatifs unipotents et sur les actions génériquement libres et les actions fidéles. Ces
schémas en groupes n’existent qu’en caractéristique positive et des exemples apparaissent
en regardant la p-torsion des variétés abéliennes.

L’intérét pour ce sujet a de multiples motivations. Soit k£ un corps et X un k-schéma.
Le foncteur en groupes des automorphismes Auty de X qui associe & tout k-schéma S
le groupe des S-automorphismes Autg(X xj S) n’est pas représentable en général. Cet
objet a été largement étudié : on sait par exemple que si X est propre, alors Auty est
un k-schéma en groupes localement de type fini [MOG67|. Si K/k est une extension finie
purement inséparable, le schéma en groupes des automorphismes Autg := Autgpec(k) a
été étudié par exemple par |[Beg69| et |[Cha72).

Pour G un k-schéma en groupes, il existe une bijection entre les G-actions G x; X — X
sur X et les homomorphismes de foncteurs en groupes G — Autx. Si 'action de G est
fidele, alors G est un sous-foncteur en groupes de Autx. L’étude des actions fidéles des
schémas en groupes fournit alors des informations sur les sous-groupes représentables de
Autx. Lorsque Y est le point générique d’une variété X (schéma séparé, géométriquement
intégre de type fini) et que G est un k-schéma en groupes fini, se donner une G-action sur
Y = Spec(k(X)) équivaut a se donner une G-action rationnelle sur X. L’étude de telles
actions rationnelles fidéles apporte alors des connaissances sur le foncteur en groupes des
automorphismes Auty des extensions séparables finiment engendrées K /k.

Lorsque K = k(ty,...,t,) est une extension transcendante pure de k, alors Autg (k)
coincide avec le groupe de Cremona Cry(k) = Birg(P}) en dimension n, qui est par
définition le groupe des automorphismes birationnels de P}}. Le groupe de Cremona
a été profondément étudié en caractéristique zéro, alors qu’il a été moins étudié en
caractéristique positive (voir par exemple ’étude [Doll0]). Dolgachev a formulé la
conjecture suivante pour le groupe de Cremona sur un corps de caractéristique positive.

Conjecture. Si k est un corps de caractéristique p > 0, le groupe de Cremona Cr, (k) ne
contient pas d’élément d’ordre p® pour s > n |Doll0, Conjecture 37].

La conjecture est vraie pour n = 1 puisque PGLa(k) ~ Auty(k(¢)) ne contient pas
d’élément d’ordre p? si car(k) = p > 0. De plus, cette conjecture a été prouvée pour
n = 2 [Dol09|. La conjecture peut étre reformulée de la maniére suivante : s’il existe une
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action rationnelle fidele d’un p-groupe commutatif fini G sur P}, alors p¢y = 0, ot pg est le
morphisme de multiplication par p sur G. En effet, il existe une correspondance bijective
naturelle entre les actions fidéles d’un p-groupe commutatif fini G sur k(t1,...,t,) et les
actions rationnelles fideles du schéma en groupes constant correspondant sur Py.

Dans cette thése, nous nous intéressons aux actions rationnelles des schémas en
groupes infinitésimaux. L’analogue de la conjecture de Dolgachev pour les schémas
en groupes unipotents commutatifs infinitésimaux apparait naturellement de 'une des
maniéres suivantes : si k est un corps de caractéristique p > 0 et G est un k-schéma en
groupes infinitésimal commutatif unipotent, s’il existe une action rationnelle fidéle de
G sur P}, alors pit = 0 (ou peut-étre V& = 0, ot Vg est le morphisme de décalage de
G). Les deux options s’avérent fausses. En effet, par exemple, toute courbe admet des
actions rationnelles fidéles de la p™-torsion E[p"] d’une courbe elliptique supersinguliére E
(puisque dans ce cas E[p"] est un k-schéma en groupes infinitésimal commutatif unipotent
avec algébre de Lie unidimensionnelle et donc le Théoréme 1 s’applique) mais Vi # 0,
et pppn) #0sin > 1.

Ce qui est vrai, c’est que 8’il existe une action rationnelle fidéle de G sur une k-variété
de dimension n, alors Ver( Fo) = 0. Nous donnons une preuve de ce résultat dans la section
du chapitre |3} L’implication inverse n’est pas toujours vraie : nous montrons que par
exemple il n’existe pas d’action rationnelle fidéle de la p-torsion d’une variété abeliénne
superspéciale de dimension au moins 2 sur des courbes. De plus, nous montrons qu’il
existe des actions rationnelles fidéles de tout schéma en groupes infinitésimal commutatif
unipotent GG défini sur un corps parfait sur toute variété de dimension n si Vi = 0.

Nous nous intéressons plus précisément aux actions rationnelles qui sont génériquement
libres. En effet, en caractéristique positive, toutes les actions fidéles n’admettent pas un
sous-ensemble ouvert et dense U C X qui soit G-stable et tel que 'action de G sur U soit
libre. Pour tout k-schéma en groupes fini G agissant rationnellement sur une k-variété
X, si Paction est génériquement libre, alors la dimension de l'algébre de Lie de G Lie(G)
est majorée par la dimension de la variété. Dans I’'un des principaux résultats de cette
thése, nous montrons que cette inégalité est la seule obstruction lorsque k est un corps
parfait de caractéristique positive et que G est infinitésimal commutatif trigonalisable. Si
G est unipotent, nous montrons aussi que toute action rationnelle génériquement libre
sur X du noyau de (toute puissance du) Frobenius de G s’étend a une action rationnelle
génériquement libre de G sur X.

Théoréme 1. Soit k un corps parfait de caractéristique p > 0 et G un k-schéma en
groupes infinitésimal commutatif unipotent avec algébre de Lie de dimension s. Alors pour
toute k-variété X de dimension > s il existe des actions rationnelles génériquement libres
de G sur X. De plus, pour tout v > 1, toute action rationnelle génériqguement libre de
ker(Ff) sur X peut étre étendue a une action rationnelle génériquement libre de G sur

X.

La preuve que nous donnons est constructive et permet d’écrire explicitement de telles
actions : nous terminons la section [3.2] du chapitre [3] avec plusieurs exemples le montrant
concrétement. La difficulté est de construire des actions en basse dimension, c’est-a-dire
proche de la dimension de Lie(G).



Remarquons que si un k-schéma en groupes infinitésimal commutatif unipotent G
avec algébre de Lie de dimension n peut étre plongé dans un groupe algébrique lisse
connexe G de dimension n, alors G agit de maniére génériquement libre sur G (par
multiplication). Brion a demandé si, déja dans le cas unidimensionnel, il y a des exemples
différents qui apparaissent |Bri22| et de plus si ces schémas en groupes sont toujours
commutatifs (voir aussi |Fak20, Remark 2.10]). Nous répondons & ces questions en
montrant qu’il existe des actions rationnelles génériquement libres sur des courbes de
schémas en groupes infinitésimaux commutatifs unipotents qui ne sont pas des sous-
groupes d’'un groupe algébrique unidimensionnel lisse et connexe et qu’il existe des actions
rationnelles génériquement libres de schémas en groupes infinitésimaux non-commutatifs
sur des variétés.

En général, il n’est pas facile de décrire explicitement les schémas en groupes unipotents
commutatifs infinitésimaux. Par exemple, ceux qui proviennent de la p-torsion d’une
variété abélienne (avec p-rang zéro) ne sont pas complétement compris et augmentent en
complexité lorsque la dimension croit. Une description explicite de ces schémas en groupes,
par exemple en termes de leur algébre de Hopf, est utile pour construire des actions de ces
schémas en groupes sur les variétés. Dans cette thése, on donne une description explicite
de tous les k-schémas en groupes infinitésimaux commutatifs unipotents avec algébre de
Lie unidimensionnelle définie sur un corps algébriquement clos k, répondant partiellement
a une question de Fakhruddin (voir [Fak20, Remark 2.10]). Précisément, nous montrons
que :

Théoréme 2. Si k =k est un corps de caractéristique p > 0, pour tout n > 1, il existe
exactement n k-schémas en groupes infinitésimaux commutatifs unipotents non-isomorphes
d’ordre p" et avec algébre de Lie unidimensionnelle. Il s’agit des schémas en groupes de
la forme

W2V — F'] := ker(V — F*: W — W)
pourt=1,...,n.

Ce résultat est connu pour les schémas en groupes infinitésimaux commutatifs unipo-
tents d’ordre < p? grace a |[Oor66}, (15.5)] et [NWW 15, Théoréme 1.1].

Parmi ces schémas en groupes, les seuls qui soient contenus dans un groupe algébrique
unidimensionnel lisse et connexe sont a,n et W F — V] (le premier est un sous-schéma
en groupes de G, et le second est contenu dans la p"-torsion d’une courbe elliptique
supersinguliére) pour tout n > 1. Tous les autres sont des exemples de schémas en groupes
infinitésimaux qui agissent de maniére génériquement libre sur toute courbe, mais ne sont
pas des sous-schémas en groupes d’un groupe algébrique unidimensionnel lisse et connexe.
En outre, W'[F' — V] est le seul schéma en groupes self-dual de la liste. Si l'on considére
des schémas en groupes infinitésimaux commutatifs unipotents avec algébre de Lie de
dimension supérieure, ce n’est plus le cas : en effet, la p-torsion de toute variété abélienne
principalement polarisée de dimension g et de p-rang zéro, est un schéma en groupes
infinitésimal commutatif unipotent, et il existe p9=! classes d’isomorphisme différentes de
telles variétés.
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Fakhruddin a prouvé que si G est infinitésimal et Y est une courbe projective normale
avec une action rationnelle de G, s’il existe une variété projective normale X avec une
action de GG et une application rationnelle dominante G-équivariante X --+ Y, alors
laction rationnelle de G sur Y s’étend de fagon unique a une action de G sur Y [Fak20)
Proposition 2.2|. En particulier, dans la situation ci-dessus, si Y est la droite projective et
que l'action est fidéle, alors G' est un sous-schéma en groupes de PGLg ;. La plupart des
schémas en groupes infinitésimaux unipotents avec algébre de Lie unidimensionnelle ne
sont pas contenus dans PGLg j, mais pour tous ceux-ci, il existe des actions rationnelles
génériquement libres sur la droite projective. Par conséquent, la plupart de ces actions
rationnelles sur la droite projective ne sont pas induites par des actions, définies partout,
sur des variétés normales projectives de dimension supérieure.

Si la caractéristique d’un corps k est impaire, tout sous-schéma en groupes infinitésimal
de PGLy , se reléve a SLg ;. Une partie de cette these est consacrée a montrer que ce n’est
plus vrai en caractéristique 2 et nous donnons une description compléte, & isomorphisme
pres, des sous-schémas en groupes infinitésimaux unipotents de PGLg ;. Nous considérons
également le cas infinitésimal trigonalisable.

Dans son article [Beal0|, Beauville a classifié, & conjugaison pres, tous les sous-groupes
finis de PGLy(k) d’ordre premier a la caractéristique. Nous nous intéressons ici au cas
opposé, les sous-schémas en groupes infinitésimaux. Il semble que ce soit un fait accepté
que tout sous-schéma en groupes infinitésimal de PGLg j, se reléve & GLg ;. En particulier,
tout sous-schéma en groupes infinitésimal unipotent de PGLgy serait un sous-schéma
en groupes de G, 1, et il serait donc isomorphe a ayn j, pour un certain n > 0. Nous
prouvons que ce n’est pas vrai si la caractéristique du corps est 2. Le résultat est par
contre vrai si la caractéristique est impaire et nous en donnons une preuve.

Pour tout corps k, PGLy ;, représente le foncteur en groupes des automorphismes de
Pllv. L’étude des sous-schémas en groupes correspond donc aux actions fidéles sur Pi. De
plus, PGLy 1 (k) coincide avec le groupe de Cremona en dimension un, c’est-a-dire les
transformations birationnelles de P, puisque toute application rationnelle d’une courbe
projective non-singuliére s’étend & la courbe entiére. En caractéristique positive, la
situation est complétement différente si 'on considére les actions rationnelles des schémas
en groupes infinitésimaux. La plupart des actions infinitésimales fidéles de la droite affine
ne s’étendent pas a ]P’,%/,. Par exemple, toutes les actions fidéles de ay;, avec n > 4, sur A,i
ne s’étendent pas a P}, puisque PGLy a dimension 3 et que 'algebre de Lie de oy a
dimension n. Le résultat que nous montrons est le suivant :

Théoréme 3. Soit k un corps de caractéristique 2.

1. Les sous-schémas en groupes infinitésimauz unipotents de PGLg j, sont exactement,
a isomorphisme pres, les sous-schémas en groupes du produit semi-direct ain j, X g i,
avec n > 1, ot laction de ag ), sur agn  est donnée par a-b= b+ ab?

2. Si k est parfait, tout sous-schéma en groupes infinitésimal trigonalisable, non unipo-
tent, de PGLyy est isomorphe a poi j, ou au produit semi-direct de pig1 j, pour un
certain | > 1, par l'un des deux schémas en groupes unipotents
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(a) le produit semi-direct agn ) X aa, avec > 1, ot Uaction de oo ) sur agn ) est
donnée par a - b= b+ ab?.

(b) Qon
pour une action non-triviale de por y,.

Une description explicite de tous ces schémas en groupes sera donnée. Alors que
le théoréme ci-dessus donne une classification compléte des sous-schémas en groupes
infinitésimaux unipotents de PGLg ;, pour les schémas en groupes trigonalisables nous ne
savons pas si, pour toute action non-triviale de g ;, sur les schémas en groupes unipotents
apparaissant en (a), le produit semi-direct associé agit fidélement sur P,lc. Nous prouvons
qu’il existe au moins une action de pq ;, sur tout schéma en groupes unipotent qui apparait
dans (a) de telle sorte que le produit semi-direct associé agisse fidélement sur }P’,lg. Dans le
cas commutatif et sur un corps algébriquement clos, on obtient la classification compléte
suivante :

Corollaire. Soit k un corps algébriquement clos de caractéristique 2. La liste des sous-
schémas en groupes commutatifs infinitésimauxr de PGLg i, a tsomorphisme pres, est la
sutvante :

1. agn g, pour n > 0,

2. agp Xk Qok,

3. la 2-torsion d’une courbe elliptique supersinguliéere,
4. pon, pour n > 0.

Dans [Kno95| Knop a classifié les sous-schémas en groupes de SLg ;. Bien sir, il serait
possible d’en déduire nos résultats en calculant le quotient de tous les sous-schémas en
groupes infinitésimaux trigonalisables de SLy ;. En fait, dans notre approche, il suffit
de connaitre les sous-schémas en groupes infinitésimaux unipotents de SLo 1, ce qui est
beaucoup plus facile.

Il y existe un lien entre ce travail et la notion de dimension essentielle. De maniére
informelle, la dimension essentielle d’'un objet algébrique est un entier qui mesure sa
complexité. Cette notion a été introduite par Buhler et Reichstein dans [BR97| pour les
groupes finis et a ensuite été étendue par Merkurjev pour les foncteurs de la catégorie des
extensions de corps d’un corps de base fixé k vers la catégorie des ensembles [BF03].

Pour un k-schéma en groupes G, sa dimension essentielle ed;(G) calcule, en gros, le
nombre de parameétres nécessaires pour définir tous les G-torseurs sur tous les schémas sur
k. Tossici a conjecturé que si k est un corps de caractéristique positive et G un k-schéma
en groupes fini commutatif unipotent, alors ed;(G) > ny(G) ou ny(G) est 'ordre de
nilpotence du morphisme de décalage de G |Tos19, Conjecture 1.4]. On sait que cette
conjecture est vraie pour ny (G) = 2 d’aprés Fakhruddin [Fak20, Théoréme 1.1|. L’espoir
est que les résultats de cette thése permettront de progresser dans la démonstration de
cette conjecture dans le cas infinitésimal.
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Dans 'appendice de ce travail, nous nous concentrons sur ’algébre du smash-produit,
un objet non-commutatif intéressant qui apparait naturellement lors de I’étude des actions
des schémas en groupes commutatifs finis. Un exemple de smash-produit est donné par
lalgebre des polynomes d’Ore K[X;60,0] ou € est un automorphisme du corps K, 0 est
une f-dérivation (9(ab) = 6(a)d(b) + d(a)b pour tout a,b € K) et la loi de multiplication
est donnée par Xa = 6(a)X + 0(a) pour tout a € K.

La motivation principale pour le contenu de ’appendice provient de notre intérét a
pouvoir faire des calculs avec des dérivations et des opérateurs différentiels, ce qui est
nécessaire lorsqu’on traite des actions de schémas en groupes infinitésimaux commutatifs
unipotents. Il s’avére que faire des calculs de ce type est équivalent a les faire dans une
algébre de smash-produit définie de maniére appropriée. L’utilisation du formalisme des
smash-produits s’est avérée trés utile pour mieux comprendre et avoir des intuitions & ce
niveau.

Les smash-produits ont également un lien avec la théorie du codage. Les polyndémes
d’Ore y trouvent des applications importantes et sont utilisés pour construire les codes de
Gabidulin [Gab85| et les codes de Reed-Solomon linéarisés [Marl8|. Ces deux familles de
codes sont la contrepartie, respectivement dans la rank metric et dans la sum-rank metric,
des codes de Reed-Solomon [RS60], qui sont I'une des familles de codes linéaires les plus
utilisées dans la métrique de Hamming (centrale depuis les années 50 dans la théorie de
la correction d’erreurs). Les codes dans la rank metric ont été introduits pour la premiére
fois par Delsarte |Del7§]|, tandis que ceux dans la sum-rank metric sont de définition plus
récente (une référence pour la théorie des codes en sum-rank metric est [MSK22]).

Les codes en géométrie algébrique, une généralisation des codes de Reed-Solomon,
ont été introduits par Goppa |Gop82| et sont construits en évaluant les espaces de
fonctions en des points rationnels sur des courbes algébriques. Dans [BC23| Berardini et
Caruso définissent les codes en géométrie algébrique linéarisés, la premiére construction
géométrique de codes dans la sum-rank metric a partir de courbes algébriques. Leur
définition est obtenue en considérant des torseurs sous le k-schéma en groupes commutatif
constant fini G = Z/rZ. Des constructions similaires peuvent étre réalisées pour les
torseurs sous n’importe quel k-schéma en groupes commutatif fini. Ceci pourrait nous
fournir un plus grande collection de codes en géométrie algébrique linéarisés.

Les principaux résultats contenus dans I’appendice concernent ’étude des endomor-
phismes de certaines algébres de smash-produits, ainsi qu'une généralisation des résultats
de Chase et Sweedler |[CS69, Theorems 9.3| et Gamst et Hoechsmann |[GH69| autour des
smash-produits qui sont des algébres d’Azumaya.
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Introduction

This thesis focuses on the study of (rational) actions of infinitesimal group schemes,
with a particular emphasis on infinitesimal commutative unipotent group schemes and
generically free actions and faithful actions. These group schemes exist only in positive
characteristic and examples arise looking at the p-torsion of abelian varieties.

The interest in this topic has multiple motivations that we will explain in this
introduction. Let k be a field and X be a k-scheme. The automorphism group functor
Autx of X that associates to every k-scheme S the group of S-automorphisms Autg(X x
S) is not representable in general. This object has been extensively studied: it is known
for example that if X is proper then Auty is represented by a k-group scheme locally of
finite type [MOG67]. If K/ is a finite purely inseparable field extension, the automorphism
group scheme Auty := Autg,e(x) has been studied for example by [Beg69] and [ChaT2|.

For G a k-group scheme, there is a bijection between G-actions G xp X — X on
X and group functor homomorphisms G — Autx. If the G-action is faithful, then
G is a subgroup functor of Autx. Studying faithful group scheme actions yields then
information on representable subgroups of Autyx. When Y is the generic point of a
variety X (separated, geometrically integral scheme of finite type) and G is a finite
k-group scheme, to give a G-action on Y = Spec(k(X)) is equivalent to giving a rational
G-action on X. Studying such faithful rational actions imparts then knowledge on the
automorphism group functor Auty of separable finitely generated extensions K/k.

When K = k(t1,...,t,) is a purely transcendental extension of k, then Autg (k)
coincides with the Cremona group Cry (k) = Birg(IP}) in dimension n, that is by definition
the group of birational automorphisms of P;’. The Cremona group has been deeply studied
in characteristic zero, while it has been less investigated in positive characteristic (see for
example the survey [Dol10|). Dolgachev made the following conjecture for the Cremona
group over a field of positive characteristic.

Conjecture. If k is a field of characteristic p > 0, the Cremona group Cr, (k) does not
contain elements of order p® for s > n |[Dol10, Conjecture 37].

The conjecture is true for n = 1 since PGLa(k) ~ Auty(k(t)) does not contain elements
of order p? if char(k) = p > 0. Moreover, it was proven for n = 2 [Dol09]|. The conjecture
can be rephrased in the following way: if there exists a faithful rational action of a
finite commutative p-group G on P} then pf = 0, where pg is the multiplication by
p morphism on G. Indeed there is a natural correspondence between faithful actions

15



16 Introduction

of a finite commutative p-group G on k(ty,...,t,) and faithful rational actions of the
corresponding constant group scheme on P}.

In this thesis we are interested in rational actions of infinitesimal group schemes.
The analogous of Dolgachev’s conjecture for infinitesimal commutative unipotent group
schemes arises naturally in one of the following ways: if k is a field of characteristic p > 0
and G is an infinitesimal commutative unipotent k-group scheme, if there exists a faithful
rational G-action on P}, then pft = 0 (or maybe V& = 0, where Vg is the Verschiebung
morphism of G). Both options turn out not to be true. Indeed, for example any curve
admits faithful rational actions of the p"-torsion E[p"] of a supersingular elliptic curve
E (since in this case E[p"] is an infinitesimal commutative unipotent k-group scheme
with one-dimensional Lie algebra and thus Theorem applies) but VEpr # 0, and
PE[p"] #0ifn>1.

What is indeed true is that if there exists a faithful rational G-action on a k-variety
X of dimension n, then Vk’zr( Fo) = 0. More precisely:

Proposition Let G be an algebraic k-group scheme with commutative Frobenius
kernel and X be a k-variety of dimension n. If there exists a faithful rational G-action on

X, then s = dimy,(Lie(ker(Fg)™)) < n and Vk’zr_(‘}c)u = 0, where ker(Fg)™ is the mazimal

k-subgroup scheme of multiplicative type of ker(Fg) and ker(Fg)* := ker(Fg)/ ker(Fg)™.

We give a proof of this result in Section [3:3] of Chapter [3] The inverse implication of
Proposition does not always hold true, see Example In the diagonalizable case,
these actions are well understood and the converse statement is known. Moreover, we
show that there exist faithful rational actions of any infinitesimal commutative unipotent
group scheme G defined over a perfect field on any variety of dimension n if V2 = 0
(Proposition . As a consequence, the converse of Proposition holds true over
a perfect field for infinitesimal commutative unipotent k-group schemes of height one.

We are more precisely interested in rational actions which are generically free. Indeed
in positive characteristic not all faithful actions admit an open dense subset U C X that
is G-stable and such that the action of G on U is free. For any finite k-group scheme G
acting rationally on a k-variety X, if the action is generically free then the dimension of
Lie(G) is upper bounded by the dimension of the variety. One of the main results of this
thesis is the following Theorem, which proves that this bound is the only obstruction to the
existence of generically free rational actions for infinitesimal commutative trigonalizable
group schemes over a perfect field (see Remark . If G is unipotent, we also show
that any generically free rational action on X of (any power of) the Frobenius kernel of G
extends to a generically free rational action of G on X. The proof we give is constructive
and enables one to explicitly write such actions: we end Section of Chapter [3| with
several examples showing it concretely.

Theorem Let k be a perfect field of characteristic p > 0 and G be an infinitesimal
commutative unipotent k-group scheme with Lie algebra of dimension s. Then for every
k-variety X of dimension > s there exist generically free rational actions of G on X.
Moreover, for any r > 1, any generically free rational action of ker(Ff) on X can be
extended to a generically free rational action of G on X.
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The difficulty is to construct actions in low dimension, i.e. close to the dimension
of Lie(G). Indeed, it is not so difficult to construct actions in high dimension for any
infinitesimal trigonalizable group scheme (see Corollary . Combining Theorem
and the diagonalizable case treated by Brion in [Bri22, Section 3| the converse of
Proposition [3:3.6] is true, over a perfect field, for infinitesimal commutative trigonalizable
k-group schemes with Lie algebra of dimension upper bounded by the dimension of
the variety (in particular, if s = dimg(Lie(ker(Fg)?)) and dimg(Lie(G)) < n, then

ker(Fe)e = 0)-

Notice that if an infinitesimal commutative unipotent k-group scheme G with Lie
algebra of dimension n can be embedded in a smooth connected n-dimensional algebraic
group G, then G acts generically freely on it (by multiplication). Brion asked |Bri22] if,
already in the one-dimensional case, there are examples different from these that arise and
moreover if these group schemes are always commutative (see also [Fak20, Remark 2.10]).
Proposition 2:3.12] and Example [2:3.13] combined with Theorem [3:2.13] answer to these
questions. The former shows that there are generically free rational actions on curves of
infinitesimal commutative unipotent group schemes that are not subgroups of a smooth
connected one-dimensional algebraic group. The latter shows that there exist generically
free rational actions of non-commutative infinitesimal group schemes on varieties.

In general, it is not easy to describe explicitly infinitesimal commutative unipotent
group schemes. For example, already those arising as the p-torsion of some abelian
variety (with p-rank zero) are not completely understood and increase in complexity as
the dimension grows. To have an explicit description of such group schemes, for example
in terms of the Hopf algebra representing them, is useful in order to construct actions
of these group schemes on varieties (see for example Proposition . The following
result gives an explicit description of all infinitesimal commutative unipotent k-group
schemes with one-dimensional Lie algebra defined over an algebraically closed field &,
answering partially to a question of Fakhruddin (see [Fak20, Remark 2.10]).

Theorem Let k be an algebraically closed field of characteristic p > 0. For any
n > 1, there are exactly, up to isomorphism, n infinitesimal commutative unipotent
k-group schemes of order p™ and with one-dimensional Lie algebra. They are the group
schemes of the form

W2V — F'] := ker(V — F*: W — W)
for somet=1,...,n.

This result is known for infinitesimal commutative unipotent group schemes of order
< p? thanks to |Oor66, (15.5)] and INWW15, Theorem 1.1].

Of these group schemes, the only ones that are contained in a smooth connected
algebraic group are ayn and W' F — V] (the former is a subgroup of G, and the latter is
contained in the p™-torsion of a supersingular elliptic curve) for any n > 1, see Proposition
[2:312] All the others are examples of infinitesimal group schemes that act generically
freely on any curve (by Theorem , but are not subgroups of a smooth connected
one-dimensional algebraic group. Notice moreover that W[F — V] is the only self-dual
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group scheme of the list. If one considers infinitesimal commutative unipotent group
schemes with higher dimensional Lie algebra, this is not the case anymore: indeed the
p-torsion of any principally polarized abelian variety of dimension ¢ and p-rank zero,
is an infinitesimal commutative unipotent group scheme, and there exist p9—! different
isomorphism classes of such varieties (see [Pri08|).

Fakhruddin proved that if G is infinitesimal and Y is a normal projective curve with a
rational action of G, if there exists a normal projective variety X with an action of G and
a G-equivariant dominant rational morphism X --» Y, then the rational action of G on
Y extends uniquely to an action of G on Y [Fak20, Proposition 2.2|. In particular, in the
above situation, if Y is the projective line and the action is faithful, then G is a subgroup
scheme of PGLy ;. Most unipotent infinitesimal group schemes with one-dimensional
Lie algebra are not contained in PGLg j, but for all of them there exist generically free
rational actions on the projective line. Therefore, most of these rational actions on the
projective line are not induced by actions, defined everywhere, on projective normal
varieties of higher dimension.

If the characteristic of a field k is odd, any infinitesimal subgroup scheme of PGLy j,
lifts to SLg . In the last section of Chapter |3 whose content comes entirely from |[GT24],
we prove that this is not true in characteristic 2 and we give a complete description,
up to isomorphism, of infinitesimal unipotent subgroup schemes of PGL3 . Also, the
infinitesimal trigonalizable case is considered.

In his paper [BealO|, Beauville classified, up to conjugacy, all finite subgroups of
PGLy(k) of order coprime with the characteristic. Here we are interested in the opposite
case, infinitesimal subgroup schemes. It seems that it is quite an accepted fact that
any infinitesimal subgroup scheme of PGLj j, lifts to GLg ;. In particular any unipotent
infinitesimal subgroup scheme of PGLj ; would be a subgroup scheme of G, and so
it would be isomorphic to apn i for some n > 0. We prove that this is not true if the
characteristic of the field is 2. The result is instead true if the characteristic is odd and
we give a proof of it (see Proposition .

For any field k, PGLy represents the automorphism group functor of ]P’,lg. So the
study of subgroup schemes corresponds to faithful actions on P. Moreover PGLg x (k)
coincides with the Cremona group in dimension one, i.e. birational self-maps of P}, since
any rational self-map from a projective nonsingular curve extends to the whole curve. In
positive characteristic, the situation is completely different if we consider rational actions
of infinitesimal group schemes. Most of the faithful infinitesimal actions on the affine line
do not extend to }P’,lc. For instance, all the faithful actions of aj, with n > 4, on A}C do
not extend to IP’%;, since PGLy ;, has dimension 3 and the Lie algebra of ag has dimension
n. The main result of this section is the following.

Theorem Let k be a field of characteristic 2.

1. The infinitesimal unipotent subgroup schemes of PGLqy . are exactly, up to isomor-
phism, the subgroup schemes of the semi-direct product cwgn j, X ag ), with n > 1,
where the action of agj, on aon j, is given by s-t =t + st?.

2. If k is perfect, any infinitesimal trigonalizable, not unipotent, subgroup scheme of
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PGLgy i is isomorphic to pg y, or to the semi-direct product of pg1 i, for some l > 1,
by one of the two unipotent group schemes

(a) the semi-direct product agn i, X g, with n > 1, where the action of agy on
agn ) 18 gen by s -t =1+ st?

(b) aon
Jor some non-trivial action of po ;.

An explicit description of all these group schemes will be given. While the above
Theorem gives a complete classification of infinitesimal unipotent subgroup schemes of
PGLy j, for trigonalizable group schemes we do not know if, for any non-trivial action
of figi . over the unipotent group schemes in (a), the associated semi-direct product
acts faithfully on P,. We prove that there exists at least one action of juy j over any
unipotent group scheme which appears in (a) such that the associated semi-direct product
acts faithfully on IP’}C. In the commutative case, we get a complete classification over an
algebraically closed field.

Corollary [3.4.2| Let k be an algebraically closed field of characteristic 2. The list
of infinitesimal commutative subgroup schemes of PGLyy, up to isomorphism, is the
following:

1. agn g, for some n >0,

2. Qg X Qo k,

3. the 2-torsion of a supersingular elliptic curve,
4. Wan, for some n > 0.

The Corollary follows from Theorem using Lemma . In [Kno95| Knop
classified subgroup schemes of SLy ;.. Of course, it could be possible to deduce our results
by computing the quotient of all infinitesimal trigonalizable subgroup schemes of SL ;.
In fact, in our approach, we just need to know infinitesimal unipotent subgroup schemes
of SLy 1, which is much easier.

Let us spend also a few words on the existing link between this work and the notion of
essential dimension. Informally speaking, the essential dimension of an algebraic object
is an integer that measures its complexity. This notion was introduced by Buhler and
Reichstein in [BR97| for finite groups and was then extended by Merkurjev for functors
from the category of field extensions of a fixed base field k to the category of sets [BF03].

For a k-group scheme G, its essential dimension edy(G) computes, roughly speaking,
the number of parameters needed to define all G-torsors over all schemes over k. Tossici
conjectured that if k is a field of positive characteristic and G is a finite commutative
unipotent k-group scheme, then edi(G) > ny (G) where ny (G) is the order of nilpotency
of the Verschiebung morphism of G [Tos19, Conjecture 1.4]. The conjecture is known
to be true for ny(G) = 2 after Fakhruddin [Fak20, Theorem 1.1]. Our hopes are that
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Theorem might lead to further progress in the proof of this conjecture in the
infinitesimal case.

In the appendix of this work we focus on the smash product algebra, an interesting
non-commutative object that arises naturally when studying actions of finite commutative
group schemes. An example of smash product is given by the algebra of Ore polynomials
K[X;60,0] where 0 is an automorphism of the field K, 0 is a 6-derivation (9(ab) =
0(a)0(b)+9(a)b for all a,b € K) and the multiplication law is given by Xa = 0(a)X +0(a)
for any a € K.

The main motivation for the content of the appendix arises from our interest in
being able to do computations with derivations and differential operators, something
that is necessary when dealing with actions of infinitesimal commutative unipotent group
schemes. It turns out that doing computations of this kind is equivalent to doing them in
an appropriately defined smash-product algebra. Using the formalism of smash-products
proved itself of great help in order to have a better understanding and having intuitions
at this level.

Smash-products have also a tight link to coding theory. Ore polynomials have
important applications in it and are used to construct Gabidulin |[Gab85| and linearised
Reed-Solomon codes [Marl8|. These two families of codes are the counterpart respectively
in the rank metric and in the sum-rank metric of Reed-Solomon codes |[RS60|, which form
one of the most used families of linear codes in the Hamming metric (central since the
50’s in the theory of error correction). Codes in the rank metric where first introduced
by Delsarte |Del78|, while those in the sum-rank metric are of more recent definition (a
reference for the theory of sum-rank metric codes is [MSK22]).

Algebraic Geometry codes, a generalization of Reed-Solomon codes, were introduced
by Goppa |Gop82| and are constructed by evaluating spaces of functions at rational
points on algebraic curves. In [BC23| Berardini and Caruso define Linearised Algebraic
Geometry codes, the first geometric construction of codes in the sum-rank metric from
algebraic curves. Their definition arises from considering torsors under the finite constant
commutative k-group scheme G = Z/rZ. Similar constructions can be done for torsors
under any finite commutative k-group scheme. Doing this could provide us with a larger
panel of linearized Algebraic Geometry codes.

The main results contained in the appendix involve the study of the endomorphisms
of certain smash-product algebras (see Proposition , along with a generalization of
results of Chase and Sweedler |[CS69, Theorems 9.3] and Gamst and Hoechsmann |[GH69|
around smash-products being Azumaya algebras (see Proposition .

A consistent part of the contents of this thesis appears already in the papers |Gou23|
and |GT24| (joint with Dajano Tossici): more precisely the results appearing in Section
[I:2] of Chapter [I], Section [2:2] of Chapter [2] and Sections [3.2) and [3:3] of Chapter [3] are the
content of the first cited paper, while the second cited paper is presented in Section
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Outline

Here is an outline of the contents of this work.

In Chapter [I] we begin by recalling the definitions of some basic algebraic structures,
ending with the definition of a Hopf algebra. We then move to (co)-module algebras
and smash products, objects that have a tight link with actions of group schemes (see
Proposition. In the second section of this chapter we deal with nilpotent derivations,
which are often encountered when studying actions of infinitesimal group schemes (see
Proposition and Example . Moreover, we study p-bases of finite field
extensions and we prove Corollary [I.2.7] describing when some systems of differential
equations admit a solution. This result plays an important role in the proof of Theorem

B.2.13

In Chapterwe start by recalling some notions and results around finite (commutative)
group schemes, with a strong emphasis on infinitesimal commutative unipotent group
schemes. We also introduce the socle of a finite group scheme, an object which proves
itself helpful when studying generically free or faithful actions of a finite group scheme
(see for example Proposition and Proposition . Moreover, we prove Proposition
2:2.330] giving a description of the Hopf algebra of an infinitesimal commutative unipotent
group scheme over a perfect field. This result is another of the building blocks needed
for the proof of Theorem The last section is devoted to proving Theorem [2.3.1
which describes explicitly all infinitesimal commutative unipotent group schemes with
one-dimensional Lie algebra over an algebraically closed field k.

The first section of Chapter [3|is devoted to generalities on (rational) actions of finite
group schemes on varieties and their algebraic counterpart given by module algebra
structures, introduced already in Chapter [I} In Section [3.2] we deal with generically free
actions. In the first part we prove the existence part of Theorem [3.2.13]in the case of
commutative trigonalizable group schemes of height one (Proposition . We then
proceed with the proof of the general case. We end the section with some examples to
show more concretely how to deal with the construction of these actions.

Section [3.3] is devoted to Dolgachev’s conjecture revisited for infinitesimal group
schemes and, more generally, to studying faithful rational actions of infinitesimal group
schemes. Proposition m gives necessary (but not sufficient, see the counterexample
3.3.7)) conditions for the existence of faithful rational actions of infinitesimal commutative
trigonalizable group schemes. Moreover, we show that there exist faithful rational actions
of any infinitesimal commutative unipotent group scheme G defined over a perfect field
on any variety of dimension n if V¥ = 0 (Proposition . We illustrate our results
about faithful rational actions in the case of the connected part of the p-torsion of abelian
varieties.

Section [3.4] has as content the work [GT24], joint with Dajano Tossici, where unex-
pected subgroup schemes of PGLy j, in characteristic 2 are studied. If the characteristic of
a field £ is odd any infinitesimal group scheme of PGLj j, lifts to SLy . We prove that this
is not true in characteristic 2 and we give a complete description, up to isomorphism, of
infinitesimal unipotent subgroup schemes of PGLy ;. Also, the infinitesimal trigonalizable
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case is considered.

Appendix [A] contains a deeper study of smash-products. In the first section we
study the endomorphisms of the smash-product algebra. In Section [A2] inspired by
the results of Chase and Sweedler |[CS69, Theorems 9.3|] and Gamst and Hoechsmann
|GHG69|, we give a generalization around smash-products being Azumaya algebras (see
Proposition . In Section we introduce a universal object that allows us to
doing computations in a universal smash-product algebra, helping us at simplify and have
insights on computations involving derivations and differential operators (which was our
main motivation for investigating smash-product). In the last section of the appendix we
revisit some results already known in literature, and that we recover and generalize also
in the previous section, around the reduced norm of some Ore polynomials, giving also
alternative proofs.



Chapter 1

Hopf algebras and nilpotent
derivations

In the first part of this chapter we recall the definitions of some basic algebraic structures,
ending with the definition of a Hopf algebra. These objects are interesting on their own
but they moreover occupy a central role in the theory of group schemes since any affine
group scheme is encoded by a commutative Hopf algebra. We then move to (co)-module
algebras and smash products, which have a tight link with actions of group schemes
(see Proposition and thus play a key part in this work. The second section
of this chapter is devoted to nilpotent derivations, which are often encountered when
studying actions of infinitesimal group schemes (see Proposition and Example

3.1.19). Proposition and Corollary will play an important role in the proof of
Theorem [3.2.13] which is one of the main results of this work.

1.1 Algebraic structures

Some references for this section are [Swe69, Chapter VII| and [Mon93, Chapter 4].

Algebras, coalgebras and Hopf algebras
Let R be a commutative ring.

Definition 1.1.1 (Algebra). An R-algebra is a triple (A, m,u) where A is an R-module
and m: A®r A — A (multiplication) and w: R — A (unit) are R-linear morphisms such
that the following diagrams commute:

A@p A
AorAor A 224 AR A u®l o
ll@m lm R®pr A m A®rR
AQpA —T s A, \ /
A,

23
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Notice that the first diagram tells us that the multiplication m is associative but we don’t
ask (a priori) for it to be commutative and that the second diagram tells us in particular
that the image of R in A is contained in its center (u(R) C Z(A)). An R-algebra A is
said to be commutative if the following diagram commutes:

ARrA —"— A®r A
\‘ lm
A
where we denote by 7 the switch morphism, 7: x ® y — y ® x for any x,y € A.

Definition 1.1.2 (Coalgebra). An R-coalgebra is a triple (C,A,e) where A is an R-
module and A: C — C ®p C' (comultiplication) and ¢: C' — R (counit) are R-linear
morphisms such that the following diagrams commute:

C®rC
1®e
C®RC®RC<MC®RC ol
1®AT AT RerC A C®rR
CoRrC s C, \ /
C.

Notice that the first diagram tells us that the comultiplication A is coassociative but
we don’t ask (a priori) for it to be cocommutative. An R-coalgebra C' is said to be
cocommutative if the following diagram commutes:

C®RC<TC®RC
e
C

where 7 is the switch morphism.

Definition 1.1.3 (Coideal). Let C' be an R-coalgebra. A coideal is an R-submodule I of
C' such that:

1. AI)CI®rC+ C®rl,;
2. ¢(I)=0.

Definition 1.1.4 (Primitive element). Let C' be an R-coalgebra. An element z € C' is
primitive if A(z) =21+ 1® x.

Remark 1.1.5.

(i) For any primitive element x of an R-coalgebra C' it holds (z) = 0.
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(ii) Let A and B be R-algebras, then A ® B is an R-algebra with multiplication
Magp: (A®R B) @r (A®r B) “C5 Aor A®gr Bor B ™ Aoy B
(where 7 is the switch morphism) and unit
Uappp: R~ R®p RSP Aop B.
(iii) Let C' and D be R-coalgebras, then C' @z D is an R-coalgebra with comultiplication

Acopp: C®rD 8P CopCopDor D ES (Cop D) ®r (C ®r D)

and counit
EC®RrD": C®RDE&DR®RR:R.

(iv) Let (A,m,u) be an R-algebra and (C, A, ¢) be an R-coalgebra. Then Hompg(C, A)
is an R-algebra where multiplication and unit are respectively given by

f@g— fxg:=mo(f®g)oA, and wuoe.

The multiplication of this algebra is often referred to as convolution product. Notice
that the associativity of the convolution product follows from the associativity of m
and the coassociativity of A.

Definition 1.1.6 (Bialgebra). An R-bialgebra is a tuple (H, m,u, A, €) such that
1. (H,m,u) is an R-algebra;
2. (H,A,¢) is an R-coalgebra;
3. one of the following equivalent conditions holds true:

(a) m and w are morphisms of coalgebras;
(b) A and e are morphisms of algebras;

(c) the following diagrams commute:

Hop H m_ L H A s HeopH
lA@A m@mT
HopHopHopH — 9 HepHor Hog H,

HorH 25 Rop R

[ |

H—*° R
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H-2, HeopH

R —— R®grR, R— R.

Notice that the commutativity of the first and second diagram tells that m is
a morphism of coalgebras (recall that mpyg, 7 =m ®mo (id ® T ®id)), the
commutativity of the first and third that A is a morphism of algebras (recall
that Agg,r = (Ild® 7 ®id) o A ® A), the commutativity of the second and
fourth tells that € is a morphism of algebras and the commutativity of the
third and fourth tells that « is a morphism of coalgebras and that A is unitary.

Example 1.1.7. Let k be a field and (A, m,u, A, €) be a finite dimensional k-bialgebra,
then AY := Homy (A, k) is a finite dimensional k-bialgebra with multiplication and
comultiplication respectively given by the convolution product

mY: AV @p AV 5 AY
FRg— (A3 A0, A kopk~k)

and

AV: AY - AY @, AY
o (A AB AB k)
and unit and counit respectively given by the dual morphisms of € and .

Definition 1.1.8 (Bi-ideal). Let H be an R-bialgebra. A bi-ideal is an R-submodule I
of H which is an ideal and a coideal.

Definition 1.1.9 (Antipode). Let H be an R-bialgebra. An antipode is an element
S € Homp(H, H) which is a multiplicative (right and left) inverse to the identity, that is
id*S =S *id = uoe (where  is the convolution product).

Definition 1.1.10 (Hopf algebra). An R-Hopf algebra is a bialgebra which has also an
antipode.

Definition 1.1.11 (Hopf ideal). Let H be an R-Hopf algebra. A Hopf ideal is a bi-ideal
I such that S(I) C I.

Proposition 1.1.12. There is an anti-equivalence of categories between the category of
commutative R-Hopf algebras and the category of affine group schemes over Spec(R) given
by assigning any R-Hopf algebra H to Spec(H).

Proof. See |Mill7, Chapter 3, Proposition 3.6] O
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Module algebras, comodule algebras and smash products

Let R be a commutative ring and A be an R-bialgebra.

Definition 1.1.13 (Module algebra). We say that an R-algebra B is a (left) A-module
algebra if:

1. Bis a (left) A-module via ¢¥: AQr B — B,a®bw a- b;

2. the morphism 7n: B — Hompg(A, B),b — (a + a-b) is a (unital) morphism of
R-algebras.

We can give the same definition on the right as well.

The following remark is of key importance for the way in which we will view module
algebras throughout this whole work.

Remark 1.1.14. Notice that the first condition of the above definition is equivalent to
giving a map
v: A— Endg(B),a+— (b a-b)

which is a morphism of R-algebras, while the second request corresponds to asking that v
satisfies the following properties:

v(a)(1) = (a)
{ v(a)(fg) =mp(v@voAla)(f®g) (1.1)

for any a € A and f,g € B. Here € denotes the counit of A, A its comultiplication
and mp the multiplication of B. We will refer to as the property of compatibility
with products. The first statement is straightforward. For the second one, recall that
Homp(A4, B) has a structure of R-algebra (Remark with multiplication given by
the convolution product

p@xHrmpog®@xoA
and unit

R — Homp(C, B),x — (c+— e(c)1p(x)).

Moreover 7(b)(a) = v(a)(b). Therefore, n is a morphism of (unital) R-algebras if and only
if

n(fg) =mpon(f)@n(g)eA and (1) = lHomu(a,B)
for all f,g € B if and only if

v(a)(fg) = n(fg)(a) =mpon(f) @n(g) o Ala) = mp(v@voAla))(f ©g)

and
v(a)(1) =n(1)(a) =e(a)

for any a € A. Finally, notice that, if we denote by I := ker(e) the augmentation ideal of
A, then by what we just showed it holds v(a)(1) = 0 for any a € I.
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Example 1.1.15. Let G be a finite group and B be an R-algebra. Consider moreover
the group-algebra R[G| on G which is a R-bialgebra if we turn any element of G into a
group-like element, that is we define A(g) = g® g and e(g) = 1 for all g € G (and extend
A and € to morphisms of R-algebras on R[G]). There is a one-to-one correspondence
between actions of the group G on B and R[G]-module algebra structures on B. Indeed,
any action G — Autajg,(B) of G on B extends naturally to a morphism of R-algebras
R[G] — Autajg, (B) which respects also the property by the bialgebra structure on
R[G].

Definition 1.1.16 (Morphism of module algebras). Let A and A’ be R-bialgebras,
p: A — A’ be a morphism of algebras and B and B’ be respectively an A-module algebra
and an A’-module algebra via : AQgr B — B and ¢': AQr B' — B’. We call morphism
of module algebras (with respect to ¢) a morphism of algebras f: B — B’ that respects
the module algebra structures, that is the following diagram commutes

AoprB —Y 4 B

for s

AepB - B

Remark 1.1.17. In the above definition, when B and B’ are both A-module algebras,
one can take ¢ to be the identity on A. We then have that a morphism of A-module
algebras B — B’ is just a morphism of A-algebras.

Remark 1.1.18. Let B be an A-module algebra via v: A — Endg(B) and consider
ker(v) ={a€ Ala-b=0 Vbe B}.

In general ker(v) is not a bi-ideal (nevertheless, in the Appendix [A| we will be interested
in the case in which ker(v) is a Hopf ideal). Take for example A = R[T], the Hopf algebra
representing the additive group scheme G, that is A(T) =T ® 1+ 1® T, with R a ring
of positive characteristic p > 2, B = R[X]/(XP™!) and consider the A-module algebra
structure on B given by

v: R[T] — Endg(B)
T — X?P0

where 0 is a non-zero derivation on B. Then we have T2 € ker(v), in fact 9(XP) = 0 and
XP* =0 in B and thus X?9 o XP9 = XP°92 = 0. On the other hand,

AT =T?®@1+2TRT + 1 T?
does not lie in ker(v) ®p A + A ®g ker(v) since char(k) # 2.

Definition 1.1.19 (Comodule algebra). We say that an R-algebra C is a (right) A-
comodule algebra if:
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1. Cis a (right) A-comodule via p: C' — C ®p 4;
2. p is a morphism of algebras.
We can give the same definition on the left as well.

If A is a commutative R-Hopf algebra and C' is a commutative R-algebra, then saying
that C is a (right) A-comodule algebra is equivalent to saying that there is a (right)
schematic action of the affine group scheme Spec(A) on the affine scheme Spec(C).

Remark 1.1.20.

1. Notice that the second condition of the above definition is equivalent to asking that
the multiplication m¢ and unit uc of C' are morphisms of (right) A-comodules.

2. When A is finite-dimensional one sees that B is a left A-module algebra if and only
if it is a right AV-comodule algebra (and the same holds with left and right reversed).
If in addition A is a cocommutative Hopf algebra and B is commutative, this is also
equivalent to giving a schematic action Spec(B) X g Spec(AY) — Spec(B).

3. A together with its comultiplication A: A — A®p A is a (left and right) A-comodule
algebra.

Definition 1.1.21 (Morphism of comodule algebras). Let A and A’ be R-bialgebras,
p: A — A’ be a morphism of algebras and C and C’ be respectively an A-comodule
algebra and an A’-comodule algebra via p: C — C ®r A and p: ' = C' @ A. We call
morphism of comodule algebras (with respect to ¢) a morphism of algebras g: C' — C’
that respects the comodule algebra structures, that is the following diagram commutes

c—9%

Jee Jee

CopAd 222 ' op A

Remark 1.1.22. In the above definition, when C' and C’ are both A-comodule algebras,
one can take ¢ to be the identity on A. We then have that a morphism of A-comodule
algebras g: C — C’ is an A-linear morphism of algebras, where now A-linearity means

c—>——
that the diagram lp lp/ commutes.

CopA 2% o' op A

Starting from a left A-module algebra B and a left A-comodule algebra C, one can
always construct an algebra B#C' called the smash product of B and C, defined as follows.

Definition 1.1.23 (Smash product). Let B be a (left) A-module algebra via

Y: A®Qr B — B
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and C be a (left) A-comodule algebra via
p:C— A®grC.
We define the R-linear map

¢: ARRC®r B — B®prC
a®cRb—YPla®b)®c=a-b®c.

For f € A®r C and b € B we will denote fxb:= ¢(f ®@b). The smash product algebra
B#C is defined as follows:

1. as an R-module B#C = B ®r C;
2. the multiplication is given by
(b@c)x (B@v) =0 1)(p(c)*B)(1®7)
for any b,8 € B and ¢,y € C.

Example 1.1.24. For B an A-module algebra, one can for example consider the smash
product B#A. This will often be the case.

Proposition 1.1.25. Let A and A’ be R-bialgebras, p: A — A’ be a morphism of
algebras, B and B’ be respectively an A-module algebra and an A’-module algebra, C and
C’ be respectively an A-comodule algebra and an A’-comodule algebra, f: B — B’ and
g: C — C" be respectively morphisms of (left) module and comodule algebras (with respect
to p). Then f ® g: B#C — B'#C" is a morphism of algebras.

Proof. For ¢ € C' let us write pc(c) = >, a;®c; where pc: C — A®RC is the A-comodule
structure on C'. Recall then that since g is a morphism of module coalgebras it holds
pcr(g(c)) = > v(a;) @ g(c;). Now take b® ¢, B ® v in B#C. Then

(feg(becdx(Be)=(fog) (Zb a; - ®cn> =Zf(b(ai~ﬁ))®g(cw)=

Zf - f(B) @ g(ci)g(v) = (f(b) @ g(c)) x (f(B) ®g(7))
as wished. O

Appendix [A] is devoted to going more in the details of the study of the smash product
algebra and of its utility in the context of this work.
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Examples around Ore polynomials

This part is devoted to show how the algebra of Ore polynomials (introduced by Ore
[Ore33|) can be obtained as a smash product. Let us begin by recalling its definition.

Definition 1.1.26 (f-derivation). Let R be a commutative ring and §: R — R be
a morphism of rings. We call 8-derivation a linear morphism 9: R — R such that
d(ab) = 0(a)0(b) + O(a)b for all a,b € R. So if # = id, then 0 is a derivation in the usual

sense.

Definition 1.1.27 (Algebra of Ore polynomials). Let R be a commutative ring, : R — R
be a morphism of rings and 0: R — R be a #-derivation. The R-algebra of Ore polynomials
R[X;0,0] has for elements polynomials in X with coefficients in R and multiplication
law a x X = aX and X x a =0(a)X + 0(a) for every a € R.

Example 1.1.28. Let R be a ring of positive characteristic p and take 8 = Fr the
Frobenius morphism on R and @ = 0. Then, there is a ring isomorphism

R[X; Fr] ~ R[T)iin

ZaiXi = ZaiTpi

1€EN 1eN

where R[T'];;,, is the ring of linearised polynomials with coefficients in R, that is polynomials
of the form ), a;TP" with operations given by the sum and composition of polynomials
(these are also known as additive or p-polynomials).

Example 1.1.29.

e Gg-action. Consider A = R[T] the Hopf algebra representing the additive group
scheme G g, that is

ATY=T14+1xT, T)=0, S(T)=-T.
To give an A-module algebra B is equivalent to defining

v: R[T| — Endgr(B)
T 0

where O(fg) = 9(f)g+ fO(g), that is it is equivalent to giving an R-linear derivation
0: B — B. The R-algebra structure on the smash product B#A is given by

1RT)x (b@1)=AT)xb=(T@1+1@T)xb=00b) @1 +b&T

for any b € B. Therefore B#A ~ B[T; 0], the algebra of Ore polynomials where
multiplication is indeed defined by Th = 9(b) + bT for any b € B.
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e G,,-action. Consider A = R [T , %] the Hopf algebra representing the multiplicative

group scheme Gy, g, that is

AT)=T®T, T)=1, S(T)= %

To give an A-module algebra B is equivalent to defining

v: R [T, ;] — Endgr(B)
T—0

where 6 is invertible, that is an automorphism of B. The R-algebra structure on
the smash product B#A is given by

1T)x (b1)=AM)xb=(TRT)xb=00b)T

for any b € B. Notice that the algebra of Ore polynomials B[T’; 6], where multipli-
cation is defined by Th = 0(b)T for any b € B, is a subalgebra of B#A.

Gq,r % Gy, g-action. Let us consider the semidirect product Go r X Gy, r (Where
the action of G, r on G, g is given by multiplication on the left). This group

scheme is represented by the Hopf algebra A = R [T , %, S] with comultiplication

A(T) =T®T and A(S) = S®1+T ®S. To give an A-module algebra B is
equivalent to defining

1
v: R [T, T,S’] — Hompg(B, B)

T—0,
S0

where 6 is an automorphism of B and 9(fg) = 9(f)g + 0(f)0(g) for every f,g € B,
that is 0 is a @-derivation. The R-algebra structure on the smash product B#A is
given by

1IT)x (be1)=AMT)xb=00b)xT

and
19 x(bal)=AS)*xb=(S®1+T®S)*xb=0(b)®1+60(b)® S.

Notice that the algebra of Ore polynomials B[S} 9, 0], where multiplication is defined
by
Sb=0(b)+6(b)S

for any b € B, is a subalgebra of B#A.
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1.2 Nilpotent derivations and p-bases

This part will be devoted to nilpotent derivations, which are often encountered when
studying actions of infinitesimal group schemes (see Proposition and Example
. Some of the results appearing here might be known to experts, we have included
their proof for lack of a reference. Proposition [I.2.6] and Corollary [[.2.7] will play an
important role in the proof of Theorem [3.2.13] A background reference for p-bases is
[Bou90, V.§13].

For K a field and D a derivation on K, we denote by K the subfield of elements of
K annihilated by D, that is

KP .= {z e K| D(z)=0}.

A derivation D of K is said to be nilpotent of nilpotency index r if D" =0 and D"~ £ 0,
where for any natural n we denote by D™ the composite of D with itself iterated n times.
We begin by recalling a fundamental result [Smi68|, Theorem 2| showing that nilpotent
derivations on fields appear only in characteristic p > 0 and that nilpotency indices are
always p-powers.

Theorem 1.2.1. Let D be a non-zero nilpotent derivation of nilpotency index r on a
field K. Then K has characteristic p # 0 and r = p'.

Proof. By Leibniz formula for every a,b € K we have
T
r . .
O — DT — X2 r—1 .
@) =3 ()@
1=0

Take a € K such that D(a) # 0 and D?(a) = 0: for example one can take a = D"2(x)
where z € K is such that D"~!(x) # 0, which exists since D"~! # 0. Then

0 = D"(ab) = rD(a)D"~*(b)

for all b € K and thus » = 0. Therefore K has characteristic p # 0 and p divides r. Write
then r = ¢gp. If ¢ = 1 we are done. Suppose then that ¢ > 1. Then DP is a non-zero
nilpotent derivation on K of index ¢ and repeating the reasoning we deduce that p divides
q. Iterating this for a finite number of steps gives the result. O

Definition 1.2.2 (Order of a derivation). Let D be a derivation on a field K. We say
that D has order r if it is nilpotent of index r.

By Theorem [I.2.1] we have that, if p is a prime number and ¢ > 1, a derivation D on
a field K has order p! if and only if pr'! # 0 and DP' = 0. From now on K will be a
field of characteristic p > 0 such that the field extension K/KP is finite (this is the case
for example if we take K to be the function field of a variety over a perfect field).

Lemma 1.2.3. Let D be a derivation on K of order p™. Then the field extension K/KP
has order p", there exists t € K such that D(t) = 1 and Im(D?) = ker(DP"~%) for any
i1=1,...,p".
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Proof. We have that D is a nilpotent K P-linear map with one-dimensional kernel generated
by 1. Therefore there is a unique block in the normal Jordan form of D and it has size p”,
computed with respect to a basis, which we can suppose that contains 1. This implies that
dimgp K = p™ and there exists ¢ such that D(t) = 1. Moreover, since there is only one
nilpotent Jordan block, it is clear that Im(D?) = ker(D?"~%) for any i = 1,...,p". O

Definition 1.2.4 (p-basis). Let K/L be a finite field extension such that K? C L. A

p-basis of K/L is a sequence (t1,...,t,) € K™ such that the monomials "' ... " with
0<mq,...,m, <p—1form an L-basis of K.
Remark 1.2.5.

1. Notice that for any p-basis (¢1,...,t,) of K/L, a derivation D in Dery (K) is zero
if and only if D(¢;) =0 foralli=1,...,n.

2. A sequence (ti,...,t,) is a p-basis of K/L if and only if {dty,...,dt,} is a basis
of the K-vector space of Ké&hler differentials Q}(/L [Bou90, V.§13, Theorem 1|.

Consider the dual basis {01, ..., 0y}, which gives a basis of the K-vector space of
derivations Dery(K) = Homp (5 K ). The 9;’s commute pairwise and satisfy

oV =0forall i =1,...,n. Moreover 9;(t;) = ;.

In the following, we construct special p-bases that can be obtained any time we have
a generically free rational action of an infinitesimal commutative unipotent group scheme
of height one on a variety (these objects will be defined and the link will be made clear in
the following chapters).

Proposition 1.2.6. Let Dy,...,D, be derivations on K commuting pairwise. Set
Ky = K and K; = KPvDi for all j = 1,...,n. If D; has order p on K;_1 for all
1=1,...,n then

1. there exists a p-basis (t1,...,t,) of K/K,, such that D;(t;) =1 and D;(t;) =0 for
all j > i. Moreover, D;(t;) belongs to K; for all i and j, and

2. {Dy,...,Dy} is a basis of Derg, (K).
Proof.
1. Consider the tower of extensions
K,CK, 1CK,2C---CKCK.

By Lemma [1.2.3] for every ¢ = 1,...,n the extension K; C K;_; has degree p and
there exists t; € K;_1 such that D;(t;) = 1, so by degree reasons K;_1 = K;(t;).
Therefore the first statement follows. The second statement is a direct consequence
of the first one together with the commutativity hypothesis. Indeed, for every i, j
and h < j we have

Dp(Di(tj)) = Di(Dn(tj)) = Di(dn;) =0

where dp,; is the Kronecker delta. Hence D;(t;) belongs to K; as claimed.
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2. In particular, we see that [K : K] = p™. As remarked above, Derg, (K) has then
dimension n over K, hence it is enough to show that Dy,..., D, are K-linearly
independent. Suppose that they are not and take aq,...,a, in K such that

aD1+ - +a,D, =0.
Let 4o = max{i =1,...,n | a; # 0}. Then
0=(a1D1+ -+ anDn)i,_, = tigDio e, _, -

By assumption D;, has order p on K;,_1, so in particular it is different from zero.
Thus a;, = 0, which gives a contradiction.

O

We introduce some notation in order to prove the following Corollary that gives
necessary and sufficient conditions for some systems of differential equations to have
solution. It will play a crucial role for the existence of the generically free actions of
Theorem Let Dq,..., DDy, be differential operators on K (see Definition
here the formal definition is not needed, in the following result we will just use the fact
that restricted to a certain subfield of K they are derivations) commuting pairwise and
ai,...,a;, be elements of K such that

Di(a;) = Dj(a;)

for all 7,5 = 1...,m. Consider moreover a polynomial F' € (X1,...,Xp) k[X1,..., Xu]
and write
F=X1Q1+ -+ XnQn.
We define the differential operator on K
m

F(al,. . .,am) = ZaiQi(Dl, e ,Dm)

i=1
Notice that it does not depend on the choice of the @Q;’s since D;(a;) = D;(a;) for every
i,J.
Corollary 1.2.7. Let D1, ..., Dy, be differential operators on K as above and set Ky = K

and K; = KPvDi for any j = 1,...,m. Suppose moreover that D; is a derivation of
order pt on K;_i for anyi=1,...,m and that

li
sz = Fi(Dl,"'vDifl)
for some polynomial F; € (X1,...,X;-1)k[X1,..., Xm]. Then the system

Di(z) = a3

Dm(m) = am
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admits a solution in K, which is unique modulo K,,, if and only if

li
DY Na;) = Fi(a, ..., ai-1)
for everyi=1,...,m.

Proof. Suppose that there exists z € K solution of the above system: then
pli—l pli ~
Di (az) :Dz (Z) :Fi(Dl,...,Difl)(Z) :Fi(al,...,ai,l)

for every i = 1,...,m. For the other way around, notice that the uniqueness modulo K,
of the solution is clear by the additivity of differential operators: if x and y are both
solutions of the system, then 0 = D;(z) — D;(y) = D;(x —y) for all i = 1,..., m, meaning
that the two solutions differ by an element of K,,. Let us prove its existence by recursion.
Let S; be the system given by just the first ¢ lines for any ¢ = 1,...,m. Let us show that
if S; has a solution z;, then S;4; has a solution. Any solution of S; is of the form x; + y;
with y; € K;, therefore we wish to find such an element satisfying

Dii(xi + i) = aig1.
This equation is satisfied if and only if
Diy1(yi) = ait1 — Diga(@i).
For every j =1,...,i we have
Dj(Dit1(xi)) = Dit1(Dj(xi)) = Div1(a;) = Dj(airr),
that is a;41 — Djt1(=;) lies in K;. Moreover,

Lit1_q Lit1 _q it
DYT " (air1 — Diga(w)) = DUT " (aip1) — DLy (@) =

- L;
Fii(ay,. .. a;) — DfHH (z;) =0

and thus by Lemma there exists the solution y; in K; we were looking for. O



Chapter 2

Finite group schemes

In this chapter we recall some notions and results around finite (commutative) group
schemes, with a strong emphasis on infinitesimal commutative unipotent group schemes
which have a central role in this thesis (the main background references are [DG70| and
[Mil17]). We also introduce the socle of a finite group scheme, an object which proves itself
helpful when studying generically free or faithful actions of a finite group scheme (see for
example Proposition and Proposition [3.3.1)). Moreover, we prove Proposition
giving a description of the Hopf algebra of an infinitesimal commutative unipotent group
scheme over a perfect field; this somehow explicit description will further on play a central
role for the proof of Theorem and is very useful in general for constructing actions
of this class of group schemes. This first part appears in [Gou23|. The last section is
devoted to proving Theorem which describes explicitly all infinitesimal commutative
unipotent group schemes with one-dimensional Lie algebra over an algebraically closed
field k.

2.1 Generalities on group schemes

From now on k will denote a ground field of characteristic p > 0 and k an algebraic closure
of k. Moreover, for every k-algebra R and k-scheme X, we denote by Xp the R-scheme
X Xgpec(k) Spec(R). By k-algebraic scheme we mean a k-scheme of finite type and we
call k-algebraic group a k-algebraic group scheme. All the group schemes considered will
be algebraic groups. By k-variety we mean a separated, geometrically integral k-scheme
of finite type and we call curve (resp. surface) any k-variety of dimension 1 (resp. 2).
If X is a k-variety of dimension n, then its function field K = k(X) is a separable,
finitely generated extension of k of transcendence degree n. For G = Spec(A) an affine
k-group scheme represented by the Hopf algebra A, we denote by A: A — A ®y, A its
comultiplication and by €: A — k its counit. For G an affine k-group scheme, we also
denote by k[G] the Hopf algebra representing it.

Definition 2.1.1 (Absolute Frobenius). Let X be a k-scheme. The absolute Frobenius
morphism ox: X — X acts as the identity map on the underlying topological space |X|

37
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while on the sections of Ox over an open subset U C X it acts as the map

Ox(U) — Ox(U),
a aP.
Definition 2.1.2 (Relative Frobenius). Let X be a k-scheme and X ) = X xj  Spec(k)

be the base change with respect to the Frobenius morphism f: &k — k,c— ¢ of k. The
relative Frobenius morphism Fx: X — X® is defined by the diagram

oX

OSpec(k)

Spec(k) — Spec(k).
We will refer to the relative Frobenius morphism just as the Frobenius morphism.
Remark 2.1.3.

1. The assignment X — Fx is functorial, compatible with fiber products and commutes
with extensions of the base field.

2. If X is a scheme over F,, then X (P) ~ X and the relative Frobenius Fx coincides
with the absolute Frobenius ox. Moreover, for any extension k& 2 I, we have

X’gp) ~ Xk and FXk =0x X 1dk

3. When G is a k-group scheme, then G® is also a k-group scheme and the Frobenius
morphism Fg: G — G® is a homomorphism of group schemes [DG70, 11.87, 1]. If
Ff5 = 0 for some n > 1, then G is said to have height < n and its height is the
nilpotency index ht(G) of Fg.

Proposition 2.1.4. For any k-variety X, the Frobenius twist X?) is geometrically
integral. Moreover the relative Frobenius Fx: X — X®) induces a finite extension of
function fields k (X(p)) C k(X) of degree pi™X) and an isomorphism of k (X(p)) with
the composite of the fields k and (k(X))P.

Proof. See |Liu02, Chapter 3, Corollary 2.27|. O

Definition 2.1.5 (Lie algebra). Let G be an affine k-group scheme and denote by
I = ker(e) its augmentation ideal (where ¢ is the counit map e: k[G] — k). We define
the Lie algebra of G to be Lie(G) = Homy(Ig/I2, k). As a k-vector space Lie(G) is the
tangent space of G at the identity element eg and it has an additional structure of Lie
algebra (see for example [DG70, I1.§4, 4]).

Remark 2.1.6. Let G be a k-group scheme and Fi: G — G its Frobenius morphism.
Then Lie(G) = Lie(ker(Fg)) (see [DG70, 11.87, 1.4]).
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Definition 2.1.7 (Infinitesimal group scheme). A k-group scheme G = Spec(A) is said
to be infinitesimal if its augmentation ideal I = ker(e: A — k) is nilpotent.

Example 2.1.8. Two important examples of infinitesimal k-group schemes are given by
the kernel of (a power of) the Frobenius morphism of the multiplicative k-group scheme
Gy, and of the additive k-group scheme G,. We obtain respectively

n

ppr = ker(F"™: Gy, = Gy,) = Spec (k[T]/(T?" — 1))

and

apn = ker(F™: Gy — Gq) = Spec (k[T]/(T™"))

for any n > 1. Notice that p,» and ay,n are isomorphic as k-schemes but not as k-group
schemes. Moreover, a,» is defined only over fields of positive characteristic p, while the
subgroup scheme p, = Spec (k[T]/(T™ — 1)) of G, is always well-defined and is étale if
char(k) =0 or (n,char(k)) = 1.

Notice that non-trivial infinitesimal group schemes exist only over fields of positive
characteristic: indeed, by Cartier’s Theorem, in characteristic zero all algebraic groups
are smooth. Moreover, infinitesimal k-group schemes are group schemes that topologically
are just a point: indeed I is nilpotent if and only if the topological spaces | Spec A| and
eq = |Spec A/I¢| are isomorphic (and we always have A/Ig ~ k). The structure of the
underlying scheme of an infinitesimal group scheme over a perfect field is well-known: we
recall it in the following Theorem.

Theorem 2.1.9. Let k be a perfect field of characteristic p > 0 and G be an infinitesimal
k-group scheme. Then

k[G) ~ k[Ty,..., T, /(TP ..., TP")

T
for some integers e1, ..., e, > 1. In particular r = dimg(Lie(Q)).
Proof. See |Mil17, Theorem 11.29]. O

Definition 2.1.10 (Unipotent group scheme). A k-algebraic group G is said to be
unipotent if it is isomorphic to an algebraic subgroup of the k-algebraic group of upper
triangular unipotent matrices U, for some n > 1.

Definition 2.1.11 (Diagonalizable group scheme/of multiplicative type). An affine k-
group scheme G is said to be diagonalizable if it is represented by the group-algebra
k[M] for some abstract abelian group M, where the k-Hopf algebra structure is given by
A:m—m®m and e: m— 1 for every m € M (see also Example . It is said to
be of multiplicative type, if Gpser is diagonalizable for some separable closure kP of k.

Definition 2.1.12 (Trigonalizable group scheme). A k-group scheme G is said to be
trigonalizable if it is affine and it has a closed normal unipotent subgroup scheme G* such
that G/G" is diagonalizable (see for example [DG70, IV.§2, Definition 3.1]).
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Let us recall the Theorem of decomposition of commutative affine k-group schemes.
Theorem 2.1.13. Let G be a commutative affine k-group scheme. Then:

(i) G has a mazimal k-subgroup scheme G™ of multiplicative type and G/G™ is unipo-
tent,

(i1) if k is perfect, G has a mazimal unipotent k-subgroup scheme G* and G ~ G* x}; G™.
In particular, G is trigonalizable if and only if G™ is diagonalizable.

Proof. See |DG70, IV.§3, Theorem 1.1]. O

2.2 Finite commutative group schemes
Let G = Spec(A) be an affine commutative k-group scheme and
Fa: AW =A®prk— A a®x— xd’

be the relative Frobenius morphism of A, where f denotes the Frobenius morphism of k.
For any k-vector space V', consider the k-vector space of symmetric tensors of order p,

(V®P)?» C VP, Notice that, since G is commutative, A is cocommutative and thus we
the map given by the comultiplication A — A®P factors via (A®P)":

A A%

e

N2

(A@;D)Sp )

Let s: A®P — (A®p)5p a1 ® @ ap = Y eg G(1) @ - ® ag(p) be the symetrization

map. By [DG70, IV.§3, 4.1], (A®P)"" is the direct sum of s(A®P) and of the submodule
generated by {a ® - -+ ® a}qea. Moreover the canonical map

a®---Q@ar~ra®l
is a bijection.

Definition 2.2.1 (Verschiebung). The Verschiebung morphism V4 of A is by definition
the composite

A (A®p)5p A, ARy sk = AP)
where A4 is the unique k-linear map sending a ® --- ® a — a ® 1 for any a € A. The

Verschiebung morphism Vg : G®) — G is the homomorphism of group schemes induced

by V4.
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Notice that A4 is well-defined for what was said previously. The assignment G — Vg
is functorial, compatible with fiber products and commutes with extensions of the base
field. The Frobenius and the Verschiebung morphisms have both key roles in the theory
of finite commutative group schemes.

Remark 2.2.2. For any k-algebra B the multiplication morphism (B®p)Sp — B is given
by the composite

(B®r)% 25, po) 15, g

Moreover, for any k-linear morphism ¢: B — C we have the commutative diagram

(B®P)Sr A5, p(p)

Jjé,@p Lp(z?)

(cer)Se 22, o),

For more details see [DG70, IV.§3, 4.2]: in loc. cit. the second fact is stated for morphisms
of k-algebras but can actually be generalized for any k-linear morphism.

Recall that if (A,A,e) and (B, m,u) are respectively a coalgebra and an algebra
over k, then Homy(A, B) has a k-algebra structure with multiplication given by the
convolution product

dRQxr—rmodRyxoA

and unit
k — Homg (A, B),1 — uoe.

Lemma 2.2.3. Let G = Spec(A) be an affine commutative k-group scheme, B be a
k-algebra and let C' denote the k-algebra of k-linear morphisms Homy (A, B). For every
element g € CP) it holds

Fo(g) = FpogoVy.

Proof. Since F¢ is a morphism of k-algebras, it is enough to show the result for g of the
form f® 1= f® with f € C = Homy(A, B). We then have Fo(f ® 1) = f? and we thus
wish to show that

fP=Fgo f®ovy.

Using the definition of the convolution product (which is the multiplication law of the
algebra C') one sees that the power fP is equal to the composite
Aoyt (gepySe S (gepyS et g

By Remark [2:2.2] we obtain the commutative diagram

A comul; (A®p)5p fer (B®p)Sp mult B

N

B(®
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and thus the statement. O

Recall that a finite k-group scheme is a k-group scheme that is finite as a k-scheme
and that the category of finite commutative group schemes over a field k is abelian. We
call order o(G) of a finite k-group scheme G = Spec(A) the dimension of A as a k-vector
space.

Lemma 2.2.4. Let G = Spec(A) be a finite (commutative) k-group scheme. Then the
dual of A as a k-vector space
AY = Homy (A, k)

is a finite dimensional (commutative) k-Hopf algebra.
Proof. |DG70, V.§1.2.10] O

Definition 2.2.5 (Cartier dual). Let G be a finite commutative k-group scheme. We
call Cartier dual of G the finite commutative k-group scheme

GV = Spec(AY).

Remark 2.2.6. The Cartier dual gives an exact contravariant functor from the category
of finite commutative k-group schemes to itself. When G is a finite commutative k-group
scheme one can verify that the Verschiebung morphism Vg : G® — G coincides with the
dual of the Frobenius morphism Fgv: GY — (GY)®) ~ (G®)V of the Cartier dual GV.
Moreover it holds Vi o Fg = pg and Fg o Vg = paw) (see [DGT70, IV.§3, 4.9-10] for these
two facts).

As we will see in the next chapter, to be able to compute the Cartier dual of a finite
group scheme is quite important if we want to explicitly write an action on a variety (see
Proposition and the proof of Theorem . We illustrate a couple of examples
to get our hands on how Cartier duals are computed. We start by recalling that if A is a
finite dimensional k-Hopf algebra with multiplication m and comultiplication A, then
the multiplication and comultiplication of AV are respectively given by the convolution
product

m': AY @, AY — AY
Fog— (A3 A0, A kopk~k)

and

AV: AY - AY @ AY
o (A AB ASE).
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Example 2.2.7.

i) Let us start by computing the dual of o, = Spec (k[T]/(T?)) where A(T) =
T®1l+1®T. A basis of k[a,] as a k-vector space is given by {1,T,..., TP~}
We then have a dual basis {1,7*,..., (T?~1)*} of k[a)] over k. Let us compute the
comultiplication of U := T*. Using the definition of AV we see that

1 ifi+j=1

AV(U)(Ti ® Tj) - { 0 otherwise

where i,7 = 0,...,p — 1. Therefore, we have AV(U) =U ® 1 + 1 ® U. Using the
definition of m" we moreover see that U’ (T"%) = j1;; (where ;; is the Kronecker
delta), that is U7 = j!(T7)*. As a consequence, it holds UP = 0 and moreover U
generates k[, as a k-algebra. We thus obtain k[ay] = k[U]/(UP) with AY(U) =
U®1+4+1®U, that is « is self-dual.

ii) Consider now G = Spec (k[X,Y]/(XP,YP — X)) with

A X5 X1l+10X,

p—1
1
Y»—>Y®1+1®Y—Zf

k:lp k

(p > Xk @ XPF.

This is the p-torsion of a supersingular elliptic curve when k is algebraically closed
(this seems to be a known fact, but we also provide a proof, see Corollary .
We see that a;, = Spec (k[Y]/(YP)) is a k-subgroup scheme of G and thus k[U]/(UP)
is a k-Hopf subalgebra of k[G"] for U = Y*. Consider then V := X*. Using the
definition of AV we see that

S 1 ifi+j=p
AN oY) = { 0 otherjwise
where i,7 = 0,...,p> — 1. Therefore, we have
p—1
AVV)=Vel+laV+) (Y e yrh):
k=1
=VRl+1aV+y —— (Y (v )r*
I(p— k!
— El(p — k)!
p—1 1
= V®1+1®V—ZP(Z>(Y*)’“® (Y*)p=F,
k=1

Moreover one sees that V7 = j!(X*)/ for j = 1,...,p—1 and that VP = Y*: indeed

VE(Y) =m(V @ VPTHA(Y))) =m(V e VP (-X @ XP7) =1
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and VP(Y7) = 0 for j # 1. We have thus shown that k[GV] = k[U, V]/(UP,VP —U),
that is G is also self-dual.

iii) Let M be a finite abstract abelian group and k[M] be the group-algebra with
its Hopf algebra structure A: m +— m ® m for every m € M. A basis of k[M]
as a k-vector space is given by {m | m € M} and thus, if we consider its dual
k[M]V, a basis is given by {en: k[M] — k,n > dmn}, where .y, is the Kronecker
delta. Using the definition of AY we see that AY(ey) =3, crs€n @ €m—n. So we
showed that the dual of any finite diagonalizable k-group scheme Spec (k[M]) is the
constant k-group scheme M; = Spec (k‘M ) For example, for any n > 2, we have
s = (Spec K(Z/nZ)) = Zjn,

For G a finite commutative k-group scheme, we denote by G° the k-subgroup scheme
of G given by the connected component of the identity element and by G"*? the reduced
closed subscheme of G with the same support. If k is perfect, then G™? is a k-subgroup
scheme of G and G ~ G° x;, G™4. We say that G is local (equivalently infinitesimal or
connected) if G = G¥ and that it is reduced (equivalently étale) if G = G"*?. Moreover, we
say that G is of z-y type if G has the property of being z and its dual has the property of
being y. For finite commutative group schemes over a perfect field we have the following
decomposition result.

Theorem 2.2.8. Let k be a perfect field of positive characteristic p. For G a finite
commutative k-group scheme, there is a unique functorial decomposition

G = G X1 Gy X1, G X3, G

where the direct summands are of reduced-reduced, reduced-local, local-reduced, local-local
type respectively.

Proof. The decomposition G' ~ GO x;, G"*? is functorial, therefore GV ~ (G®)V x;, (GT*%)V.
Decomposing each factor in its connected and reduced components and dualizing back we
obtain the claim. O

We also have the following characterizations.

Proposition 2.2.9. Let G be a finite commutative k-group scheme.

1. The following are equivalent: 2. The following are equivalent:
(a) G is étale, (a) G is infinitesimal,
(b) Fg is an isomorphism, (b) Fg is nilpotent,
(c) Vv is an isomorphism, (c) Vv is nilpotent,
(d) GV is of multiplicative type. (d) GV is unipotent.

Proof. See |DG70, 1V.§3, 5.3|. O
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Therefore, over a perfect field, we have that

G is of type | reduced-reduced if and only if it is étale of multiplicative type
reduced-local if and only if it is étale unipotent
local-reduced if and only if it is infinitesimal of multiplicative type
local-local if and only if it is infinitesimal unipotent.

Infinitesimal commutative unipotent group schemes

We begin with a useful lemma on infinitesimal group schemes.

Lemma 2.2.10. Let G be an infinitesimal k-group scheme of order p" for some n > 0.
Then:

i) max (dimg(Lie(G)),ht(G)) < n;
i1) n < dimg(Lie(G)) x ht(G) < n x min (dimg(Lie(G)), ht(G));

iii) if G is also commutative and unipotent then also V& = 0, where Vg is the Ver-
schiebung morphism.

Proof. We can suppose that k is perfect. Then by Theorem we have
kK[G] = k[Th, ..., Ts) /(TP ..., TF™)

as k-algebras where 1 < e; <---<eg, e1+---+e5s =n, e, = ht(G) and s = dimg(Lie(G)).
The first two points then follow, indeed

i) n=e1+ - +es>s=dimg(Lie(G)) and n = e; + - -- + e5s > es = ht(G) yielding
that n > max(dimg (Lie(G)), ht(G)); and

ii) n=e1+---+es < sxes =dimg(Lie(G)) x ht(G) < n x min (dimg (Lie(G)), ht(G))
where the second inequality follows from the first point.

iii) If G is infinitesimal commutative unipotent, then its dual G is also such and has
order p". Then, applying the first statement, we have F% = 0 and thus V2 = 0.

O]

Remark 2.2.11. Notice that, by the second statement of the above Lemma, we have in
particular that dimy(Lie(G)) = 1 if and only if ht(G) = n and that ht(G) = 1 if and only
if dimy(Lie(G)) = n.

The group scheme of Witt vectors W over a perfect field k of positive characteristic p
plays a central role in the study of unipotent commutative k-group schemes. We thus
recall here some of its main properties that will be used freely later on. A reference for
this is [DG70, V.§1 and §4|. As a k-scheme, W coincides with A} and it is endowed with
a structure of ring scheme coming from Witt polynomials. We will mostly be interested
in its structure of group scheme. We denote by W,, the k-subgroup scheme of W of
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Witt vectors of length < n and by W;* the kernel of F™: W,, — W,, (where F' is the
Frobenius morphism of W,,). As a k-scheme, W), coincides with A}’ and we denote by
k[To, ..., Tn—1] its k-Hopf algebra. Notice that if we want to consider r copies of W,, we
will use the notation (W,,)" with the parenthesis. The k-group scheme W," is the Cartier
dual of W) for every n,m > 1. If for example we consider (zg,z1) and (yo,y1) two Witt
vectors of length 2, then their sum is given by

(0, x1) + (Y0, y1) = (w0 + yo, x1 + y1 + S1(x0,%0))

where S1(xg,y0) = — EZ;% %(i) x’éyé’*k. In general the expression for the sum of Witt
vectors gets more complicated with the increasing of the length. One important property
is that, if we give weight p’/ to the jth coordinate for any j € N, then the polynomial
expressing the ith term of the sum is homogeneous of degree p’; moreover it involves just
the coordinates of the vectors up to the index i. Notice that W is defined over [F,, and
thus W@ ~ W. Let V be the Verschiebung morphism of W,,. On points F' and V act as
follows:

F ((zo,21,...,xp-1)) = (ah, 2, ... .2l )
and
%4 ((.Z‘o,:(}l, ey xn_l)) = (0,.%'0, Tlyeo- ,xn_g).
Moreover FFoV =V o F' = p-id, therefore
p(zo, 21, xn_1) = (0,28, 27, ... 2l ).

Proposition 2.2.12. If k is perfect, then every infinitesimal commutative unipotent
k-group scheme G can be embedded in (W*)" for some n,m,r > 1.

Proof. See |DGT70, V.§1, Proposition 2.5]. O

Remark 2.2.13. Recall that a finite commutative k-group scheme is infinitesimal unipo-
tent if and only if its Frobenius and Verschiebung morphisms are both nilpotent (Proposi-
tion . In particular, in Proposition one can take m and n to be respectively
their nilpotency indices (this is a direct consequence of the functoriality of the Frobenius
and Verschiebung morphism).

The collection of W] becomes a direct system with index set N x N via the homo-
morphisms

Wy s Wyt

Pl
i +1
W W
where v and ¢ are the monomorphisms induced naturally by the Verschiebung and the

inclusion respectively. Let o: W (k) — W (k) be the ring endomorphism induced by the
Frobenius morphism F'.
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Definition 2.2.14. We will denote by E the ring of non-commutative polynomials over
the ring W (k) in two variables F and V subject to the following relations:

o F-£=0(&) T for all £ € W(k);
o FV =VF = p.

Notice that F is a free left (or right) W (k)-module with basis {..., V2 V 1,F,F2 ...}
(see [IDGT70, V.81, 3|).

Proposition 2.2.15. There exists a unique ring homomorphism E — End(W,") for
all n,m such that F and V act as the Frobenius and the Verschiebung morphisms and
¢ € W(k) acts through multiplication by c~"™(§). These actions of E are compatible with
the homomorphisms © and v of the directed system.

Proof. See [DG70, V.§1, 3.4]. O

Definition 2.2.16 (Dieudonné module). For any infinitesimal commutative unipotent
k-group scheme, we define

M(G) := lim Hom(G, W")

n,m

with left E-module structure given by the action of E' on W], called Dieudonné module of
G. Then M is a left exact additive functor from the category of infinitesimal commutative
unipotent k-group schemes to that of left E-modules.

Theorem 2.2.17. The functor M induces an anti-equivalence of categories between the
category of infinitesimal commutative unipotent k-group schemes to that of left E-modules
of finite length with F and V mnilpotent.

Proof. See |DG70, V.§1, Theorem 4.3] or [Pin05, Theorem 23.2]. O

The socle of a finite group scheme

In the context of group theory, the socle of a finite abstract group G is the subgroup
generated by the non-trivial minimal normal subgroups of G. We introduce here a
generalization to finite group schemes of this classical definition; for this idea we are
thankful to Michel Brion.

Definition 2.2.18 (Socle). For G a finite k-group scheme, we define the socle of G,
denoted soc(G), to be the k-subgroup scheme generated by the non-trivial minimal normal
k-subgroup schemes of G.

The following Lemma describes some properties of the socle of a finite group scheme.

Lemma 2.2.19. Let G be a finite k-group scheme.
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1. G is non-trivial if and only if soc(G) is non-trivial.

2. soc(G) is a normal k-subgroup scheme of G.

3. soc(G) X H is non-trivial for any non-trivial normal k-subgroup scheme H of G.

4. If G is commutative, then soc(H) = soc(G) xg H for any k-subgroup scheme H C G,
in particular soc(soc(G)) = soc(G).

5. If G is infinitesimal, then soc(G) C soc(ker(Fg)). If in addition G is commutative,
then soc(G) = soc(ker(Fg)).

6. If G1 and Gy are finite commutative k-group schemes, then

soc(Gy X Ga) = soc(G1) X soc(Ga).

7. For any morphism of finite commutative k-group schemes G1 — Ga, the induced

morphism soc(G1) — G2 factors via soc(G3).

Proof.

1.

Since G is normal in itself and it is finite, there exist non-trivial minimal normal
subgroup schemes.

Clear by definition since the socle is generated by non-trivial normal subgroup
schemes.

Since G is finite we may suppose that H is minimal, hence soc(G) xg H = H.

Notice that since G is commutative any of its subgroup schemes is normal. A
non-trivial minimal k-subgroup scheme of H is also a minimal k-subgroup scheme of
G. Therefore soc(H) C soc(G) xg H. Let N be a non-trivial minimal k-subgroup
scheme of G. By minimality, either N is a k-subgroup scheme of H or N xq H is
trivial. Suppose the former. Then N is also a minimal k-subgroup scheme of H.
Therefore the equality.

Let N be a non-trivial minimal normal k-subgroup scheme of G. Since G is
infinitesimal, then N x¢ ker(Fg) = ker(Fy) is a non-trivial normal k-subgroup
scheme of G. Therefore, by minimality, N is a k-subgroup scheme of ker(Fg). Hence
soc(G) C soc(ker(Fg)). If G is commutative, by the previous point also the other
inclusion holds.

Clearly soc(G1 xj G2) is contained in soc(G1) X soc(Gz). Take now Ny xj Na
with V; non-trivial minimal k-subgroup scheme of G;. Then NV; is also a minimal
k-subgroup scheme of G X G2 (notice that again we are using the assumption that
the G;’s are commutative). Therefore, by definition of the socle subgroup scheme,
N1 xj; No C soc(Gy X G2) and thus also the inverse inclusion holds true.
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7. Let N be a non-trivial minimal k-subgroup scheme of G, then N is mapped to a
minimal k-subgroup scheme of Gs.

O

Before giving the following definitions, let us recall that End(a,) = k and End(u,) =
F,. As a consequence, we have that Hom(a,, G) and Hom(u,, G) have respectively a
natural structure of k-vector space and of [F)-vector space, for any k-group scheme G.

Definition 2.2.20 (a-number). Let k be perfect and G be a commutative trigonalizable
k-group scheme. The a-number of G is dimy(Hom(ay,, G)).

Remark 2.2.21. Notice that the a-number of G coincides also with the maximal natural
number 7 such that G contains a k-subgroup scheme isomorphic to ;. In addition to
that, the a-number of G is zero if and only if G is diagonalizable, since any non-trivial
unipotent group scheme contains a k-subgroup scheme isomorphic to a,.

Definition 2.2.22 (p-rank). Let k be perfect and G be a commutative trigonalizable
k-group scheme. The p-rank of G is dimg, (Hom(u,, G)).

Remark 2.2.23. Notice that the p-rank of GG coincides also with the maximal natural
number n such that G contains a k-subgroup scheme isomorphic to p,. In addition to
that, the p-rank of G is zero if and only if GG is unipotent.

Lemma 2.2.24. [If k is perfect and G is an infinitesimal commutative unipotent k-group
scheme, then the following are equivalent:

(i) r is the a-number of G;

(ii) r is the minimal natural number such that for any closed immersion G C (W,")*
there exists a projection (W*)* — (WM)", which forgets s — r copies of W,
inducing an immersion of G in (W)".

Moreover the following facts hold true:

(a) soc(G) =~ ay, and, in particular, soc(G) is the maximal k-subgroup scheme of ker(F¢)
with trivial Verschiebung;

(b) r < min (dimy (Lie(GR)), dimy(Lie(G")) and dimy(Lie(G)) = r if and only if ker(Fg)

is isomorphic to a,.
Proof.

(1) = (13) Let r be the a-number of G, that is r is the maximal natural number r such that
G contains a k-subgroup scheme H isomorphic to ;. By Proposition there
exists an embedding G C (W*)® for some s > 1. Notice that since H C G is
annihilated both by the Frobenius and the Verschiebung, then

a,~HC (Wll)s =a,
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(i) = (i)

and thus s > r. If s = r we are done. Suppose that s > r, then there exists a
projection (W) — (W)~ forgetting a copy of W™ which induces an immersion
G < (W™)3~L. Indeed, suppose that all the projections

m: G — (T/VZLn)S_1

have non-trivial kernel ker(m;). Then ker(mw;) is a non-trivial k-subgroup scheme
of G for every i = 1,...,s and thus it contains a k-subgroup scheme isomorphic
ap. Since each ker(m;) lies in a different copy of W}, we therefore have s linearly
independent homomorphisms o, — G, contradicting the fact that the a-number
of G is r < s. Now again, if s — 1 = r we are done, otherwise we repeat the same
reasoning until reaching r. Clearly r is minimal for this property since «;, is not
isomorphic to a k-subgroup scheme of (W) 1.

By minimality of r all the projections
i G — (W1

have non-trivial kernel ker(7;). Then ker(m;) is a non-trivial k-subgroup scheme of
G for every i = 1,...,s and thus it contains a k-subgroup scheme isomorphic to
ap. So for every @ = 1,...,r we have a different copy of «,, contained in G, since
each ker(m;) lies in a different copy of W. Therefore G contains a k-subgroup
scheme isomorphic to a;, and clearly 7 is maximal for this property since a;“ is
not isomorphic to a k-subgroup scheme of (W,*)".

Let r be the a-number of G. Then there are r linearly independent homomorphisms
ap — G and each oy is a minimal normal k-subgroup scheme of G. Therefore
soc(G) = soc(ker(Fg)) contains a k-subgroup scheme isomorphic to aj. On the
other hand, all the minimal normal subgroups of ker(Fg) are copies of «y, (see
[DG70, VI.§2, Proposition 2.5]), thus soc(ker(Fg)) = o, for some s > 1. Combining
the previous inclusion and the maximality of r we obtain the equality. Suppose that
H is a k-subgroup scheme of ker(F) with trivial Verschiebung. Then H C Gfl/
for some s’ > 1 (see |[DG70, IV.§3, Theorem 6.6]) and by the first point we can
suppose that s’ is the maximal natural number such that H contains a k-subgroup
scheme isomorphic to af,/. Since H C ker(Fg), then H = ker(Fp). Moreover
dimy,(Lie(H)) = ' and thus by order reasons we have H = ker(Fy) ~ o®. By

P
maximality of r, H C soc(G) =~ aj,.

Let 7 be the a-number of G, then dimy(Lie(G)) > r. By assumption G contains a
k-subgroup scheme H isomorphic to af. Dualizing, we obtain the faithfully flat
homomorphism

r
P

GV—»H:a;

and thus 7 < dimg(Lie(GV)). The inequality is given by [BM11, Proposition 2.5]
which states that if we have a flat local morphism A — B of Noetherian local
rings with maximal ideal and residue field respectively m4, mp and k(A), k(B),



2.2|. Finite commutative group schemes 51

then dim,a) (mA/mi) < dim,p,) (mB/m2B). For the last statement, clearly if
ker(Fg) =~ aj, then dimy(Lie(G)) = r. Now, by assumption we have a;, ~ H C G,
so in particular oy, ~ H C ker(Fg), and if dimg(Lie(G)) = r the equality must hold
since in this case H and ker(F) have both order p".

O
As a direct consequence, along with Lemma [2.2.10], we have the following.

Corollary 2.2.25. If k s perfect, G is an infinitesimal commutative unipotent k-group
scheme of order p™, GV its Cartier dual and

min(dimy(Lie(G)), dimy (Lie(GY))) = 1,

then both G and GV embed in just one copy of the k-group scheme of Witt vectors, more
precisely in W'

Lemma 2.2.26. Let G be an infinitesimal commutative k-group scheme.

1. If ker(Fg) is diagonalizable, then soc(G) = ker(Fg) = ), where n is the p-rank of
G.

Moreover, if k is perfect and G is trigonalizable:

2. soc(G) =~ a, Xy, iy, where v is the a-number of G and n is the p-rank of G. In
particular,

soc(G) = (ker(Fg) X ker(Vga/m)) xx ker(Fg gu)-
3. soc(G) x K =soc(Gg) for any field extension K/k.
Proof.

1. By assumption ker(Fg) = p;; where n is the maximal natural number such that
piy € G. Then, by Lemma [2.2.19) soc(G) = soc(ker(Fg)) = piy-

2. Since k is perfect, then G ~ G* X}, G/G" and by Lemma
soc(@) ~ soc(G") xj soc(G/G").

Therefore the first part of the statement follows by 1. and Lemma [2.2.24] We have
already proved that soc(G/G") = ker(Fg/gu). It is then enough to prove that

a, ~ soc(G") = ker(Fg) X ker(Vga/m)-
The left to right inclusion is clear. By Lemma [2.2.24) G* C (W,")". Hence,
ker(Fa) x ker(Vaa/m) € (WA X argyr (W) = (W) = af,

The claimed equality then holds.
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3. If K is perfect, the statement is a direct consequence of the compatibility of
Frobenius and Verschiebung kernels with respect to base change. For the general
case, clearly soc(G) xj K C soc(Gk). Let KP"/ be the perfect closure of K. Then
we have

soc(@) xp KPT < soc(Gr) x i KP") < s0¢(G gepers)

and the first and last term coincide. Therefore soc(G) xj, KP¢"f ~ soc(Gx) x ¢ KPe"/
and so the inclusion soc(G) x K C soc(Gg) is in fact an equality.

O]

Remark 2.2.27. Let k be perfect, G be a commutative trigonalizable k-group scheme
and G be its maximal unipotent k-subgroup scheme. The a-number of G coincides with
the dimension of Lie(soc(G")).

Example 2.2.28.

1. soc ((W;")®) = a for all n,m, s > 1 and soc(G) = ay for any non-trivial G € W,
and the a-numbers are respectively s and 1.

2. Let k be algebraically closed and A be an abelian variety of dimension g defined
over k. The p-torsion A[p] is a finite commutative k-group scheme annihilated by p
with rank p?9. The p-rank of A is

f = dimg, (Hom(py, A[p])).

The a-number of A is
a = dimy, (Hom(oy, Alp]))

Let A[p]° be the identity component of A[p] and A[p]** its unipotent part. It is
known that

Alp] = Alp)™ xx i) < (Z/pZ)’

(see for example [Mum08, p. II1.15]). Then soc(A[p]) = ap Xx ,u}}; x (Z/pZ) and
the a-number of A coincides with dimyg (Lie (soc (A[p]o’“))) or equivalently it is the
maximal natural number a such that A[p| contains a k-subgroup scheme isomorphic
to ad.

P

Young diagrams for commutative unipotent group schemes of height one

Let k be perfect and G be a commutative unipotent k-group scheme of height one, then
G~ Wﬁz for some s,n; > 1 (see |DG70, IV.§2, 2.14]). Moreover, we may suppose

that n; > --- > ns. We can then encode any such group scheme by a Young diagram
7(G), namely the one of shape (n,...,ns). For example
rlop) =L rWd xpap) =1 (W W3 =

The following lemma lists some straightforward properties, we thus omit the proof.
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Lemma 2.2.29.

o Two commutative unipotent k-group schemes of height one are isomorphic if and
only if their Young diagrams coincide.

e The first column of T(G) coincides with T(soc(QG)).

o The first n columns represent T(ker(VZ)) and the length of the nth column corre-
sponds to the mazximal r such that G contains a k-subgroup scheme isomorphic to

(W)
e The dimension of the Lie algebra of G and log,(o(G)) both coincide with the number
of bozes of T(G).

Given (1, ..., G; commutative unipotent k-group schemes of height one, the small-
est commutative unipotent k-group scheme G of height one containing all of them
corresponds to the smallest Young diagram containing 7(G;) for all i. Explicitly, if

7(G;) = (n1iy . .., ns;i) for some s; > 1 and for i = 1,...,1 then 7(G) = (n1,...,ns) where
s = max{sy,..., s} and n; = max{n;i,...,n;} for every j =1,...,s. For example, if
we take G1 = Wi x a;, and Go = Wi x;, Wy, then 7(G) = and G = Wi x; W4.

Algebraic description of infinitesimal commutative unipotent group
schemes

In the last part of this section we give a description of the Hopf algebra of an infinitesimal
commutative unipotent group scheme over a perfect field. This result will be crucial
for the proof of Theorem [3.2.13] Let k be perfect and G be a commutative unipotent
k-algebraic group. Then V% = 0 for some nilpotency index n > 1. We then have the
cofiltration

G=G/Im(V¥) - G/Im(VE ™) — - - G/Im(Vg) — 0.

We call G; the k-group scheme G/ Im(Vé) and H; the kernel of the map G; — G;_1.
Notice that then H; = Im(V}, ")/ Im(V{) and thus is killed by the Verschiebung. If G is
infinitesimal, then H; ~ H;;l iz for some r; > 1 and l;1,...,l;; > 1. Moreover, there

are epimorphisms HZ-(p ) H; 11 induced by Vg: (Im(VGifl))(p) — Im(V). In particular,

the order and the dimension of the Lie algebra of the H;’s are decreasing (the latter is
given by [BM11} Proposition 2.5], applied as explained at the end of the proof of Lemma

p22).

Proposition 2.2.30. Let k be perfect, G be an infinitesimal commutative unipotent k-
group scheme and n be the nilpotency index of V. Foralli=1,...,nlet G; = G/Im(Vé),
H; = Im(V ) /Im(V) and r; = dimy(Lie(H;)). Then, for alli=1,...,n, there exist
integers lit, ..., lir, > 1, a k-group scheme G; and a commutative diagram
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0 0 0
0 > HZ Gz Gz_l > 0
id
0 > Gy > Gi Gi—1 > 0
2
0 y Gri —4 G 0
a a
0 0

with exact rows and columns, where ¢ = (F(éfi) Moreover, the k-Hopf algebra of G; is

k(Gi| = k[Gi-1][Ti, - - -, Tir,]
with comultiplication extending that of k[G;—1] and such that
A(T;j) =T;; @1+ 1@ T;j + Ry
where R;j is an element of k[G;—1] @ k[Gi—1].
Proof. It is enough to prove the statement for G = G, and we set r := r,,. By Proposition

2.2.12) G C (W,,)? for some s > 1. We then have the following commutative diagram with

vertical maps being closed immersions

0 H, G Gp—1 ——0
0 > G y (Wn)® —— (Wy—1)® —— 0.

Now,

T
H,=Im(Vi ) ~ Hapzj C G,
j=1
for some 1 <r <sandly,...,l, > 1. By Lemma[2.2.24] there exists a projection
p: (Wn)s - (Wn)r

such that the composite

Hy, — (Wy)® — (Wy,)"

is a monomorphism and thus H,, < GJ,. Consider the commutative diagram given by the
schematic images of p:
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0 » Hy, » p(G) p(Gpo1) —— 0
o l
0 Gy, y (W) —— (Wy—q)" —— 0.

Its vertical maps are closed immersions and they factor in the following way

0 > Hp > p(G) p(Gp—1) —— 0
T o
0 G y T Hp(Gno1)) —— p(Gp_1) — 0.

Notice that 771 (p(Gp-1)) = p(Gn-1) X A} as k-schemes with structure of k-group
scheme given by the embedding 7! (p(G,,_1)) = (W,)" . In particular

Blr ™ (p(Gn1))] = Klp(Gn-1)][T1, - T,
with comultiplication extending that of k[p(Gy—1)] and such that
AT)=T,i®1+1xT;,+R;

where R; is an element of k[p(G,—1)]®kk[p(Gpr-1)]. Since p(G) = p(Gp—1) and G — G,
are both Hy-torsors and G — p(G) is Hp-equivariant, the commutative diagram

G — Gpa

l |

p(G) — p(Gn-1)
is indeed a pull-back diagram. Therefore,
G = Gn1 Xy, ) P(G),

which is a closed subgroup scheme of G,, := Gp—1 X5, _,) 7 1(p(Gn_1)). Moreover

p
k[Gn] = k[Gn-1] ®kipc, 1) kI (p(G))]

= k[Gn1] @klp(Go)) Klo(Gn-a)[T, ..., T
= k|Gp-1][T1, ..., T}]
with comultiplication extending that of k[G),—1] and such that
AT)=Ti®1+1xT;,+R;

where R; is an element of k[G,,—1] ® k[G,—1] as wished. Pulling back the exact sequences
in (2.1)) and by the Snake Lemma, we have a zig-zag map as in the following diagram:
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0 —0

0 H, s G s Gp1 —— 0
0 > G > G —— Gy —— 0
Go/Hy > Q 0
which concludes the proof. O

Remark 2.2.31. Let us point out that the important result of the above Proposition is
that the k-Hopf algebra structure of

k[gz] - k[szl] [Tih e 7E7‘¢]
extends that of k[G;_1] and is such that
A(Tz]) :Tij®1+1®Tij+Rij

where R;; is an element of k[G;_1] ®j k[Gi—1]. We also translate here the above statement
at the level of algebras, since it will be useful in the proof of Theorem [3.2.13] The short
exact sequence

0—-G—G —G}!—0

corresponds to
0— (S1,...,8r,) = k[Gi-1)[Ti, - - ., Tir,] = k[Gi] — 0
Si — P
where k[G}i] = k[S1,...,Sr,]. Therefore
kGi] = k|Gial[Tas -, T/ (P1, - )

where the polynomials P; are primitive elements of k[{G;_1][T}1, ..., Tiy,]. Notice moreover

Ui
that the polynomials P; are congruent to Tf; ’ for some l;j > 1 modulo the augmentation
ideal of k[G;_1] for every j = 1,...,r; by the short exact sequence

0—Ig, , = k|Gia][Th,...,Ty,] = k[Th,...,T;] = 0
I
Pl
Example 2.2.32. Let us illustrate also via an example the proof of Proposition [2.2.30}
Consider the k-group scheme G = «; Xy W4. Then Vg has nilpotency index 2 and

G C (Wg)z. We then have the commutative diagram with vertical maps being closed
immersions
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0 Hsy >y G > G 0

I !

y (Wa)? —— (W) —— 0

where

Hy =Im(Vg) ~ o, C G,

and G'1 ~ a; X}, . Notice that Hs is the copy of oy, contained in W} C G given by the
image of the Verschiebung (of W3). As a consequence, the projection on the second factor

p: (Wa)? = Wy

is such that the composite
H2 — (W2)2 - W2

is a monomorphism. Taking the schematic images of p we obtain the commutative diagram
given by:

0 > Ho » p(G) —— p(G1) —— 0
I |
0 Ga > W2 T > W1 > 0

where p(G) = W3 and p(G1) ~ . Its vertical maps are closed immersions and they
factor in the following way

0 Hy p(G) » p(G1) —— 0
RN =
0 Gq > W_l(p(Gl)) 7 p(Gl) — 0.

Notice that 771 (p(G1)) = p(G1) X A}, =~ o X1, A} as k-schemes with structure of k-group
scheme given by the embedding 7= 1(p(G1)) < (W2)?. In particular

Kr (p(G1))] = Kp(GI[Ti] = k{To)/(T3) (T,
with comultiplication extending that of k[p(G1)] and such that
AT)=T1R1+1T1 +S1(Th®1,1®Tp).
Now, as in the proof, we have
G = G1 Xy p(G),
which is a closed subgroup scheme of Gy := G1 X ;) 7 *(p(G1)). Moreover

k[Ga] = K[G1] ®xppcry Kl (p(G))]
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= k[G1] ®ripay)) klp(G1)][T1]
= k[G1][T1] = K[So, To)/(SG, T5)[T1]

with comultiplication extending that of k[G1] and such that
AT =T 1+1T + S1(Th® 1,10 Tp)

and

KIG) = (k[So, Tol / (S5, T6)) [T1]/(T7)-

2.3 Infinitesimal commutative unipotent group schemes with
one-dimensional Lie algebra

In general, it is not easy to describe explicitly infinitesimal commutative unipotent group
schemes. For example, already those arising as the p-torsion of some abelian variety (with
p-rank zero) are not completely understood and increase in complexity as the dimension
grows. To have an explicit description of such group schemes, for example in terms
of the Hopf algebra representing them, is useful in order to construct actions of these
group schemes on varieties (see for example Proposition . In this section, we deal
with this problem for the case of infinitesimal commutative unipotent group schemes
with one-dimensional Lie algebra defined over an algebraically closed field k, proving the
following result.

Theorem 2.3.1. Let k be an algebraically closed field of characteristic p > 0. For any
n > 1, there are exactly, up to isomorphism, n infinitesimal commutative unipotent
k-group schemes of order p™ and with one-dimensional Lie algebra. They are the group
schemes of the form

WV — F'] :== ker(V — F*: W — W)
for somei=1,... n.

This result is known for infinitesimal commutative unipotent group schemes of order
< p3 thanks to [Oor66,, (15.5)] and [NWW15, Theorem 1.1].

We see that, of these group schemes, the only ones that are contained in a smooth
connected one-dimensional algebraic group are a,» and W]'[F' — V] (the former is a
subgroup of G, and the latter is contained in the p™-torsion of a supersingular elliptic
curve) for any n > 1, see Proposition All the others are examples of infinitesimal
group schemes that act generically freely on any curve (by Theorem in Chapter
, but are not subgroups of a smooth connected one-dimensional algebraic group. We
answer in this way to a question of Brion (see [Bri22|). Notice moreover that W [F — V]
is the only self-dual group scheme of the list. If one considers infinitesimal commutative
unipotent group schemes with higher dimensional Lie algebra, this is not the case anymore:
indeed the p-torsion of any principally polarized abelian variety of dimension g and p-rank
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zero, is a self-dual infinitesimal commutative unipotent group scheme, and there exist
p9~! different isomorphism classes of such varieties (see [Pri08]).

The commutative group schemes of Theorem [2.3.1] are infinitesimal unipotent since
their Frobenius and Verschiebung morphisms are both nilpotent (see Remark and
they have one-dimensional Lie algebra since for all of them the Frobenius kernel is a,
(see Remark . As recalled in Proposition if the base field k is perfect, every
infinitesimal commutative unipotent k-group scheme G can be embedded in (W) for
some n,m,r > 1. When either G or its Cartier dual has one-dimensional Lie algebra,
then they both embed in just one copy of the group scheme of Witt vectors (Corollary
, but this is not the only case as we see in Lemma Until the end of we
will assume that k is a perfect field. Moreover W will denote the group scheme of Witt
vectors over k, W, the k-group scheme of Witt vectors of length < n and W, the kernel
of the morphism F™: W,, — W,.

In the following Lemma we compute the Hopf algebra representing certain infinitesimal
commutative unipotent group schemes which will play a key role further on.

Lemma 2.3.2. For every integer r,s > 1 and m > 2 let d = lem(r, s) and consider the
k-group scheme G = W™[E" — V$]. Then

(i) G =W"[F" —V?®] where n = min (sm%,md) and n’ = min (rmg,md), and

(ii) the k-Hopf algebra of G is

k[G) = k[To, ..., Ty ] /(TE ..., T" |, TP —

s—1>+s

T[), v 7T£:1 - Tn—s—l)

where k[To, ..., Th_1] is the k-Hopf algebra k[W,] of Witt vectors of length < n,
that is the comultiplication on k[G] is given by that of Witt vectors.

Proof. For the first statement, the inclusion W' [F" — V*] C G is clear since n,n’ < md.
For the other inclusion, notice that s | n and r | n’ and thus

n n n'
S S ™

Vi = (V) = (F5)F =0 and FY = (F5)F = (V9)* =0.

For the second statement, notice that for any k-algebra R we have

G(R) =

{aE Wi (R) | (a‘gr,...,af::l,a’s’r,...,aflil) =(0,...,0,a0,...,an—s—1) and afn = OVZ'}

T ‘o

I
= {ae Wi(R) | (ag ooy dl_yal —ag,...adb —an_s_1> =0 and a? :OVZ}

'

_ D p" " p" _
= {Q € Wh(R) | (ao ey _q,08 —ag, ... a, 4 — an_s_1> = Q}

where a = (ag,...,a,—1) and the last equality is due to the fact that n’ > 2r: indeed

7 T
clearly a =0 for every i = 0,...,s— 1 since in this case af =0andfori=s,...,n—1

p —0. O

pnlfr
we have a; =a,_,
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Example 2.3.3. Notice that in general it is slightly more difficult to write explicitly the
Hopf algebra representing the group scheme W)'[F"—V?| foranyn > land r,s = 1,...,n.
Take for example

G=W3V - F}=WJ[V - F?.

Notice that G = ker(F3) where H = W[V — F?| = W3V — F?] = Spec(A) and
2 2
A =k[Ty, h]/(T5 . T7 — To)
by Lemma [2.3.2] Therefore,
3 3 2 2 3 3 2
kGl = ATy, TY ) = k[To, W] /(T5 . T7 — To, Ty ,TY ) = k[To, Th] (T3, T7 — To).

In the following we see that there are many examples of infinitesimal commutative
unipotent group schemes G that embed in just one copy of the group scheme of Witt
vectors but neither G nor GV have one-dimensional Lie algebra.

Lemma 2.3.4. For every integerr,s > 1 andm > 2 let d = lem(r, s), n = min (sm%, md)
and n’ = min (rm%, md). The Dieudonné module of the k-group scheme

G = Wyd[F" = Vo) = Wy [ = V]

18 /
M(G) = E/(E(F" —V®) + EF").
Moreover, the Cartier dual of G is
GY =WnV" — F*).

Proof. Set EIY := M(W!) = E/(EF" 4+ EV"). The short exact sequence

0= G- W' > Im(F —V*) =0
yields the short exact sequence of E-modules

0— EY(F" —V*) = EY — M(G) =0

and thus M(G) = E/(E(F" — V®) + EF") as stated. Consider now the Cartier dual G
of G. First of all, let us show that GV embeds in just one copy of the k-group scheme
of Witt vectors. Indeed, if this was not the case, by Corollary GV would contain
ap X ap as a k-subgroup scheme. As a consequence, we would have a surjection

G — ap X}, o,

implying that k[oay, X o] = k[Uy, Us]/(UY, U¥) is a k-Hopf subalgebra of k[G]. This is not
the case since there exists a unique, up to scalar multiplication, element x € k[G| such that
A(z) =z®1+1®x and =P = 0 (this element is Té’r_l with the notation of the description
of k[G] given in Lemma , while k[, X1, o] has two k-linearly independent elements
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with this property. Therefore G¥ C W,. Moreover, V(Tng/p) —Fév = (FG—Vium)Y =0
and thus
GY C W[V — F9).

By Lemma [2.3:2]
o (Wi[V" = F*]) = p™ = p™ = o(G) = o(G"),
hence the equality. O

Example 2.3.5. Notice that in general it is not true that an infinitesimal commutative
unipotent k-group scheme and its Cartier dual are contained in the same (minimal) number
of copies of Witt vectors. Consider for example the k-subgroup scheme of Wy x W given
by

G = Spec (k[To, Tl, U(), Ul]/(Tg, T{) — U(), Ug, Uf — To))

and the quotient
G — H = Spec ([Ty, Ty, Up)/(T§, T{ Uy, UF)) = Spec ([T, Ti)/(T3, T1") ) -

Then H is a k-subgroup scheme of W5 but its dual is not. Indeed, one can see that G is
self-dual setting Ty = 17,11 = Uy, Uy = U{, Uy =T} and, as a consequence, we have

HY = Spec (k[fo,ﬁ, 0,/ (TE, TP, 0P — TO)) ~ Spec (k[X, Y]/(X?, Yp))
with comultiplication

A: X X®1+1®X,
Y »Y@1+1®Y + 5 (XP, XP)

where Si(a,b) = —>1_; %(g)akbp_k. We also remark that ker(Fy) ~ W, while
ker(Fpv) >~ ap X . One can show that indeed G is isomorphic to

ker(F —V: Wy — W2)2 = Spec (k‘[Xo,Xl,YO,Yl]/(Xé’,Xf - XO,YOP,YIP -Y)).
The isomorphism is explicitly given by

Xo = To + Uy,

X1+ Ty + Uy + S1(Ty, Up),

Y1 = =T + Uy + S1(To, —U),
Yo — Ty — Up.

As shown later on (see Corollary [2.3.10]), over an algebraically closed field, this is the
product of two copies of the p-torsion of a supersingular elliptic curve over k.

Lemma 2.3.6. Let G be an infinitesimal commutative unipotent k-group scheme of order
p" with one-dimensional Lie algebra. Then, up to (canonical) isomorphism, the Dieudonné

module of ker(F 1) is given by the quotient M(G)/M(G)F"L.



62 Chapter |§|. Finite group schemes

Proof. We start by remarking that, by Lemma G has height n. Moreover, by
Theorem [2.1.9, G ~ Spec(k[T]/(T?")) as schemes and thus

Fg_l(G) ~ Spec(k[Tpnfl}/(Tpn)) ~ Spec(k[U]/(U?)).

Since F{y (G is still unipotent, then F% '(G) =~ a,. Therefore, we have the short exact
sequence

n—1

0—H—G %5 a,—0

where H := ker(Fj~"). Applying the (exact contravariant) Dieudonné functor we obtain
the short exact sequence

M(FET

0 — M(oyp) M(G) — M(H) — 0.

Now, F"~! is zero in M (H) and thus we have the factorization
M(G)/M(G)F"t — M(H).

Therefore M (G)F"~! is contained in the kernel of M (G) — M (H) that is (isomorphic to)
M (ay). Finally, since M(G)F"~! # 0 and M(a,) has length one, then also M(G)F"~*
has length one (and M (G)F"~! ~ M(ay)). Therefore M(G)/M(G)F*! is isomorphic to
M(H). O

Proposition 2.3.7. Let k be algebraically closed and n > 3. Then for every a € W (k)
andi=1,...,n— 2 we have an isomorphism of E-modules

E/(E(V —F' —aF" ')+ EF") ~ E/ (E(V — F') + EF").
Moreover, for every a € W (k)* it holds
E/(B(V—aF" ")+ EF") ~ E/ (E(V —F""') + EF")
as E-modules.
Proof. We will show that for any i =1,...,n —2
p: B/ (E(V—F" —aF" ')+ EF") — E/ (E(V — F') + EF")
11+ cFm 1

is an isomorphism for a good choice of ¢ € W (k). First, we have to find under what
conditions on ¢ is ¢ well-defined. This is the case if and only if ¢(V — F! — aF"~!) = 0.
Now ' ‘ ‘

O(V—TF —aF" 1) = (V-F — aF" 1)1 4 F"17%) =
V—F —aF" !+ (V-F — aF" H)eF" 17 = —aF" L + 67 (c)VF 170 — Gi(e)F L =

—aF" '+ o (F T = o (OF" ! = (—a+ 07 (¢) — o' (c) )
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where ¢ is the Frobenius morphism on W (k). Let us note v := —a + o~ !(c) — o'(c).
Since F™ = 0, it is enough to find ¢ such that v =0 mod p. We take ¢ = [¢o] to be the
Teichmiiller lift of a non-zero solution ¢ of the polynomial X — X P = ap, which exists
since k is algebraically closed. Therefore, the morphism ¢ is well-defined. Let us show
that ¢ is injective. Since in the source of ¢ we have V = F? 4 qF" !, a general element of
the source is of the form Zz;é a,F* with aj, € W (k). Moreover, since k is perfect, for
any a = (ag,aq,...) € W(k) we have

a=[ap] 4+ (0,1,00,...) = [a0]+p< l/p é/p,...):[a0]+<a}/p,a§/p,...)p
and thus

aff* = [ag]FF + (ai/p, a;/p, . ) VFF = [ag)F* + (o&/p, aé/p, . ) FhHL+

Since F” = 0, repeating the argument for (a}/p, a;/p, .. ) FF+1+i we obtain that for a

general element Zz;é a;F¥ in the quotient we can suppose that aj is the Teichmiiller
lift of some element of the base field for any k£ = 0,...,n — 1. Suppose now that such an
element maps to zero. Then we have

n—1 n—1 n—1
0= <Z am’“) L+ cF" ) = " apFF + ) =
k=0 k=0 k=0

Z apF* + Z ako' c)F"~ I=ithk — Z apF* + Z aka c)F"~ 1—itk
that is

n—1
Zak]Fk § CLkO’ ]Fn 1- l+k
k=0

Multiplying recursively on the right by F*~J for j = 1,...,n — 1 one obtains a;F" ! =0
and since ay is a Teichmiiller lift, this implies that ay = 0 for all kK = 0,...,n — 1.
Therefore ¢ is injective and since both the E-modules E/ (E(V — F' — aF"') 4+ EF")
and E/ (E(V — F') + EF") have length n then ¢ is an isomorphism. Let us conclude the
proof showing that

E/(E(V —aF" ')+ EF") ~ E/ (E(V — F"!) + EF")

when a € W (k)*. Notice that in both E-modules we have p = FV = VF = 0 since F" =0
and V= aF" ! or V= F"~!. We can then suppose that a = [a] is the Teichmiiller lift of
some element @ € k. We define the morphism 1 sending 1 to the Teichmiiller lift b = [b]
of a non-zero root b of the polynomial a?X?" — X, which exists since k is algebraically
closed. Remark that v is well-defined since

V—aF" = (V—aF" Yo =010V —ac" ' (B)F" ! = (671 (b) — ac™ 1 (b))F" 1 =0
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In fact, once more VF"~! = 0 and thus it is enough to verify that dy = 0 where
§ := 0~ 1(b) — ac™ 1(b), which holds true since

1/p B

5o = (5 - apgp") —0.

Finally, v is surjective, since

and thus an isomorphism. O
We are now ready to prove Theorem [2.3.1

Proof of Theorem[2.53.1, We argue by induction on n. For n = 1 the only infinitesimal
commutative unipotent group scheme of order p with one-dimensional Lie algebra is a,
and its Dieudonné module is E/(EV 4+ ETF). Suppose now that the statement is true for
n — 1 and let G be an infinitesimal commutative unipotent k-group scheme of order p™
and one-dimensional Lie algebra. Consider then the short exact sequence

0= ker(F3™ ') = G — FiYG) ~a, — 0.

1

Then ker(Fg_l) is a subgroup scheme of G of order p"~" so by inductive hypothesis

ker(F&™h) = WiV — F']
for some ¢ = 1,...,n — 1. Equivalently we have a surjection
M(G) - M(G)/M(G)F" ' ~ B/ (E(V - F) + EF"!) (2.3)

where M (G) is the Dieudonné module corresponding to G and we know that M (G) is
an E-module of length n (the isomorphism is given by Lemma . The kernel of this
surjection is thus M(G)F"~! = kF"~!, where the equality is due to the fact that F” = 0.
Therefore, by , it holds V — F* = aF"~! in M(G) for some a € W (k) (and we can
take a = [a] for some @ € k). As a consequence we have the surjection

E/(EV" 4+ EF") —» M(G)
coming from the fact that G C W)} (by Corollary [2.2.25) factors via
E/(E(V —F' —aF"™ ') + EF") - M(G).

Finally, both the E-modules M(G) and E/ (E(V —F* — aF""!) + EF") have length n
and thus
M(G)~ E/(E(V—TF" —aF" ')+ EF") .

The statement follows by Proposition [2.3.7] O
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Remark 2.3.8. Notice that as a consequence of the proof of Theorem [2:3.1] we have
that, for i = 1,...,n — 2, W[V — F'] is the only infinitesimal commutative unipotent
group scheme of order p™ and with one-dimensional Lie algebra that is an extension of a,
by ::11 [V — F"]. On the other hand, there are exactly two infinitesimal commutative
unipotent group schemes of order p" and with one-dimensional Lie algebra that are an
extension of ay, by an-1: W2V — F™""!] and apn.

As direct consequences of Theorem and Lemma we have the following two
corollaries, that respectively describe (over algebraically closed fields) all infinitesimal
commutative unipotent k-group schemes whose dual have one-dimensional Lie algebra,
and the p™-torsion of supersingular elliptic curves. The latter is probably well-known, but
we are not aware of a reference for it.

Corollary 2.3.9. Let k be algebraically closed. For any n > 1, there are exactly n
non-isomorphic infinitesimal commutative unipotent k-group schemes G of order p™ such
that dimy(Lie(GY)) = 1. They are the group schemes of the form

WIF =V :=ker(F = V': W - WD)
for somei=1,...,n.

Proof. The classification is a direct consequence of Theorem along with Lemma
234 O

Corollary 2.3.10. Let k be algebraically closed and E [k be a supersingular elliptic curve.
Then, for every n > 1 its p"-torsion is E[p"] = W2V — F).

Proof. The p"-torsion E[p"] of a supersingular elliptic curve E over an algebraically
closed field of characteristic p > 0 is a finite commutative unipotent (see [Sil09, Theorem
3.1]) self-dual (see [MumO08, II1.15, Theorem 1]) k-group scheme of order p*>* with one-
dimensional Lie algebra. By Theorem and Lemma [2.3.4] the only such k-group
scheme is W3 [F — V. O

Notice that if an infinitesimal commutative unipotent k-group scheme G with n-
dimensional Lie algebra can be embedded in a smooth connected n-dimensional algebraic
group G, then G acts freely on it (by multiplication). Brion |Bri22, §1| asked if there
are examples of generically free rational actions on curves of infinitesimal commutative
unipotent group schemes that are not subgroup schemes of a smooth connected one-
dimensional algebraic group. Recall that if G is a smooth connected one-dimensional
k-algebraic group, then either G is affine and G ~ Gm,E or Gr~G ak OF G is an elliptic
curve. The following proposition explains that if k is algebraically closed, very few
infinitesimal commutative unipotent k-group schemes with one-dimensional Lie algebra
are contained in smooth connected one-dimensional algebraic groups. All the others
are examples of infinitesimal group schemes that act generically freely on any curve (by
Theorem in Chapter , but are not subgroup schemes of a smooth connected
algebraic group.

We need a small preliminary lemma.
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Lemma 2.3.11. Let n > 2 be an integer then § > [%].

Proof. For every real number x we have
r<[z] <z+1.

It is then enough to show that % > % + 1. This holds if and only if n > 6. One can check
by hand that for n = 3,4,5 the statement holds true as well. ]

Proposition 2.3.12. Let k be algebraically closed and G be an infinitesimal commutative
unipotent k-group scheme with one-dimensional Lie algebra. Then G is contained in a
smooth connected one-dimensional algebraic group if and only if either G ~ ayn for some
n > 1 (in this case G C Gg) or G ~ W}V — F| (in this case G is contained in the
p"-torsion E[p"] = W2nV — F) of a supersingular elliptic curve E).

Proof. By Theorem G ~ WPV — F] for somen > 1 and i = 1,...,n. Let us start
by considering the cases i = 1,n for any n > 1. For i = 1 we have G ~ W [F' — V| which
is contained in W2"[F — V] and the latter is the p™-torsion of a supersingular elliptic
curve (Corollary 2.3.10). For i = n, then G ~ W{* = apn C G,.

Let us show that if n > 2 and ¢ =2,...,n — 1 then G is not contained in a smooth
connected one-dimensional algebraic group. Under these assumptions, clearly G is not a
subgroup neither of G, (since G is unipotent) nor of G, (since Vi # 0). Therefore if G is
a subgroup of a smooth connected one-dimensional algebraic group then it is a subgroup
of an elliptic curve F. Notice that p = VgFg = FéFG = F(’;rl and thus p® = 0 for
s = [771]. Then, G is contained in the p*-torsion E[p°] of E. Since n > 2 and i +1 > 3,
by Lemma we have 2 > s. This gives a contradiction since E[p*] has order p** (see
for example [Mum08| page 137) while G has order p™ with n > 2s. O

The question arises if all infinitesimal unipotent group schemes with one-dimensional
Lie algebra are commutative (see both [Fak20, Remark 2.10] and [Bri22, §1|). The
following example shows that it is not the case.

Example 2.3.13. Consider the infinitesimal unipotent non-commutative k-group scheme
G = Spec(A) where
A= k[T, Th]/ (Tg’", 7 - T0>

with n > 2 an integer and comultiplication given by
A(To) :T0®1+1®TO

and

n—2

AD)=T1@1+10T + 1" @T¢

In this case
AV =

k(Uo...,Un)/ (UG, ..., UL, UiU; = UjUs, UnUp—1 = Up1Up — Ub); j=o0,..n,(i,),(j,i) £(nn—1)
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where Up(Ty1) = 1 and U; (T} Z71) = 1 and zero elsewhere. The Hopf algebra A" is non-
commutative: the only non-commutative relation is given by U,U,,_1 — U,_1U, = Uy,
while its comultiplication is defined on the U;’s as for the Witt vectors (notice that this
makes sense since Up,...,U,—1 commute). These examples arise as closed subgroup
schemes of non-commutative extensions of G, by itself (see [DG70, I1.§3, 4|) and there are
many of them. Other examples can be found in Section [3.:4] of Chapter [3] In particular
G is a subgroup scheme of PGLy j, when £ has characteristic 2 and n = 3 (see Theorem
311).
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Chapter 3

Infinitesimal rational actions

The content of this chapter comes entirely from |Gou23| and [GT24].

Section is devoted to generalities on (rational) actions of finite group schemes on
varieties and their algebraic counterpart given by module algebra structures, introduced
already in Chapter [I| (as background references we refer to [Mill7], [DG70|, [SGA3|,
[Swe69], [Mon93]).

Section [3:2] deals with generically free rational actions of infinitesimal group schemes
and contains one of the main results of this thesis (Theorem [3.2.13)): in the first part of
the section we prove the existence part of Theorem [3.2.13]in the case of commutative
trigonalizable group schemes of height one (Proposition [3.2.4). We then proceed with
the proof of the general case. We end the section with some examples to show more
concretely how to deal with the construction of these actions.

Section [3.3] is devoted to Dolgachev’s conjecture revisited for infinitesimal group
schemes and, more generally, to studying faithful rational actions of infinitesimal group
schemes. Dolgachev’s conjecture |Doll10, Conjecture 37| can be rephrased in the following
way: if there exists a faithful rational action of a finite commutative p-group G on P}
then pf = 0, where pg is the multiplication by p morphism on G. Proposition [3.3.6] gives
necessary (but not sufficient, see the counterexample conditions for the existence
of faithful rational actions of infinitesimal commutative trigonalizable group schemes.
Moreover, we show that for any infinitesimal commutative unipotent group scheme G
defined over a perfect field and any variety X of dimension n, if V = 0 there exist
faithful rational G-actions on X (Proposition .

Section has as content the work |GT24|, joint with Dajano Tossici, where unex-
pected subgroup schemes of PGLy ;, in characteristic 2 are studied. For any field &k, PGLy 1,
represents the automorphism group functor of ]P),l~C and thus subgroup schemes of PGLy ;.
correspond to faithful actions on IP’}C. Moreover, PGLy (k) coincides with the Cremona
group in dimension one, i.e. birational self-maps of IP’,i, since any rational self-map of
a projective non-singular curve extends to the whole curve. In positive characteristic,
the situation is completely different if we consider rational actions of infinitesimal group
schemes. Most of the faithful infinitesimal actions on the affine line do not extend to
IP’%;. If the characteristic of a field £ is odd any infinitesimal group scheme of PGLy
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lifts to SLy ;.. We prove that this is not true in characteristic 2 and we give a complete
description, up to isomorphism, of infinitesimal unipotent subgroup schemes of PGL j.
Also, the infinitesimal trigonalizable case is considered.

3.1 Actions of finite group schemes

The first part of this section is devoted to recalling the main definitions around (rational)
actions of finite group schemes on varieties, with a focus on faithful and (generically) free
actions. The second part is centered on their algebraic counterpart which is given by

module algebra structures (see Definition [1.1.13)).

Actions and rational actions

Let G be a k-group scheme, X be a k-scheme equipped with a G-action G x; X — X
and p: G — Auty be the corresponding group functor homomorphism.

Definition 3.1.1 (Centralizer). For any closed k-subscheme Y of X, the centralizer
Ca(Y) of Y in G is the subgroup functor that associates to any k-scheme S the set of
g € G(S) inducing the identity on the S-scheme Y x S. The kernel of p is the centralizer
Ca(X) of X in G.

Definition 3.1.2 (Faithful action). Let G be a k-group scheme and X be a k-scheme
equipped with a G-action p: G — Autx. The G-action is said to be faithful if its kernel
is trivial.

Theorem 3.1.3. Let G be a k-group scheme acting on a k-variety X. The centralizer
Ca(Y) of any closed k-subscheme Y of X is represented by a closed k-subgroup scheme
of G.

Proof. See |[SGA3, VIg, Example 6.2.4.¢)]. O

Lemma 3.1.4. Let G be a k-group scheme and X be a k-variety endowed with a G-action.
The G-action is faithful if and only if the induced Gr-action on X3 is faithful.

Proof. The Gg-action on Xz is faithful if and only if Cq, (X7) =~ Ca(X)g is trivial and
this holds true if and only if C(X) is trivial. O

Definition 3.1.5 (Free action). Let G be a finite k-group scheme and X be a k-scheme
equipped with a G-action p: G X} X — X. Let z: Spec(k(x)) — X be a point of X and

consider the composite ¢ : G Xy, Spec(k(z)) DL G xp X P x X X. The stabilizer

Stabg(x) of the point x is the pull-back of the diagram
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where the bottom arrow is the diagonal morphism. The G-action is said to be free at
x € X if Stabg(x) is trivial. The G-action is said to be free if it is free at any point. We
denote by Xy, the subset of free points of X, which is an open G-stable subset of X.

Remark 3.1.6. Notice that, by universal property of pull-backs, if H is a k-subgroup
scheme of GG, then
Stabp (z) = Staba(z) Xy (,) Hi(a)-

Proposition 3.1.7. Let G be a finite k-group scheme and X be an irreducible k-scheme
with a G-action. The following are equivalent:

1. Xf?“ 7é ®;
2. the generic point n of X belongs to X ,;
3. Xy is dense in X.

Proof. As we recalled above, Xy, is an open G-stable subset of X. The statement is a
direct consequence of this and of the fact that X is irreducible. O

Definition 3.1.8 (Generically free action). Let G be a finite k-group scheme and X be
an irreducible k-scheme with a G-action. We say that the action is generically free if it
satisfies one of the above equivalent conditions.

Remark 3.1.9. When G is a finite constant group acting on a variety, if the action is
faithful then it is automatically generically free. This fails in general for G a finite k-group
scheme. For example the action ag x AL — Al given by (a,b) -z — z+azP +b is faithful
(there is no non-trivial k-subgroup of ag acting trivially) but not generically free, in fact
the stabilizer of the generic point n is Stabg(n) = Spec (k(z)[S,T]/(«PS + T, SP,TP)).
Faithful actions coincide with generically free actions also for diagonalizable k-group
schemes (this is known and we also give a proof in Corollary . Moreover, we show
that this property holds, for instance, for infinitesimal commutative unipotent subgroup
schemes of the k-group scheme of Witt vectors (see Remark .

Proposition 3.1.10. Let G be a k-group scheme and X be a k-variety with a G-action.
The G-action is generically free if and only if the induced Gg-action on Xt is generically
free.

Proof. Let n: Spec(k(n)) — X be the generic point of X. Since X is geometrically
integral, then the generic point of X7 is the base change 77: Spec (k:(n) Rk E) — X7 (see
for example |Liu02, Chapter 3, Corollary 2.14]). Therefore, by general properties of the
base change, we have that the stabilizer of 7 is

Stabg.(7) =~ Stabg ()5 = Staba(1) Xspec(k(n)) Spec (k(n) @k k)

where Stabg () is the stabilizer of . Now, since k(1) < k(1) ® k is faithfully flat (it is a
field extension since X is geometrically integral), then Stabg._(7) is trivial (i.e. isomorphic
to Spec (k(n) ®x k)) if and only if Stabg(n) is trivial (i.e. isomorphic to Spec(k(n))), as
wished. ]
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Before giving the definition of rational action, we recall what we mean by a rational
(and birational) map between schemes.

Definition 3.1.11 (Rational map). A rational map f:Y --» Z of k-varieties is an
equivalence class of pairs (U, ), where U is a schematically dense open subset of Y, and
¢ : U — Z is a morphism; two pairs (U, ¢) and (V,1) are equivalent if there exists a
schematically dense open subset W C U NV such that ¢ = ¢y . Every rational map
f:Y --» Z has a unique representative (U, ), where U is maximal; then U is the domain
of definition dom(f) of f. The rational map f is birational if it admits a representative
(U, ) such that ¢ is an isomorphism onto a schematically dense open subset of Z.

Definition 3.1.12 (Rational action). Let G be a finite k-group scheme and X a k-variety.
A rational action of G on X is a rational map p: G X X --» X such that:

(i) the rational map (71, p): G X X --» G X X, (g,x) v-» (g, g - =) is birational;

(ii) the following diagram commutes

GXkGXkXTLid))(GXkX

|
Hdgxp 1P
!

~

GxpX Loy X

where m: G X G — G denotes the multiplication morphism of G.

Let us stress that the two compositions of rational maps in the above diagram make
sense. Indeed, as a consequence of (i), p is dominant, since it is the composition of the
birational map (7, p) with the second projection. Therefore, the image of p contains
a dense open subset W C X and thus the image of idg X p contains G xp W. Let V
denote the domain of definition of p; then the composite p o (idg x p) is defined on the
open (idg x p)~1(V N (G x; W)). Moreover, the composite po (m x idx) is defined since
m X idx is a morphism.

Remark 3.1.13. Let X be a k-variety. There is a bijection between rational actions of
G on X and G-actions on the generic point of X (see |Bri22, Corollary 3.4]).

Definition 3.1.14 (Faithful rational action). Let G be a finite k-group scheme and X be
a k-variety equipped with a rational action p: G xp X --+ X. We say that it is a faithful
rational action if the corresponding action on the generic point of X is faithful.

The following is a known result (see for example [TV13, Section 2]), we include the
proof for the sake of completeness. The proof we give can be deduced from [Bri22, Lemma
5.3] where the case of curves is treated.

Proposition 3.1.15. Let G be a finite k-group scheme and X be a k-variety endowed
with a generically free rational G-action. Then

dimg (Lie(@)) < dim(X).
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Proof. Let U be an open subset of X on which the action is defined (see for example
|Bri22, Proposition 3.2]). Suppose first that char(k) = 0, then G is étale, thus

0 = dimg (Lie(G)) = dim(G)

and the statement follows. Suppose then that char(k) = p > 0 and let G; be the kernel of
the Frobenius morphism Fg: G — G®). Then G is an infinitesimal k-subgroup scheme
of G and Lie(G) = Lie(G1). If the G-action on U is generically free, then the same
holds for G;. We can thus suppose that G = G and, by Proposition that k is
algebraically closed. By Proposition the G-action is generically free if and only if
Xy is dense in X and thus there exists (since X is geometrically integral and k = k) a
smooth closed point x € U with trivial stabilizer Stabg(z). Since G is infinitesimal, then
also Stabg(z) is such, hence Stabg(x) is trivial if and only if Lie(Stabg(x)) is trivial.
Now, Lie(Stabg(z)) is the kernel of the natural map Lie(G) — T,U (see [DG70, II1.§2,
2.6]) and therefore if the action is generically free this map is an injection and thus the
statement. 0

Actions of finite group schemes and module algebras

Some references for this part are [DG70, I11.84, 5|, [Swe69, Chapter VII| and [Mon93,
Chapter 4]. Until the end of the section, G = Spec(A) will be a finite k-group scheme.

We begin by recalling the definition of differential operator, a central object when
studying actions of infinitesimal group schemes. Let X = Spec(B) be an affine k-scheme.
Every element f € B defines a map

ad (f) : Endg(B) — Endg(B)
o= (g0 folg) —e(fg))-

Definition 3.1.16 (Differential operator). A k-linear endomorphism ¢ of B is said to be
a differential operator of order < n if

ad (fo) . ..ad (fn)e =0
for all fo,..., fn € B. Differential operators form a k-subalgebra Diff;(B) of Endg(B).
Notice that differential operators of order < 0 are B-linear endomorphisms and that
differential operators ¢ of order < 1 such that ¢(1) = 0 are derivations on B.

Recall, from Definition [1.1.13| and Remark [1.1.14]in Chapter |1} that for A a k-Hopf
algebra and B a k-algebra, B is said to be an A-module algebra if there exists

v: A — Endg(B),a+— (b a-b)
which is a morphism of k-algebras satisfying the property of compatibility with products:
{ v(a)(1) = £(a)
v(a)(fg) = mp(v®@voAla))(f ©g)

for any a € A and f, g € B, where ¢ denotes the counit of A, A its comultiplication and
mp the multiplication of B. Module algebras are very useful when studying actions of
finite k-group schemes, thanks to the following result.
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Proposition 3.1.17. Let G = Spec(A) be a finite k-group scheme and X = Spec(B) be
an affine k-scheme. There is a bijection between the set of right actions of G on X and
the set of left AV-module algebra structures on B.

Proof. The bijection is obtained associating to any coaction p: B — B®y A the AY-module
algebra structure

v: AY — Endg(B)
as (B2 Boy A% Bk~ B).
For more details see for example [Mon93| §4.1]. O

When dealing with infinitesimal group schemes, one can specialize Proposition
and prove that to give an action of these group schemes amounts to exhibiting a certain
number of differential operators respecting some relations.

Proposition 3.1.18. Let G = Spec(A) be an infinitesimal k-group scheme and X =
Spec(B) be an affine k-scheme. There is a bijection between the set of right actions of G
on X and the set of homomorphisms of k-algebras v: AY — Diffy(B) such that

v(p)(fg) =mp(v@voA(p)(f@g) (3.1)

for any p € AV and f,g € B, where A and mp denote respectively the comultiplication
of A and the multiplication of B.

Proof. See |DG70, 11.§4, Proposition 7.2]. O

Example 3.1.19.
1. Consider the self-dual infinitesimal k-group scheme oy, = Spec(k[T]/(T?)) whose
group structure is given by

AT)=T@1+1T.

To give an action of o, on a k-scheme X = Spec(B) is equivalent to giving a k-linear
derivation 9: B — B such that 0P = 0.

2. Consider the purely transcendental extension k(t)/k. The algebra of differential
operators Diff(k(t)) is a k(t)-vector space with basis given by {%} where

i(ﬂ)— (e ifr >
ott a 0 otherwise.

If £ has characteristic zero, then 8(21' = %,(%)Z On the other hand, if k£ has

characteristic p > 0 this does not make sense for ¢ = 0 mod p. In this case if i = jp°®
for some s > 0 with j # 0 mod p, then

9 _ 0 _1(09Y
ot otre g\ o)

We will denote by d,s the differential operator ati

S *
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3.2 Generically free rational actions

We begin this section with a useful criterion in order to determine when an action of an
infinitesimal group scheme is generically free.

Proposition 3.2.1. Let G be an infinitesimal k-group scheme and X an irreducible
k-scheme endowed with a G-action. Then:

1. the G-action is generically free if and only if the induced ker(Fg)-action is generically
free;

2. if in addition k is perfect and G is commutative, the G-action is generically free if
and only if the induced action of soc(G) is generically free.

Proof.

1. Clearly if the G-action is generically free then also the induced ker(Fg)-action is
generically free. Suppose that the G-action on X is not generically free. Let ) be
the generic point of X and K = k(7). Then Stabg(n) is a non-trivial subgroup
scheme of Gk and thus

ker(Fee) e Staba () = ker(Fa)k Xy Stabe (n) 28 Stabye, () (1)

is non-trivial. Therefore the action of ker(F) on X is not generically free.

2. Clearly if the G-action is generically free then also the induced soc(G)-action is
generically free. For the other way around, by Proposition [3.1.10] and Lemma [2.2.26
we may suppose that k = k. Then G is trigonalizable. Suppose by contradiction
that the G-action on X is not generically free. Let n be the generic point of X and
K = k(n). Then Stabg(n) is a non-trivial subgroup scheme of G and thus

soc(Stabg(n)) I:):2::]1:)]soc(GK) X Gy Stabg(n)

s0¢(G) i Xy Stabe () 28 Stabgoe (1)

is non-trivial by Lemma(2.2.19| Therefore the action of soc(G) on X is not generically
free which gives a contradiction.

O
Recall the following definition.

Definition 3.2.2 (Solvable group scheme). A k-group scheme G is said to be k-solvable
if it is affine and it admits a composition series with quotients isomorphic either to G,
or to Gy, ; (see for example [DG70, IV.§4, Definition 3.1]).
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Proposition 3.2.3. Let G be a k-group scheme.

1. If G is k-solvable, then G is trigonalizable and its mazimal unipotent k-subgroup
scheme G" is k-solvable. Moreover G is isomorphic as a k-scheme to G, " x;, G

where n = dim(G) and r = dim(G").
2. If k is perfect and G is trigonalizable, smooth and connected, then G is k-solvable.
Proof. See for example [DG70, IV.§4, Proposition 3.4 and Corollary 3.8]. O

The following Proposition proves the existence part of Theorem [3.2.13]in the case of
commutative trigonalizable group schemes of height one (see Remark [3.2.5)).

Proposition 3.2.4. Let G be a k-solvable group scheme of dimension n, consider G =
ker(Fg: G — G) for some s > 1 and let X be a k-variety of dimension £. Then there exist
generically free rational actions of G on X if and only if n < L.

Proof. Suppose that there exists a generically free rational action of G on X. Then, by
Proposition |3.1.15

n = dim(G) = dimy(Lie(G)) < dim(X) = 2.

For the converse, let us start by proving that any variety X of dimension ¢ admits a
generically free rational action of G if n = £. By Proposition 3.2.3] G is a subscheme of

~ (n—T r
G~Gp ¥k Gy

where r = dim(G") and thus there is a natural generically free G-action on G, | x; G/ ,
by multiplication, since G is a subgroup scheme of G. We then have the G-torsor given
by the Frobenius

F?: an_,: Xk Gy — an_kr Xk Gy k-

Let K = k(X) and take any point x € (an_g X f; G2k> (kKP),

x = (x1,...,2y): Spec (kas) = G %k Gy e

Then we have a G-torsor

S

Y, = Spec (kaS [Ty, ..., T,/ (TV — xl)zzln) — Spec(kas)

given by the pull-back diagram

Y, ——— Spec(kKP")

! -

n—r r Fs n—r r
Gm,kz Xk Ga,k Gm,k Xk Ga,k‘
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Let {y1,...,yn} be a p-basis for K/kK? and x = (x1,...,2y) € (an_g X G;k) (kas)

be the point with coordinates x; = yfs for ¢ = 1,...,n. Let us show that there is an
isomorphism ‘
kKP? [Tl,,Tn]/(Tp _xi)izl,...,n ~ K,T’Z = Y.

1
First of all, let us see that kKP? [Ty, ... ,Tn]/(TipS — %;)i=1,..n is a field. We can see this
by induction on n: in fact,
RKP [T /(T] — 1)
is a field since TV ’ —x1 is irreducible in kK [T}] since 31 ¢ kKP. Without loss of generality
we can then suppose by induction that

L:=kK"[Ty,..., T, 1]/(TF - Ti)i=1,..n—1

7
is a field and consider
LILJ/(TY — a0).
The polynomial " — x, is irreducible in L[T},] since y, ¢ kKP and thus the claim.
Consider the morphism of rings

Wi kKP [Ty, .. T /(TP — 2) i1

)

then, since the objects are fields, it is an injection and since the two fields have the
same degree over kKP" then v is an isomorphism, as wished. Therefore we constructed
a G-torsor Y, = Spec(K) — Spec(kKP"), that is there exists a generically free rational
action of G on X, as claimed. For the general case, consider

H =ker(F*®: G xy, Gﬁ_n — G X, Gﬁ_n)-

By what we have just proved, there exists a generically free rational action of H on X,
since
dim(G xp GE™™) = ¢ = dim(X).
Notice that G = ker(F*: G — G) is a k-subgroup scheme of H, indeed it is the kernel of
the projection
mo: H — G2
As a consequence, there exists also a generically free rational action of G on X, as wished.

O]

Remark 3.2.5. If k£ is perfect and G is a commutative trigonalizable k-group scheme of
height one, then

t

t t
G:HWTL Xkui,:ker (F: Han Xkan_)HWm ka£n>

i=1 =1 =1

for some t,1,n; > 1 (see for example [DG70, TV.§2, 2.14]) and [['_, Wy, xx G, is a
k-solvable group scheme of dimension equal to dimg(Lie(G)). Hence, Proposition
applies in this case with n = dimy(Lie(Q)).
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The following is an asymptotic result for the dimension of varieties endowed with
generically free rational actions of infinitesimal unipotent group schemes. This result will
be made more precise in the commutative case and over a perfect field with Theorem

B2.13

Corollary 3.2.6. For every infinitesimal trigonalizable k-group scheme G there exists an
integer r > 0 such that for every variety X of dimension > r there exist generically free
rational actions of G on X.

Proof. Any trigonalizable k-group scheme G has a closed immersion in the smooth k-
algebraic group T;, of upper triangular matrices for some n. This k-group scheme is
k-solvable. Moreover, if G is infinitesimal, it is contained in the kernel of some power of
the Frobenius of T,,. Therefore, by the previous Proposition, any variety of dimension
greater than or equal to the dimension of 7T}, admits a generically free G-action. O

Remark 3.2.7. Notice that, as a consequence of the above Proposition [3:2.4] we have
that for every variety X of dimension n and for any j < n, there exists a nilpotent k-linear
derivation D on K = k(X) of order p/. Indeed, consider a generically free rational action
of Vle on X which corresponds to a module algebra structure

E[T)/(T") — Dery,(K)
Tw— D

where k[T]/(T"") represents ay;, the Cartier dual of Wj. Then DP =0 and, by [DG70,
I11.§2, Corollary 2.7|, D, DP, ..., DY are K -linearly independent, hence D has order j.

Proof of Theorem [3.2.13

We begin this part with three technical results that are the building blocks for the
construction of generically free rational actions done in the proof of Theorem [3:2.13} the
main idea of the proof is to show that for G an infinitesimal commutative unipotent
k-group scheme of height n, a generically free rational action of G,_1 = ker(Fg_l) on a
variety X can be extended to a rational action of G. Lemma [3.2.8| tells us that if G,,_1
acts on X, then G acts already on X ). Lemma [3.2.10| shows that to extend a rational
action of G,_1, it is enough to define it on a p-basis of the fraction field K = k(X)/kKP.
Lemma shows that under certain commutativity assumptions, some commutators

are indeed derivations on K.

Lemma 3.2.8. Let G be an infinitesimal k-group scheme of height n and let us denote
G; = ker(Fé) foralli=1,...,n—1. Any action of Gn—1 on a k-variety X induces

naturally an action of G/G; on X®) fori=1,...,n—1. Moreover, if the G,—1-action
on X is faithful, the same holds true for the induced G/G;-action on X @9

Proof. Let Gp—1 X X — X be a faithful action. Then we have a naturally induced
faithful action Ggp:)l xp X®) — X#) obtained by base change (the proof is the same as



3.2|. Generically free rational actions 79

that of Lemma [3.1.4)) and therefore also of

G/G; ~ Im(F) € G7)

n—1
on X @), O
Remark 3.2.9.

e In the above setting, the composite
G xp XP) — G/ ker(Fg) x, XP) — x®
provides us naturally with an action of G on X®, via F: G — GW).

e Algebraically, this means that if we have a module algebra structure
k|Gy_1] — Endy(B)
this induces a module algebra structure
v: k[GY] = Endg(Im(Fp)).

Let n: Im(Fp) — Homy, (k[GV],Im(F)) be the corresponding morphism of alge-
bras. Explicitly we then have that for every a € k[GV] and § € B® it holds

n(F5(8))(@) = (Fitome(4,5) 017 (8)) (a) =

Fpon®(8) o Va(a) = Fp(v® (Va(a))(8))
where the first equality holds by functoriality of the Frobenius and the second one

by Lemma [2.2:3]

Let k be perfect, G be an infinitesimal commutative unipotent k-group scheme of
height n and G,,—1 = ker(Fg_l). In order to simplify the notation we denote by G _, its
dual, that is GY_; := (Gp_1)" = coker(VZ ) = GV/Im(VZ ). In Proposition [2.2.30
we showed that there exists a structure of k-group scheme on G := G)_; X A" where

Ty = dimk(Lie(Im(ngl))) such that

0—-G»—-G—G. | —0.
Moreover, GV embeds in G realizing the exact sequence
0—-GY—G—G—0.
At the level of algebras, this is rephrased by saying that

k[G] = K[G) [Ty, ..., T},
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can be endowed with a structure of k-Hopf algebra (coming from that of Witt vectors)
such that
AT) =T; @1+ 12 Tj + R;

where R; is an element of k[G)/_,] @ k[G,,_,]. Moreover,

K[GY] = kG _IT,...,T.,]/(P,...,P,)

1.
where the polynomials P; are primitive elements of k[G)_4][T1, ..., T},] congruent to T]p ’
for some I; > 1 modulo the augmentation ideal of k[G)/_;] for every j =1,... 7.

For any r < dimy(Lie(Im(V/< 1)), consider the commutative k-Hopf algebra

k(G [Ty, ..., T,]

corresponding to G)_; xj A} with k-group scheme structure induced by that of G.
Consider the non-commutative k-algebra k[G)/_,](Ti,...,T,) where the variables T;
don’t commute neither among them nor with the commutative subalgebra k[G)_,].
We endow k|G, _|)(T4,...,T;) of a k-Hopf algebra structure (which extends that of
k[G)_{]) defined as follows: one first takes the non-commutative free algebra I' =
k‘(Tij,Tl, ce 7Tr>1§i§n—1,1§j§s where s is minimal such that GX—l g (Wn_l)s (notice
that the T;’s are the variables needed to define k[G,/_,] , while the r additional variables
T1,...,T. will each play the role of the nth coordinate in the corresponding copy of Witt
vectors). We define A : I' — I' ®; I', sending each variable to the element of I' ®; I'
given by the comultiplication of commutative Witt vectors and then extending this map
to a morphism of algebras. Finally we quotient I' by the two-sided ideal given by the
commutators of the variables T;; for 1 < i < n — 1,1 < j < s and by the two-sided
ideal defining k[G,/_;]. In this way, A defines a comultiplication on k[G)_|(T1,...,T;)
(before taking the quotient A was not a priori coassociative). In this setting, we have the
following results.

Lemma 3.2.10. Let X be a k-variety of dimension s with fraction field K and p-basis
(t1,...,ts) of K/kKP. Then for any set {x;p, |i=1,...,r,h=1,...,s} of elements of
K and any module algebra structure

02 k[G),_,] — Diffx(K)
there exists a unique module algebra structure
v: k[GY_(Ty,...,T,) — Diff(K)
extending © and such that v(T;)(tn) = xi, for every i and h.

Proof. Let us begin with the existence. Since Vk[gy_,] = U, it is enough to show that we
can define D; = v(T;) satisfying the property of compatibility with products (1.1)) and
such that D;(t,) = z;;, for every i and h. By Proposition [2.2.30| we have

AT)=Ti@1+10T;+ Y ay; @ By
J
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with ;; and S3;; lying in k[G)_4] for all i, j. Therefore we need to define D; in such a way
that

Di(fg) = Di(f)g + fDi(g) + Z v(aii) (f)v(Bij)(9)

for all f,g € K. Recall that for (¢1,...,ts) to be a p-basis of K/kKP means that
{tf" ot | 0<my,...,ms <p—1}

is a basis of K as kKP-vector space. By assumption G,,_1 acts on the generic point
Y = Spec(K) of X and thus, by Lemma G acts on Y(P) = Spec(kKP). Therefore,
the differential operator D; := v(T;) is defined on kKP? for every i = 1,...,r. We then
define

Di(atp) = Di(a)ty + azp + Z v(aij)(a)v(Bij) (th)

and

Dj(tnty) = @ity + thy + Z v(as) (tn)v(Big) ()

for every a € kKP and h <[ =1,...,s. Applying recursively the formula

Di(fg) = Di(f)g + fDi(g) + Z v(ai;)(f)v(Bij)(9)

we define D; on all the monomials of the form at’lm ...t with a € KK? and 0 <
mi,...,ms < p—1 and extend it by linearity to every element of K. The fact that D;
is well-defined is a consequence of the coassociativity and cocommutativity of the Hopf

algebra structure on k[G)_,|(Th,...,T,). The uniqueness of the module algebra structure
comes by construction. ]
Given two strings of natural numbers I = (i1,...,4,) and J = (j1,...,Jn), We say

that I is smaller than J with respect to the lexicographic order, and we write I <pgx J,
if there exists k € {1,...,n} such that (i1,...,ix_1) = (J1,.-.,Jk—1) and ix < jg.

Lemma 3.2.11. Let A :=k[G,,_/(Th1, ..., Tnr,) be as above. Moreover, write
kIGY] = KIGT AT, - - Ty, )/ (Pj1, - -, Pjiy)
as in Remark [2.2.51] for every j <n — 1. Let
v: A — Endg(B)
be an A-module algebra structure on a k-algebra B and let Dy, = v(Tjp) for every

j=1,...,nand h=1,...,7;. It holds that for any h=1,...,r, and (s,t) <pgx (n,h),
if Dyyp, commutes with every element of v (k[Gs—1]) then Dy Dg; — DgyDyy, is a derivation.
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Proof. Recall that, by Proposition [2.2.30} for every j =1,...,nand h=1,...,r;

A(Ty) =T @1+ 10T+ Y af, ® B2,
q

where af;, and S, lie in k[G_;] for all ¢. Now
A(TopTst) = A(Top) A(Tgt) =

TnhTst R1+1® TnhTst + Tnh X Tst + Tst X Tnh+

Z O‘ZhTst@)ﬁgh"‘z any, ®Bgthst+Z Tancgy @B+ Z O‘gt®Tntht+Z al o @Bl B
q q q q

q,9'

and
A(TstTnh) = A(TSt)A(Tn ) =

TstTnh ®1+1® TstTnh + Tnh ® Tst + Tst X Tnh+

D Taol @B+ ol @TuBl+> ol Tn@pL+>  al@piTu+Y  alal, @87 81,
q q q q’ a9

Therefore
A(TnhTst - TstTnh) =

(TnhTst - TstTnh) ® 1 + 1 ® (TnhTst - TstTnh)+

Yo al T @Bl + Y al, @ 8L, Tu+ ) Tunal, ® B4+ oy © Tun Y,
q q q q

- Z Toiny, @ Boy, — Z aty, ® Tabl), — Z afTon @ Bay — Z ady ® By Ton
q q q q

If (s,t) <rpx (n,h), using the hypothesis that D, commutes with every element of
v (k[Gs—1]) we obtain that

(DnhDst - DstDnh)(fg) =mo (U ®wvo A(TnhTst - TstTnh))(f ® g) =

mo (U ®uvo (TnhTst - TstTnh) R1+1® (TnhTst - TstTnh))(f 029 g)

for every f,g € B. Hence the statement. O

We give now an example, showing how to construct explicitly generically free rational
actions of the p™-torsion of a supersingular elliptic curve on any curve. The aim is that
the understanding of this baby case will help in getting through the proof of Theorem
B2.13
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Example 3.2.12. Take the self-dual infinitesimal commutative unipotent k-group scheme
G =ker(F —V: W} — W) =Spec (k[T1,...,T,)/(TF, T8 —Ty,...., TP —T,_1)).

If k is algebraically closed, and n = 2m, G is the p™-torsion of any supersingular elliptic
curve over k (see Corollary . Let X be any curve over k and K = kKP(t) be its
function field, with p-basis {¢} over kKP. Since G is self-dual, to give a rational G-action
on X is equivalent to giving a module algebra structure

v: Spec (k[Uy,...,U,)/(UY, U} — Uy,...,UP — U,_1)) — Diffy(K).
We know that there exist generically free rational actions of the Frobenius kernel
ker(Fg) = Spec(k[T,]/(TF)) ~ ayp

on X. In particular, any such action corresponds to choosing a non-zero derivation D on
K of order p (see Definition |[1.2.2)) or, equivalently, to giving a module algebra structure

v: Spec (k[U1]/(U?)) — Diff(K).

We want to show that any such action can be extended to a generically free rational
action of G on X. To do so we show that for any i = 2,..., n any generically free rational
action of ker(Fj5 ") on X extends to a generically free rational action of ker(F},). Notice
that

ker(Fg) = Spec (k[Tn—it1, .-, Tul /(T2 _; 1, TY o — Trig1s ., T8 — Ty))

and that to give a rational action of ker(F,) on X is equivalent to defining a module
algebra structure

v: Spec (k[Ul,...,Ui]/(Uf,Ug—Ul,...,UZp—Ui_l)) —>Diﬂ‘k(K).

Suppose then that we have a generically free rational action of ker(F, 5_1) given by
differential operators Dy, ..., D;_1 where D; = v(T}) for every j =1,...,i—1. To extend
it to a rational action of ker(F,) is equivalent to defining a differential operator D; = v(T})
such that:

1. D; respects the property of compatibility with products ;
2. D; commutes with D; for every j =1,...,i —1;
3. DY = D,_;.
By Lemma [3.2:8 D; is defined on kKP. In particular,
Di(B7) = o(T3)(B") = (w(V(T3))(B))" = (Di-1(B))"

for every g € K. By Lemma [3.2.10, we then have that D; is defined using property 1,
provided we choose © = D;(t). Therefore, the first property is respected by definition
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and we need to show that there exists x such that also properties 2 and 3 are satisfied.
By Lemma and the fact that 7P — T;_q is a primitive element, we have that
D;D; — D;D; and D? — D;_ are derivations for every j = 1,...,i— 1. Applying Remark
we obtain that D; commutes with D; for every j =1,...,i—1 and D = D,_4 if
and only if the system

{Dj(a}):DiDj(t) jZl,...,i—l
DY Nz) = D; 1 (1)

admits a solution x = D(t). Notice first of all that the system is well-defined, that is D;
is defined on D;(t). In fact, by Corollary we can suppose that Dj(t) = 1, therefore
Dy Dj(t) = DjDy(t) = D;(1) = 0, that is D;(t) belongs to kKP, on which D; is defined.
Let aj := D;Dj(t) for j =1,...,i—1. By induction, the set {D1,...,D;_1} is an ordered
set of pairwise commuting differential operators and such that D; is a derivation of order
p on the subfield KP1-Pi-1 Moreover,

Dj(ar) = Di(aj)
for all j,{=1,...,7— 1, indeed by induction
D;Di(t) = DiDj(t)
and thus
Dj(a;) = D;D;Di(t) = D;D;D(t) = D;D;D;(t) = D;D;D;(t) = Di(a;)

as wished (we used the fact that D; satisfies properties 2 and 3 on kKP). Moreover,
D} = Dj_1. By Corollary we then know that a solution of the system
Di(x) = a;
S = :
Di-1(z) = aj—1
exists if and only if
-1
D (aj) = aj

for all j =1,...,7— 1. The relation indeed holds true, in fact

DY Ha;) = DY D;D;(t) = DiDE(t) = D;D;_1(t) = a;

where again we used the fact that D;(t) € kK? and that D; commutes with the other
differential operators on kKP. We are left to find a solution of S which satisfies also the
last equation

DY (z) = D;_1 (1)
Let then z be a solution of S: we are looking for another solution of S of the form
x =z + 1y with y € KP1Pi1_ Therefore z is solution of

DY Y(w) = Dy (1)
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if and only if
DI (y) = Di—a(t) — DY (2).

Notice that the right hand side belongs to K P1++Pi-1 C kKP on which D; is a derivation
of order p. Indeed, for every j =1,...,7 — 1 it holds

D; DY (z) = D' Dj(2) = DI7'DyD;(t) = DYD;(t) = Di-1Dy(t) = D;Dica (1)

as wished. Therefore, by Lemma m y exists if and only if D;(D;—1(t) — DY 2 =0
which is satisfied since
Df(z) = Di_l(z) = DiDi_l(t).

Notice that the action constructed is generically free since it extends the generically free

action of soc(G) (see Proposition [3.2.1)).

We are now ready to prove our result in full generality.

Theorem 3.2.13. Let k be a perfect field of characteristic p > 0 and G be an infinitesimal
commutative unipotent k-group scheme with Lie algebra of dimension s. Then for every
k-variety X of dimension > s there exist generically free rational actions of G on X.
Moreover, for any r > 1, any generically free rational action of ker(Ff) on X can be
extended to a generically free rational action of G on X.

Proof. We begin by proving that if X is a k-variety of dimension s = dimy(Lie(G)), then
X admits a generically free rational action of G. By Proposition and Remark
there exists a generically free rational action of ker(F) on X. Consider the filtration

G1CGC--CGr1CGr=G

where G; := ker(F},) and n is the height of G.

First recurrence (on i):

To show that there exists a generically free rational action of G on X, we will prove
that for every ¢ = 2,...,n any generically free rational action of G;_1 on X extends to
a generically free rational action of G; on X. Moreover, we will consider any possible
extension of the actions. As a consequence, the second part of the statement will be
satisfied by construction. Let K = k(X) be the function field of X. By Proposition [3.1.18]
to give a rational action of G; on X is equivalent to endowing K with a k[G)]-module
algebra structure, where G} is the Cartier dual of G;. By Proposition

k[G;/] = k[G;/—l][Tilj <o 7ET¢]/<P7317 <o 7PZ'7“1'>

where

G/ = coker(VéCl) = (ker(Fé_l))v,

ri = dimy (Lie (H;)) with H; = Im(VGiCI)/Im(VéV), P = ﬂ?mu — @Q; are primitive
elements of k[GY_,][T;1, . . ., Tir,], Qi; are polynomials with coefficients in the augmentation
ideal of k[G) ] and

A(T;)=T;; @1+ 1T + Ryj
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where R;; is an element of k[GY ;] ® k[G)_,] for every j = 1,...,r;. We then want to
show that a k[G) ;]-module algebra structure on K extends to a k[G)|-module algebra
structure on K. A k[G}_]-module structure on K is given by a morphism of algebras

v: k[G}_;] — Diffx(K)
respecting the property of compatibility with products (see Proposition [3.1.18]). If we

want to extend v to

m,Ll 7,7‘1

kIGY] = kG \[Ta,....,Tiw,]/(TH " — Qiy..., T — Qir,) — Diff(k(X))

we need to define v(7Tj;) = D;; for every j = 1,...,r; in such a way that the above map
is a k[GY]-module algebra structure on K, that is the following properties are satisfied
forevery j =1,...,r;:

1. D;; respects the property of compatibility with products;

2. D;; commutes with Dy, for every (k,1) <ppx (4,7);

3. D0 =0(Qy).

Notice that

ker(Fg) ~ H i
jel

where I is a finite set and }_ .y m1; = s which is the dimension of Lie(G). Then

ker FG >~ HOé ™15
jel

and thus, by [DG70, I11.§2, Corollary 2.7|, to give a generically free rational action
of ker(Fg) on X corresponds to giving a set of derivations {D1;}je; on K commut-
ing pairwise and with Dy, of order p™ for every j € I, such that all the p-powers
of these derivations are K-linearly independent. Let {Ej,..., Es} be the ordered set

{Dfl’? |0<kj<myj,jel } . This family satisfies the hypothesis of Proposition |1.2.6
and therefore there exists a p-basis {t1,...,ts} of K/kKP such that E;(t;) = 1 and
Ei(tj) =0forall j <iandi=1,...,s. By Lemma the rational action of Gj is
defined on X® -5 X / ker(Fg). Notice that the rational isomorphism is a consequence
of the fact that both the field extensions K¥*(¢) C K and kK? C K have degree p® (in
the first case because the rational action of ker(F) on X is generically free and ker(Fg)
has order p® and in the second case by Proposition and moreover kK? C Kker(Fe),
In particular

Dij(Fk(B)) = v(T35)(Fk (B)) = Fk (v(Vay (T35))(8))

for every 8 € kKP?. By Lemma (3.2.10} for any j = 1,...,r;, we then have that D;; is
defined using property 1, provided we choose z;) = D;;(ty) for h =1,...,s. Therefore
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the first property is respected by definition. We will show that we can choose xﬁf for
every h and j in such a way that also properties 2 and 3 are satisfied.

Second recurrence (on j):

We show that if Dy is defined for all (k,l) <ppx (4,) then we can define D;;. Recall
that for the moment D;; is defined on kK? which is the function field of X (P), 50 we have
that the rational action of G; is defined on X® -5 X/ker(Fg) and we want to extend
it to a rational action on X.

Third recurrence (on h):

We will show that if D;; is defined on kKP(t1,...,th—1), then we can extend its
definition to kKP(t1,... ,th)ﬂ The base step is satisfied since D;; is defined on kKP. We
will show that if D;; is defined on kKP(t1,...,t,—1) then the system

Dy Dij(tn) = DijDi(tn), (k,0) <rex (i,])
ij ! (th) = Qij(Dk’l’)(k‘/,l/)<LEX(i7j) (th)

has a solution where the unknown is :EZJ = D;;(tn). Remark that, for the system to admit
a solution is equivalent to having properties 2 and 3 satisfied on kKP(t1,...,t). Indeed,

by Lemma [3.2.11) and the fact that P;; = Tgm”
that Dy D;; — D;; Dy and Df;n” — Qi (Drrr) (' 1)< L x (i,j) are derivations. Applying then
Remark we obtain that D;; commutes with Dy; for every (k,l) <pgpx (¢,7) and
that ij Y= v(Qi;) as claimed. Notice that, in particular, xﬁ% = Dy (tp) is a solution
of the analogous system for every (k,l,h') <pgx (i, j,h) by the assumption that Dy is
defined on K for all (k,1) <pgx (4,7) and that D;; is defined on kKP(ty,...,t5—1). We

will first show that the system

— Q;; is a primitive element, we have

Sy = {DkZDz‘j(th) = D;jDpi(ty), (k1) <pex (4,7)

obtained by removing the last equation has a solution and then prove that there exists
a solution of it which is also a solution of the last equation of the system Nj,. Remark
that, for the system S}, to admit a solution is equivalent to having property 2 satisfied on

LGeometrically here we are taking a filtration of ker(Fg) with successive quotients isomorphic to ap
and considering subquotients of X. For example, in the case in which ker(Fg) ~ W. with generically
free rational action on X given by a derivation D; of order p®, we have the tower

s—1
KPPt C KPY = KPi(t) C - CKPT = KPPV (.. tao1) C K = KPV(ty, ... )

corresponding to
X -5 X/ - X)Wy =5 -+ =5 X/W_| - X/W.

and
ap = soc(ker(Fg)) € Wa = ker(Fg) xpker(V3) C --- C Wiy = ker(Fg) xpker(VS™") C W, = ker(Fg).

Notice that this phenomenon did not occur in Example [3.2.12] since there the Frobenius kernel was just
Qp.
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kEKP(t1,...,ty). First of all, notice that the system S}, is well-defined, that is that D;; is
defined on Dy (ty) for (k,1) <ppx (ij): indeed

E;Dy(tn) = Dy E;(tn) =0

for every i > h, and thus, by Proposition m, Dy (tr) belongs to kKP(t1,...,th—1) on
which D;; is defined. Let ag; := D;; Dy;(tp,), therefore we are looking for a solution of the
system

Sp = {Dkl(fﬂ) =ap, (k1) <pex (i,7)-

By induction the set {Dy; | (k,1) <pex (i,7)} is an ordered set of pairwise commuting
differential operators and such that Dy, is a derivation of order p™* on the subfield

{a € K| Dyy(a)=0 V(,I') <ppx (k,1)}
by Lemma Moreover,
Dkl(ak/l/) = Dk/l/(akl)
for all (k,1), (K',l") <rgx (i,7), indeed by induction
Dy Dy (tr) = Dyry Dy (th)
and thus
Dyi(awr) = DiyDijDyy(ty) = Dij Dy Dy (ty) =
DDy Dy (th) = Dy Dij D (tn) = Dy (ag)

as wished. Notice that we used the fact that Dy;(ty) lies in kKP(t1,...,t,—1) and that, by
induction, on this subfield D;; commutes with the previous (LEX-order wise) differential
operators. In addition, D‘z;nkl = Qu(Dr) (i 1'y< s x (k) Where Qg is an element of
K[ Tk ]k 1)< 1 x (k) With vanishing constant coefficient. By Corollary we then know
that a solution of the system S}, exists if and only if

Dﬁ?kl_l(akz) = @kl(ak'l')(k',l')<LEX(k,l)
for all (k,1) <prx (4,7). Write the polynomial Qy; as
Qrt(Tir) (i 1)< 1 x (k1) = Z Pop(Thrtr) (' 1) < 1 e (1) T
(a,8)<rEx (K1)

Then ~
Qri(ar ) (k' 1)< 1 px (k1) = Z P (D) (i 1)< 1o x (ki) Gaf =
(a,8)<rEx (K1)

Z P (D) (1 1)< 1 o (k1) Pig Dap (th) =
(.B)<rEX (K1)

D;; Z P (D) (k2 1)< 1o (el P (th) = DigQua(Dinr ) (it 1)< i (1) (Er) =
(Oé,ﬁ)<LEx(k3,l)
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Dy D™ (tn) = D 7' Dy Dia(tn) = D™ aw)

as needed, that is the system S} admits solution. We are left to show that there exists a
solution of Sy, that satisfies also the equation

DZ-Tnij_l(Z) = Qij (D) 1)< L x (i.5) (th)-
Notice that we are looking for a solution of the form
ZL‘ZJ =xr+y
with y in
KPulkD<rexG)} = {q € K | Dy(a) =0 V(k,1) <ppx (i,5)}

and x a solution of Sj. Moreover, notice that x lies in kKP(tq,...,t5_1), indeed we
remarked that if S}, has solution then D;; commutes with Dy, for every (k,l) <rpx (4, ])
on kKP(ty,...,ty), so in particular it commutes with Ey, ..., Es which, we recall, are the
p-powers of the derivations Dy;, j € I. Hence

Ey(x) = EyDij(tn) = DijEn(tn) =0
for all n > h. Therefore x + y is a solution of the equation if and only if
DZ ’ (y) = Qij(Dk’l')(k",l’)<LEX(i,j)(th) - ij ’ (.CL‘)

Let us show that the term on the right hand side lies in K{Prl(k:D<rex(0:9)} Indeed, for
any (k,l) <ppx (i,7) it holds

Dy DY " N x) = DI T Dy (w) = DY 7T Dy Dy (th) = DYy Da(tn) =

Qij(Drrtr) (1 1)< 1 o (1,5) Pkt () = DiaQij (Dirr) (ko 11y < 1 x (i.5) (Th)

where we used the fact that x, Dy (tn) € kKP(t1,...,t,—1) and that x is a solution of the
system S,. Notice that K{Pul(kD<rex(ii)} ig a subfield of kKP = K{Puli€l} and that
D;; is a derivation of order p™% on K{Prl(k)<pex (i)} Therefore, by Lemma , Y
exists if and only if

DZ] (Qij(Dk/l/)(k",l')<LE}((i,j) (th) - DZ ! (LU)) = O
which is satisfied since

DY () = Qi (Drir) v )< o (i) () = Z Pap (D) (b 1)< 1 e (1,7) P (%)
(,B)<rLEX(1,7)

> pap(Der) <y px 1.5) DisDap(tn) = DigQis (Do) 1)< 1 s (i) (Eh)5
(a,8)<rpEX(1,3)
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where the first equality is again a consequence of the fact that © € EKP(t1,...,th—1).
Notice that the action constructed is generically free since it extends the generically free
action of soc(G) (see Proposition [3.2.1)).

For the general case of a variety X of dimension dim(X) = ¢ > s, consider the
infinitesimal commutative unipotent k-group scheme G xj af;_s where s = dimy(Lie(G)).
Then dimy(Lie(G xy, af;*S )) = £ and thus by what we just proved X admits a generically
free rational action of G xy af)_s. In particular, it admits a generically free rational action
of its subgroup G. Moreover, any generically free rational action of ker(F(,) on X extends
to a generically free rational action of ker(Fr) xy ozﬁ,_s in the following way: consider
the set of derivations {F1, ..., Es} defining the action of ker(Fg) on K = L(ty,...,ts)
where L = k(X/ker(Fg)) as described in the first part and complete it to a basis
{E1,...,Es,0s11,...,0¢} where the 9;’s are as in Remark One checks easily that
the elements of this basis commute pairwise and that this implies that the 0;’s commute
with every differential operator defining the rational action of ker(Ff) on X. By the case

treated previously, the rational action of ker(Ff) xj ai,‘s extends to a generically free

rational action of G' xy, af)_s and thus, in particular, to a generically free rational action

of G. =

Remark 3.2.14. Brion shows that for any [,n > 1 there exist generically free rational
actions of uzl on any variety X of dimension > n |Bri22, Remark 3.8]. Putting together
Brion’s result and Theorem [3.2.13|one can prove that if & is perfect and G is an infinitesimal
commutative trigonalizable k-group scheme with Lie algebra of dimension s, then for
every k-variety X of dimension > s there exist generically free rational actions of G' on
X. Briefly, one considers a set of derivations {Ej,..., Es, } defining a generically free
rational action of ker(Fgu) on K = L(t1,...,ts,) where L = k (X /ker(Fgu)) as described
in the first part of the proof of the Theorem and complete it to a K-linearly independent
set {E1,...,Eq,ts 410541, - - - s tsi 45005455}, With 9;’s as in Remark [1.2.5] One checks
easily that the elements of this basis commute pairwise and they thus define a generically
free rational action of ker(F). Moreover, we can extend it as before to a generically free
rational action of ker(F¢) (and so also of G) on X for any r > 1.

Examples

We conclude this section with some examples to show more concretely how to deal with
the construction of actions of infinitesimal group schemes.

Example 3.2.15. Let G = WZ[F — V] = Spec (k[So, S1]/(S5, S — Sp)) . We aim to show

that we can construct naturally a generically free G-action on a curve. Notice that G
2 2

is a k-subgroup scheme of W = Spec (k‘[Tg, /(T8 TF )) and that we have a natural

action of W3 on Wy ~ Ai given by translation, that is
p: W2 xi, A7 — A?
((a,b),(x,y)) — (a +z,b+y + Si(a,x))
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P 1
j=1p

((P,0), (x,y)) — (WP + 2,0+ y + S1(D, x)).

Consider now the affine line given by Spec (k[z,y]/(y? —x)) ~ A} inside AZ. The
restriction of p to G Xy A,lg induces an action of G on A,lc: indeed

where Si(a,x) = —
by

(?) a’xP~J. We then have an induced action of G on Ai given

(b+y+ S1(P,2)P =P + 4P + S, (¥, 2P) =P +

where we used the fact that b*° = 0. This provides us in a natural way with a generically
free action of G on a curve.
Let us now show how to express these actions in terms of differential operators, that is

show which are the corresponding module algebra structures. Let A = k[Ty, T4 ]/ (T} g v 2),
then p corresponds to the coaction

z—TH®l+1®e,
y—»Tel+1y+S1(ThHel,1®x)

and the associated AV-module algebra structure on k[z,y] is given by
v: AY — Diffy(k[z,y])
o (lz,y] 2 A@y klz,y) 225 k oy ke, y) = klz,y))
(see Proposition . Now AV is isomorphic to A, where the isomorphism is given by

15 — To,

Ty — TP,

(Tg)* =T,

(TP — TP.
We then see that v(Tp)(z) = 1 and v(Tp)(y) = —2P~1, implying that v(Tp) = 9, — 2P~19,.
Similarly we obtain that v(T}) = 9y — (2P)P~19yr. The invariants of this action are given

by Spec (k:[:cPQ, yp2]> . The module algebra structure corresponding to the action of G on

Az is obtained by considering the composite
k[G])Y — AV 5 Diffy(k[z,y)).
The group scheme G is also self-dual and the inclusion is given by

So>—>Téj,
S1'—>Tf+Tg.

We thus obtained that the k[GY]-module algebra on k[z,y] is defined by

v(Sp) =v(Ty)? =30, and v(S1) = v(T1)? +v(Tp) = Oyp + Oy — 2P710,
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and the invariants are Spec (k[z?, z + yP]) . If we restrict to A} ~ Spec (k[z,y]/(y* — ),
the module algebra structure is given by v(S1) = dyr — (y?)P~'9, and its invariants are
Spec(k[y"]).

Example 3.2.16. Consider the k-group scheme

2

G = W3[F? — V] = Spec (k[TO,Tl]/(Tg’,T{’ - To)) .

It has one-dimensional Lie algebra so by Theorem [3.2.13| we know that we can find a
generically free rational action of G’ on any curve. Its dual is the k-group scheme

G = W32[F - V2] = Spec (k[U07 Uy, UQ]/(U(I)D’ Ulpa Ug - UO))

where Uy = T}, Uy = (TF)*, Uy = T§. Notice that G xj, GV is the p-torsion of an abelian
variety of dimension 3 with p-rank 0 and a-number 2 (see |PriO8] where this group

scheme is denoted I32). The filtration of G given by the kernel of the Frobenius powers,
Gi = ker(F}), is

G1 = Spec (k[T1]/(T1)) € G2 = Spec (k[Tl]/(Tf2)> cG
corresponding to the cofiltration
G" — Gy = Spec (k[Uo, U1]/(U§, UT)) — GY = Spec (k[Uo]/(UF)) — 0

where GY = coker(Vév). A generically free rational action of G' on a curve with function
field K = kKP(t) is given for example by

U() — 8t,
U1 — 8tp,

Us s 0,0 — () .

Say now that we want to study rational actions of GV. Notice that its Lie algebra has
dimension 2, hence we know that we can find a generically free rational action of GV on
any k-variety of dimension at least 2 (but not on curves). The filtration of GV given by
the kernel of Frobenius powers is now

Spec (k[Us, U2]/(UT, US)) € GY
and corresponds to the cofiltration
G = Spec (K[Ty, T/(T3, T}~ Ty) ) = 0.

If we denote by Vo = T¥ we have G — Spec (k:[Vo]/(VOpQ)) and

K(G] = k[Vo, T1)/ (V" TP — Vp)
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where the comultiplication is

Vor Viel+1® V,
N=Teol+leT+S51(Vyel1e V).

A generically free rational action of GV on a k-surface with function field K = kKP?(z,y)
is given for example by

Vo~ Do = 0, — 2P0,
Ty v Oy — (yP)P (Do + (47 )P~1DP).

Example 3.2.17. Let k = k be a field of characteristic 2, E be a supersingular elliptic
curve over k and consider its 2-torsion

E[2] = Spec (k[To, ] /(T5, T{ — To))
(see Corollary [2.3.10]). The k-group scheme E[2] is self-dual, that is
E[2]Y = Spec(k[Us, U1]/(Ug, U} — Up))

where Uy = T} and Uy = Tj. We are interested in studying actions of E[2] on P;. By
Theorem and by the assumption on the characteristic, all the generically free
rational actions of E[2] on PP} are given by

v : k[Uy, Up)/ (U, UE — Up) +— Diff(k())
UU — 8t,
Ui — O + (t2 + g(t1)o;

corresponding to

p: E[2] x, Pp - Py
(a,t) =t +a+ (£ + g(t*))a?

where g € k(t). Which of these rational actions extend to a regular action of E[2] on P}?
First of all, if we want p to be defined on A} = Spec(k[t]) we need for g to lie in k[t]. Let
us now show that p extends to an action on P}, if and only if g is constant. Notice that

(t+a+ (2 +gt))a®)' = (% +a?)? = ¢!
and thus

(t+a+ (2 +g(t")a?) ' = %4(75 Fat (2 +g(t)ad)( + a?) =

gty  a®\ ,
+—=]a +t74

S
i ER
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Hence

1 1 a gty a?\ 5  a?
(“w)%ﬂz*(” 2 )t

which defines an action on A,lg = Spec (k‘ [%D if and only if g is constant. Recall that for
A alocal k-algebra, the exact sequence of group schemes

1= Gpr — GLyy — PGLyp — 1
yields the short exact sequence of groups
1 = Gpir(A) = GLak(A) - PGLa 1 (A) — 1,

that is every element of PGLgy j(A) is represented by a matrix in GLg(A). The action
E[2] — Autpr ~ PGLoy given by t — ¢ +a + (t2 + ¢)a® corresponds to a point of
PGLy 1 (E[2]) and is therefore represented by a matrix which is

1+ /ca? a?
a+ca’+/ea® 1+ Jfea’+a®)"
Indeed

(1+ Vea®)t + a + ca® + \/ea?
a?t+ 1+ ca? + a3

= ((1+ Vea®)t +a+ ca® + ea®) (a*t + 1+ Vea® + a®) =

t(at + 1+ ea® 4 a3) + Vea®t + a3t + a + Vea® + ca® + Vea® =
At +t+a+ca’ =t+a+ (2 +c)d

Notice that we showed that in characteristic 2 the 2-torsion E[2] of a supersingular elliptic
curve is a subgroup scheme of PGLy, (its subgroup schemes will be more thoroughly
studied in the last section of this chapter). On the other hand, in characteristic p > 2
no rational action of E[p] on P} extends to a regular action, indeed in this case every
infinitesimal subgroup scheme of PGLy , lifts to GLg, (see Proposition and, in
particular, the infinitesimal commutative unipotent subgroup schemes of PGLg j, are all
isomorphic to ay,» for some n > 1.

The following example (which is also an example of a subgroup scheme of PGLg ;, in
the particular case p = 2 and n = 3, see Theorem |3.4.1)) goes in the direction of studying
also generically free rational actions on curves of non-commutative group schemes.

Example 3.2.18. Consider the infinitesimal unipotent non-commutative k-group scheme

G = Spec(A) of Example [2.3.13 where
A= k[T, 1]/ (18", 17~ Ty )
with n > 2 an integer and comultiplication given by

A(To) =To®1+1xT)



3.3|. Faithful rational actions 95

and

AD)=Ti@1+10T +1¢" o1
Recall that in this case
AY =

k(Uo...,Un)/(U,..., UL, UiU; — U;jUs, UnUp—1 = Up1Up, — Ub); j=0,...n,(i,§),(i) #£(n,n—1)

where Up(T1) = 1 and U;(T} 271) =1 and zero elsewhere. The Hopf algebra A" is non-
commutative: the only non-commutative relation is given by U,U,_1 — U,_1U, = Uy,
while its comultiplication is defined on the U;’s as for the Witt vectors (notice that this
makes sense since Uy, ..., Up—1 commute). Let X/k be a curve and K = k(X) = kKP(t)
be its function field, for ¢t a p-generator of K over kKP. A generically free rational
action of G on X is given by defining an AY-module algebra structure on K setting
v(U;) = Dy = 0y for i = 0,...,n — 1 and v(U,) = Dy, = Opn — "7 9;. Notice that
Apn (17" 1) = 0 and thus &pn commutes with t*" d;. Therefore
DE =3 — (" 0P = — 7" =0

where for the second equality we used that also 0; (tpn_l) = 0 and for the last that
3577, = 0¥ = 0. Of course this rational action can be extended to a generically free rational
action of GG on any variety of positive dimension.

3.3 Faithful rational actions

This section is devoted to Dolgachev’s conjecture revisited for infinitesimal group schemes
and more generally to studying faithful rational actions of infinitesimal group schemes.
Dolgachev made the following conjecture for the Cremona group over a field of positive
characteristic.

Conjecture. If k is a field of characteristic p > 0, the Cremona group Cr, (k) does not
contain elements of order p® for s > n |[Dol10, Conjecture 37].

The conjecture is true for n = 1 since PGLa (k) ~ Auty(k(t)) does not contain elements
of order p? if char(k) = p > 0. Moreover, it was proven for n = 2 [Dol09]|. The conjecture
can be rephrased in the following way: if there exists a faithful rational action of a
finite commutative p-group G on P} then pf = 0, where pg is the multiplication by p
morphism on G. Indeed there is a natural correspondence between faithful actions of a
finite group G on k(t1,...,t,) and faithful rational actions of the corresponding constant
group scheme on P. In fact, an action G x k(t1,...,t,) = k(t1,...,t,) can be extended
naturally to a k[G]-module algebra structure k[G] — Endg(k(t1,...,t,)), where k[G] is
the group algebra over G with its Hopf algebra structure (see also Example and
this gives a faithful rational action of the constant group scheme G on P}!. The analogous
of Dolgachev’s conjecture in our context is given by Proposition that we will now
prove after a couple of preliminary results.
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Proposition 3.3.1. Let G be a finite k-group scheme and X a k-scheme endowed with a
G-action. The action is faithful if and only if the induced action of soc(G) is faithful.

Proof. The G-action is faithful if and only if the centralizer C(X) is trivial. By Lemma
since Cg(X) is a normal k-subgroup scheme of G, the centralizer is trivial if
and only if soc(G) xg Ca(X) = Csoe()(X) is trivial, that is if and only if the induced
soc(G)-action is faithful. O

The following result generalizes |Bri22, Lemma 5.3].

Corollary 3.3.2. Let G be an infinitesimal commutative k-group scheme, acting rationally
on a k-variety X. Then the rational G-action is generically free if and only if it is faithful
and the induced action of soc((Gy)") is generically free, where (Gf)" is the mazimal
unipotent subgroup scheme contained in Gy. In particular, if soc((Gy)") C oy, then the
G-action is faithful if and only if it is generically free.

Proof. By Lemma and Proposition [3.1.10, we may suppose k = k. The only if
part is clear. We prove the other implication. We first prove the case G diagonalizable.

In this case, we have to prove that if the G-action is faithful then it is generically free.
By the anti-equivalence of categories between diagonalizable group schemes and abelian
groups, if the stabilizer of the generic point Spec(K) of X is not trivial over K, then it
comes from a non-trivial subgroup of G over k, which then acts trivially, meaning that
the action is not faithful.

Now we pass to the general case. Since k = k then G is isomorphic to G* x; G¢,
where G¢ is diagonalizable. Since the soc(G")-action is generically free, the stabilizer
at the generic point Spec(K) should be contained in G%, but this is not possible since
the G%action is generically free by the diagonalizable case. For the last sentence we
observe that if soc(G") is a subgroup scheme of «,, and the G-action is faithful, then the
soc(G")-action is generically free. So we can apply the first part of the corollary. O

Remark 3.3.3. The above Corollary applies, for instance, to any infinitesimal subgroup
scheme G of W, for some n: indeed in this case soc(G) = «,, (see Example [2.2.28]).

In the following corollary we essentially get the second part of |[Bri22, Lemma 3.7]

Corollary 3.3.4. Let G be an infinitesimal k-group scheme acting faithfully on a k-variety
of dimension r. If H is a normal k-subgroup scheme of G of multiplicative type such that
dimy(Lie(H)) = r, then G is of multiplicative type and dim(Lie(G)) = r.

Proof. By [DG70, IV, §1, Corollary 4.4] we have that H is central in G. Now we can
suppose that k is algebraically closed, then H is diagonalizable. If GG is not diagonalizable
then G contains a k-subgroup scheme isomorphic to «, ([DG70, IV §3, Lemma 3.7|).
Then H' = H Xy oy is contained in G since H is central. Now H’ is commutative,
soc(H') = ker Fyg Xj, ap and soc((H')") = . Therefore, by Corollary [3.3.2] the action
of H' is generically free, but this is impossible since dimg(Lie(H')) > r. So G is
diagonalizable, its action is generically free (again by Corollary [3.3.2)), and dimy(Lie(G))
can not be bigger than 7. d
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Example 3.3.5. The condition on the normality of H is crucial. Consider for example
the k-group scheme G = a;, % 1, (where the action of y, on « is given by multiplication
on the left) and the action on the affine line G x; A}, — A} given by (a,b) -z — az +b.
The G-action is faithful but not generically free (see Proposition . The stabilizer
of the generic point 7 is

Stabg(n) = Spec (k(z)[T,1/T,S]/(zT + S —z, TP — 1, 57))

with comultiplication given by A(T) =T ® T and A(S)=S®1+4+T ® S. This is also a
counterexample to Corollary in the non-commutative case. Indeed soc(G) = «,, and

oy acts freely. It is then necessary, in the non-commutative case, to look at the action of
ker(Fg), as seen in the first statement of Proposition

Proposition 3.3.6. Let G be an algebraic k-group scheme with commutative Frobenius
kernel and X be a k-variety of dimension n. If there exists a faithful rational G-action on
X, then s = dimy(Lie(ker(Fg)™)) < n and sz;(;c)u = 0, where ker(Fg)™ is the mazimal
k-subgroup scheme of multiplicative type of ker(Fg) and ker(Fg)" := ker(Fg)/ ker(Fg)™.

Proof. We may suppose that G is infinitesimal of height one and that k is algebraically
closed. Then
G~ G x, G =[] Wa, xk 15,
i€l
Clearly s = dimy(Lie(G™)) < n since a faithful rational ps-action is generically free. Let
| = max;cr{n;}. By Corollary the induced faithful rational action of I/Vl1 X fiy, ON
X is generically free. Hence | + s < n and thus V5, * = 0. O

Notice that if k is a perfect field, then the above Proposition tells us that if G is
an infinitesimal commutative trigonalizable k-group scheme such that there exists a
faithful rational G-action on a k-variety of dimension n, then ker(Fg)* C (Wﬁ_ s)l for
some [ > 1 where s = dimy(Lie(G?)). In particular, if there exists a faithful rational
G-action on a curve, then ker(Fg)* C ozé, for some ! > 1. The converse implication of
Proposition does not always hold true. In the diagonalizable case, these actions
are well understood and the converse statement is known. Notice that by Remark
the converse of Proposition holds as well, over a perfect field, for infinitesimal
commutative trigonalizable k-group schemes with Lie algebra of dimension upper bounded
by the dimension of X. In particular, if s = dimy(Lie(ker(Fg)?)) and dimy(Lie(G)) < n,
then Vk’zr_(‘;c . = 0. We will now give a counterexample to the converse implication of
Proposition [3.3.6f we exhibit an infinitesimal commutative unipotent k-group scheme G
such that Vie(r,) = 0 but for which there are no faithful rational G-actions on any curve.
We then keep investigating other cases in which the converse of Proposition holds.

Example 3.3.7. Consider the k-subgroup scheme G of Wy x ;. W represented by the
Hopf algebra
KTy, T, Uo, Ur )/ (T3, TV — To, Uy, Uy — Up).
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The group scheme G is self-dual and, if k is algebraically closed, G ~ E[p| x E[p] for E
a supersingular elliptic curve over k (that is G is the p-torsion of a superspecial abelian
surface). Moreover, dimg(Lie(G)) = 2 and Viey(r,) = 0. Therefore, by Proposition
we know that there is no generically free rational G-action on any curve. Let us show
that moreover there is no faithful rational G-action on any curve either. Let X be a curve
and K = k(X) be its function field. Suppose that there exists a faithful rational G-action
on X defined by the module algebra structure

(O k[To,Tl,Uo,Ul]/(Tg,Tf — Tg,Ug,Uf — Uo) — Diffk(K).

The differential operator v(7T) is a derivation on K of order p, thus, by Lemma there
exists € K such that v(Tp)(x) = 1. Then, v(Ty) = 0., the only k-linear derivation on
K = kKP(z) such that 0,(z) = 1. As a consequence, v(Up) = f10; for some f; € K since
Derg(K) is one-dimensional over K. Moreover, fi lies in kKP since the v(Tp) and v(Up)
commute, and is non-constant since the action is faithful and thus v(7p) and v(Up) must
be k-linearly independent. Now, v(T})(x) = x1 for some 21 € kKP, since v(T}) commutes
with 0,. Moreover v(T}),x» is a derivation of order p and v(T3)(2?) = (v(Tp)(x))? =
(see Remark [3.2.9)). The differential operator v(7}) commutes also with v(Up) = f10,,
hence

v(T1)(f1) = f10z(21) =0

that is f; must lie in kKP”. Moreover, z; is such that
v(T)PH(21) = o(T7)(2) = v(Ty)(z) = 1.

Consider now v(U;): as before, v(Uy)(z) = x2 for some x93 € kKP because of the
commutativity with 0, v(U1)| kir 18 a derivation of order p and by Remark we have
v(U1)(2?) = (v(Uo)(x))P = f7. Hence v(U1)xxr = f{v(T1)jkxe- The differential operator
v(U1) commutes also with v(T}), thus

v(Th)(22) = v(Th)o(U1)(2) = v(U)o(T1)(2) = v(U1)(x1) = ffo(T1)(21) = v(T1)(f{71).

Finally,
fr = v(Uo)(z) = v(U)(x) = (1)~ o(T1)P " (z2) =

2 2

UDP ()P~ (ffan) = [ o(T)PHan) = f]
and this condition contradicts the fact that f; had to be non constant. Therefore there is
no faithful rational G-action on any curve. Notice that we nevertheless showed that there
exist faithful rational actions on any curve of the subgroup scheme H of G represented

by the Hopf subalgebra
k[To, T1, Th] /(T3 TV — To, UY),
that is H ~ E[p| x, oy over k = k. Actually, this kind of behaviour takes always place as

shown in the following result.

The following Proposition generalizes a result of Brion [Bri22, Lemma 3.6] stating
that every variety of positive dimension admits a faithful rational action of af; for any
(> 1.
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Proposition 3.3.8. Let k be perfect, G be an infinitesimal commutative unipotent k-group
scheme and X be a k-variety of dimension n. If dimg(Lie(G)) < n, then for every £ >0
there exists a faithful rational action of G xy ker(Fg)* on X.

Proof. Let s = dimy(Lie(G)) and K = k(X) be the function field of X. Then ker(F()
corresponds to a certain Young diagram (my,...,my) for some h > 1, Z?:l m; = s
and ker(Fg)" =~ H?:l apmi. We know (Proposition that there exist generically
free rational actions of ker(Fg) on X. By [DG70, II1.§2, Corollary 2.7|, to give such a
rational action corresponds to giving a set of derivations {D1,..., Dy} on K commuting
pairwise, with D; of order p™i for every ¢ = 1,...,h and such that all the p-powers of
these derivations are K-linearly independent. Moreover, by Theorem this action
can be extended to a generically free rational G-action on X. Let L = K be the function
field of X/G. Take non-constant k-linearly independent elements

{fir,-- s finli=1,...,¢}

in L. Then {f;1 D1, ..., finDp} is still a set of derivations defining a generically free rational
action of ker(Fg) on X. Consider then the induced rational action of G x}, ker(Fg)*
on X and notice that it is faithful by Proposition [3.3.1] Indeed the rational action of
ker (Fiy, ker(Fi)t) = ker(Fg)! is given by the set of derivations

{D1,...,Dn, fa D1y ..oy finDp | i =1,... 1}
whose p-powers are k-linearly independent and thus it is faithful. O

Remark 3.3.9. Notice that as a direct consequence we have that for any infinitesimal
commutative unipotent k-group scheme G of height one, there exist faithful rational
G*-actions on any k-variety of dimension > dimy(Lie(G)) for any £ > 1. In the proof we
actually prove something more. Indeed we construct a faithful rational action of G* such
that the induced action of any copy of G is generically free.

Proposition 3.3.10. Let k be perfect, G be an infinitesimal commutative unipotent
k-group scheme and X be a k-variety of dimension n. If V& = 0 then there exists a
faithful rational G-action on X.

Proof. 1t is enough to prove that there exists a faithful rational action of (W")" on X
for any m,r > 1. By Proposition [3.2.4] there exist generically free rational actions of W,
on X for any m > 1 and to give such an action corresponds to giving a set of differential
operators {Dy,...,Dp_1} on the function field k(X) of X commuting pairwise, with
D; of order p' and p"-nilpotent (wa1 # 0) for every ¢ = 0,...,m — 1. Let L be the
function field of X/W. Take k-linearly independent elements {fi,..., f} in L. Then
{fiDo, Dy, ..., ff’m_le,l li=1,... ,r} gives a faithful rational action of (W*)" on
X. Indeed, since we took the f/s in L, these differential operators all commute pairwise
and are moreover p*-nilpotent. In addition, by the weighted homogeneity of Witt vectors,
they respect the property of compatibility with products. Finally, the action is faithful
because the action of the Frobenius kernel is faithful, since we chose f1,..., f, linearly
independent over k. ]
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Recall from Chapter [2| that if we take G1,...,G; commutative unipotent k-group
schemes of height one, there exists a smallest commutative unipotent k-group scheme G of
height one containing all of them. Precisely, G corresponds to the smallest Young diagram
containing all the Young diagrams 7(G;) for all 7. Explicitly, if 7(G;) = (n1i, . .., ns,q) for

some s; > 1 and for ¢ = 1,...,1 then 7(G) = (n1,...,ns) where s = max{si,...,s;} and
nj = max{n;i,...,n;} for every j =1,...,s. For example, if we take G| = Wi Xy, ap
and Gy = W3 x; W4, then 7(G) = and G = Wi x; W4.

Using this, we obtain a sort of converse of Proposition [3.3.8] in the case of group
schemes of height one. The following Proposition shows that if G; X - - - X G; acts on
a variety X and the action restricted to every G; is generically free, then there exists a
generically free G-action on X.

Proposition 3.3.11. Let k be perfect, H = Hi:l G; be an infinitesimal commutative
unipotent k-group scheme of height one and X be a k-variety of dimension n. Then there
exists a faithful rational H-action on X which induces generically free G;-actions for every
1= 1,...,1 if and only if there exists an infinitesimal commutative unipotent k-group
scheme G of height one such that dimy(Lie(G)) < n and G; — G for alli=1,...,1.

Proof. The ’if’ part is clear by Remark Suppose now that there exists a faithful
rational H-action on X which induces generically free G;-actions for every i = 1,...,1
and let K denote the function field of X. By assumption, every G; is of height one
and thus corresponds to a Young diagram 7(G;) = (ni,...,ns,;) for some s; > 1 and
ns,i # 0. Recall that s; corresponds to the length of the first column of 7(G;), that is
dimy,(Lie(soc(G;)) (see Lemma [2.2.29). The H-action is determined by a set of derivations
Dj;, withi=1,...land j =1,...,s;, such that they commute pairwise and Df:ﬂ =0.
The fact that each G;-action is generically free is equivalent to the fact that

S'_{Dp"jrll P }
i = i J=L..-58

is linearly independent over K for any ¢ = 1,...,l. Indeed S; represents the action induced
by soc(G;). Let G be the smallest infinitesimal commutative unipotent group scheme of
height one containing G; for all i. Then 7(G) = (n1,...,ns) where s = max{si,...,s;}
and nj; = max{n;i,...,n;} for every j =1,...,s. We also fix a function

AL sh—= {1, 0}

such that nj = n;;). This means that for the j-th line of the Young diagram of G we
are choosing the j-th line of G ;). Now we want to construct an action of G on X, or
equivalently a set of derivations E; which commute pairwise and such that EZP —)
for any i = 1,...,s. We define Ey := Dyy(1). Now suppose we have defined E;, with
1 <r <s—1, such that the set

Cr:{EZHk_l |k::1,...,7“}
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is linearly independent over K, then we define F,;; in such way that it does not belong
to the space generated by C,. We remark that 7(G ¢(,41)) has at least  + 1 lines which
have at least n,y1 squares. Now

(Dl =1, r+ 1}

is a set of r+1 K-linearly independent derivations, therefore there exists kg € {1,...,r+1}

pnkO_l
such that Dkof(r+1)

ko _phr . .
E,i1 = Dio f[Z'r Jfl) " Tts order is p"r+1. Therefore we constructed an action of G on X.

By construction we have that the set

{Ef"“l|z':1,...,s}

is K-linearly independent. This set corresponds to the induced action of the socle of G.
Hence the action of the socle of G is generically free, and the same is true for the action

of G by Proposition [3.2.1} This implies, by Proposition |3.1.15, that dimg(Lie(G)) < n,
as wanted. O

does not belong to the K-vector space generated by C,.. We define

Remark 3.3.12. Notice that actually in the above proof we never used the fact that
the H-action was faithful. Moreover we remark that the condition on the existence of
such actions is purely combinatorial and it is equivalent to asking, using the notation
of the proof, that dimy(Lie(G)) = 2;21 nj < n. For example, if we take G and Go
corresponding respectively to

L and

then

G =

and the Proposition implies that even if there exist generically free actions of GG; on every
variety of dimension 4, there is no action of G; X G5 on a variety of dimension 4 which
is generically free when restricted to G; for i = 1,2. On the other hand, there exist such
actions on every variety of dimension > 5.

Let us illustrate the above results in the case of the connected part of the p-torsion of
abelian varieties.

Example 3.3.13. Let k be algebraically closed and A be an abelian variety defined over
k of dimension g, p-rank f and a-number a. If there exists a faithful rational action of
A[p]® on a curve, then by Proposition f <1 and either A[p]®* is trivial (if f = 1)
or Vker(FA[p]o,u) = 0 (if f = 0). In either case, it holds soc(A[p]’) = ker(Fapp). As a
consequence one has that a + f = g. We then have the following two cases.
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o If f=1,then f =1 =g, that is A is an ordinary elliptic curve and faithful rational
actions of A[p]® = u, on any curve always exist.

o If f =0, then a = g that is A is a superspecial abelian variety. Superspecial abelian
varieties are always isomorphic to products of supersingular elliptic curves [Oor75|
Theorem 2|. In Example we saw that there is no faithful rational action of
E[p] xx E[p] on any curve, for E supersingular.

Therefore, we can conclude that there exists a faithful rational action of A[p]° on a curve
if and only if A is an elliptic curve. More generally, if there exists a faithful rational action
of A[p]® on a variety of dimension n, then 0 < g — f < a(n — f). Indeed, by Proposition

3.3.6, we have f < nand Vii /. o)
Alp]Yu

0 (if f = n then there is no unipotent part). This

means that

ker(FAm) ~ H W&Z Xk ,ug
i=1

where n; <n — f for every i € I. As a consequence, g — f = > ;. n; <a(n— f).

Notice that if ¢ < n we don’t get any interesting information and moreover by Remark
there exist always generically free rational actions of A[p]® on varieties of dimension
n. Nevertheless, such faithful rational actions may occur even when g > n (if n > 1, as
seen in the first part). For example, by Proposition there exist faithful rational
actions of the p-torsion of a superspecial abelian variety of any dimension on any variety
of dimension > 2 (but not on curves).

The numerical condition g — f < a(n — f) holds true for any G ~ G* x; G? in-
finitesimal commutative trigonalizable k-group scheme with a faithful rational action
on a variety of dimension n, with a = dimy(Lie(soc(G"))), f = dimy(Lie(soc(G?®))) and
g = dimg(Lie(G)).

3.4 Subgroup schemes of PGLy; in characteristic 2

The content of this section comes entirely from |[GT24]. If the characteristic of a field
k is odd any infinitesimal subgroup scheme of PGLjy j, lifts to SLy ;. In this last section,
we prove that this is not true in characteristic 2 and we give a complete description,
up to isomorphism, of infinitesimal unipotent subgroup schemes of PGLy . Also, the
infinitesimal trigonalizable case is considered.

In his paper |Beal0|, Beauville classified, up to conjugacy, all finite subgroups of
PGLy (k) of order coprime with the characteristic. Here we are interested in the opposite
case, infinitesimal subgroup schemes. It seems that it is quite an accepted fact that
any infinitesimal subgroup scheme of PGLy , lifts to GLo ;. In particular any unipotent
infinitesimal subgroup scheme of PGLy ; would be a subgroup scheme of G, and so
it would be isomorphic to aypn j, for some n > 0. We prove that this is not true if the
characteristic of the field is 2 (see also Example [3.2.17). The result is instead true if the
characteristic is odd and we give a proof of it (see Proposition .
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We recall that, for any field k, represents the automorphism group functor of IP’,%/,. So
subgroup schemes of PGLy j, correspond to faithful actions on PL. Moreover PGLg x (k)
coincides with the Cremona group in dimension one, i.e. birational self-maps of PL, since
any rational self-map of a projective non-singular curve extends to the whole curve. In
positive characteristic, the situation is completely different if we consider rational actions
of infinitesimal group schemes. Most of the faithful infinitesimal actions of the affine line
do not extend to ]P’,lg. For instance, all the faithful actions of aj, with n > 4, on A}C do
not extend to IP’,IC, since PGLy ; has dimension 3 and the Lie algebra of o has dimension
n. See, for instance, [Bri22, Lemma 3.6 and Proposition

The main result of this section is the following.
Theorem 3.4.1. Let k be a field of characteristic 2.

1. The infinitesimal unipotent subgroup schemes of PGLqy . are exactly, up to isomor-
phism, the subgroup schemes of the semi-direct product cwgn j, X ag ), with n > 1,
where the action of asj on aon i, is given by s-t =t + st2.

2. If k is perfect, any infinitesimal trigonalizable, not unipotent, subgroup scheme of
PGLy g 15 isomorphic to pg y or to the semi-direct product of pou i, for some l > 1,
by one of the two unipotent group schemes

(a) the semi-direct product aon i, X o, with n > 1, where the action of agy on
agn i 18 gen by s -t =1+ st?

(b) a2n7k
Jor some non-trivial action of po ;-

An explicit description of all these group schemes will be given further on. While the
above Theorem gives a complete classification of infinitesimal unipotent subgroup schemes
of PGLy , for trigonalizable group schemes we do not know if, for any non-trivial action
of fig1 ;, on the unipotent group schemes in (a), the associated semi-direct product acts
faithfully on IP’}C. At the end of this section, we prove that there exists at least one action
of pig1 5, on any unipotent group scheme which appears in (a) such that the associated
semi-direct product acts faithfully on ]P’}C. In the commutative case, we get a complete
classification over an algebraically closed field.

Corollary 3.4.2. Let k be an algebraically closed field of characteristic 2. The list
of infinitesimal commutative subgroup schemes of PGLyy, up to isomorphism, is the
following:

1. agn g, for some n >0,
2. Q| X O3k,
3. the 2-torsion of a supersingular elliptic curve,

4. Won, for somen > 0.
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The Corollary follows from Theorem by using Lemma In |[Kno95| Knop
classified subgroup schemes of SLj;, up to conjugacy. Of course, it could be possible
to deduce Theorem [3.4.1] by computing the quotient of all infinitesimal trigonalizable
subgroup schemes of SLy ;. In fact, in our approach, we just need to know infinitesimal
unipotent subgroup schemes of SLs ;,, which is much easier.

Infinitesimal subgroup schemes of PGLy; in characteristic p > 2

Let k be a field of characteristic p. If p > 2 and G is an infinitesimal subgroup scheme of
PGLy j, since SLy ;;, — PGLy, is an étale covering, then G lifts to SLg ;. This result is
known and, for instance, it is mentioned in Fakhruddin |[Fak20|. We, however, report here
the details of the proof, which are not present in the aforementioned paper. We have the
following lemma.

Lemma 3.4.3. Any short exact sequence of algebraic group schemes over a field k
1—H -5 G —Q—1,

such that H is étale and Q is infinitesimal, splits and the semi-direct product is in fact
direct.

Proof. We firstly observe that G is necessarily a finite group scheme. Let us consider the
connected-étale sequence

1 — G — G5 m(G) — 1.

We remark that GO is infinitesimal, since G is finite. Let us consider the morphism
moi: H — m(G). We claim that this is an isomorphism. Indeed, since H and m(G)
are étale, it is enough to prove that H (k) — mo(G)(k) is an isomorphism, where k is an
algebraic closure of k. Now we have the factorization
i) — w(E _
HE M em ™ (@) ®).
By [Mill7, Corollary 5.48|, the morphism i(k) (resp. m(k)) is an isomorphism since
Q(k) (resp. GO(k)) is trivial. So 7 o is an isomorphism and let f be its inverse. Then
fom:G — H is a left inverse of ¢ and therefore the exact sequence in the statement is

split and the extension is isomorphic to the natural extension of the direct product.

O]

Proposition 3.4.4. If k is a field of characteristic p and p does not divide n then any
infinitesimal subgroup scheme of PGL,, . lifts to SL,, k.
Proof. We consider the exact sequence

1= g — SLyx = PGL,j — 1.

Since p does not divide n then p, j is an étale group scheme. Let G' be an infinitesimal
subgroup scheme of PGL,, . Then 771G is an extension of G by tn,k- By the previous
Lemma the extension is trivial, so G' lifts to SL,, j. O

In particular the above Proposition applies when n = 2 and p > 2.
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Infinitesimal unipotent subgroup schemes of GLy

In this subsection, we give an explicit description of all infinitesimal unipotent subgroup
schemes of GLg j, where k is a field of positive characteristic p. The following result will

be used in the proof of Theorem

Proposition 3.4.5. Any infinitesimal unipotent subgroup scheme of GLg, is one of the
following subgroup schemes of SLg j

Hsysom = {(531 33) € ker Fgp, , [si(wii — 1) + sj(w5) = 0,222 = 2 — w1y for i # j},
for some [s1 : s2] € PL(k) and n > 1.

Proof. Any infinitesimal unipotent subgroup scheme of GLy j, is isomorphic to ayn k, for
some n, since by [DG70, IV.§2, Proposition 2.5(iv)|, up to conjugation, it is contained
in the subgroup of upper triangular unipotent matrices, which is isomorphic to G .
Moreover any unipotent subgroup scheme H of GLg, is contained in SLg j, since, over
a field, any homomorphism from a unipotent group scheme to a diagonalizable group
scheme is trivial, so the restriction of the determinant to H is trivial. We now observe
that
Homg, (apn 1, SLak) C SLa k (K[T]/(T"))

and it consists of matrices A(T) such that
A(S+T)=A(S)A(T)
in SLo . (k[S, T]/(SP", TP"). Since A(0) = id we have

AT) =Y AT

with A; € Ms(k) for any 0 <i <p" —1 and Ag =id. Now

pt—1 3 .
Z . . .
AS+T) = (,)AiSJTl_]
sr=2
=0 j=
and
pr—1
A(S)A(T) = Z A;A; STV
i,j=0
Therefore for any 0 < 4,5 < p"™ we have

where we set Ay, = 0 if k£ > p". Then

e <2Z> <p;> Ay = E%EAM



106 Chapter |§|. Infinitesimal rational actions

for any 0 < i <p" — 1. Now

SO
AP = 0.

Moreover A; commutes with A; for any 0 < 4,5 < p" — 1. It is known that if two
non-zero nilpotent matrices of size 2 commute then one is a multiple of the other.
Therefore there exists a nilpotent matrix B € Ma(k) and f(T) € k[T]/(TP") such that
A(T) =1id+Tf(T)B. Now it is easy to verify that f(T) is additive. Then the matrix A(T)
belongs to Hy, s, n(k[T]/(TP")), where (s1,s2) € ker B\ {(0,0)}. So any infinitesimal
unipotent subgroup scheme of GLy, is contained in Hy, s, ,, for some [sq : s2] € PY(k).
On the other hand, for any [s; : s3] € P'(k) the matrix

A(T):id—i—T<51§2 s )

85 —8182

gives an isomorphism between ayn j, and Hy, s, .

Some non-commutative infinitesimal unipotent group schemes
In this subsection we explicitly describe the group schemes appearing in Theorem [3.4.1]

Definition 3.4.6. Let k£ be a field of characteristic p and consider the action of oy, , by
group scheme automorphisms, on G, given by s -t =t + st?. We define the associated
semi-direct product £ = G, 1 X ayp k.

1. For any n > 0 we define the subgroup scheme D,, of £ as the induced semi-direct
product apn X .

2. For any a € k and n > 1, we define H,,, as the kernel of the morphism

(—aF”_l, i) : Dp = Gy
where 7 is the inclusion ¢ : oy, — Gg g, that is Hep = {(t, s) €Dy, | s= atP" ! }

Explicitly we have that D, is isomorphic to Spec(k[S, T]/(S?, TP") where the comul-
tiplication is given by
S—=S®1+1®8

and
T—TR1+1T+SRTP.

We observe that, for p = 2, this is the group that appears in the statement of Theorem
The previous group scheme is equally isomorphic to Spec k[S, T]/(SP, TP"), where
the comultiplication is given by

S—HIS1+1®S
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and
T—T®RI1+1T+TP® S.

The two group schemes are isomorphic via S +— S, T — T+ STP. We will need this second
presentation in the proof of Theorem [3:4.1]
Moreover H, , is isomorphic to Spec k[T]/(TP") where the comultiplication is given
by
T Tol+10T +aT" TP,

Notice that for n > 2 and a # 0, these are all examples of infinitesimal unipotent group
schemes that are not commutative. We collect some easy results that will be freely used
further on.

Lemma 3.4.7. Let k be a field of characteristic p.
1. Dy is isomorphic to cy . and Dy is isomorphic to oy i X o k.

2. For anyn > 2, Ho,1 is the center of Dy, and D, /Ho1 is isomorphic to Qpn—1 j; X Qp k.

Lo

Han s commutative if and only if n <2 or a = 0.

Ho,n is isomorphic to apn i, and He 1 1s 1somorphic to oy k.

SRS

If a # 0, Hap is isomorphic to aye y if p > 2, and to a form of the 2-torsion of a
supersingular elliptic curve if p = 2.

6. If n>1>0, Dy is a closed subgroup scheme of Dy, and if | > 1, D; = ker Fan.

Proof. All the proofs, except (5), are straightforward. If char(k) > 2, H, 2 is isomorphic
to a2 via the isomorphism 7'+ T — aTTQP. If char(k) = 2 and k algebraically closed,
Ha,2 is isomorphic to Hi 2, via T — ¢I' where ¢ is a cubic root of a (see also Lemma
for more details). And #; 2 is isomorphic to ker(F — V' : Wy — Way), where
Wy i, is the group scheme of Witt vectors of length 2 and V' is the Verschiebung. This
group scheme is known to be isomorphic to the 2-torsion of a supersingular elliptic curve
(we also give a proof of this in Chapter [2, see Corollary . O

Remark 3.4.8. If n > 3 and a # 0, H,,, is a subgroup scheme of the non-abelian
(see |DGT0, 11, §3, 4.6]).

extension of G, by G, given by the cocycle aTPT"?"""
Lemma 3.4.9. Let n > 0. Any closed subgroup scheme of D, is equal to D;, with
0<1<mn, ortoHam, for somea €k and1 <m <n.

Proof. The result is clear for n < 1. So we suppose n > 2. In particular, D,, is not
commutative. Let H be a closed subgroup scheme of D,,. If H C ker Fan, for some
0 <1< mn, then H is a closed subgroup scheme of D;. Up to taking a minimal 0 <[ <n
such that F }{ = 0, we can suppose that F}}_l # 0. In particular, if H is a proper subgroup
scheme of D,,, then H has order p" (otherwise iterating n — 1 times the Frobenius, which
has a kernel of order at least p, we will get the trivial morphism). Suppose that H
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does not contain the center Ho 1 of D,,. Then, by dimension reasons, the natural map
H x Hp1 — Dy, is an isomorphism. Hence H ~ D,,/Ho1 =~ Qpn—1 j; X Qp , which would
imply that D,, is commutative. Therefore H contains the center of D,,. As a consequence,
H/Ho, is a closed subgroup scheme of D, /Ho1 =~ ayn-1, X ap . In particular, H/Ho 1
is a normal subgroup scheme of D,,/Ho 1, which implies that H is a normal subgroup
scheme of D,,. So H is obtained as the kernel of a morphism from D,, to a;. Any such a
morphism is given by an element

P(S,T) = > aiS'TY € k[S,T)/(SP,T"")

0<i<p,0<5<p™

such that P(S,T)? = 0 and

> a(S@1+108) (TR1I+1T+TPS8)Y = Y ayi(S'T'@1+105T7) (3.2)
0<i<p 0<i<p
0<j<p™ 0<j<p™
in k[S, T)/(SP, TP") @ k[S,T)/(SP, TP"). We can suppose agy = 0. If we reduce modulo
(T) ® (1) we get

Y a(S®1+189)(1eT) = > a;(105T)+ Y a(lesS +S 1)
0<i<p 0<i<p 0<i<p
0<j<p™ 0<j<p™
in k[S]/(SP) ® k[S,T]/(SP,TP"). Therefore a;; = 0if 1 <i<pori=1and j> 0. So
P(S,T) = a10S + Q(T).

If we reduce (3.2)) modulo (1) ® (S) we find that Q(7T') is additive. Since P(S,T)?P =
we get that P(S,T) = a10S + aopnflTpn_l. Moreover, a1y # 0 since we supposed that

Fﬁfl # 0. So we have that H is isomorphic to H,,, with a = Zopn=t O

a10

Lemma 3.4.10. Let G be an infinitesimal unipotent group scheme with one-dimensional
Lie algebra over a field of characteristic p. An action, as a group scheme automorphism,
of an infinitesimal group scheme H of multiplicative type on G is faithful if and only if
the induced action on ker Fg is faithful. And, if this happens, H has one-dimensional Lie
algebra.

Proof. The ’if’ part is obvious. We prove the ’only if’ part. We can suppose that H
is of height 1 since the kernel of any action of an infinitesimal group scheme has a
non-trivial Frobenius kernel. We also remark that dimy(Lie(H)) = dimy(Lie(ker Fiyr)).
Therefore, by |[DG70, III, §6, Proposition 7.1], H is a subgroup scheme of Aut;(G) =
ker(Aut(G) — Aut(G/ ker Fg)). Moreover, ker Fg ~ o, is contained in the center since
a unipotent group scheme has a non-trivial center, and, since G is infinitesimal unipotent,
the intersection with the kernel of the Frobenius is non-zero. Therefore the induced action
of G/ker F; on ker F is trivial, then, by |[DG70, III, §6, Proposition 7.4|, we have an
exact sequence

0 = Homg(G/ ker F, o) — Aut1(G) — Aut gy (ker Fo) ~ Gy
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Remark that Homg, (o, ) >~ Gg i, so, by dévissage, we get that Homg,(G/ ker F, o)
is a unipotent group scheme. Since H is of multiplicative type, its intersection with
Homg(G/ ker Fy, o) is trivial. As a consequence, H embeds in Aut g, (ker Fi) >~ Gy, 1,
that is H acts faithfully on ker Fg. Moreover, since we showed that H is a k-subgroup
scheme of height 1 of G, , then H is isomorphic to pu,; and so its Lie algebra is
one-dimensional.

O]

Lemma 3.4.11. Let k be a field of characteristic p and let n > 2 or (n=2 and p = 2).

1. Any action of pu . on Hon ~ apn , as group scheme automorphism, is conjugate to
v-t =0, for some 0 < i < p—1. Therefore, for any non-trivial action of pipj on
apn k, all semi-direct products cpn ), X iy, are isomorphic.

2. Ifa,b € k\{0}, then Hqp is isomorphic to Hy,p, if and only if b/a is a (p" +p—1)-th

power.

3. There are no non-trivial actions, as group scheme automorphism, of infinitesimal
group schemes of multiplicative type on M, p, for any a € k\ {0}.

Proof.

1. It is easy to see that the homomorphism Auty, (G,) — Autgr(apn) admits a section.
Therefore any action of p, ; on apyn j, extends to an action on G, ;. Now, by [DG70|
II1, §6, Corollaire 7.9], we have that any action of p, 1 on G, is given by

S
ver =o'+ (v — 1)Zalxpl
=1
for some s > 1,0<i<p-—1and a; € k for any 1 <[ < s. Therefore any action of
[p.j O Qe 1 IS given by
pr—1
vex=vr+ (v —1) Z ayx?
=1
for some a; € k for any 1 <[ < p" 1 —1and 0 <i < p—1. But this action is
conjugated to the action v - x = v'x via the automorphism z + x + Zfzfl alxpl. If
the action is non-trivial, then 7 > 0. Moreover, v — v" is an automorphism of (i, 1,
therefore all the associated semi-direct products are isomorphic.

2, 3. We recall that the Hopf algebra of H,,, is isomorphic to k[T]/(TP"), where the
comultiplication is given by T® 1 + 1 T + aTP" ™" ® TP. We now consider an
element of Zsom(Hqn, Hpn)(R), with R a k-algebra. An isomorphism from Hg . r
to Hp.n, g is given by an element P(T) = Zf;;l a;T* € R[T]/(TP") such that a; € R
is invertible and

p"—1 p—1 . X prt -1
.

Y aTeot+1eT)+ad T Yo (Y dT?) =

i=1 =1 =1
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pr—1
a(TR®1+1®T+bT"" " ©TP).
=1

Since it induces an isomorphism on the kernels of the p™~!-th power of the Frobenius,
which are isomorphic to a,n-1 r, we get that a; = 01if 1 <i < p" ! and i is not a
power of p. Moreover, a; = 0 if i > p"~! and i is not divisible by p (one can see it
by differentiating both sides). So we get

p”71—1 n—2
Y 4@ el+10T") vad T o (Y a1 =
r:pn_2+1 r=0

p"7171
S a1+ 10TP) +abI?" @17,
T:pn72+1

If n > 2 and a # 0, comparing the coefficients of T? ® Tpnil, we get apn-14, =0

n— n—1 .
and, comparing the coefficients of T? ‘@ TP , we get aal TP a1b, which means

that ap is a (p"~' 4+ p — 1)-th power of b/a. If n = 2 and p = 2 the above equality
reduces to
aat™*TP @ TP = a;bTP @ TP,

so a is a cubic root of b/a. If R = k this proves that H, , is isomorphic to Hy,, if
and only if b/a is a (p"+p—1)-th power. But this also proves that, if a # 0, the image
of the map Aut(Han) — Aut(ker Fy, ) is contained in piyn-14, 1. Let H be an
infinitesimal group scheme of multiplicative acting on H, p, via p: H — Aut(Han)-
Then the image of p(H) via Aut(Han) — Aut(ker Fy, , ) lies in pin-14, 1, that
is it is trivial, since fi,n-14,_1y is étale and p(H) infinitesimal. As a consequence,
the induced faithful action of p(H) on ker([F%, ) is trivial and thus, by Lemma
[3.4.10] also the faithful action of p(H) on M,y (and thus that of H) is trivial.
Therefore, any infinitesimal group scheme of multiplicative type acts trivially on
Han if @ # 0. On the other hand, if a; € k is such that ) "P~' = b/a then the
polynomial P(T') = a1 T gives an isomorphism for any n > 1 and any prime p.

O]

Proof of Theorem [B.4.1]

We start with a Lemma.

Lemma 3.4.12. Let k be a field of characteristic 2 and G be a unipotent subgroup scheme
of PGLyg. Then

1. ker Fg is isomorphic to ag, or to o X Qg k5

2. Im Fg is isomorphic to agn i, for some n.
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Proof.

1. We observe that in characteristic 2 we have the following exact sequence of restricted
p-algebras
0 — Lie(G?) — pgly — Lie(G,,) — 0.

Therefore Lie(ker F) is necessarily contained in Lie(G2), which implies that ker Fg
is a subgroup scheme of G2. So we are done.

2. Let G = 7 1G, where 7 : SLa  — PGLy is the projection. Then we have an
exact sequence _
1= o —G—=G—1

which yields the following commutative diagram

1 2.k G G 1
1 1. G®) G®) 1

where the vertical maps are the relative Frobenius. Since the Frobenius is trivial on
M2k, we get that Fg factorizes as

G GP - g,

Since G is unipotent then «(G) is a unipotent subgroup of Gw® C SLg ;.. Therefore
a(G) is isomorphic to agn i, for some n. So the statement follows.

O

We now continue with the proof of Theorem [3.4.1} Let G' be a unipotent subgroup
scheme of PGLy ;. Let us consider G := 771G C SLg . For any n > 1, we apply the
Snake Lemma to this commutative diagram with exact rows

1 12, G G 1
LF lFG iFG
1 oy G g o1

and we get an exact sequence
1= pog — kerFG"v — ker Fiy — 1,

since there are no non-trivial morphisms from a unipotent group scheme to a diagonalizable
group scheme. We also observe that ker FZ = 7! (ker FR).
Let us firstly suppose that dimy(LieG = 2). Then ker F; has order 22, so ker Fg

has order 23 and therefore it coincides with ker Fsi,,- Now, Im Fg = Im Fz, and, by
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Lemma [3:4.12] they are both isomorphic to agn for some n > 0. So we have the following
commutative diagram with exact rows

1 ——ker FyL, ,, G Qpn 0

o]

n—+1 2,k n
1 —— ker FSLM — ker FSLM — ker FSLZ,k- — 0.

The diagram is a pull-back since it is a morphism of extensions. By Lemma [3.4.5 any
unipotent subgroup of ker F§L2 . 1s

Hgysom = {(2h &17) € ker Fgy, , [si(z11 — 1) + s5(wi5) = 0, for (4,5) = (1,2),(2,1)}
for some [s1 : s3] € P(k). We are going to prove that, for any [s; : so] € PL(k),
G = FS_LI2 k(H s1,s0m)/ M2k 1s isomorphic to D,. This would also prove the Theorem
in the case dimy(Lie(G)) = 1, since G is contained in the pull-back Fsileyk(HSLSmn)’
therefore GG is a subgroup scheme of Fs_Ll2 k(H s1,s0m)/ 2k = Dp. We firstly remark that

FS_LI2 k(Hsl,shn)/MQ,k has order p"*2. The Hopf algebra of Fs,_I}g’k(HS1,S2,n) is k[ Xij)i<ij<2

quotiented by the ideal
2n+1 2n+1

((Xz“ -0 XE (X — X55)?, Xa Xy — XigXji — 1, si(Xj — 1) + Sj(X%))> »
i#j

and the comultiplication is induced by
Xij = XXy + X Xoj

for any 1 <14,j5 < 2. Now we compute the invariant ring by the natural action of po .
We let Yiji = Xij X Consider the subalgebra A of k:[FS_L12 k(H51752)] generated by Y1110
and Y2100. We suppose s1 # 0. If not, so # 0 and a similar argument works. Looking at
the comultiplication we have
Yite = (X1 @ X11 + X12 ® Xo1)(X11 ® X12 + X12 ® Xo2) =

Y1111 ® Y1112 + Y1112 ® Y1122 + Y1112 ® Y1221 + Y1212 ® Y100 =

Yi111 @ Yi112 + Yiri2 @ (Yi12a + Yizor) + Yo @ s1Ya102 =

Yio @14 1® Yit1o + Y19 @ (s51Yo192 + 52Y1119)

and

Y2129 —(X21 ® X11 + Xo2 ® X21)(X21 @ X12 + Xoo ® Xo2) =
Y5121 ® Y1112 + Y2120 ® Y1120 + Y2100 ® Y1001 + Y2000 ® Yo199 =
Y2121 ® Y1112 + Y2122 @ (Y1122 + Yi221) + Y2200 ® Ya100 =

2
S
Yao10 @ 1+ 1 ® Yagio + Y310 @ (s52Ya120 + iYnm)
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where we used that Yi120 + Yioo1 = 1,51Y3 15 = Yio12, s1Yo121 = s3Y3 5 and Yagoe =
Y1111 = 1+ s2Y4,5, which are easy to verify. The antipode is the identity, so A is a Hopf
algebra contained in k[(Fy, L12 (Hs, ,55)])"2*#. We also stress that

(s1Ya2122 + s2Y1112) — (s1Y2212 + $2Y1112) ® 1 + 1 ® (51Y2212 + 52Y1112)

and $1Y2129 + s2Y7112 is not zero. Indeed for example the element ((11 (1)), with a2 = 0 and
a # 0, belongs to FS_Ll2 (Hs, s,). This means that s1Y21224+52Y1112 generates a Hopf algebra
B isomorphic to asj. Therefore there is an epimorphism H = Spec A — Spec B. The
kernel of this map is the spectrum of the algebra generated by the class of Y1112 modulo
51Y2129 4+ s2Y7112. This group scheme is isomorphic to agn+1, since Y121n12 = Xlszf; #0.
Here we use that s; # 0. If s = 0, we would have Y235 # 0. So H has order 27+2.
Since it has the same order as F§ng (Hs, so,n), the natural map FS}}Z (Hs, s5,m) = H is
an isomorphism. Moreover H is isomorphic to D,, via the isomorphism

S+ 51Y2122 + s2Y1112

and

T — Y2122.

Finally let us suppose that k is a perfect field. Then any infinitesimal trigonalizable group
scheme 7' is a semi-direct product U x D, where U is unipotent and D is diagonalizable
(see [DG70, IV, §2, Proposition 3.5]). If T is infinitesimal, not unipotent, and a closed
subgroup scheme of PGLy , that is T acts faithfully on P}, then also D acts faithfully
on ]P’,lc. Faithful actions of diagonalizable group schemes are generically free (see Corollary
3.3.2)) and thus, by Propositi, dimg(Lie(D)) < 1 that is D =~ g 4, for some
[ > 1. Moreover, by Corollary [3.3.4) D is a normal subgroup scheme of T if and only if U
is trivial; if it is not the case, then the action of D on U must be non-trivial. Therefore,
by the first part of the Theorem and by Lemma (3), U is isomorphic to D,, or to
aon i, for some n > 1.

Actions of trigonalizable group schemes on P}

In Theorem [3.4.1 we proved that if & is a perfect field of characteristic 2, any trigonalizable,
not unipotent nor diagonalizable, infinitesimal subgroup scheme of PGLj ;, is a semi-direct
product of pgi i by Dy, or agn, for some n,l > 0. In this section, we say something more
about which semi-direct products can appear.

Proposition 3.4.13. Let k be a field of characteristic 2 and recall that € = Gg 1 X ag i
where the action is given by s -t =t + st2. There exists a non-trivial action, as a group
scheme automorphism, of Gy, on & such that £ x Gy, . acts faithfully on ]P’,lc. Moreover,
we can choose the action of G, i, such that, for any n > 0, it preserves Dy, and Ho,,. We
then obtain, by restriction, faithful actions of the induced semi-direct products Dy, X gy,
and Hopn X pgt g, on IP’,lc, foranyl > 1.
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Proof. Let us consider the action of G, = Speck[V,V ™! on & given by v - (s,t) =
(v™ts,vt). Then we define the action of £ X Gy, ; on Al = Spec k[X] given by the coaction

X+— VX +V2SX2 4T,

And we get
Lo (1 Yy
X T+VX T+VX/)
1 78 +1 -1 2
S+ + kX, T, V=",(T+VX) ][S]/(5%).

T+VX  (T+VX)?

Therefore, by gluing, we get a faithful action of & x G, 1, on P,lg.

Remark 3.4.14.

1. The group scheme ker Fpgr, , is isomorphic to the semi-direct product a%}k X2 ks
where the action is given by v - (s,t) = (vs, vt). Indeed it coincides with the kernel
of the Frobenius of the group scheme constructed in the Proposition.

2. We remark that taking V' = 1 in the proof of the Proposition, we get an explicit
faithful action on IP’,IC of any infinitesimal unipotent subgroup scheme of PGLy ,
since, as proved in the Theorem, they are all subgroup schemes of £.

We finally mention the following Lemma.

Lemma 3.4.15. Let k be a perfect field of characteristic 2. Up to isomorphism, there is
a unique infinitesimal trigonalizable subgroup scheme of PGLy . extension of po by agn,
for any n > 0.

Proof. This follows from Theorem and Lemma (3.4.11)(1). O
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Appendix A

Smash products and Azumaya
algebras

This appendix focuses on the smash product algebra. As seen in Chapter [I, an example
of smash product is given by the algebra of Ore polynomials. Along with linearised
polynomials, Ore polynomials have important applications in coding theory and are used
to construct Gabidulin |Gab85| and linearised Reed-Solomon codes [Mar18|. These two
families of codes are the counterpart respectively in the rank metric and in the sum-rank
metric of Reed-Solomon codes [RS60|, which is one of the most used families of linear
codes in the Hamming metric (central since the 50’s in the theory of error correction).
Codes in the rank metric were first introduced by Delsarte [Del78|, while those in the
sum-rank metric are of more recent definition (a reference for the theory of sum-rank
metric codes is [MSK22]).

Algebraic Geometry codes, a generalization of Reed-Solomon codes, where introduced
by Goppa [Gop82| and are constructed by evaluating spaces of functions at rational
points on algebraic curves. In [BC23| Berardini and Caruso define Linearised Algebraic
Geometry codes, the first geometric construction of codes in the sum-rank metric from
algebraic curves.

Let X/k be an algebraic curve (smooth, projective, geometrically connected variety of
dimension one) and K = k(X) be its function field. Consider the finite constant commu-
tative k-group scheme G = Z/rZ whose Cartier dual is GV = u, = Spec (k[T]/(T" — 1)).
To give a generically free rational action of G on X is equivalent to choosing an automor-
phism 6 of K of order 7 (see also Example [I.1.29). In fact, this choice defines the module
algebra structure

E[T]/(T" — 1) — Endg(K)
Tw— 0

corresponding to the G-action. Let K¢ = {a € K | §(a) = a} be the subfield of fixed
points and for any 2 € (K%)* consider the p,-torsor

faz: Spec (KG[T}/(TT —z)) = Spec(K©).

117
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Then we have the smash product
Dy = K# (KOT]/(T" - 2)) ~ K[T:6]/(T" — )
and the evaluation morphism
ev: Dk » — Endg(K)

(if G is a finite commutative group scheme and GV its Cartier dual, one can define the
smash product and ev morphism as described below given any pair of G-torsor and G-
torsor [GHG69]). Starting from this setting, linearized Algebraic Geometry codes are defined
in [BC23|. The latter can be considered as an extension of Goppa’s Algebraic Geometry
codes |Gop82| to a non-commutative framework, and to the sum-rank metric. The same
construction can be done for G any finite commutative k-group scheme, G X3 X --+ X a
generically free rational action and f: Spec(B) — Spec(K %) a GV-torsor, providing us
with a larger panel of linearized Algebraic Geometry codes.

The first section of this appendix has as objective to study the endomorphisms of
B#A when A is a finitely generated cocommutative bialgebra and B is a commutative
A-module algebra (see Proposition [A.1.4]). Chase and Sweedler showed that X = Spec(B)
is a torsor under a finite group scheme G if and only if

ev: B#k[G]Y — Endg(B)

is an isomorphism of k-algebras [CS69, Theorem 9.3]. This implies that B#k[G]" is an
Azumaya algebra and this holds more generally for the smash product of two Galois
objects (see Theorem of Gamst and Hoechsmann |[GH69|). Inspired by these results,
in the second section we show that if A is a commutative and cocommutative Hopf algebra
and B is a commutative A-module algebra via v: A — Endg(B) such that ker(v) is a
Hopf ideal of A and A/ ker(v) is finite, then the smash product B#A is an Azumaya
algebra over its center (that one can describe explicitly) (see Proposition [A.2.11)).

As seen in the main body of this work, we were particularly interested to be able of
doing computations with derivations and differential operators in a greater generality.
This is the main motivation that lead us to investigate smash-products: indeed, thanks
to the evaluation morphism, doing computations in the algebra Endy(B) is the same as
doing them in the smash-product algebra B#A.

The last two sections of this appendix contain some results that were proven in order
to better understand how to do certain computations involving derivations and differential
operators: using the formalism of smash-products helped us at better understanding and
having intuitions at this level. In Section we show that when dealing with A-module
algebras we can always define a universal object T'(A) and that in T'(A)# A we have some
universal expressions that we can then "evaluate" in B#A for any A-module algebra
B (see Corollary [A.3.4). In Section we compute the reduced norm of some Ore
polynomials and, as a consequence, we obtain Proposition which shows clearly
how this helps in deducing computations involving derivations.
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Let us recall the definition of the smash-product algebra Let R be a commutative ring,
A be an R-bialgebra and B and C be R-algebras. If B is a (left) A-module algebra via

Vv: A®9r B — B
and C is a (left) A-comodule algebra via
p:C— A®pC,
the smash product algebra B#C' is defined as follows:
1. as an R-module B#C = B ®g C,
2. the multiplication is given by
(b@c)x (Bey)=(0a1)(p(c)*B)(1®7)
for any b, € B and ¢,y € C.
where fxb:=¢(f ®b) for any f € A®r C and b € B and ¢ is the R-linear map

¢p: AR C®r B - B®rC
aRcRb—Yla®b)®c=a-bRc.

One can take for example C' = A. In this case, one can consider the evaluation map (the
name of this map comes indeed from the coding theory setting previously discussed)

ev: B#A — Endg(B)
b®aw lyov(a)

where ¢ is the endomorphism of left multiplication by b on B and v: A — Endgr(B)
defines the A-module algebra structure on B.

Lemma A.0.1. The evaluation map defined above is a morphism of B-algebras.

Proof. 1t is a direct consequence of the property (1.1)) of the morphism v. O
In the following section we will encounter generalizations of the evaluation morphism

obtained when considering arbitrary smash products.

A.1 Study of the endomorphisms of smash products

In this section we study the endomorphisms of B#A when A is a finitely generated
cocommutative bialgebra and B is a commutative A-module algebra (see Proposition

A.1.4). We start with a proposition describing all the B-algebras that are B#C-modules.
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Proposition A.1.1. Let B and C be respectively (left) A-module and A-comodule algebras
via
v: A — Endg(B) and p: C—A®C,

D be a B-algebra and
u: B#C — Endg(D)

be a B-linear map such that wc s a morphism of R-algebras (where u)c is the composite
of u with the natural map C' — B#C'). Then u is a morphism of left B-algebras if and
only if for every c€ C, b€ B and d € D it holds

u(e)(bd) = mp(v @ wo p(c))(b® d).

Proof. For every b € B we denote by ¢, the endomorphism of left multiplication by b on
B. Now, u is a morphism of left B-algebras if and only if u(c x b) = u(c) o u(b) for every
c € C' and b € B. This holds true if and only if for every d € D we have

u(e)(bd) = u(c) o bp(d) = u(c) o u(b)(d) = u(c x b)(d).

Now ¢ x b= p(c)*b=73_, ;v(a;)(b)c; where p(c) =3, ; a; ® ¢;. Hence

u(ex b)(d) =u [ Y w(a)d)es | (d) =) u(v(ai)(v)) oule;)(d) =

Y ooy o ule)(d) = Y v(ag) (b)ule;)(d) = mp(v @ uo p(e))(b@ d)
.3 i,J
as claimed. O

Corollary A.1.2. Let B and C' be respectively (left) A-module and A-comodule algebras
via
v: A — Endg(B) and p:C—AxC

and
u: B#C — Endg(B)

be a B-linear map such that wc is a morphism of R-algebras. Then u is a morphism of
left B-algebras if and only if for every c € C and b, 8 € B it holds

u(c)(bB) = mp(v @uo p(c))(b® ).

In particular we have

u(e)(b) =Y w(a)(B)ule;)(1) = Y vlar) (Dule;)(b)

1,J 1]

for every c € C and b € B where p(c) =}, ; a; ® ¢;j.
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Proof. Take D = B in Proposition O

Corollary A.1.3. Let A be a cocommutative bialgebra and B be a commutative (left)
A-module algebra via v: A — Endgr(B). We then have that for every morphism of left
B-algebras

u: B#A — Endgr(B)

1t holds

for every a € A where Aa) =3, ; a; ® aj.
Proof. By Corollary for every b € B it holds
u(@)(b) =Y vlag) (b)ula;)(1) =D ula;)(1)o(a;)(b) = Y ula;)(1)v(a;)(b)
i, i.J Y]

where for the first equality we used the commutativity of B and for the second one the
cocommutativity of A. O

Let B be an A-module algebra via v: A — Endgr(B) and I = ker(e) be the augmen-
tation ideal of the bialgebra A. We denote

Bl:={beB|I - b=0}={beBla-b=c(a)b VYac A}

which is an R-subalgebra of B. We then have that v factorizes via A — Endgr(B), indeed

for every a € A and b € B'.

Proposition A.1.4. Let A be a finitely generated cocommutative bialgebra and {x1, ..., x,}
a set of generators for A and let B be a commutative A-module algebra. There is an
injection

o: Moraig, (B#A,Endgr(B)) — Moraig, (B#A, B#A)

urr | Oy xp — Zo/bu(:z:l)(l)x‘]
1,J

fork=1,...,n where A(zy) = ZLJ o at @a? and 21, x7 are monomials in x4, ..., y.
Moreover, o has a left inverse given by the post-composition with the evaluation morphism
ev: B#A — Endgr(B). Finally, every endomorphism of B#A is of the form 6(xy) =
>y o u(x!)(1)z? mod ker(ev).
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Proof. Let u: B#A — Endg:r(B) be a morphism of B-algebras, then its image via o is
Ou: xf — Za’fju(xl)(l)x‘],
1,J

which is a morphism of algebras by definition (we define it on the generators of A and
extend it to a morphism of B-algebras). Moreover, by Corollary

ev o Oy (xg) =ev Z o su(xh)(1)z? | = u(xr)
1,J

for every k = 1,...,n that is composing by ev is a left inverse of ¢ and o is an injection.
Now, let 6 € Endp(B#A) and write 0(xx) = Y g vsz°. Since ev: B#A — Endp:(B) is

a morphism of B-algebras, the composite ug = ev o 8 is a morphism of B-algebras, that

is, by Corollary
ug(zy) = ev ZalfJu(xI)(l)xJ
1,J

but also

ug(zy) = evol(xg) =ev (Z ’ysxs>

S
and the claim follows. O

Corollary A.1.5. Consider the Hopf algebra A =k [T, %, S] with A(T) =T T and
AS)=S®1+T®S and let K be a field extension of k along with an automorphism 6
and a -derivation 0: K — K (which define on K an A-module algebra structure). Then
K#kE [T, %, S] contains the algebra of Ore polynomials K[S;0,0] (see Ezample
and

1
u: K4k [T, = S] — End,(K)
is a morphism of K-algebras if and only if u(T) = cf and u(S) = 9 + '8 for some
constants c,c € K.

Proof. By Corollary [A:1.2) we know that for every morphism of K-algebras

u: K#k [T,;,S] — Endi(K)

it holds
w(T)(x) = 0(x)u(T)(1)
and
u(S)(z) = 9(x) + 0(x)u(S)(1)
for every x € K, hence the statement. O

These kind of morphisms are studied and used in the context or Reed-Solomon codes,
see for example [CD23).
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A.2 Smash products and Azumaya algebras

We start this section by recalling some known facts about central simple algebras and
Azumaya algebras. As a reference for central simple algebras and Azumaya algebra we
refer to the books |GS06| and |[Mil80|. Let k be a field.

Definition A.2.1 (Central simple algebra). A finite-dimensional k-algebra A is called
simple if it does not have non-trivial two-sided ideals. A central simple k-algebra is a
simple k-algebra A whose center is exactly k.

Fact A.2.2.

e The center of any simple algebra is a field. Therefore any simple algebra is a central
simple algebra over its center.

e Let A be a central simple k-algebra. Then there exists a finite separable extension
L/E such that A®y, L ~ M, (L). Therefore one can consider the following composite

Nyg: A< A®y, L~ M, (L) % L.
The image of N4 lies in k, moreover N, depends neither on the choice of L nor on
the isomorphism A ®y L ~ M,,(L). We then have a well-defined map

Nrd: A—k
called reduced norm.
Let R be a commutative ring.

Definition A.2.3 (Azumaya algebra). A finite locally free R-algebra A is said to be
an Azumaya algebra if A ®pg Frac(R/p) is a central simple Frac(R/p)-algebra for every
p € Spec(R).

There is a well-defined notion of reduced norm also for Azumaya algebras (see [Sal80]).
Azumaya algebras are also sometimes referred to as central separable algebras (see for
example |AG60| and |[DI71]). For what concerns the reduced norm, it was defined in
[EW67| and has some foundation in the work of Goldman |Gol61] on determinants for
projective modules. Let A be an Azumaya algebra over a commutative ring R. Then
there exist S a commutative R-algebra and P a finitely generated, faithful, projective
S-module such that A ® g S ~ Homg(P, P). Such an S is called splitting ring for A and
it is called proper if R C S. Via the isomorphism A ®g S ~ Endg(P) we can compute a
characteristic polynomial (trace and discriminant) for any element of A and one sees that
they do not depend on the choice of S, P or the isomorphism (see [EW67, Proposition
3.1]). These are what we will call reduced characteristic polynomial, trace and norm.

Let us recall the definition of a torsor under the action of a group scheme and of its
algebraic counterpart, Galois objects. Let S be a scheme, G be an S-group scheme and
X — Y be a (right) G-torsor, that is

X xsG— X xy X
(‘Tag) = ($,$g)
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is an isomorphism. More explicitly, if we denote by p: X xg G — X the (right) action of
G on X, the isomorphism is given by the composite

X xg G 95 v o X xe G X %y X

If we are in the affine case, with S = Spec(R) for R a commutative ring, G = Spec(A)
for A an R-Hopf algebra, X = Spec(B) for B a C-algebra, Y = Spec(C) and we still
denote by p: B — B ®gr A the corresponding co-action, then the above isomorphism is
equivalent to saying that the following composite is an isomorphism of R-algebras (and
even of B-algebras)

Boc B BeooBopr A™ Y Boy A

and we say that B is an A-Galois object. When A and B are finite locally free over R,
then we have the following isomorphisms given by adjunction:

Hompjg, (B, B ®p A) ~ Homag,. (B, Homp(AY, B)) ~

{v: AY = Endg(B) with property

v(p)(1) = ()
{ v(@)(fg) =mpv@voAla))(f ®g) (A.1)

and
{p: B — B®gA structure of A-comodule } ~ {1): AY®pB — B structure of AY-modules}
~ Homag, (A", Endg(B)).
Corollary A.2.4. We have the following natural bijection:
{(mp®id)o(id®p): BrB — BRrA | p: B — BRRrA structure of A-comodule algebra}
~{ev =id®v: B#A" — Endg(B) | morphisms of algebras}.

Remark A.2.5. From the above result, we deduce that when we are looking at an
A-module algebra B, the right requirement that plays the counterpart of being a torsor
or a Galois object is asking that

ev: B#A — Endg:(B)
is an isomorphism. We have in fact the following result:

Theorem A.2.6. Let A be a finite locally free commutative R-Hopf algebra and B be
a commutative A-comodule algebra (that is there is an action of Spec(A) on Spec(B)).
Then the following are equivalent:

1. B is a Galois A-object (that is Spec(B) is a Spec(A)-torsor);
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2. B s a finitely generated faithful projective R-module and the evaluation map
ev: B#AY — Endg(B)
s an isomorphism of R-algebras.

If the above conditions hold true, then B is both a projective left D = B#AY -module and
a projective left AY-module and DA := {w € D | 1®a x w = e(a)w Ya € A} = JD
where J = AV = {zre AV | fr=¢e(f)x Vfe AV} = Ann(kereav).

Proof. See |CS69, Theorem 9.3 and 9.6]. O
Corollary A.2.7. Let A be a finite locally free commutative R-Hopf algebra and B be a

commutative A-comodule algebra. If B is a Galois A-object, then B#AY is an Azumaya
algebra.

Lemma A.2.8. Let S be an R-algebra. Then

¢: (B#C)@pr S — (B®rS)#(C ®@g S)
hec1—>b1l®c®1

is an isomorphism of S-algebras.

Proof. First of all let us show that ¢ is a morphism of algebras: for any b, 5 € B and
c,yeC

Hbocol)x (Beye1) =63 ba-Bocyol) =

S bai felocyel=0b@lecel)x (Foloyel)

where we wrote pc(c) = > a; ® ¢;. Moreover the two objects are isomorphic as S-modules
via ¢ since
BRrS®sARQRrS~2BRrAQRS,

so they are also isomorphic as algebras. O

Theorem A.2.9 (|GHG69]). Let R be a commutative ring, A be a commutative finite
locally free R-Hopf algebra, B be a commutative finite locally free (right) AY-Galois object
over R and C be a commutative finite locally free (left) A-Galois object over R. Then
the smash product B#C' is an Azumaya algebra over R, in particular (B#C) ®r C and
Endc(B ®g C) are isomorphic as C-algebras.

Proof. This is a known result for C' = A the trivial torsor (by Corollary|A.2.7)): in this case
B#A ~ Endg(B) as R-algebras. Now, being C' a (left) A-Galois object, C®rC ~ AQrC
thus

(B#C) @5 C ~ (B @p C)#(C ®r C) ~ (B o C)#(A®g C) ~ Endc(B ©r C)

where the first isomorphism holds true by Lemma and for the last isomorphism we
used the trivial-torsor case. O
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Our objective is to show that B# A is an Azumaya algebra over its center under some
less restrictive hypothesis. The setting will be the following: let A be a commutative and
cocommutative R-Hopf algebra, B a commutative A-module algebra via v: A — Endpr(B)
such that A/ker(v) is a finite locally free Hopf algebra and denote H = Spec (A/ ker(v)).
Suppose moreover that B is a (right) (A4/ ker(v))"” ®r B-Galois object over B!, where
Bl ={be B|I-b=0}and I denotes the augmentation ideal of A. Notice moreover
that A is a (left) A7 @ A/ ker(v)-Galois object over A7 via

AN AS Aop A— Afker(v) @p A,

where A = {ac A|la— 1®a, A 3 AR A - A/ ker(v) @p A} represents the
quotient Spec(A)/H.

Now, we want to do appropriate base changes in order to have a common base ring:
BorAH is a (right) (A/ ker(v))" @z B! @ g AH#-Galois object over Bl®@r A" and B'®r A
is a (left) B! @ p A" ®@p A/ ker(v)-Galois object over B @p AH.

Therefore, we can consider the smash product (B ®r A™)# (B! @p A).

Lemma A.2.10. In the above setting, (B @g A")#(B! ®@r A) and B#A are isomorphic
as (BT @ g A™)-algebras.

Proof. We claim that the isomorphism is given by

¥ B#A = (Bop AT)#(B' ©p A)
b@a— (b®1)®(1®a),
b ®aa+ (b®a)® (8 a).
First of all notice that for a € A and 3 € B it holds A(a) x 8 = A(a) * 8 since A is

defined by going modulo ker(v) on the left and x - 5 = 0 for all z € ker(v). This is all
we need to see that the morphism we defined is a morphism of R-algebras. Indeed, if we

write A(a) = )" ajje; ® e, then we have

(b®a) x (B@a):Zaijbei~ﬁ®eja

and thus
P(b®a)x (B a)) :Zaijbei-[?@l@l@eja.

Moreover
YPbRa)xY(Ra)=0bR110a) x (fRllQa)=

(mp@ev®@my)o (idRppRARIDDORIRARIXIReR1I®a) =

(mp@evema)bele (Y e Belee @)@ () a;loelee)®l®a)=

Zaijbei-6®1®1®eja



A.2|. Smash products and Azumaya algebras 127

as wished. To show that the two maps are mutually inverse, notice that one way it is
immediate. For the other way around, since (B g A )#(B'@rA) is a B! @z A”-algebra,
then we have

bRa)®Bea)=Bad0bolel®a)=b01211 ax

that shows that the second map is a right inverse of 1. This also proves that 1 is
B! @r AH linear and thus the statement is proved. O

Proposition A.2.11. The smash product B#A is an Azumaya algebra over B @p AH,
which is its center. In particular

(B#A) @pig,an (B! ®r A) ~ Endprg,4(B @ A)

and
(B@r AM) @ prgan (B#A) ~ Endpg a1 (B ©p A).

Proof. This is immediate by applying Theorem to (B ®g AM)#(B! ®x A) and
using the isomorphism of the Lemma O

This result provides us with a reduced norm.

Definition A.2.12 (Reduced norm). Consider the following composite:

B#A < (B#A) ©prg, an (B ©r A) ~ Endgrg, 4(B®r A) & B! @p A,

By results on Azumaya algebras (see for example [EW67]), this composite does not
depend neither on the trivialization nor on the isomorphism and moreover it factorizes
via B! @r AH. So considering the composite

det

B#A — (Bor A™) @pig,an (B#A) ~ Endpg, 4n (B ®r A) © By A”

gives the same image of a chosen element b ® a in the smash product B#A. We call

reduced norm the map
N,qs: B#A — Bl @p A"

obtained.

Lemma A.2.13. For any element b ® a in the smash product B#A, its image through
the isomorphism

(B#A) @prgam (B ©r A) = Endprg,4(B ©r A)
is the endomorphism lyg, of multiplication on the left by b ® a, while via
(B@r AM) @prgan (B#A) ~ Endpg a1 (B ©p A)

is the endomorphism ryg, of multiplication on the right by b ® a.
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Proof. Let us write explicitly the image of an element b ® a in the smash product B#A
through the isomorphisms of Proposition [A.2.11] In the first case we have:

1A.2. 101
(B#A) @pigan (B'@rA) "= ((Bor A")#(B' ®p A)) @pig,an (B! ®p A)

b@a®1l®1 > b)) (leae)®(1lx1)

Al B®r AT IT'ep A T'op A T'op A
=7 ((Bor A" @prg,an (B' @r A)) # ((B' @r A) @pig,an (B @ A))
s be)e(1lel)e(1l®ae®(1®1)

BRI (B o A (B! @p AT @5 A ker(v)) @prgpan (B @5 A))
— Yibee(lelen) e (1o a))
= Endprg, (B ®g A)

= (Beam Y, 0@ ) ®aja)

where we wrote A(a) =3, ;@ ® a;. Notice that

> b(@ - B)®aja=(b®a) (B a)="lgB®a),
i,J

so the first statement holds true.
On the other hand, using the second trivialization we obtain:

1A.2. 10!

(Bop A) @pig, an (B#A) “= (Bor AT) @pig,an ((B@r A¥)#(B' @g A))

I®leboa - lel)e(del)®(la)

=7 (Bor AH) @pig an (B@g AM)) # (B@r AY) @pig, an (B' @R A))

> 1Ielh)edel)®w(1lel)®(1l®a)

(B on AM) @p1g,an (A kex(v) @ B! ©p AM)) #(B ©p A)

— Yl bel)®(Eewlel)®(1l®a)
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ev
~

Endpg,an (B @r A)

= (BRa— ) Be-b)®(ef - a)a).
Recall that the relation between the A/ ker(v)-comodule structure
A: A — A/ ker(v) ®p A
and the (A/ker(v))Y-module structure
A®pg (Al ker(v))Y — A

is given by A(a) = Y e; ® efa for every a € A, where {e;} is a fixed base of the finite
algebra A/ ker(v). We then have

readB@a)=(B®a) (b®a)=(B®1)(A(a)*b)(1®a)
~ (Be )@@ Do) =Y Blei o (¢ - a)a
as stated. ]

Corollary A.2.14. The reduced norm N,q: B#A — B'@grAH coincides with the classical
norm Npuay/c: © — det(my) where my, is the matriz associated to the endomorphism
of multiplication by x and C can be either Bl @p A or B ®p AH.

Proof. This is a direct consequence of the previous Lemma. O

A.3 Universal object in the category of module algebras

In this section we show that when dealing with A-module algebras we can always define
a universal object T'(A) and that in T'(A)#A we have some universal expressions that we
can then "evaluate" in B#A for any A-module algebra B (see Corollary [A.3.4). This
can be helpful in order to doing computations in any smash-product algebra and, as a
consequence, in the algebra Endy(B).

Proposition A.3.1. Let R be a commutative ring, A an R-bialgebra and V' an A-module
via v: A — Endgr(V). Then the tensor algebra T (V') of V' as R-module has a natural
structure of A-module algebra.

Proof. Let
n: V — Hompg(A,V)
v (a—a-v).

be the R-linear morphism corresponding to the A-module structure on V' and consider
the natural inclusion

Homp(A,V) — Hompg(A,T(V)).
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Then, since Homp(A,T(V)) is an associative algebra, by the universal property of the

tensor algebra the composite V -5 Hompg(A,V) < Homp(A, T(V)) factors naturally
through a morphism of algebras

T(V) — Homp(A, T(V))

which corresponds also to
V' A— Endg(T(V))

extending v and respecting the property of compatibility with products . We wish to
see that v/ is also a morphism of algebras. It is enough to show it for elementary tensors
v1 ® - - ® v, moreover, once shown for v; ® vs, the general case follows by induction.
Take a1,a2 in A and call a = ajay. Let A(ag) = Zi,j ag; ® ag; for k =1,2. Then

Afa) = A(a1)A(az) = Z a1;02s & G1;502¢

i?j?87t

and thus, by compatibility with products,

Via) (v ®@uv) = (a)(n1®1-1@v) = Z V(ariazs)(v1) @ V' (ayjaz)(ve) =

> V(a1) (Y (a2s) (1)) @V (ar;) (¥ (a21) (v2)) =

i7j757t

V' (a1) (Z V' (ags)(v1) @ 1/'((1%(1)2))) =V/(a1) o V'(az)(v1 ® v2).

st

Therefore T'(V') has a natural structure of A-module algebra O

Remark A.3.2. If A is cocommutative then it holds that the symmetric algebra Sym(V')
has a natural structure of A-module algebra. Indeed the image of

V - Homp(A, V) < Hompg(A, Sym(V))
is commutative since for any v,w € V
n(w) * n(v) =my on(v) @n(w) ooy

(using the fact that multiplication in V' is commutative) and by cocommutativity of A
the diagram

AP Agp A Ty Agp AW oy Yy
AWA
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commutes, that is n(w) * n(v) = n(v) * n(w). Hence, by the universal property of the
symmetric algebra, we obtain naturally a morphism of algebras

Sym(V) — Homp(A, Sym(V))

corresponding to
A — Endg(Sym(V))

which, as above, is seen to be a morphism of algebras too.

The following proposition shows that T(A) is a universal object in the category of
A-module algebras.

Proposition A.3.3. The functor T: Mods — ModAlg 4 from the category of A-modules
to that of A-module algebras is left adjoint to the forgetful functor.

Proof. This is a direct consequence of the fact that the tensor algebra functor 7: Mods —
Alg 4 is left adjoint to the forgetful functor and that morphisms of A-module algebras are
just morphisms of A-algebras (see Remark [1.1.17]). O

Notice that in particular we have the natural isomorphism

HomModAlgA (T(A), B) — B
v (1)
(pp: avr>a-b)«ib.
Applying Proposition [I.1.25] we obtain directly the following:
Corollary A.3.4. For every A-module algebra B and b € B,

op ®id: T(A)#A — B#A
is a morphism of algebras.

The above statement is useful in order to have some "universal expressions" when
doing computations in B# A for any choice of an A-module algebra B.

Proposition A.3.5. Let A be a cocommutative R-bialgebra. Then we have a morphism
of algebras
Sym(A)#A — Sym(A@r A)#A®r A

induced by the comultiplication A of A.

Proof. By the universal property of Sym(A), the morphism A: A — A ®pr A extends
naturally to a morphism of algebras

A: Sym(A) — Sym(A®g A).

Endowing Sym(A ®g A) with the A ®g A-module algebra structure induced by the
multiplication, we have that A is a morphism of module algebras with respect to A: A —
A®pg A, indeed the diagram
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ma

A®p Sym(A) Sym(A)

|asx - |a

AR A Sym(A®g A) =25 Sym(A ®@x A)

commutes (we just use the fact that A is a morphism of algebras), where m and
MAgpA are respectively the A-module algebra and the A ® g A-module algebra structures
induced by the respective multiplications on Sym(A) and on Sym(A @ A). Moreover,
A: A — A®pr A is a morphisms of comodule algebras (with respect to A) where the
comodule structures are given by A on A and by Ayg,a on A ®p A (we recall that
Apgpa = 723 0 A ® A where 13 switches the elements in second and third position in an
elementary tensor, see Remark , indeed the diagram

A—— 2 s AezA

J/A iAA(@RA

A®RA% ARQrA®rA®Rr A

commutes (we use the fact that A is cocommutative). We then have, by Proposition
1.1.25] that N
A® A: Sym(A)#A — Sym(A@p A)#A R A

is a morphism of algebras. O

The case of Ore polynomials

Let R be a commutative ring of characteristic p, A = R[X]| with A(X)=X®1+1® X.
Then Sym(A) = R {X Z} 0 and it is an A-module algebra where the structure is induced
i>
by the multiplication of A on itself, that is, it corresponds to the derivation
Sym(A) = Sym(A)

Lemma A.3.6. Let us give to every Xi weight i for all i > 0. Then Sym(A)#A is a

graded ring where the grading is given by homogeneous polynomials of degree d in X, X*
fori>0.

Proof. We just need to verify that the gradation is respected by products but this is okay
since

XXi= Xt + XiX
for every i > 0. O

Corollary A.3.7. Products of homogeneous polynomials in Sym(A)#A are homogeneous
(of degree the sum of the degrees of the factors).
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Definition A.3.8 (Additive polynomial). We say that a polynomial Q(X, X?);>o in
Sym(A)#A is additive if

QAX), A(X))iz0 = QX ®1, X1 @ 150 + Q1 ® X,1® X);0.

Lemma A.3.9. A polynomial Q(X, )A(/i)izo in Sym(A)#A is additive if and only if it is

of the form t
S ax” + Y ay ()?p’)” (A.2)

k>0 5,t>0

where the coefficients are in R.

Proof. The if part is clear by the definition of the comultiplication. For the converse, it
suffices to show the claim for monomials and again using the definition of the comulti-
plication it is clear that the only additive monomials are those of the form appearing in
(A3). 0

Sk k P
Proposition A.3.10. In Sym(A)#A we have (X + X)P" = XP" + Z;?:o (XPJ> for
every integer k > 0.

Proof. First of all remark that the polynomial Q(X, )}Ji)izo =(X+ )N()pk is homogeneous

of degree p¥ in the variables X, )~(, ..., XP". Let us show that @ is additive. By Proposition
A ® A is a morphism of rings, therefore

QAX),AX), ..., AXP) = Ao A) (X + X)) =

—_——

(AA)X+ X))V =(X@l+1oX+Xol+le X))

Now, X ® 1 + )?é)/l and 1® X + l/é_)/( commute, indeed

—_—

(X@14X ® (10X +1® X) = X@X+X011® X+(X © )(10X)+(X @ 1)(I ® X) =

X®X+(X®1®1®1+1®1®X®1)*1/<§7<+()?E§71)(1®X)+()75371)(1/<§3?7():

XoX+X0X+(1eX)(Xo)+(Xa)(1leX)+ (X e1)(leX)

while

—_—— —_—

(1IX+1 @ X)(XR1+X ®1) = X@X+I1X- X @ 1+(1 X)(X)+(1 X)) (X ®1) =

XX+(1X®11+111X)» X1+ (1o X)(Xeol)+(1eX)(X®1) =

—_—~— P —_—~—

X@X+X0X+(Xe)1eX)+(1eX)(Xel) +(1eX)(Xa 1)

Therefore

(X141 X+ X0l+1loX)P =(X@1+Xo ) +(1oX+1oX)P =
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P —_—

QX®LX®1,... X o1)+QleoX,10X,...,10 XP")

that is @ is an additive polynomial. By Lemma and by degree reasons we then
have that ) must be of the form

k
——\P
aka —|—Zaj (XPJ>

J=0

k—j

where the coefficients are in R. One can easily see that all the coefficients are 1. O

Corollary A.3.11. Let Z(T) = TV + 2.\ TP + ... 2T? + 2T be any linearised
polynomial with coefficients in R. Then in Sym(A)#A it holds

Z(X + X) = Z(X) + sz:Zk (5(;);,

k=0 j=0

k—j

(where by convention z, = 1).

Proof. This is a straightforward consequence of Proposition [A-3:10] O

Corollary A.3.12. Let Z(T) = TP + TP+ TP + 20T be any linearised
polynomial with coefficients in R. Then in Sym(A)#A it holds

Z(X +T) :Z(X)+iizk (}%)p

k=0 j=0

k—j

(where by convention z, = 1).

Proof. Consider the morphism of R-algebras
¥ R [X} _ #AIX] = R [X} o #AIX]

i 7
X — X.

Notice that v is injective. Moreover,

—\ pk—d

b (Z (X +T)) - Z(X+X> - Z(X)+i§:zk (pr)p
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Corollary A.3.13. Let Z(T) = TP + 2. _\TP" ' + ... 21T? + 2T be any linearised
polynomial with coefficients in R and B be an R-algebra which is an R[X]-module algebra
via v: R[X] — Endg(B), that is v(X) = 9: B — B is a derivation. Then in the ring of
Ore polynomials B[X;0]land for any f € B it holds

Z(X+f)= —l—Zsz(pj L )p

k=0 j=0

k—j

(where by convention z, = 1).

Proof. By Corollary
o;@id: R [fi}po #R[X] — B#R[X] = B[X; ]
is a morphism of algebras. Therefore
Z2(X+f)=7(pr0id(X+1)) =¢;@id(2(x+1)) =

pk_j T k

o ®id Z(X)+izk:zk<)/(;;:> = 2(X)+ 33 a (071 ) h

k=0 j=0 k=0 j=0

Notice that for example applying the result to the linearised polynomial Z(T") = TP
we obtain that for any f € B it holds

(X + /P =XP 4+ (f)+ /P

in the ring of Ore polynomials B[X; 0|, which is a result that we will re-obtain also in
the last section of this appendix.

Corollary A.3.14. Let Z(T) = TP + zr,le"P1 4+ ...21TP 4+ 29T be any linearised
polynomial with coefficients in R. Then in Sym(A)#A for all i > 0 it holds

Z<X+)7i>— +Zsz< Xp- 1+Z)

k=0 5=0

pr=i

(where by convention z, = 1).

A.4 Reduced norm of a monic polynomial of degree 1 in the
ring of Ore polynomials K[X;0] with 0? =0

The setting will be the following. Let k be a field of characteristic p, K be a k-algebra
which is also a field and

v: k[X] — Endg(K)
X =0
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inducing a k[X]-module algebra structure on K, where A(X) =X ®14+1® X, s0 dis a
k-linear derivation on K. Denote F' = {z € K | d(z) = 0} and suppose that ¢(9) = 0 for
some linearised polynomial ¢ € k[X]j;y,, so we actually have that v: k[X]/(¢) = Endp(K)
and k[X]/(¢) is a Hopf algebra. Therefore, the module algebra structure corresponds to
a comodule algebra structure

p: K — K @y (k[X]/())"

and we require that this makes K into a (k[X]/(y))"-Galois object over F, that is Spec(K)
is a torsor under the action of some finite k-group scheme. Recall that k[X; Frob] ~ k[X]p,
(see Example [1.1.28). We denote by Ann(d) the non-zero polynomial in k[X; Frob]
corresponding to ¢. We then have that K[X;0] is an Azumaya algebra over its center
F[¢(X)] and thus we have a well-defined reduced norm on it.

The goal of this section is to prove the following result. We will give two proofs of it,
the first one more direct using tools of combinatorics, the second one more constructive.

Proposition A.4.1. Consider the ring of Ore polynomials K[X ;0] where 0: K — K is
a derivation of order p. Then for any f € K we have

Nea(X = f) = XP = (f* + 0"71(f)).

Combinatorial proof

We begin with two lemmas of combinatorics for which we wish to thank Francesco Vigano
for the key ideas.

Lemma A.4.2. Let N be a positive integer and (A1, ..., ;) be a partition of N, that is
a list of positive integers such that

M+ + A, =N,

3 (Aou) + Ao(2) = 1) (%(1) + Ao + Ao(3) — 1) < N-1 )
Ao(1) Ao(1) + Ao(2) Aoty + + Aoty

B N
O,

where the multinomial ()\1 N/\k) counts the number of ways of arranging N elements
{1,...,N} in exactly k subsets T'1,..., Ty of cardinality respectively A1, ..., k.

Proof. Suppose that N is in 'y, then we can choose in

<N—1>_< N-1 )
Me—1)  \ M+ M
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ways the remaining A\ — 1 elements of I'y from the remaining N — 1 elements. Now set
M :=max{ie{l,...,N} |i ¢ Ty}
and suppose that M € I'p_1, then we can choose in
(N—)\k—l) o ()\1—|—"-—|—)\k_1 —1)
A1 — 1 N AMAF Ao
ways the remaining Ar_1 — 1 elements of I'y_; from the remaining N — A\ — 1 elements.
Iterating the reasoning we obtain

N—Aa+--+ ) -1 N =X —1\/N-1\
A —1 D VR | Ao —1)

()\1—1>()\1—1—)\2—1)()\1—1—)\2—1—)\3—1) < N -1 >
0 A1 A1+ A2 T\ A

arrangements. In order to obtain all of them we have to consider all the possible
permutations of the indices 1,...,k that is

N J—
Moo e/

3 (%(1) + Ao(2) — 1) (%(1) + Ao(2) T Ao(3) — 1) < N_1 >
)\a(l) )\0(1) + )\0(2) )‘a(l) 4+ )\O'(ki—l)

€Sy,

as stated. O

Lemma A.4.3. Consider the matriz with coefficients in a ring of positive characteristic
p defined as follows:

(Daj— 1=
Aij=¢ 1 i=j+1
0 i>j+1

fori,j=0,...,p—1. Then, det(A) = al + ap—1.

Proof. By definition,

p—1
det(A) = Z sgn(o) H A ()s-
oSy j=0

Now, since A;; = 0 for « > j + 1, it suffices to reduce the above summation to the subset
T={c€eS,|o()<j+1 Vj=0,....p—1} CS,.

Notice that all the permutations in 1T', when written as products of disjoint cycles, have
as factors cycles made of consecutive numbers (for example for p = 7 we can have the
permutation (0)(123)(4)(56)). Moreover T has cardinality 2°~!: for example for p = 3 it
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holds T' = {(012), (01), (12), e} while (021) and (02) do not belong to T since 0 cannot
have 2 as image. Now every permutation determines a monomial in the a;’s in det(A) and
we wish to study the coefficients of such monomials. For example the identity determines
the monomial af) and the p-cycle (012 - - p) determines the monomial a,_; (and moreover
these monomials are not determined by any other permutation of the fixed subset). So
actually we would like to show that the coefficients of all the other monomials appearing
in the polynomial det(A) are zero.

Thanks to the nice form assumed by the permutations in 7" we can always write their
cyclic decomposition with the numbers in order, with 0 being the first appearing and
p — 1 the last. Now, let us fix a permutation A which is neither the p-cycle in T nor
the identity, let k& be the number of disjoint cycles composing A and (\1,..., Ax) be the
k-tuple of lengths of the disjoint cycles of A (for example for A = (0)(123)(4)(56) we have
k=4 and (A1,...,A\1) =(1,3,1,2)). We can see that the monomial determined by A is

k 4
— m;
a>\s_1 - ai—l
s=1

i=1

where m; is the number of cycles of length ¢ appearing in A\. We therefore notice that
permutations having the same number of cycles of a certain length determine the same
monomial. Moreover these permutations have all the same sign. One also sees that the
coefficient of the monomial determined by A is

<)\1—1></\1+)\2—1><A1+/\2+)\3—1> < p—1 )
0 A A1+ A2 T\ et )
The other coefficients are given by permutations having k-tuple (A, .., Ag(k)) for

o € Sk, but we don’t want to consider multiple times the same k-tuple, so they are in

total m,kil, (notice that we are never dividing by p since we assumed that A is not the
1h.myp!

identity and thus m; < p for every 7). All this tells us that the coefficient we are studying

is exactly
() )
Ao (1) A1)+ + Agr—1)

€Sk
B R
ml'mp' Al,...,)\k

where the first equality holds by Lemma O

1
Lo..my!

mii..

We are now ready to give a proof of Proposition

Proof of Proposition[A].1. We recall that we wish to show that for the ring of Ore
polynomials K[X;0] where 0: K — K is a derivation of order p, it holds that for any
fek

Nea(X = f) = XP — (fP + P1(f)).
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By Lemma it holds
Npg(X — f) = det(rx_p))

where r(x_y): K[X;0] — K[X; 0] is the K[XP]-linear endomorphism of multiplication on
the right by X — f in the ring of Ore polynomials K[X; ]. We fix the basis {1, X, ..., X?~1}
for the free K[X?]-module K[X;0] and we obtain that the matrix corresponding to r(x_ )
is

XP—ol(f) (L)) = (0p—1)

A~ i< ) #0p—1)

K 1 i=j+1

0 1>j5+1
where 7,5 =0,...,p — 1. Then, by Lemma we deduce that det(r(X_f)) =(—f)P+
XP — 9P~1(f) and thus the claim is proved. O]

Alternative proof

We start by recalling some results we need in the following, a reference for them is |[Carl8,
Chapter 4].

Lemma A.4.4. Let p: A — B be a surjective homomorphism of rings. Then the image
of the center of A lies in the center of B.

Proof. Let a € Z(A) be a central element of A and take b € B. Since ¢ is surjective
b = ¢(«) for some o € A. Therefore

p(a)b = pla)p(a) = p(ar) = p(aa) = p(a)p(a) = bp(a)
that is ¢(a) lies in the center of B. O

Lemma A.4.5. Consider the ring of Ore polynomials K[X ;0] where 0: K — K is a
non-zero derivation such that Ann(9) has degree m > 0 and let r = p™. Then for any
P e K[X;0] it holds

deg(N,q(P)) = rdeg(P).

Proof. See |Carl8| Proposition 4.3.6]. O

Lemma A.4.6. For any P € D = K[X;0] and Q € F[Ann;,(X)] = Z(D) (the center
of D) where FF = {x € K | 9(x) = 0} it holds that RGCD(P,N) = 1 if and only if
GCD(N,q(P),Q) =1 (where RGCD denotes the right greatest common divisor).

Proof. See |Carl8| Lemme 4.3.8]. O

Lemma A.4.7. For any irreducible polynomial P € D it holds that N.q(P) is, up to a
constant, a power of an irreducible polynomial in Z(D).

Proof. See |Carl18| Corollaire 4.3.9]. O
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Proposition A.4.8. Consider the ring of Ore polynomials K[X ;0] where 0: K — K is
a derivation of order p. Then for any f € K we have

Npa(X = f) = (X = f)".
Proof. Consider the isomorphism of rings

Y: K[X;0] — K[X; 0]
X—=X-—f

We know that the center of the ring of Ore polynomials K[X;0] is F[XP?] where F' =
{z € K | 9(x) = 0}. Therefore, by Lemma since X? is a central element, it holds
that (X?) = (X — f)? is central as well. By Lemma [A.4.5] N,4(X — f) has degree p.
Moreover by Lemma we have, for P € K[X;0] and N € F[X?], RGDC(P,N) =1
if and only if GCD(N,4(P),N) =1 (where RGCD denotes the right greatest common
divisor). Choosing P = X — f and N = ¢(XP) = (X — f)P we obtain that

GCD(Npa(X — [),p(XP)) # 1.

By Lemma Nyq(X — f) is irreducible, up to a constant, in F[XP]. Moreover it is
monic (see |Carl8, Proposition 4.3.11]), therefore we have

GCD(NTd(X - f)ﬂ/}(Xp)) = Nrd(X - f)
and since they both have degree p it holds N,.4(X — f) = ¢¥(XP) = (X — f)P. O

A reference for the following results that we need in order to give the alternative proof
of Proposition can be found in [Put95|, for convenience we also report here their
proofs. I am thankful to Raphaél Pagés for pointing out this reference to me and for the
helpful discussions we had.

Let K be a field of characteristic p and 9: K — K be a derivation of order p. We
denote by D = K[X; 0] the ring of Ore polynomials. Let M be a D-module that has
dimension 1 over K and let us denote by {e} a basis of M over K. Then we have
Xe = be for some b € K. We define 7(b) by XPe = 7(b)e (for example, for p = 2 we have
X2e = X(be) = (0(b) + bX)e = (O(b) + b?)e that is 7(b) = 9(b) + b?). Notice that

XPHle = XP(be) = bXPe = br(b)e
but also
XPtle = X (1(b)e) = (O(7(D)) + T(b)b)e

from which we deduce that 7(b) € F = {z € K | 9(z) = 0}. We can define 7(b) for every
b € K in the following way:

7: K — {D—modof dimg =1 with a base} — KP?
b (Ke, Xe = be) —  coefficient of XPe
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Lemma A.4.9. The map 7: K — KP? is additive.

Proof. Let Ke; be D-modules of dimension 1 over K such that Xe; = b;e; for i = 1, 2.
Then also Ke; ® g Keg is a D-module of dimension 1 over K with the action X (m ®mn) =
X(m) ®n+m ® X (n). Therefore

X(e1 ®ez) = (b1 + b2)er ® ea.

Moreover
T(b1 + b2)e1 ®ex = XP(e1 ®ex) = XP(e1) ®ex + e1 ® XP(e2) = (7(b1) + 7(b2))e1 @ ea,
hence the claimed linearity. O
Lemma A.4.10. Let K have the structure of D-module given by X (1) = b, then

X"™(y) = (0 + bidk)"(y)
for every y € K and n > 0. In particular (0 + bidg )P is K-linear and

7(b) = (0 + bidg )P (1).

Proof. Let us argue by induction on n. One sees that the equality holds for example for
n =0,1,2. Now let us suppose it holds true for n and show that then it is true for n + 1.
Let ¢ = (0 + bidg )" (y) = X™(y), then

X" (y) = X(c) = (8(c) + ¢X)(1) = d(c) + cb = (8 + bid)(c) = (8 + bidg)" " (y),
as wished. 0

Proposition A.4.11. In the ring of Ore polynomials K[X ;0] with O a derivation of
order p, it holds
(X —b)P = XP —71(b)

for every b € K.
Proof. Let

D — End(K)
X—= (10D

be a structure of D-module on K. This induces

F[XP] — End(K)
XP = (1 7(b))

whose kernel is the ideal (X? — 7(b)). Moreover, as seen in Proposition (X —b)P
is an element of F[XP] and lies in the kernel as well. Now, since both polynomials are
monic and share the same degree they must be equal (notice that F[XP] is a unique
factorization domain). O
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Alternative proof of Proposition[A.Z.1. By assumption 0 is a derivation of order p, hence
[K : K9] = p and thus K = K9(t) for any t € K\K?. Moreover, by Proposition
and [A.4.17] we have

Npg(X —b) = (X —b)P = XP — 7(b)

and thus, since 7 is additive, it is enough to show the result for b = ct’ for ¢ € K9 and
t1=0,...,p—1. Now

(X —ct' )P = XP — PP — P7f g i(t) — -+ — P fau(t) — cfr(t)

where the f;;(t) are some polynomials in ¢ over K7. Now, since ¢ + 7(ct?) is additive,
the only polynomial that can occur is fi ;. This summand appears in

(X — et = (X —ct)(X —ct?) .. (X — ct)) (X — ct?)

computing XP~!ct’ = cXP~!t? and one sees that the constant term of this polynomial in
X is cP71(#%). The claim is thus proved. O

Corollary A.4.12 (Jacobson identity). For every b € K it holds

7(b) = 9P (b) + bP.

Proof. Putting altogether Propositions [A.4.1] [A.4.8 and [A.4.11] we have

XP — P — 9P7H(b) = Npg(X —b) = (X —b)P = XP — 7(b)
hence the statement. O

Proposition A.4.13. Let 9: K — K be any derivation on K a field of characteristic p.
For any f € K it holds

(0 + fidg)? = 0" + (f* + 0"~ (f))idk-

Proof. We begin by noticing that

p—1
O+ fidg)? =0 + > Qi(f,0(f),...,0" ()0’
i=0
where the @); are some universal polynomials in F,[Xo, ..., X},—1]. We can thus show the

result for 9 such that 0P = 0. Now, by Lemma along with Corollary we
have that (0 + fidg)?P is K-linear and

0+ fidg)P(1) = f7 + 0" (f)

and the statement follows, since two K-linear endomorphisms of K with same image of 1
are the same. O
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Example A.4.14. In the same context as above, that is the ring of Ore polynomials
KI[X;0] with 97 = 0, let us compute N,.4(fX) for f € K*. By Lemma |A.2.13| we have

Nrd(fX) = det(er)

where r¢y is the multiplication on the right by fX on K[X;0] over K[X?]. We fix the
basis {1, X,..., XP~1}. Then we have

J .
i J i—i i+1
XI(fX) = o’ X
w0 =3 (7)7 )
for every j = 0,...,p — 1 that is the matrix associated to ryx is
0 0 0 fXP
foof &f
0 f 20f
A=
f
flp—1)0f
or more precisely
pr (/Lm]):(ovp_]')
Ajj=4 0 (t=0,j<p—1)andfori>j+1
(;,7)07 " (f) for 0 <i<j+1.

We then deduce that
Nya(fX) = fPXP.

Proposition A.4.15. Let 0: K — K be any derivation on K a field of characteristic p.
For any f € K it holds

(foy = 107 — for-1 (1o = ror — rriort (1),

Proof. We begin by noticing that

p—1

(fOP = fPOP + > Qilf,0(f),...,0" ()’
=0

where the @); are some universal polynomials in F,[ X, ..., X,—1]. In particular, we can
thus deal with the case 9” = 0. Now, (f0)P is a derivation and thus the only (); that can
occur is Q1. Consider the evaluation morphism

K [X; 0] — Endz(K)
X — 0.
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We then have (fX)P = fPXP + (1 X. Since 1 and fX commute, the Newton binomial
formula holds and we have

(fX+1)P=(fX)P+1=fPXP+ X+ 1.

Now, using Proposition we see that

NealfX+1) = fPNeg (X " }) _p (XP R <}>) _ XL ] (}) |

Moreover, (fX +1)? and N,4(fX + 1) are both divisible by (fX + 1), which then divides

the difference
(X 1) = NpalFX +1) = QuX — fror? (})

that is
Q1 X — fror~! <J1£> =c(fX +1).

Comparing the coefficients we see that ¢ = — fPoP~! (%) and Q; = cf = — fPrior—1 (%) .
The result follows. O
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