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Resumen

Este trabajo es la memoria de una tesis doctoral en matematicas cuyo tema
principal son las graduaciones de grupo. El objetivo de esta tesis es la clasi-
ficacion de las graduaciones de grupo en las dlgebras estructurables rela-
cionadas con una forma hermitica salvo isomorfismo. Comenzamos escribi-
endo una generalizacién de la teoria de graduaciones que aparece en [EK13]
y aplicamos esta teoria a la clasificacion de graduaciones en r-fold cross
products. Después encontramos una construcciéon de un algebra asociativa
con una 3-graduacion y una involucion a partir de nuestras algebras estruc-
turables. Finalmente, usamos la construccion anterior para clasificar grad-
uaciones salvo isomorfismo en algebras estructurables relacionadas con una
forma hermitica.

Abstract

This work is a doctoral thesis in mathematics whose main subject are group
gradings. The aim of this thesis is to classify group gradings on structurable
algebras related to a hermitian form up to isomorphism. We start writing
a generalization of the theory of gradings which appears in [EK13|], and we
apply this theory to the classification of gradings on r-fold cross products.
Afterwards, we find a construction of an associative algebra with a 3-grading
and an involution from our structurable algebras. Finally, we use the previous
construction to classify gradings up to isomorphism on structurable algebras
related to a hermitian form.
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Introduccion

En el contexto de las algebras de Lie, las graduaciones por grupos abelianos
aparecen naturalemente en distinots contextos. Uno de ellos es la graduacion
de cartan, es decir, la graduacién

o= (&)

donde ® es un sistema de raices. Esta graduacion se puede ver como una
graduacién por el reticulo de raices (®). Otro ejemplo es la 3-graduacién

0=9-1D g DM

inducida por un algebra de Jordan via la construccién de Tits-Kantor-Koecher
(ver [Tit62)],[Kan64] y [Koe67]). Una generalizacién de esto es la 5-graduacién

=0 2Dg-1Dgo D g1 D 92

inducida por la construccién de Allison-Kantor a partir de un algebra estruc-
turable.

El estudio sisteméatico de graduaciones en algebras de Lie empezd en
1984 por Patera y Zassenhaus [PZ89]. Este estudio fue continuado por dis-
tintos autores como Bahturin, Draper, Elduque o Kotchetov (consultar el
monografico [EK13]). Aun quedan abiertos algunos problemas como la clasi-
ficacion salvo isomorfismo de las graduaciones en algebras de Lie simples en
caracteristica 0, o incluso la clasificacién de graduaciones finas salvo equiva-
lencia en cuerpos de caracteristica prima.

Una forma de atacar el problema consiste en estudiar las graduaciones
del dlgebra 5-graduada inducida por la construccion de Allison-Kantor clasifi-
cando salvo isomorfismo las graduaciones en algebras estructurables centrales
y simples. Hay una clasificacion en seis clases de algebras estructurables cen-
trales y simples por Allison, que fue completada por Smirnov.

Theorem 0.0.1 ([AL78],[Smi0b]). Sea (A, —) un dlgebra estructurable cen-
tral y simple sobre un cuerpo de caracteristica distinta de 2, 3 y 5, entonces,
(A, —) es isomorfa a un dlgebra en una de las siguientes clases:

7
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(1) Un dlgebra asociativa central y simple con involucion.
(2) un dlgebra de Jordan central y simple con la identidad como involucion,

(8) un dlgebra construida a partir de una forma hermitica h, en un mddulo
W sobre un dlgebra asociativa con involucion y unidad central y simple

(87 _):

(4) Una forma torcida del producto tensorial de dlgebras de composicion.
a twisted form of a tensor product of composition algebras,

(5) Una forma torcida de un dlgebra de matrices 2 X 2 construida a partir
de una forma cibica admisible y no degenerada con punto base ¢ y un
escalar 0 # 0 €T, ¢

(6) el dlgebra T'(C) para un dlgebra de Cayley C.

Sobre cuerpos algebraicamente cerrados, una clasificaciéon completa salvo
isomorfismo graduaciones por grupos abelianos esta terminada para las clases
(1), (2), (4) y (6) (ver [EK13] y [AC20]). El propésito principal de esta tesis es
la clasificacién de graduaciones salvo isomorfismo en algebras estructurables
relacionadas con una forma hermitica, es decir, las de la clase 3.

En esta memoria, F denotard un cuerpo, F su clausura algebrdica y
asumiremos que 0 € N. La estructura es la siguiente:

En el capitulo [T}, repasaremos las herramientas que aparecen en el primer
capitulo de [EK13]. Por tanto, explicaremos cémo las graduaciones estin
relacionadas con quasitoros en el grupo de automorfismo cuando trabajamos
sobre cuerpos algebraicamente cerrados de caracteristica 0, y con representa-
ciones de esquemas afines en grupo diagonalizables en cuerpos arbitrarios.
Sin embargo, en el monografico, los resultados se dan en términos de algebras,
pero como vamos a necesitar distintas estructuras algebraicas, generalizare-
mos esto a 2-dlgebras F-lineales, 1o que nos permitira generalizar los teoremas
de transferencia.

En el capitulo [ introducimos los r-fold vector cross products, una gen-
eralizacién del producto vectorial en R3. Este capitulo sirve como ejemplo de
coomo usar las técnicas del tema anterior. El resultado principal es la clasifi-
cacion salvo isomorfismo de graduaciones por grupos abelianos en cada una
de las clases de isomorfismos de cada r-fold cross products (ver los teoremas
2.6.1] 2.6.4] y 2.6.11]).

En el capitulo [, introducimos las dlgebras estructurables. Comenzamos
con una motivacién a partir de las algebras de Jordan, definimos las algebras
estructurables, damos los principales ejemplos y la clasificacién de las algebras
estructurables centrales y simples. Finalmente, introducimos la construccion




CONTENTS 9

de Allison-Kantor y explicamos cémo el grupo de estructura de un algebra
estructurable es isomorfo al grupo de isomorfismos del algebra de Lie 5-
graduada itroducida a partir de la construccién de Allison-Kantor.

En el capitulo [ dedicamos nuestro estudio al &lgebras estructurables
centrales y simples relacionadas con una forma hermitica y lo relacionamos
con otras estructuras algebraicas. Ensenamos que hay una equivalencia de
categorias entre la categoria de sistemas triples asociativos centrales y simples
del segundo tipo y una categoria plena de la categoria de dlgebras asociativas
3-graduadas con una involucién (ver el corolario , damos una definicién
de graduaciéon estructurable, que es una graduacién que existe si y solo si
el algebra con involucién es un algebra estructurable relacionada con una
forma hermitica, y ensenamos que hay una equivalencia de categorias entre
la categoria de los sistemas triples asociativos del segundo tipo centrales y
simples y la categoria de algebras con involucién centrales y simples con una
graduacién estructurable (ver proposicién . Finalmente, ensenamos
que todas las algebras estructurables relacionadas con una forma hermitica
centrales y simples tiene una unica graduacion estructurable excepto por un
algebra especial llamada la split quartic Cayley algebra (ver las proposiciones
14.3.3, [4.3.5 4.3.9]y el lema |4.3.12]).

Finalmente, el capitulo [5] estd dedicado al estudio de los esquemas de
automorfismos de las algebras estructurables relacionadas con una forma
hermitica centrales y simple sobre un cuerpo algebraicamente cerrado (ver el
teorema m y el teorema . Y usamos esto para clasificar las gradua-
ciones salvo isomorfismo. Los resultados principales son los teoremas [5.2.63

y B-2.65
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Introduction

In the context of Lie algebras, gradings by abelian groups appear naturally
in different contexts. One of those is the Cartan grading, i.e., the grading:

gzhea(@ga)

acd

where ® is a root system. This grading can be seen as a grading by the root
latice (®). Another example, is the 3-grading

0=9-1D gD

induced from a Jordan algebra through the Tits-Kantor-Koecher construction
(see [Tit62],[Kan64] and [Koe67]). A generalization of this is the 5-grading

=90 2Dg-1Dgo D g1 D g2

induced by the Allison-Kantor construction from a structurable algebra.

The systematic study of gradings on Lie algebras started in 1989 by Pa-
tera and Zassenhaus [PZ89]. This study was carried out by other different
authours like Bahturin, Draper, Elduque or Kotchetov (see [EK13] for a sur-
vey). Still, some problems like the complete classification up to isomorphism
of gradings on simple Lie algebra is opened in characteristic 0, and even the
classification of fine gradings up to equivalence over fields of prime charac-
teristic is an open problem.

An approach to understand the problem is to study the gradings of the
5-graded Lie algebras induced by the Allison-Kantor construction by classify-
ing up to isomorphism the gradings on central-simple structurable algebras.
There is a classification into six classes of central-simple structurable algebras
carried out by Allison and Smirnov.

Theorem 0.0.2 ([AL78],[Smid0b]). Let (A, —) be a finite-dimensional cen-
tral simple structurable algebra over a field F of characteristic different from
2, 3 and 5. Then, (A, —) is isomorphic to one of the following algebras:

11
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(1) A central simple associative algebra with involution,
(2) a central simple Jordan algebra with the identity involution,

(8) an algebra constructed from a nondegenerate hermitian form h on a
module W over a unital central simple associative algebra with involu-
tion (€, —),

(4) a twisted form of a tensor product of composition algebras,

(5) a twisted form of an algebra of 2 x 2 matrices constructed from an
admisible nondegenerate cubic form N with base point ¢ and scalar

0#£0€F or
(6) the algebra T(C) for a Cayley algebra C.

Over algebraically closed fields, a classification up to isomorphism of grad-
ings by abelian groups is completed for the classes (1), (2), (4) and (6) (see
[EK13] and [AC20]). The main purpose of this thesis is to classify the grad-
ings up to isomorphism on structurable algebras related to a hermitian form,
i.e., those on class (3).

On this thesis, F will denote a field, F its algebraic closure and we will
assume that 0 € N. The structure is the following:

In Chapter [I] we review the tools given in the first chapter of [EK13].
Thus, we are going to show how gradings are related to quasitori on the
automorphism groups on algebraically closed fields of characteristic 0, and
to representations of diagonalizable affine group schemes over fields of prime
characteristic. However, in the monograph, the results are given in terms
of algebras, but since we are going to need various algebraic structures, we
will generalize it to F-linear (2-algebras, which will allow us to generalize the
transfer theorem.

In Chapter 2, we introduce r-fold vector cross products, a generalization
of the vector cross product on R3. This chapter works as an example of how
to use this techniques. The main result is the classification up to isomorphism
of gradings by abelian groups on each isomorphism class of r-fold vector cross
products (see Theorems [2.6.1} [2.6.4] and [2.6.11)).

In Chapter [3, we introduce structurable algebras. We start with a mo-
tivation arising from Jordan algebras, we define structurable algebras, we
give the main examples and the classification of central-simple structurable
algebras. Finally, we introduce the Allison-Kantor construction and show
how the structure group of a structurable algebra is isomorphic to the iso-
morphism group of the 5-graded Lie algebra induced by its Allison-Kantor
construction.
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In Chapter 4] we devote our study to central-central simple structurable
algebras related to an hermitian form and we relate it with other algebraic
structures. We show that there is an equivalence of categories between the
category of central simple associative triple system of the second kind and
a full subcategory of the cateogory of 3-graded associative algebras with in-
volution (see Corollary , we give a definition of structurable grading,
which is a kind of grading which exists if and only if the algebra with involu-
tion is a structurable algebra related to a hermitian form, and we show that
there is an equivalence of categories between the category of central-simple
associative triple systems of the second kind and the categrory of central
simple algebras with involution and a structurable grading (see Proposition
4.2.29). Finally, we show that all the central simple structurable algebras
with a hermitian form have only one structurable grading except for a spe-
cial one called the split quartic Cayley algebra (see Propositions , ,
and Lemma [4.3.12).

Finally, Chapter 5| is devoted to study the automorphism group scheme
of central-simple structurable algebras related to an hermitian form over an
algebraically closed field, (see Theorem and Theorem . And we
use this to classify the gradings up to isomorphism. Our main results are

Theorems [5.2.63] and [£.2.65]
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Chapter 1

Preliminaries

The main purpose of this thesis is the study of gradings by abelian groups
on structurable algebras. The main reference for the study of gradings is the
first chapter of the monograph on gradings on simple Lie algebras [EK13].
The most useful result found there is the duality between gradings by abelian
groups and actions. This leads, for example, to prove the transfers theorems,
which give a correspondence of group gradings up to isomorphism in any two
algebras with the same automorphism group scheme. However, sometimes,
in order to classify gradings it is more useful to work in different algebraic
structures, e.g., algebras with involutions, triple systems or graded algebras.
The theory has been adapted to other contexts for example in [DET20].
This chapter attempts to write a generalization of this results to a wider
context. In section [I.1 we introduce the concept of F-linear (2-algebras and
give examples. In section[1.2] we introduce the concept of algebraic group and
in section [1.3| we introduce a generalization: affine group schemes. In section
[1.4] we give the main definitions of gradings in terms of F-linear (2-algebras,
and show that a graded F-linear (2-algebra is an ()-algebra, and finally, in
section [I.5] we give the main tools relating gradings with derivations, the
automorphism group and the automorphism group scheme.

1.1 Algebraic structures

In this section we will review the concept of Q-algebra introduced in [Coh81]]
and we will adapt it to the concept of F-linear Q2-algebras.

Definition 1.1.1. An operator domain is a set €2 with a map a: 2 — N.

The elements of 2 are called operators and for every operator w € 2 we
say that a(w) is the arity of the operator (or that w is a(w)-ary).

15



16 CHAPTER 1. PRELIMINARIES

Given an operator domain as before, we denote Q(n) = {w € Q | a(w) =
n}

Definition 1.1.2. Let A be a set. An (2-algebra structure on A is a family
of maps:

Q(n) — AV

for n € N, where A° denotes the set with one element. The set A with this
structure is called an 2-algebra. In case A is an F-vector space and in case
the maps factor through Homg(A®", A) for n > 1 and considering, for the
case n = 0, a map 2(0) - Homg(F, A), we call it an F-linear -algebra.
We will denote it by (A, Q), or (A, ws,...,w,) if @ ={w,...,w,} or simply A
in case € is clear.

If the context is clear we will say (2-algebra instead of F-linear €2-algebra.

For an Q-algebra (A,(2) and an n-ary operator w, for the image of w
applied to the n-uple (ay,...,a,) € A", we write w(ay, ..., a,).

Remark 1.1.3. If we have an F-linear Q-algebra (A, 2) and a field extension
K/F, we can define a K-linear {2-algebra over the vector space A ®p K such
that every w € €Q(n) defines an operator wx by wg(a; ® 1,...,a, ® 1) =
w(ay,...,a,) ® 1 for all ai,...,a, for n > 1 and every w € Q(0) defines an
operator wg by wg (1) = w(1). We denote this Q-algebra by (Ag, Qk)

Remark 1.1.4. We can notice that the definition of Q-algebra and F-linear
(-algebra are the same but in the first case we work in the monoidal category
of sets and in the second case we work in the monoidal category of vector
spaces as defined in [EGNO15, Example 2.3.1] and in [EGNOI5, Example
2.3.2].

Given two (F-linear) Q-algebras A and B, we say that B is a subalgebra
of Aif B C A and for any n € N and w € (n), which defines operators w4
and wp respectively, satisfies wy |gn= wp.

Given two (F-linear) Q-algebras A and B, an F-linecar map f: A — Bisa
homomorphism if for every w € Q(0), f ows = wp and for every n € Z,
w € Q(n) and ay, ...,a, € A, the following identity holds:

flwala,...,a,)) =wp(f(a1), ..., flan)). (1.1.1)

A homomorphism f: A — B is a monomorphism if for every {2-algebra
C and every two homomorphisms g,h: € =+ A fog = foh implies g = h,
an epimorphism if for every (2-algebra C and every two homomorphisms
g,h: B — Cgof = hofimplies g = h, an isomorphism if it has an inverse,
and an automorphism if it is an isomorphism and A = B. The group of
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automorphisms will be denoted by Aut(A,2). We say that a subspace J of
A is an ideal if and only if there is an -algebra B and a homomorphism
f+ A — B such that J is the kernel of ¢.

Remark 1.1.5. From the definition it follows that any ideal J of A satisfies that
foralln > 0andw € Q(n), w(J, A, ... A)+w(A, T, ..., A)+..+w(A, A, ...,J) C
J. Moreover, given a subspace J satisfying the previous identities, we can

define an Q algebra on A/J by passing to the quotient, and the morphism
sending a to a 4+ J for all a € A has kernel J. Hence, J is an ideal.

A derivation d: A — A on an F-linear 2-algebra is an F-linear map
satisfying that for any w € €(0) the identity d o w = 0 holds and for any
n>1,weQn)and ay,...,a, € A(n), the following identity holds:

d(w(a’h A2y ey an)) = w(d(al)a as..., an) + w(aly d((lg)..., an)
+ ...+ w(ay,....d(a,)). (1.1.2)
The set of derivations of an (-algebra A, has a structure of Lie algebra
with the product given by [dy, ds] = dy o dy — dy o d;. We denote this algebra

as Der(A, ).
We will introduce some examples of F-linear (2-algebras:

Examples 1.1.6. (a) A vector space is just an F-linear ()-algebra.

(b) A n-ary algebra A is a vector space A and (2 consists of one element
m of arity n. In case n = 2 we just call it an algebra and in case n = 3
we call it a triple system.

(c) An algebra with involution is a vector space A with €2 consisting of
one element m of arity 2 and one element 7 of arity 1 such that:
(1) m(r(a1),7(az)) = 7(m(az, ay)) for all a;,as € A, and
(2) 72(a) = a for all a € A.
(d) Given a vector space A and a bilinear form b: A x A — F we have the

Q-algebra A where €2 consists of one element which we denote w;, of
arity 3 defined by w(ay, as, asz) = b(ay, az)as.

We can describe the automorphisms of this F-linear (2-algebra. Indeed,
© € Aut(A, Q) if and only if it has an inverse and for all a;, as, a3 € A,

o(wp(ar, az, a3)) = wy(p(ar), e(az), pas)).
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Equivalently, this happens if and only if for all aq, as, a3 € A,
b(ay, az)p(as) = b(p(ar), p(az))e(as).

This shows that ¢ is an automorphism if and only if
b(a1, az) = b(p(a1), p(az)).

For that reason, if for instance, b is a nondegenerate symmetric bilinear
form we get that

Aut(A, Q) = O(A, b)

and in case it is a nondegenerate symplectic bilinear form we get that

Aut(A, Q) = Sp(A,b).

In the subsequent sections and chapters we will introduce some more
examples.

Let (A, Q) be an Q-algebra. For every n > 1, ay,...,a,1 € A, w € Q(n)
the endomorphism of the vector

-----

space A defined by wfal anfl)(a:) = w(ay, .oy Q_1, T, Ay ey A1)

Definition 1.1.7. Let (A, Q) be an Q-algebra. We define its multiplication
algebra J(A, Q) as the subalgebra of Endp(A) generated by the elements of
the form wéal 7777 an_p) for every w € Q2 of arity n > 1 and for every i € {1,...,n}.
We say that (A, ) is simple if J(A, Q) # 0 and its only ideals are A and 0.

Remark 1.1.8. Notice that a subspace of A is an ideal of (A, ) if and only
if it is a submodule for J(A, 2). Therefore, (A,$?) is simple if and only if
J(A, ) # 0 and A is an irreducible module of J(A, §2).

Definition 1.1.9. Let (A, (2) be an Q-algebra. We define its centroid as:

CA, Q) ={f €Endr(A) | fop=ypo fYpecI(AQ}.

We say that (A, ) is central if C(A, ) = Fid. We say that it is central
simple if it is central and simple.

Remark 1.1.10. The centroid of an Q-algebra (A, (2) is a unital subalgebra
of Endp(A).
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For an algebra with involution (A, —), we define its center as:

ZA, —)={reA|T=xzy=yx Vr,yec A}

The following is a known result but the author is not aware of a reference
for this specific case.

Lemma 1.1.11. A wunital algebra with involution (A, —) is central if and
only if Z(A, —) = F1 where 1 is the unit of A.

Proof. Denote [z,y] = zy—yzx and [z,y, 2| = (zvy)z—x(yz) for all z,y, z € A.

We know that F1 C Z(A, —) and that if x € Z(A, —), L, € C(A, —).
Moreover, if L, = Ly;, that implies that x = %1 for any A € F*. Hence,
if C(A, —) = Fid, Z(A, —) = F1. Now, assume that Z(A, —) = F1. Let
[ € C(A, —). Then, f(z) = f(lz) = f(1)z. Therefore, f = Ly1). We
have to prove that f(1) € Z(A, —). For any z € A, f(l)x = f(la) =
f(xl) = xf(1). Hence [f(1),A] = 0. That means that L;q) = f = Ry)

)
Now, for any r,y € A, f(xy) = f(a)y. Hence, (1)(rg) = (/1)) Thu

[f(1 ),A,A] = 0. Also, (zf(1) f(x)y = If( ) = z(f(1)y). Therefore,
[A, f(1),A] = 0. Similarly, we get A, A, f(1)] = 0. Finally, f(1) = f(1) =
f(1) which proves f(1) € Z(A, —) so C(A, —) = Fid. O

Proposition 1.1.12. The centroid of a simple Q2-algebra, is a division ring.
Moreover, if it has a nonzero operator of arity greater or equal to 2, it is a

field.

Proof. Let (A, Q) be a simple Q algebra. Take 0 # f € C(A, ). f(A) #0is
a submodule of A. Therefore, f(A) = A. Since ker f is another submodule
of A under the action of J(A, 2) and ker f # A, then ker f = 0. Therefore f
is an isomorphism of vector spaces. f~! € C(A, Q) due to the fact that for
an operator w of arity n > 1, a,...,a,—1 € A and i € {1,...,n}, we have:

P Waroan (@) = 7 (Wiay, o (F(F (@)
= (F@aran (P @)) = a0 (F (@)

Hence, C(A, Q) is a division algebra. If there is a nonzero operator w of
arity n > 2, we can take a,as, ..., a,, such that w(ay,as, ...,a,) # 0. Then,
given 0 # f,g € C(A,Q):

f(g(w(al’ az, ..., an))) - f(w(lag ,,,,, an)<g(a1)))

F (@ as...an)(02)))
(
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This implies that w(ay, as, ..., a,) € ker(fg—gf). Moreover, since ker(fg—
gf) is a submodule of A, we get that ker(fg —gf) = A. Hence, fg—gf =0
and this implies that C(A, 2) is commutative. O

Proposition 1.1.13. Let (A, Q) be an Q-algebra. (A, ) is central simple if
and only if for every field extension K/F, the Q-algebra (Ak, Q) is simple.

Proof. Assume first that (Ag,Qk) is simple for every field extension K/F.
Then (A, Q) = (Ar, Q) is simple. If (A, Q) is not central, take f € C(A, Q) \
Fid. Then, K = F(f) is a field due to Proposition [1.1.12| and A is a K-
linear Q-algebra. Thus, A ®r K =2 A ®k (K ®r K). Since K @ K is not a
simple algebra (due to the fact that the algebra homomorphism K®pK — K
sending a ® b to ab has nontrivial kernell), taking a proper nontrivial ideal
I, we have that A ®k I is an ideal of (Ag, Qk).

Finally, if (A, Q) is central simple and K/F is a field extension, a nonzero
element of z € A ®p K can be written as = a1 ® a; + ... + ar ® oy, for
linearly independent ay, ...,a; € A\ {0} and ag, ..., a4, € K*. Since A is an
irreducible J(A, Q) module, by Jacobson density, there is ¢ € I(A, Q) such
that ¢(a;) = a1 and ¢(a;) = 0 for i = 1,...,k. Denote by ¢k its linear
extension to A ®p K. Thus, ¢x(z) = a; ® 1 and px € I(Axk, k), which
implies that A ®@p K = Ideal({a; ® 1}) C Ideal({z}) where Ideal(A) means
the ideal generated by the set A. Thus, Ideal({z}) = A ®p K, which implies
that (Ag, k) is simple. O

1.2 Algebraic groups

In this section we are going to review the concept of algebraic groups. An
introduction to algebraic groups can be found in [Hum75].

Definition 1.2.1. Let fi, ..., fx € Flxy, ..., x,]. We denote the set of zeros of
these polynomials by:

V(fi, s fo) ={z € F" | fi(z) = ... = fu(z) = 0}.

We say that a subset X C F” is an affine algebraic variety if there are
fiy s fr € Floy, ..., 2] such that X = V(f1, ..., fx).

There is a topology we can induce in an affine variey X in which the closed
subsets are the subsets of the form X N\V(gy, ..., ;) for g1, ..., 91 € Flz1, ..., z,].
This is called the Zariski topology.

Let X CF"” and Y C F™ be two affine varieties. A map ¢: X — Y is a
morphism of affine varieties if there are 91, ..., 1, € Flz1,..,2,,] such that

p(x) = (Yr(2), oy Pm()).
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Remark 1.2.2. If X and Y are affine varieties, the cartesian product X x Y
is also an affine variety [HumT75].

Definition 1.2.3. An affine algebraic group is an affine variety GG together
with two morphisms of affine varieties:

m: GxG—= G
v G—= G

such that ¢ has an inverse :~!, which is a morphism of affine varieties, and

such that they satisfy the axioms for the multiplication and the inverse in a
group.

Some examples of algebraic groups are the following:

Examples 1.2.4. (1) The set F* of units of the field can be seen as an
algebraic variety since there is a bijection F* — V(zy—1) given by z +—
(x,x71). The multiplicative group G,, = F*, with product and inverse
given by m(z,y) = zy and «(z) = 27! for all z,y € G,,, is an algebraic
group. Indeed, the corresponding multiplication morphism in V =
V(zy—1), denoted by m: V xV — V is given by m((x1,y1), (x2,y2)) =
($1$2, 9291)-

(2) The general linear group GL(n,F) = {A € M, (F) | A is invertible},
with product and inverse given by m(A, B) = AB and ((A) = A~}
for all A, B € GL(n,F), can be embedded on the algebraic variety
V(det(z;;)t — 1) C F™"*! via the map

A= (am-) — (CLLl, vy A1y ooy A1y ooy Ay det(A)*l)

This is an algebraic group [Hum75, 7.1]. Moreover, the group G,, is
the particular case with n = 1.

(3) The diagonal group D(n,F) is the subgroup of GL(n,F) consisting on
invertible diagonal matrices. This is an algebraic group which is iso-
morphic to the direct product of n copies of G,,,. [HumT75, 7.1].

(4) The group u, = V(z" — 1) C F with multiplication given by m(z,y) =
ry and inverse given by «(x) = z~! is also an algebraic group. Note
that if 2™ — 1 has n different roots in F, then u, is the cyclic group of
order n.
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(5) Given two affine algebraic groups G and H where we denote its multi-
plication by juxtaposition and we denote by 1 the unit of G, its direct
product G x H is an affine algebraic group. Moreover, if we have a
morphism ¢: G x H — H of algebraic groups satisfying:

Qp(gla gp(g% hl)) - @(9192,h> for all g1, 92 € Ga h € H7
©(1,h) = h for all h € H,

and satisfying that for all ¢ € G the map h — ¢(g, h) is an automor-
phism of H, then we can define a product on H x G by (hy, g1)(ha, g2) =
(h1p(g1, ha),g192). This is an algebraic group called the semidirect
product and denoted by H x, G (or simply H x G if ¢ is not known
or it is known from the context) [Hum'75l, 8.4].

(6) For an F-linear Q-algebra (A, Q) over a finite dimensional vector space,
its group of automorphisms Aut(A, 2) is a subgroup of GL(n,F) where
n is the dimension of A. The equations come from the identities (1.1.1)),
and the fact that any multilinear map can be written as a homogeneous
polynomial.

Definition 1.2.5. A torus is an affine algebraic group isomorphic to D(n, F)
for some n. A quasitorus (or equivalently d-group [Hum?75, 6.2]) is an affine
algebraic group which is isomorphic to the direct product of a torus and a
finite abelian algebraic group. A diagonalizable group is an algebraic
group which is isomorphic to a closed subgroup of D(n,F) for some n.

1.3 Affine group schemes

We will assume that the most basic definitions for categories, as well as
Yoneda’s lemma, are known. For a reference, the reader can refer to [Mac9§].
We will denote by Set, Grp and Algr the categories of sets, groups and unital,
commutative and associative algebras over the field F.

Affine algebraic groups sometimes don’t grasp all the meaning of the
equations they are dealing with. For instance, if we work in Q, since the
algebraic variety V(z® — 1) C Q just contains the unit element, pu3 is just
the trivial group. In order to overcome this circumstance, we can approach
this problem from a functorial point of view. Given a set of polynomials
S C Flay, ..., z,), we can define the functor V(S): Algr — Set by sending any
F-algebra R to V(S) = {x € R" | f(z) =0 for all f € S}, and which sends
any morphism of F-algebras ¢: R — T, to the morphism V(S)(y) which
acts componentwise. In this case, V(23 — 1) is not the same as V(z — 1).
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Moreover, if we denote by J, the ideal generated by the elements of S and
denote A = F[z1, ..., 2,]/J, there is a natural isomorphism 6 between V(S)
and Homyg, (A, - ), defined by Og(r1, ..., rs)(@(z1, ..., xn) +T) = @(r1, ... 1)
for any F-algebra R. Using this functorial approach we define the concept
of affine group schemes. A good reference for this topic is [Wat79]. Here we
will introduce the definition and the most useful results and will refer to this
last reference for the proofs.

Definition 1.3.1. An affine group scheme over F is a functor G: Algg —
Grp such that its composition with the forgetful functor Forgetful: Grp —
Set is representable (i.e. the functor Forgetful o G is naturally isomorphic
to the functor Homyg, (A, -) for some algebra A). The morphisms of affine
group schemes are just the natural transformations.

Remark 1.3.2. If a representable functor F from Algg to Set is isomorphic to
Hom(A, -), we say that F is represented by A or that A represents F. In the
context of the previous definition we can say that G is represented by A and
write A = F[G], which makes sense because as a consequence of Yoneda’s
lemma, G is represented by a unique algebra up to isomorphism.

The main affine group schemes we will need to use are given in the fol-
lowing examples:

Examples 1.3.3. (1) Let G be an abelian group, we will denote by
GP: Algr — Grp

the functor given by GP(R) = Homg,,(G, R*). Moreover for any mor-
phism of algebras f: R — S, GP(f)(p) = fo for all p € GP(R).
This is an affine group scheme represented by the group algebra FG
[Wat79).

(2) Let V be a finite dimensional vector space. Then, we define GL(V)
as the affine group scheme, such that for any algebra R, its group of
R-points GL(V')(R) consists on the invertible R-linear transformations
of V ®r R. Given morphism of algebras f: R — .S, in order to define
GL(V)(f), we notice that S is an R-module by defining rs = f(r)s for
any r € R, s € S. Moreover, the morphism 6: (V®rR)®rS — V&S
given by f(v @r®s)=v® f(r)sforallv € V,r € Rand s € S is an
isomorphism with inverse induced by 07! (v®s) = v®@1®s forallv € V,
s € S. GL(V)(f) sends ¢ € GL(V)(R) to fo(p®id)of~t € GL(V)(S).

(3) Let m be a natural number. We denote by u,, the affine group scheme
whose group of R-points is u,,(R) = {r € R* | r™ = 1}. Its represent-
ing algebra is F[z]/(z™ — 1).
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Let (A, ) be a finite dimensional F-linear (2-algebra. Given a unital,
commutative and associative algebra R, we denote by (Ag,§2g) the
Q) algebra in which Ap = A ®r R and for any n € N, an element
w € Q(n) defines a multilinear operator wg by w(a; ® 11, ...,a, @1,) =
w(ay,...,a,) @ ry---ry, for all ay,...,a, € A and ry,...,r, € R. We
define Aut(A, Q) as the affine group scheme whose group R-points is
Aut(A,Q)(R) = Autg(Agr,Qg) (here Autg(Ag,Qg) is the subgroup
of R-linear automorphisms of Aut(Ag, r)). Its representing algebra
is

F['rl,l; --wxl,n; ...,:cn’l, ...,xn’n,t]/j

where J is generated the polynomials which are 0 due to the identities

(1.1.1) and det(x; ;)t — 1.

Given a vector space V' and a quadratic form ¢q: V' — F, we define
the orthogonal group scheme, denoted as O(V q), the affine group
scheme whose group of R-points is O(V,q)(R) = {a € GL(V)(R) |
qr(a(v)) = v Vv € V ®@r R}. Notice that if we are working over a
field of characteristic different from 2, ¢ is determined by its polar form
q(z,y) = q(x +y) — q(z) — q(y). If the characteristic of the field is 2,
we could also define gg by qr(vy @ r1 + ... + v, @ 1%) = q(v1)r3 + ... +
Q(OR)T + D1 <ie i<k A(Vis vj)rirs. If the characteristic is not 2, we define
the affine group scheme O%(V,q) as the affine group scheme whose
group of R-points is OF(V,¢)(R) = {a € O(V, ¢q)(R) | det(a) = 1} and
we call it the special orthogonal group scheme.

In case we have a bilinear form b, we define the affine group schemes
O(V,b) and O*(V,b) in the analogous way.

There is the trivial affine group scheme 1 whose group of R-points is
the trivial group. Its representing algebra is just the field F.

Let G be a finite group. Consider the algebra Map(G,F) of maps from
G to F. For g € G let ¢4 be the map defined as e,(g) = 1 and e,(h) =0
for all h # g. With this notation, Map(G,F) = €D, Fe,. This is a
Hopf algebra with the coproduct given by A(e,) = th:g en ® ey, the
counit given by e(e;) = e,~1. Then, we define the constant group
scheme G as the affine group scheme represented by this Hopf algebra

(see below).

Definition 1.3.4. We say that an affine group scheme G is diagonalizable
if there is an abelian group G such that G is isomorphic to G”.
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Remark 1.3.5. Notice that for an F-linear Q-algebra A, there is a monomor-
phism i: Aut(A, Q) - GL(A) induced by the usual inclusions

ir: Aut(A,Q)(R) - GL(A)(R)
for every R in Algy.

Definition 1.3.6. A (commutative) Hopf algebra is a unital commutative
and associative algebra (A, m) with two homomorphisms of unital algebras
A: A— A®rA and €: A — F called comultiplication and counit respec-
tively and a linear map S: A — A called antipode such that if yu: F — A
is the unit map the following identities hold:

(A®id) o A = (id ® A) o A (coassociativity)
(e®id)o A =id = (id ® €) o A (counit axiom)
mo(S®id)oA=poe=mo (id® S)o A (antipode axiom)

Any affine group scheme G has three natural transformations denoted
by mult: G x G — G, inv: G — G and unit: 1 — G corresponding to
the multiplication, the inverse morphism and the unit morphism. If A is
the representing algebra of G, A ®p A is the representing algebra of G x G.
Applying Yoneda’s lemma, the previous natural transformations give rise to
three morphisms denoted A: A - A®rA, S: A — A and e: A — F. Then,
A with A, e and S as comultiplication, counit and antipode respectively is a
Hopf algebra. Moreover, given a commutative Hopf algebra we can induce
an affine group scheme using Yoneda’s lemma [Wat79, 1.4]. Since the inverse
and the unit maps in a group are defined from the multiplication, if we have
the comultiplication, the counit and the antipode are uniquely determined.

Example 1.3.7. For an abelian group G, the affine group scheme GP is
represented by the group algebra FG. The comultiplication is induced by
A(g) =g®g, e(g) =1forall g €q.

Definition 1.3.8. Let G be an affine group scheme. Denote by F[7] the
2-dimensional algebra satisfying 72 = 0. Consider the morphism of algebras
7: Flr] — F sending 7 to 0. We denote the kernel of G(m) by Lie(G) and
call it the Tangent Lie algebra of G.

The name of Lie algebra is due to the fact that it can be endowed with
a Lie bracket. In order to define the bracket, we need to identify G(F[7])
with Hom,, (F[G],F[7]). Any x € Lie(G) is of the form x = e+ dr for some
d: F[G] — F. For any z; = e+ di7 and x5 = € + do7, we define their bracket
by [z1,22] = €+ (d1 @ dy — ds @ dy) o AT (see [Wat79, 12.2]).

Given a morphism #: G — H between two affine group schemes, we
denote by df: Lie(G) — Lie(H) its restriction to the tangent Lie algebras.
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Remark 1.3.9. The Lie algebra of an affine group scheme can be endowed
with a canonical structure of Lie algebra if the characteristic of F is 0 as
above, and of a restricted Lie algebra if the characteristic is p > 0 (see for
instance [EK13 A.5]).

Example 1.3.10. Let A be an Q-algebra and G = Aut(A, Q). An element
¢ +dr € G(F[r]) with ¢,d € Endr(A) is in the kernel of G(r) if and only
if ¢ =id. Let d € Endp(A). id + dr € G(FF[r]) if and only if for every
neN weQn)and ay,...,a, € A (id+dr)w(a; ®1,...,a,®1) = w(id(ay) +
d(ay)T, ...,id(a,)+d(a,)T). Since 72 = 0 this happens if and only if n > 1 and
d(w(ay,...,a,)) = w(d(ar), ag, ..., an) + w(ay, d(az), ..., a,) + w(a, ag, ..., d(a,))
orn =0 and pow = 0. Hence Lie(Aut(A,Q2)) = Der(A, Q).

1.4 Gradings: Definitions

In this section we are going to rewrite the theory of gradings in [EK13| in
terms of (2-algebras. Most of the proofs are equivalent and so we are going
to refer to the monograph.

Definition 1.4.1. Let G be a group. A G-grading [' on an F-linear €)-
algebra A is a vector space decomposition:

I:A=@PA,

geG

satisfying that for every w € Q(0), w(1) € A, and that for every w € Q(n),
g1, -, gn € G, and every a; € Ay, fori € {1,...,n}:

w(a, ...,an) € Agy.g, -

We call the subspaces A, the homogeneous components of the grad-
ing.

Given a group element g € G, we say that an element 0 # a € A is
homogeneous of degree ¢g (and we write deg(a) = ¢g) if a € A,.

We define the support of the grading I" as Supp(I') = {g € G | A, # 0}.

If we fix the grading we say that A is a G-graded (2-algebra.

Remark 1.4.2. Given a G-grading
I:A=@EPA,
geG

on an F-linear Q2-algebra A we can denote by ' the operator domain in which
Y (n) =Q(n) forn #1and V(1) = Q1) U{m, | ¢ € G}. With this notation,
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the G-graded Q-algebra A can be equivalently defined as the (2'-algebra A
where for every g € G, m, defines the l-ary operator given by m,(a) = a,

where a, is the projection of a on A, with respect to the decomposition given
by I'.

Proposition 1.4.3. Given an operator domain Q and a group G, denote
as in Remark[1.4.2. There is a correspondence between G-graded Q-algebras
and F-linear Q' algebras satisfying:

(1) mgomy=my forall g € G and ngom, =0 for all g # h € G.
(2) ZgGG Tg = id
(3) For all w € 2(0) the identity m. o w = w holds.

(4) For alln > 1, w € Q(n) and ¢1,...,9, € G, the following diagram
commutes:

Mgy X oo XTgp,

Ax...xA s Ax ... xA

TI'ng...Xﬂ'QHl lw

Tgi-gn
Ax .. xA Y3 A2 s A

Proof. Due to Remark if we have a G-graded Q-algebra, we can define
an F-linear Q' algebra satisfying (1), (2), (3) and (4).

If we have an Q' algebra satisfying (1), (2), (3) and (4), define A, as the
image of 7,. We need to prove that A = P, A, and that this direct sum
is a G-grading.

In order to prove that A is the direct sum of the subspaces A, for all
g € G, denote by i,: A; — A the inclusion and p,: A — A, the projection
induced by m,. If a € A, (2) implies

a= Z mg(a).
geG
Thus, A = dec-’qg' Moreover, if 0 = dec a, with a, € A, for all g € G,
and if b, € A is such that 7,(b,) = a4, due to (1) we have that

0= Th (Z Wg(bg)> = Zﬂ'hﬂ'g(bg) == Wh(ﬂh(bh)) = 7Th<bh) = Qp.

geG geG

Hence the sum is a direct sum, i.e., A = @geG A,

Now, (3) implies that for all w € Q(0), w(1) € A, and (4) implies that
foralln > 1, w € Q(n), ¢1,..,9, € G and every a; € Ay, for i € {1,...,n},
wW(@r, ..., an) € Agy..gn- O
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Definition 1.4.4. Given a G-grading I': A = @QGG Ay on an (2-algebra
A and an H-grading I'": B = @,., Br on an Q-algebra B, we say that
they are equivalent if there is an equivalence of graded (2-algebras, i.e.
an isomorphism ¢: A — B such that there exist a bijection a: SuppI' —
Supp I such that for all g € SuppI’, p(Ay) = Ba(g). In this case we say that
I’ and I are equivalent gradings.

Definition 1.4.5. Given an operator domain €2 and a group G. Given two
F-linear 2-algebras A and B with G-gradings I': A = @gec Agand I[': B =
D e B,, a homomorphism of G-graded algebras is a homomorphism
¢: A — B of F-linear Q-algebras such that for every g € G, ¢(A,;) C B,. We
say that ¢ is an isomorphism of G-graded algebras if ¢ is an isomorphism
of Q-algebras and a homomorphism of G-graded algebras, in which case we
say that A and B are isomorphic G-graded (2-algebras.

Remark 1.4.6. Given an operator domain €2 and a group G. Denote ' as in
Remark [1.4.2] Given two G-graded Q-algebras A and B, a homomorphism
between the G-graded (2-algebras A and B is the same as a homomorphism
between the corresponding F-linear (¥-algebras (notice that p(A,) C B, is
equivalent to pom, = m,0¢). The same thing happens with the isomorphisms.

Definition 1.4.7. Given two groups G and H, a G-grading I': A = @geG A
on some (2-algebra A, and group homomorphism a: G — H, we can define
the grading:

°T: A= @Ah
heH
where for every h € H, A, = @gea a(g)=h Ao-
We say that I' is weakly isomorphic to an H-grading I'': A = @, ;; An
if there is an isomorphism «: G — H such that “I" is isomorphic to I".

Definition 1.4.8. Given a G-grading I': A = @QGG Ay of an -algebra A
and an element h € G, the shift of I' by h is the grading

. A= @A’g

geG

of the vector space A, where Aj, = A, for all h € G. A graded homo-
morphism between two graded vector spaces A y B with gradings I'y: A =
D,ccAg and I's: B = P, By is a homomorphism ¢: A — B such that
there is an element h for which ¢(A,) C B, for all ¢ € G. In this case, we
say that it has degree h. We denote the space of graded homomorphisms of
degree h as Homp(A, B),, and we denote:
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Hom$ (A, B) = @Homp(ﬂ, B)p.
geG
We define graded homomorphism between two graded ()-algebras as
a homomorphism between the (2-algebras which is also a graded homomor-
phism between the two graded vector spaces.

Remark 1.4.9. The kernel of a graded homomorphism ¢: A — B of G-graded
(-algebras is a graded subspace of A. Indeed, if z = geG Tg With g € G, is
such that p(x) = 0, since there is some h € G such that p(z,) € By, for all
g € G, we have that ¢(z,) = 0 and so z, € ker ¢ for all g € G. Similarly, we
can prove that the image is a graded subspace.

Definition 1.4.10. Given an operator domain €2, an (2-algebra A, two
groups G and H, a G-grading I': A = @geG Ay and an H-grading I': A =
D,cny A, we say that I' is a refinement of I (or that I is a coarsening
of I') if for any g € G there is h € H such that A, C A). If the inclusion is
strict for some g € G we say that the refinement (or coarsening) is proper.
If a grading has no proper refinement we say that it is fine.

We are going to finish the section by introducing some groups and group
schemes related to a grading.

Let (A,Q) be an Q-algebra. Let G be a group and I': A = P, Ay
a grading on (A, ). The diagonal group scheme Diag(I") is the group
scheme whose group of R-points for an F-algebra R is:

Diag(I')(R) = {¢ € Aut(A,Q)(R) | pia,eer € R*1dg,e:r Vg € G}

The stabilizer group scheme Stab(I') of I' is the group scheme of
automorphisms of the ' algebra defined as in Remark [1.4.2l We denote
by Stab(I') = Stab(I")(F) and we call it the stabilizer group of I'. We
denote by Aut(I") the group of self equivalences of I'. Finally, the quotient
Aut(I")/ Stab(I') is called the Weyl group and denoted by W (I').

1.5 Gradings: derivations, automorphisms and
affine group schemes

In this last section we are going to assume that {2 is an operator domain and
A a finite dimensional F-linear (2-algebra. If I is a grading by an abelian
group G, by taking a smaller group we can assume that G is generated by
the support of I'. Hence, throughout this section, G will denote a finitely
generated abelian group.
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1.5.1 Derivations

Let F be a field of characteristic 0. Let I': A = €
A. We can define a linear map dr induced by:

ez Ai be a Z-grading of

dr(z) =ix for all x € A;, for all i € Z. (1.5.1)

Lemma 1.5.1. With the previous notation, dr s a derivation of the €)-
algebra A. Moreover, any diagonalizable derivation of the Q-algebra A with
integral eigenvalues induces a Z-grading T'y: A = @,., Ai on A given by
Ai={z e A|d(z) =ix}.

1€EZ

Proof. Let dr be the linear map defined previously. If w € ©(0), w(A) € Ay
for all A € F. Hence, dr o w(\) = 0 implying drow = 0. If n > 1 and
w € Qn), take iy,..,i, € Z and a, € A;, for each k € {1,...,n}. Then,
w(ai,...,a,) € Ajy 4.+, Hence:

dr(w(a, ...,an)) = (i1 + ... +ip)w(aq, ..., ap)
= w(iyay, ag, ..., an) + w(ay, isag, ..., ap)... +w(ay, ..., i,a,)
= w(dr(ay),as, ...,a,) + w(ay, dr(az), ..., a,)+
. +w(ay, aq, ..., dr(a,))

which implies that the identity is satisfied by the elements of a basis
and this implies that it is satisfied for all elements in A.

Conversely, if d is a derivation as in the statement of the proposition and
denote A; = {z € A | d(z) = iz}, we will show that I' is a Z-grading of the
Q-algebra. If w € Q(0), the identity d(w(1)) = 0 implies that w(1) € Aq. For
n>1weQ(n),i,.. i, € Zand a, € A;, for each k € {1,...,n}, taking into
account that d(w(ay, ...,a,)) = w(d(ay), ag, ..., a,) + wlay, d(ag), ..., an) + ... +
w(ay, as...,d(ay)), and arguing as before, we can show that d(w(ay, ..., a,)) =
(i + ... +in)w(ay, ..., a,) which implies that w(ay, ..., a,) € Ai 4. 1, O

Remark 1.5.2. Notice that the proof of Lemma doesn’t require A to be
finite dimensional.

In [Smi97] it is is shown that any Z-grading I': A = €;__ A, on a simple
associative algebra, not necessarily finite dimensional, arises from a Peirce
decomposition with respect to a complete system of idempotents e, ..., e, in
the following way:

n
.Ak = @ 67;.A€k_@'
i=1
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for k € —n, ...,n. The previous lemma allows us to show in a different way a
finite dimensional version of this result.

Proposition 1.5.3. Let A be a simple associative algebra over an alge-
braically closed field F of characteristic 0. Then A is isomorphic to M, (F)
and up to isomorphism any Z-grading, is given by a n-uple (A,...\,) € Z"
by setting deg(E; ;) = i — A;.

Proof. The fact that A is isomorphic to M, (F) is just [HER68, Theorem
4.1.3]. Let I': A = @, A be a Z-grading on A. Denote dr the derivation
defined as in (1.5.1]). Due to the fact that every derivation on a simple finite
dimensional associative algebra is inner, there is a matrix a € A such that
d(z) = ad,(x) = ax — za.

The matrix a decomposes uniquely into a = s + n where s is diagonaliz-
able, n is nilpotent and [s,n] = sn —ns = 0 (Jordan decomposition). As it is
shown in the proof of [EId13, 2.6(i)], ad, = ads+ad,, is the Jordan decompo-
sition of ad,. Since ad, is diagonalizable, it is also its Jordan decomposition,
and so, ad,, = 0, implying that n is in the center of A. Therefore, n = 0 due
to the fact that it is nilpotent. Thus, a is diagonalizable.

Since a is diagonalizable, applying a suitable automorphism of A, we
can assume that a is the diagonal matrix diag(Aq, ..., A\,). Moreover, since
ad, = ad,—»,id, we can assume that A\; = 0. Hence, the elements E;; are a
basis of A such that dr(E; ;) = ad,(E; j) = (A;—A;)E; ;. Since the eigenvalues
of dr are integers and \; = 0, then, each A; for1 € {1,...,n} is an integer and
due to Lemma we get the result.

O

1.5.2 Automorphisms

Let F be an algebraically closed field of characteristic 0. Let G be a finitely
generated abelian groups and G = Homg,,(G,F*) its group of characters.

Let A be a finite dimensional F-linear Q-algebra and I': A = € gecAg a
G-grading. We can define a homomorphism 7 : G — Aut (A, Q) by:
nr(x)(z) = x(g)z forallz e Ay, g€ G and x € G. (1.5.2)

Proposition 1.5.4. Given an operator domain €2, an algebraically closed
field F of characteristic 0, a finitely generated abelian group G and a finite
dimensional F-linear Q-algebra A, the G-gradings on A are in one-to-one
correspondence with the homomorphisms of algebraic groups G — Aut(A, Q).
Two G-gradings are isomorphic if and only if the corresponding homomor-
phisms are conjugate by an element of Aut(A,Q). The weak isomorphism
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classes of gradings on A with the property that the support generates the
grading group are in one-to-one correspondence with the conjugacy classes of
quasitori in Aut(A, ).

Proof. This proof is similar to the proof of [EK13, Proposition 1.28.] ]

Proposition 1.5.5. With the previous notation, the equivalence classes of
fine gradings on the Q-algebra A are in one-to-one correspondence with con-
Jugacy classes of maximal quasitori in Aut(A, Q).

Proof. This proof is similar to the proof of [EK13, Proposition 1.32.] O

1.5.3 Automorphism group schemes

Now we will not assume any hypotheses on the field F. Let G be a finitely
generated abelian group. Let A be an F-linear (2-algebra. The group algebra
FG has a structure of Hopf algebra as in Example with coproduct,
A(g) = g ® g, antipode S(g) = ¢! and counit €(g) = 1. In [EKI3, 1.3.]
it is explained that a G-grading I': A = ®g€G Ay on the vector space A is
equivalent to an FG-comodule given by the coaction pr: A — A ®p FG:

pr(a) =a®g forallaec A, g€ G.

Given a coaction p: A - A®RpFG it is also shown that we can conversely
define a G-grading on A by:

A;={aecA|pla) =a®g} forall ged.

In a similar way as in [EK13], the comodule p induces a G-grading on the
(-algebra A if and only if p is a morphism of (2-algebras. Hence, the coaction
pr induced by a grading I' induces an automorphism ¢r € Aut(A, Q)(FG)
satisfying:

¢r(a® 1) = pr(a) (1.5.3)

for all a € A. Moreover, using Yoneda’s Lemma, a comodule p: A — AQrFG
is equivalent to a representation of the diagonal group scheme GP (i.e. a
morphism §: GP — GL(A)). This allows us to prove the following results:

Proposition 1.5.6. The G-gradings on the Q-algebra A are in one-to-one
correspondence with the morphisms of affine group schemes GP — Aut(A, Q).
Two G-gradings are isomorphic if and only if the corresponding morphisms
are conjugate by an element of Aut(A, Q). The weak isomorphism classes of
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A with the property that the support generates the grading group are in one-
to-one correspondence with the Aut(A,Q)-orbits of diagonalizable subgroup

schemes in Aut(A, Q).
Proof. The proof is similar to the proof of [EK13 Proposition 1.36.]. ]

Proposition 1.5.7. Let Q2 and 2 be two operator domains. Let A be an §2 al-
gebra and B an Q) algebra. Assume that we have a morphism 0: Aut(A, Q) —
Aut(B,Q). Then, for any abelian group G, we have a mapping T' — 6(T)
from G-gradings on (A,Q) to G-gradings on (B,Y). If T' and I" are iso-
morphic (respectively weakly isomorphic), then 6(I') is isomorphic (weakly
isomorphic) to O(I").

Proof. The proof is equivalent to he proof of [EK13, Theorem 1.38]. O

Remark 1.5.8. With the notation of Proposition[1.5.7] if 6 is an isomorphism,
the correspondence I' — 6(I') is a one-to-one correspondence between G-

gradings on (A, ) and G-gradings on (B, Y).

Remark 1.5.9. The Hopf algebra FG satisfies that an element z € FG is
in the group G if and only if A(z) = = ® x. Hence, every automorphism
of the Hopf algebra FG induces an automorphism in G and conversely, an
automorphism of G induces an automorphism of FG since FG is spanned by

the elements of G (see [Wat79, 2.2]).
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Chapter 2

First example: Cross Products.

This chapter is devoted to explaining the results in [DET20], i.e., give a
classification of gradings on r-fold cross products, which is a good way to
show how to use the results in the previous chapter. In this chapter F will
always be an arbitrary field of characteristic different from 2 unless it is stated
otherwise.

In Section [2.1] we give the definition of r-fold cross product. In Section
2.2] we give some relevant properties of composition algebras. In Section
we give a classification of r-fold cross products determining their possible
bilinear forms (see Proposition [2.3.10). Section is another theoretical
interlude in order to introduce the Clifford algebra and some relevant groups
for the chapter like the spin group. In Section we give a description of
the automorphism group scheme for each isomorphism class of r-fold cross
product (see Corollary , Theorem , Theorem and Theorem
2.5.12)). Finally, in Section [2.6] we give a classification up to isomorphism of
the gradings (see Theorems [2.6.1} [2.6.4] and [2.6.11]).

2.1 Definition: r-fold cross products

The usual vector cross product x on R? is an antisymmetric product given by
the linearization of e; X ;11 = e;4o for i € {1,2,3} taking the indices modulo
3 where {e1, ey, e3} is the standard basis of R3. However, if we denote by
(-, -) the usual scalar product in R® and by || - || the norm, this vector cross
product is determined (up to sign) by the following two properties:

(1) For all z,y € R?, (z x y,z) = (x x y,y) = 0.

(2) For all z,y € R?, ||z x y|| = ||z]|||y|| sin(#) where 6 is the angle between
x and y.

35



36 CHAPTER 2. FIRST EXAMPLE: CROSS PRODUCTS.

We can notice that squaring the identity in (2) we get that (z Xy, z X y) =
(x,2){y,y)(1 — cos®0) = (x,x){y,y) — (x,y)?. Hence, (2) is equivalent to:

Using these properties, a generalization of the vector cross product on
a vector space with a nondegenerate symmetric bilinear form over a field of
arbitrary characteristic different from 2 is given in [Eck43] and [BG67]. Since
the nondegenerate bilinear form might not be uniquely determined by the
vector cross product, we introduce a slightly different definition:

Definition 2.1.1 ([DET20]). Let V' be a finite-dimensional vector space, of
dimension n, over a field [F of characteristic different from 2, andlet 1 <r <n
be a natural number. An r-fold cross product X on V is a multilinear
map

X: Vi =V

such that there is a nondegenerate symmetric bilinear form b: V x V. — F
satisfying that for all vy, ...,v, € V:

b(X (v1,...,v),v;) =0 forall i € {1,...,n},
b(X(v1,...,v.), X(v1, ..., v,)) = det(b(v;, v;)).

We can say that (V,X) (or (V,X,b) := (V,X,wp) if b is fixed) is an
(r-fold) cross product.

Remark 2.1.2. Notice that (V, X,b) can be seen as the Q-algebra (V, X, wy)
where wy is the 3-ary operator defined by wy(u,v,w) = b(u,v)w for all
u,v,w e V.

Remark 2.1.3. Note that if (V, X,b) is an r-fold cross product and o, € F

are nonzero scalars satisfying 877! = o2, then, equations (2.1.1)) and ([2.1.2))
are satisfied for X and Bb. Therefore, (V, aX, Bb) is an r-fold cross product.

Remark 2.1.4. Notice that using what is shown in Example (d), it
follows that Aut(V, X,b) = Aut(V, X) N O(V,b) or more generally, in terms
of affine group schemes, Aut(V, X,b) = Aut(V, X) N O(V,b).
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2.2 Interlude: Composition algebras

Composition algebras as well as the gradings on the octonion algebra will
play an important role in this chapter. For that reason, we will add a little
survey on composition algebras. The interested reader can refer to [ZSSS82]
or [EId20] for more information.

Recall that given a vector space V', a quadratic form n: V — F is a
map satisfying n(ax) = a?n(z) for all @ € F and x € V, and that its polar
form, n: V x V — F defined by n(z,y) = n(z +y) — n(z) — n(y) (which we
will also denote by n) is a bilinear form. We say that the quadratic form is
nonsingular if its polar form is nondegenerate.

Definition 2.2.1. A composition algebra over F is a triple (A, -,n) (or
just (A,n) if the product is clear from the context) where (A, -) is a nonas-
sociative algebra and n: A — T is a nonsinglar quadratic form, called the
norm, which is multiplicative, i.e. for every x,y € A, the following identity
holds:

n(zy) = n(z)n(y).

Although there is not a complete classification of these algebras, there
are some which are well known:

Definition 2.2.2. A Hurwitz algebra is a unital composition algebra. If
(A,n) is a Hurwitz algebra, we call the map ¢t: A — F defined by t(a) =
n(a, 1), its trace form.

Proposition 2.2.3. If (A,n) is a Hurwitz algebra:

(1) The map —: A — A defined by a = t(a)l — a is an involution, where t
is the trace form.

(2) The identity n(x, zy) = n(zy, z) = n(y,Tz) holds for every x,y,z € A.

(3) Any x € A satisfies the Cayley-Hamilton equation:

2 — t(x)z +n(x)l = 0.

(4) A is an alternative algebra, i.e. x*y = x(xy) and yx* = (yx)z for all
z,y € A.

Proof. The proof is in [EId20, Proposition 2.2.] O

Remark 2.2.4. Notice that for any x € €, t(x) = 0 is equivalent to T = —u.
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Remark 2.2.5. Using the Cayley-Hamilton equation it can be shown that
n(x) = 2T and that n(z) = n(T).

Remark 2.2.6. The Cayley-Hamilton equation implies that for any ¢ € Aut(C)
and = € C, n(p(x)) = n(x). Moreover, linearizing, this implies that for any
z,y € C n(p(x),o(y)) = n(x,y). Therefore, Aut(C) = Aut(C,n). This
argument is functorial, so in general we have Aut(C) = Aut(C,n).

A way to find examples is to construct them inductively. In order to do
so, we are going to introduce the Cayley-Dickson doubling process.

Definition 2.2.7. Let A be an algebra with unit 1, and an involution
—: A — A satistying that for any a € A, a +a € F1 and aa € F1. Given
€ F*, we say that the algebra B = A & A with product and involution
given by:

(a1, a2)(as, as) = (aras + p1a4G2, G104 + azas), and
(a1,a9) = (@, az)

is an algebra with involution obtained by the Cayley-Dickson doubling
process from (A, — ) and p and we denote it by €O (A, —, u) or just D (A, u).

Remark 2.2.8. Sometimes we will just say that B = A ® wA with w? = p.

Let (K, —) be either F @ F with the exchange involution or a separable
quadratic extension of F where the involution is the only automorphism of
order 2. An algebra with involution obtained by the Cayley-Dickson doubling
process from (K, — ) is called a quaternion algebra and an algebra with in-
volution obtained by the Cayley-Dickson doubling process from a quaternion
algebra is called an octonion algebra or a Cayley algebra.

Theorem 2.2.9 (Hurwitz). Any Hurwitz algebra over F is finite dimensional
and isomorphic to one of the following:

(1) F.

(2) FeF.

(8) A separable quadratic field over F.
(4) A quaternion algebra.

(5) A Cayley algebra.

Moreover, n: € — T is given by the Cayley-Hamilton equation.
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Proof. The proof is in [Sha66, Theorem 3.25] O

The Cayley algebras are interesting for the study of Lie groups and Lie
algebras. Indeed we have the following result.

Proposition 2.2.10. Let C be a Cayley algebra. Der(C) is a Lie algebra of
type g2 and Aut(C) is an affine group scheme of type Gs.

Proof. See [SV00, Theorem 2.3.5, Proposition 2.4.5]. ]

The (split) Cayley algebra C is the algebra obtained by taking K =
F & wF with w? = 1, H = K ® wyK with w3 = 1 and € = H & wsH with
wi=1.

The gradings by abelian groups on the split Cayley algebra have been
classified over arbitrary algebraically closed fields in [EId9§] and in [EK12].
Given an abelian group G, we can define two kind of gradings on € up to
isomorphism.

In order to introduce the first kind of gradings, we need to introduce the
Cartan basis. We give a construction which is shown in full detail in [EK13
Chapter 4], where the reader should refer for the proof. To begin with we
take 2 = (1 + w;). Take y € € such that n(z,y) = 1. Denote e; = zy and
es = 1 — e; = €;. Define the following subspaces of C:

U={zx€C|ex=1=uwey, eax =0 =zxey},

V={x€C|exr=x=umxe, ez =0=zxes}.

We can find a basis {uy, ug, us} of U and a basis {vy, ve, v3} such that

n(ug,v;) =1

and the norm in the rest of the combinations of elements is 0. This basis
is called a good basis of C or a Cartan basis of C. The multiplication is

given by table [2.1]
Now, let v = (g1, g2, g3) be a triple of elements on G such that g1g.g93 = e.

Denote by I't(G, ) the grading induced by

deg(e;) = e = deg(ey) and
deg(u;) = g; = deg(v;) ™",
for every i € {1,2,3}.
Given another such triple 7' = (¢}, g5, g5), we denote v ~ ~" if and only if

there is m € Symg such that g.;) = g; for all i € {1,2,3} or there is 7 € Symy,
such that g;(li) =g, for all i € {1,2,3}.
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€1 €2 (75} U2 us U1 (%) U3
€1 €1 0 Ul (5) us 0 0 0
€9 0 €9 0 0 0 U1 (%] U3
Ul 0 (51 0 V3 —V2 —€1 0 0
(5) 0 Ug | —Vs3 0 U1 0 —e€1 0
us | 0 wus | vy —vg 0 0 0 —ey
(%] (%1 0 —€9 0 0 0 Uus — U2
Vg | U2 0 0 —E€9 0 —Uus 0 (51
V3 | U3 0 0 0 —E€9 U9 —Uq 0

Table 2.1:
algebra.

Multiplication table of the Cartan basis on the split Cayley

We will define another basis called the Cayley-Dickson basis {z;}/_, by
To — 1, 1 = W1, T2 = Wa, Tz = WW1, T4 = W3, Ty = W3W1, Tg = W3W2 and
Ty = wg(wgwl).

Let H C G be a subgroup isomorphic to Z3. Let a: Z3 — H be an
isomorphism. Denote:

c1 = a(1,0,0), ¢z = «(0,1,0), c3 = «(0,0,1)
)

We denote by I'3(G, H) the grading induced by deg(w;) = ¢; for i €
{1,2,3}. This is a grading as shown in [EK13| (4.13)] and for a fixed sub-
group H, different choices of a give isomorphic gradings since we can use
the elements of degrees ¢y, 9, c3 (for a fixed algebra) to generate € via the
Cayley-Dickson process. Finally we have the following theorem:

Theorem 2.2.11 ([EK12]). Let C be the Cayley algebra over an algebraically
closed field and let G be an abelian group. Then, any G-grading on C is
isomorphic to some T'S(G,v) or some T2(G, H), but not both. Also,

(1) T&(G,7) is isomorphic to TL(G,7') if and only if v ~ +'.
(2) T%4(G, H) is isomorphic to T3(G, H') if and only if H = H'.
Proof. The proof is in [EK12, Theorem 3.8]. O
Let’s now introduce a new class of composition algebras:

Definition 2.2.12. Let (S,%,n) be a composition algebra. We say that it
is a symmetric composition algebra if n(x x y,z) = n(z,y * z) for all
x,y,z € C.
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Theorem 2.2.13. Let (S,%,n) be a composition algebra. (S,*,n) is sym-
metric if and only if for any x,y € S, (x*y) *x =n(x)y =z x (y*xx).
Proof. See for example [EId20, Theorem 3.2]. O

Some examples of symmetric composition algebras are the following:

Example 2.2.14 (Para-Hurwitz algebras). Let (C, -, n) be a Hurwitz algebra.
Define a new composition algebra (C, e,n) by defining the product e as

rey==1u-7.
This is a symmetric composition algebra as shown in [EId20].

Example 2.2.15 (Okubo algebras in the case charF # 3). Assume that
charF # 3. Let w € F be a primitive cubic root of 1. Take a central simple
associative algebra of degree 3 with trace tr: A — F. Let § = {z € A |
tr(z) = 0}. Define a multiplication x and a norm n on 8 by:

W — w?

THy = wry — wyr — tr(zy)l, and

n(x) = —%tr(ﬁ).

Then (8, %, n) is a symmetric composition algebra. See for example [E1d20)]
for a proof.

2.3 Cross Products: Classification

We still have on hold the question of which cross products exist up to iso-
morphism. The classification is already made in [Eck43] and [BG6T] but here
we are going to sketch the proof and we are going to tackle the problem of

the classification of bilinear forms (see Proposition [2.3.10)).

Lemma 2.3.1. Let F be an algebraically closed field. Let (V,X,b) be an
r-fold cross product over an n-dimensional F-vector space V- with r > 1. Let
v € V be such that b(v,v) = 1. Denote W = {w € V | b(v,w) = 0} and
define X: W=t — W by X(vy,..,v,_1) = X(v,v1,..,v,_1). Then, X is an
(r — 1)-fold cross product.

Proof. This is a trivial result which can be found in [EId04]. O
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The previous result shows us that we can start the classification in low
values of . The proof of existence of 2-fold products is based on the following
result:

Proposition 2.3.2 ([BG67]). Let (V, X, b) be a 2-fold cross product (denote
uxX v = X(u,v) for all u,v € V). Define an algebra on A =F1®V and a
quadratic form q: A — T by:

(al +u)(fl+v) = (af —b(u,v))l + (v + Bu+ u X v), and

2.3.1

q(al +v) = a® + b(v,v). (23.1)
With this notation (A, q) is a Hurwitz algebra.

Proof. The proof is in [BG67] O

The previous proposition and Theorem [2.2.9| show that there are only
2-fold cross products in the cases where n = 3 and where n = 7. This
together with Lemma [2.3.1] implies that there can be r-fold cross products
on dimension n in the cases where: r =1, r=n—1and r =n — 5. We will
introduce an algebra we need and we will give examples of cross products:

Definition 2.3.3. Let V be a finite dimensional vector space. The exterior
algebra /\ V is the quotient of the tensor algebra T'(V), i.e., the algebra
whose underlying vector space is

T(V)=Flo@PV @5 ...®: V.
~—_———

i=1 i times

and its multiplication is given by (v Q... ®rv;) (w1 Qp ... Qpw;) = V1 O ... A
v; QF Wy X ... ®p wj for every vy, ..., v;, wy,...,w; € V and 1 <4, 7, with the
ideal I generated by the elements of the form vy ® vy 4+ v ® vy for vy, vy € V.
We denote the image of the element 11 ®...®@v, € T(V) as v1 A ... Avy, for any
V1, ..., 0 € V, k > 1. The natural Z-grading on T'(V') induces a Z-gradings
on AV (i.e. the elements of the form v; A ... A v, have degree p). We denote
by A"V the subspace of elements of degree p.

Remark 2.3.4. Given a linear map ¢: V — V over a vector space of dimension
n, an equivalent definition (see [Coh91l 2.4]) of its determinant det ¢ € T,
is the constant satisfying that for any vy, ...,v, € V, the following equation
holds:

e(v1) Ao Ap(vr) = (det @) (v A ... Avy,).
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Example 2.3.5. Let b: V xV — F be a nondegenerate, symmetric, bilinear
form of determinant 1, i.e., such that there exists a basis vy, .., v, of V satis-
fying that det(b(v;,v;)) € F*? . Consider the exterior algebra A\ V. We are
going to denote by ¢,: VP — APV the map given by ¢, (vy, ..., vp) = v1A...AUp.
We extend b to A\ V' by the following formula:

det(b(v;,w;)) ifp=gq

b(vg A o Aup,wy A e Awy) = { 0 otherwise.

This extension of b is symmetric since if we have 2p vectors denoted by
V1, ery Up, W1, ..., Wy, the matrix A = (b(v;, w;)) is the transpose of the matrix
B = (b(w;,v;)), and it is nondegenerate since if vy, ..., v, is an orthogonal
basis in V', the set of vectors vy, A ... Awvy, for 1 < A\ < .. <A, < n and
1 < p < nis an orthogonal basis of A V.

If we choose an element w € A"V such that b(w,w) = 1, which exists
since the determinant of b is 1, we define the star operator x: AV — AV
to be the linear extension of the map satisfying that for any 1 < p < n,
veAN'Vandue N"PV:

b(*v,u) = b(v A u,w).

With this notation, the multilinear map defined as

X ynt — %
(U1, ey V1) —> (U1 A A )

is an (n — 1)-fold cross product on V' relative to b (see [BG6T, Theorem 3.3]).

Example 2.3.6. Let (C,n) be a composition algebra of dimension greater
that 2. Denote by €, the subspace of trace 0 elements, i.e, the orthogonal
elements to the unit 1 with respect to the norm:

Co={zx € C|t(x)=n(z,1) =0}.

We define a bilinear form b,: €y x € — F and a product x on €y by
means of:

xy = —by(z,y)l +z X y. (2.3.2)

They are uniquely defined since € = F1® €. Due to the Cayley-Hamilton
equation, we get that z x z = 0 and that b,(z,z) = n(z) = in(z,z) for
all z € C. Linearizing, we see that b,(z,y) = sn(z,y) for all z,y € Co.
Applying the involution defined in Proposition [2.2.3]it is easy to see that x

is anticommutative and b,, is symmetric. Hence, © x y = %(:L’y — yz) and
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bu(z,y)1 = —3(xy + yx). Moreover, using that € is alternative, and a few
basic properties we can show that it satisfies

(z x y) x y =bu(z,y)y — bu(y,y)x (2.3.3)

for all z,y € Cy (see [EK13, Theorem 4.23]).

X is a 2-fold cross product (see [BG67, Theorem 4.1]). Concretely, if € is
a Cayley algebra, we get a 2-fold cross product on a vector space of dimension
7, which is not considered in Example [2.3.5] In this case, we will denote the
product by (Co, X, b,,).

Example 2.3.7. Let C be a Cayley algebra and denote b, (x,y) = %n(x, Y)
for every x,y € €. Define two trilinear maps X¢: € x € x € — € for e = &1
by:

X{(z,y,2) = (29)2 — bu(x,y)z — by(y, 2)x + by(z, 2)y, and (2.3.4)
XC (z,y,2) = 2(F2) — ba(z,y)2 — bu(y, 2)x + b (2, 2)y. (2.3.5)

In each case (€, X°, b,) is a 3-fold cross product (see [BG67, Theorem
5.1]). Moreover, the following holds for all u;,v; € €, 1 <7 < 3:

b (XE (ur, ug, uz), XE(v1, v9,v3)) = det(by(us, v;))
+ € Z Z b (Uo (1), Vr (1)) b (U (2), XE (Uo(3), Vr(2)s Vr(3))). (2.3.6)

0’6837 7’683,
even even

See [EId96, Proposition 3].

Given a vector space V' and a linear operator X : V — V', denote by tr(X)
its trace. Now we can review the classification of cross products.

Theorem 2.3.8. Let X be an r-fold cross product on a vector space V' of
dimensionn, 1 <r < n. Then, one and only one of the following conditions

holds:
(1) n is even, r =1, X? = —id and tr(X) = 0.
(2) n>3,r=n—1 and:
X(v1,.0v) =" (01 Ao Ay)

for all vy, ..,v, as in Fxample|2.3.5.
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(3) n="T7,1r=2and (V,X) is isomorphic to (Cy, X0) for a Cayley algebra
C.

(4) n=8,r =3 and (V,X) is isomorphic to (C,aX’) for a Cayley algebra

C, a nonzero a € F, and e = £1.

Conversely, all the pairs (V, X) in items (1) — (4) are cross products.

Proof. Everything is proved in [BG6T] except for the description of case r =
1, where it is shown that n is even, and a few more details on the case r = 3,
n = 8. The full complete proof for this case is in [DET20]. We are going to
review it here.

If » =1 and X is a 1-fold cross product relative to a bilinear form b,
then X satisfies: (1) b(X(u),u) = 0 and (2) b(X (u), X (v)) = b(u,v) (i.e, the
linearization of b(X (u), X (u)) = b(u,w)) for all u,v € V. (2) and the fact
that b is nondegenerate implies that X is an isomorphism and that its inverse
is its adjoint X* with respect to b. Hence, X X* = id.

Take u,v € V. From b(X(u + v),u +v) = 0 we get b(X(u),v) +
b(X (v),u) = 0. Therefore, the fact that b is symmetric implies that b(X (u)+
X*(u),v) = 0. Since b is nondegenerate, X = —X*. Finally, since tr(X) =
tr(X*) and char(F) # 2, we get that tr(X) = 0.

Conversely, let X: V — V be an endomorphism such that X? = —id
and tr(X) = 0. If —1 € F?, take i € F such that i* = —1. We can split
VasV =V, ®V_ where V, ={v eV | X(v) = civ} for ¢ = +. Due to
the fact that tr(X) = 0, dimV, = dim V_ so n is even. Take a nonsingular
symmetric bilinear form such that b(V,,V,) =0and b(V_,V_) =0. Ifv € V
and u € V_, for ¢ = 4, b(X(v),v) = ogib(v,v) = 0 and b(X(u), X (v)) =
—00i%b(u,v) = b(u,v). Hence, X is a 1-fold cross product with respect to b.

If —1 ¢ F?, the subalgebra F® FX C End(V), is a quadratic field exten-
sion of F and V is a vector space over K. If {vy,...,v,} is a K-basis of V|
{v1, X (v1), ..., Up, X (v,)} is an F-basis. Define b to be a symmetric bilinear
form such that the previous FF basis is orthonormal and then it follows that
X is a 1-fold cross product on V.

For n =8, r = 3, if (V, X, b) is a 3-fold cross product on a vector space of
dimension 8, due to [Eld96, Proposition 3] we have for either € = 1,
which we call type I, or for ¢ = —1, which we call type II. In case it is of type
II, we can take (V, X, —0b) instead and we get a 3-fold cross product of type
I. Hence, using [BG67, Theorem 5.1] and [EId96], Proposition 3], we get the
result. [

Now, we can tackle the question of determining the bilinear forms. We
already have at least one bilinear form for each r-fold cross product. The
problem is solved in the following two results.
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Lemma 2.3.9. Let X be a 1-fold cross product on a vector space V' of di-
mension 2n relative to the nondegenerate symmetric bilinear form b. Then,
there is a basis {vy, X (v1), ..., vn, X (vn)} of V and Ay, ..., N, € F, all different
from 0, such that b(v;,v;) = N\ = b(X (v;), X (v;)) and the basis is orhogonal.
Moreover, all the bilinear forms adapted to X are of this form.

Proof. This is a direct consequence of [BG67, Theorem 2.2 and its proof. [

Proposition 2.3.10 ([DET20]). Let X be an r-fold cross product on a vector
space V' of dimension n relative to the nondegenerate symmetric bilinear
forms b and b'.

(1) Ifr=2andn =717, thenb=10".

(2) If n >3 and r =n—1, then there is a scalar p € F with =2 =1 such
that b' = ub. In particular, for n = 3, b is uniquely determined.

(3) If n = 8 and r = 3, then b is either b or —b. In particular, if we
assume (V, X, b) to be of type I, b is uniquely determined.

Proof. The proof is in [DET20] but for completeness we show it here.
(1) Equation (2.3.2) shows that in this case the bilinear form is uniquely

determined.

(2) Let n > 3 and r = n — 1. After an extension of scalars two different
bilinear forms are still different. Therefore, without loss of generality
we can assume that F is algebraically closed. Let {vi,...,v,} be an
orhonormal basis relative to b.

The fact that b satisfies , implies that there is A € F such that
X(vy,.yUp_1) = Av,. The fact that b satisfies , implies that
A= (X (v1, ey Uno1), X (01, 0y0p1)) = det(b(v;,v;)) = 1. Hence
A = +1. Taking —wv, instead of v, if necesary, we can assume that
X(v1, ey V1) = Up.

Denote by ®: V™ — F the map defined by

D (g, ooy Up) = (X (U, ooy Up_1), Up) (2.3.7)

for all uy,...,u,—; € V. This is a multilinear form. Moreover ({2.1.1)
implies that ® is alternating. This implies that for any permutation o,
the following equation folds:

X(/Ug(l), ceny Ucr(n—l)) = (—1)0’00(”). (238)
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Similarly, we can define ®': V" — F by
D (ug, ey tty) = 0'(X (U, ooy Up1), up)

and show that it is also alternating. The fact that ® and & are alter-
nating, implies that there are ¢,¢’: A"V — F such that ® = ¢o¢, and
¢’ = 1)’ 01, with the notation of Example 2.3.5| (see [MB79, Chapter
XVI]). Since A"V has dimension 1, it implies that there is a nonzero
scalar p € F such that & = p®. Equation ([2.3.8) implies that for every
permutation o and i € {1,...,n}:

V' (Vo(n), vi) = (=1)7 @ (V6q1), -, Vo(n-1), Vi)
= (_1)0”“(1)(7}0(1)7 ooy Ug(n—1), Ui) - Mb(UU(n), vi)a
so b = pb and substituting in (2.1.2]) we deduce that p"2 = 1. It is

clear that the converse holds.

In this case, we can assume again that I is algebraically closed. Let
®,d': V* — T be the maps defined by

(I)(Ul, V2, U3, ’U4) = b(X(Ul, Vo, Ug), U4)

and
q)/(vl? V2, U3, U4) == b,(X(Uh Vg, U3)7 U4)

for every vy, vq,v3,v4 € V. They are multilinear and alternating as in
the previous case. Linearizing in vs in (2.1.2)), we get:

b(x,z) b(z,y) b(z,v)
b(y,x) by,y) bly,v)| =b(X(z,y,u), X(z,y,v))
b(u,z) bu,y) blu,v)

=®&(x,y,u, X(x,y,0v))
= —O(z,y, X(x,y,v),u)
= —b(X(z,y, X(z,y,v)),u).

On the other hand:

b(xz,x) b(z,y) b(z,v)

b(y,z) bly,y) bly,v)

b(u,z) blu,y) bu,v)

B b(x,y) b(x,v) B b(x,z) b(z,v) b(x,z) b(z,y) o
‘b(b@,y) by, v)| " ‘b@,x) b(y, v) “’b@/,x) b(y.y)| " )




48

CHAPTER 2. FIRST EXAMPLE: CROSS PRODUCTS.

Since b is non degenerate, we get that:

_ bz, ) b(x,v)|  (b(x,y) b(z,v) . b(x,z) b(z,y) y
X@””X@ww»_wM%@ M%Wﬁlhww)b@w> ‘M%@ b(y,y)|
Therefore, applying X (z, vy, -) again we get

X Xl X ) = = [0 300 a0

for all z,y,v € V, ie.:

3 _ xy) .. -
X(@y ) = %@w)b@wﬂX(wJ'

The same equation is obtained substituting b by &. Hence, for all
x,y € V satisfying X (z,vy,-) # 0, we get that:

b(.ﬁlﬁ, x)b<ya y) - b(ﬂ?, y)Z = b,<.’17, x)b/(ya y) o b/(,ilﬁ, y)Q' (239)
Since the set of such z,y is a Zariski dense subset, we get that (2.3.9)
is satisfied for any =,y € V.
Given z € V' with b(z, z) # 0, we denote

S, ={veV|bx,v)=0=0(z,v)}.

Since it is defined by two linear equations, this is a subspace of di-
mension at least 6. Since the maximal dimension of a totally isotropic
subspace of a bilinear form in an 8-dimensional vector space is 4, S,
is not totally isotropic for neither b nor ¢'. Therefore, for any v € S,,

equation (2.3.9) implies:
b (z,x)
b = . :
Calling u = Z((;f)), and linearizing the previous equation we get that

b(u,v) = pb'(u,v) for all u,v € S,. Substituting in (2.3.9), we get

(1—p?)
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for every u,v € S,. The fact that S, is not totally isotropic implies that
we can find u,v € S, such that b(u,u) # 0 # b(v,v) and b(u,v) = 0.
Thus, due to the previous equation, 1 = p?. Therefore, b(x,x) =

+b/(z, z) for every x such that b(z, ) # 0. Thus, the polynomial map

(b(x,x) — ' (z,2))(b(z,z) + V' (x,2)) (2.3.10)

is 0 for every x such that b(x,z) # 0. Since this is a Zariski open set,
the map is 0 for every x € V. Hence, either b =10 or b = —V'.

]

2.4 Clifford algebra and groups therein

In the following section we will deal with the group Spin(7) (more concretely
with the corresponding affine group scheme). This however, will not be our
only encounter with spin groups and such kind of groups. Thus, we will use
this section to review the main necessary theory.

Let (V,q) be a nonsingular quadratic space, i.e., a pair where V
is a finite dimensional vector space V with a non singular quadratic form
q: V. — F. We will also denote by ¢ its linearization given by q(z,y) =
q(x +vy) — q(z) — q(y) for all z,y € V. We have a natural Z-grading in
the tensor algebra T'(V') induced by deg(vy ®p ... ®p v;) = i, v1,...,0; € V
and 1 < 4. This induces a Zs-grading by taking quotient on the degrees.
We denote by T5(V') the subspace of degree 0 (even part) and by T3(V) the
subspace of degree 1 (odd part).

Definition 2.4.1. Denote by I(q) the ideal generated by the elements of the
form v ® v — q(v) for every v € V. We define the Clifford algebra €I(V, q)
as the following quotient:

CV,q) =T(V)/1(q).

Since I(q) is a graded ideal, the Zy-grading in T'(V') induces a Zy-grading
in €V, q):

UV, q) = Cl(V, q) ® Clg(V, q).

We call the subalgebra €l5(V, ¢) the even Clifford algebra.

In both cases we will denote the multiplication with a dot, i.e., for any
two elements z,y € €l(V,q), we denote their product as = - y. Note that
V' NiI(q) =0. Thus, V embeds naturally in €[(V, q) (concretely, it embeds in

¢h(V,q)).
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Remark 2.4.2. For x,y € V, linearizing the identity = - = = ¢(z)1, we get
that -y +y -z = q(z,y)1.

These algebras satisfy that dim€l(V,q) = 24mV and dim €l5(V,q) =
2dm V=1 (gee [Knu9ll (1.5.2)]).

Lemma 2.4.3 (Universal property). Let (V,q) be a nonsingular quadratic
space. Let A be a unital associative algebra with unit 14. Let f: V — A be
an F linear map satisfying f(v)> = q(v)14. Then, there is a unique algebra
homomorphism h: €IV, q) — A whose restriction to V is f.

Proof. See the proof of [Knu91, Chapter IV (1.1.2)]. O

Theorem 2.4.4. Let V be a vector space and q a nonsingular quadratic form
over V:

(1) If dim'V = 2m + 1 is odd, then €l5(V,q) is a central simple F-algebra
of degree 2™.

(2) If dim'V = 2m is even, then the center of €l5(V,q) is an étale quadratic
F-algebra Z. If Z is a field, then €l5(V,q) is a central simple Z-algebra
of degree 271, If Z 2 F & F, then €lg(V,q) is the direct product of
two central simple F-algebras of degree 2™~ 1. Moreover, the center Z
is isomorphic to F[z]|/(x® — u) where p € F* is a representative of the
discriminant of q.

Proof. The proof can be found in [Knu91, Chapter IV]. ]

Definition 2.4.5. The identity map in V' extends to an involution o on T'(V)
given by o (11 ®...Quk) = vp®...Quv; for every vy, ...,v, € V,and k > 1. Given
a nonsingular quadratic form ¢: V' — [, this involution preserves r ® x —
q(z)1; thus, it preserves the ideal I(q). Therefore, o induces an involution,
which we also denote o, on the Clifford algebra €I(V,q). We call it the
canonical involution on €[(V, ¢). This involution restricts to an involution
o5 on Cl5(V,q). This involution is called the canonical involution on
Q:[ﬁ(vv Q) .

Proposition 2.4.6. Let (S,*,n) be a symmetric composition algebra of di-
mension 8. Denote by ry,l, € End(S) the endomorphisms given by r.(y) =
y*x = l,(z) for all z,y € S. The linear map ®: S — Endp(S & S) given by:

HOZI
t ry, 0

satisfies that ®(x)? = n(z)id for all x € S. Moreover, the morphism of
algebras @: €I(S,n) — Endp(S & ) (also denoted by ®) that it induces by
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the universal property of the Clifford algebra is an isomorphism. If we denote
byn: (S®S)x (S®S) — F the bilinear form given by n((x1,y1), (x2,y2)) =
n(xy, o) +n(y1,y2) and by T the adjoint map with respect to this norm, (i.e.
n(A(z),y) = n(x, 7(A)y) ), then ®(o(z)) = 7(P(z)) for all x € CI(S,n) where
we denote by o the canonical involution of €I(S,n).

Proof. Using Theorem [2.2.13| it is easy to check that ®(z)* = n(z)id. The
rest of the proof is [KMRT) (35.1)]. O

The algebra Endp(S @ S) has a Zs-grading given by:

Endp(S @ S)y = {(x 2) |2,y € EndF(S)} , and

=}

Endg(S ® S)7 = {(2 g) |2y e EndF(S)} | (2.4.1)

® is a morphism of graded algebras. Therefore, there are p,, p_: €l5(S,n) —
Endp(S) satisfying that for all x € €l (S, n):

pr(z) 0 )
O(z) = _ : 2.4.2
@ =" 242)

Over the Clifford algebra we can define some groups, related with the
orthogonal groups. We will see their definition.

Definition 2.4.7. Given a nonsingular quadratic space (V, q), we define the
special Clifford group I'*(V, ¢q) by:

I'"(V,q) ={ceelz(V,q)*|c-V-ct =V}

Similarly, we can define the even Clifford group of (V,q) as the affine
group scheme I'"(V, ¢), whose R-points are:

F+(V, q)(R) = {C S Q[ﬁ(‘/, q)é | c-Vg- cl= VR}
Notice that for any v € V and ¢ € €lg(V, q), we get that:

glc-v-cH=(cv-c)Y=cuv-v-ct=q).
Therefore, we can define a map:

x: (Vi) — O(V,q)
c — Xe:Uc-v-c b
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X is called the vector representation of the special Clifford group.
The map, x can be extended to a morphism of affine group schemes

x: T (V,q) = O(V,q),

which we call the vector representation of the even Clifford group.
As in [KMRT) 23.A], we have an exact sequence:

1 =Gy =TTV, q) 50" (V,q) =1

which is used to show that T'" (V) ¢) is smooth. The Lie algebra of this affine
group scheme is

Lie(T*(V,q)) =V - V.

Therefore, since a basis of V' - V' is {1} U {v; - vj h1<icj<n Where vy, ..., v,
is a basis of V, we get that

(dim V)(dimV — 1)
2

Let o be the canonical involution of €I(V,q). Define the spinor norm
homomorphism Sn: I'(V, q) = Gy, by z — x - o(z).

dim Lie(T*(V, q)) = + 1.

Definition 2.4.8. We define the spin group scheme of (V,q) Spin(V,q)
as the kernel of the spinor homomorphism. The group of rational points,
denoted by Spin(V] q), is called the spin group of (V,q).

The fact that Spin(V/, ¢) is the kernel of the spinor norm morphism implies
that the R points are:

Spin(V,q)(R) ={ce Cl(V,q)s | ¢- Vr - ¢ = Vg, co(c) = 1}.
As it is shown in [KMRT] 23.A]:

Lie(Spin(V,q)) ={v e V-V |v+0o(v) = 0}.

It is also shown that there is an exact sequence:

1 — Spin(V,q) = T (V,q) —» G,, — 1.
Therefore, [KMRT, 21.5] and [KMRT), 22.11] imply that

(dim V)(dim V — 1)

dim Lie(Spin(V, q)) = 5

(2.4.3)
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We call the restriction to Spin(S,n) of p* and p~ as defined in (2.4.2))
the half spin representations of Spin(S,n) and we will write p; and p,
instead of using parentheses. Moreover, pf, p € O(S,n). If we extend it in
the same way to the context of affine group schemes, we call them the half
spin representations of Spin(S,n).

Remark 2.4.9. From the definition, Spin(V/ q) is a subgroup scheme of I'*(V, q).
Denote the inclusion by ¢: Spin(V,q) — I't(V,q). The vector representa-
tion of the even Clifford group restricts to a morphism x o ¢ which we also
denote by y and which we call the vector representation of the spin
group scheme. We can do the same argument for the context of groups
where we would call the morphisms the vector representation of the
spin group. Notice that from the definition of the spin group we have that
Xe(u) = c-u-o(c) for all ¢ € Spin(V, ¢)(R) and u € V.

Remark 2.4.10. Notice that the group of R-points of Spin(V,q) is

Spin(V, q)(R) = {c € Ce(V,q)r | ¢ Vr - ¢ ' = Vg, co(c) = 1}.
Moreover, this affine group scheme is smooth (see [KMRT, 23.A)).
Let (S,*,n) be a symmetric composition algebra of dimension 8.

Definition 2.4.11. A triple (fy, f1, f2) € O(S,n)?(R) for some F-algebra R
is called a related triple if for any =,y € Sg, fo(zxxy) = fi(z) * fo(y).

Proposition 2.4.12. There is an isomorphism from Spin(S,n) to the group
7(57 n) = {(fO? flu fZ) € O+(S7 n)3 | fO(w*y) = fl(‘r) *f2(y)}

Proof. This is proved in [KMRT, (35.8)]. However, for completeness and
concretion, we are going to sketch it.

For x € S and ¢ € Spin(S,n) we have that x.(z) = c¢-x - ¢! or equiv-
alently, we get that ¢ -2 = x.(z) - c. Since the morphism ®, defined in
Proposition is an isomorphism, this is equivalent to the identity we get
after applying it, i.e:

pr ON(O0 LY _ (0 low)(rs O
0 p)\re 0) \rvw O 0 pz)
If we apply both sides of the equality to (y,y) € S, we get that pf (zxy) =
). |

Xe(z) * p7 (y) and p. (y x x) = pf(y) * x(z). [KMRT) (35.4)] implies that

Xe(2 xy) = p () * pe (y)-
Finally, in [KMRT| (35.7)] it is shown that the morphism:

1

Spin(S,n) —  T(S,n)
c = (Xes 2, P3)
is a well defined isomorphism. ]

(2.4.4)
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Remark 2.4.13. The morphism in ([2.4.4)) extends to an isomorphism of affine
group schemes Spin(S,n) = T(S,n):

Spin(S,n) —  T(S,n)
c = (Xes P s PT)-

where we denote T(S,n)(R) = {(fo, f1,[2) € OT(S,n)(R) | folx xy) =
fi(z) * fo(y) Vo, y € S} [KMRT), (35.8)].

(2.4.5)

2.5 Automorphism group schemes

In this section we will calculate the automorphism group schemes of the r-
fold cross products (V, X) . We will divide it into four subsections in which
we will tackle four different cases of n = dimV and r (see Corollary [2.5.2]

Theorem [2.5.3] Theorem and Theorem [2.5.12]).

2.5.1 neven,r=1

Let X be a 1-fold cross product on a vector space of even dimension n relative
to a bilinear form b. Denote K = Fid @ FX as in the proof of Theorem [2.3.8
K has a canonical involution sending X to —X.

Denote by Centgrvy(X) the group scheme whose group of R-points is
given by the elements of GL(V')(R) which commute with Xg.

Theorem 2.5.1 ([DET20]). Let X: V — V be a 1-fold cross product on
the even-dimensional vector space V', relative to a nondegenerate symmetric
bilinear form b.

(1) Aut(V, X) = CentGL(V)(X).

(2) Aut(V, X,b) = U(V,h) where h is the hermitian nondegenerate form
given by:

h:V xV —K
(u,v) — b(u,v)id — b(X (u),v) X

for anyu,v € V and U(V, h) is the corresponding unitary group scheme
whose group of R-points is given by the elements ¢ € GL(V)(R) sat-
isfying that hr(p(u), (v)) = hg(u,v) for all u,v € Vg.



2.5. AUTOMORPHISM GROUP SCHEMES %)

Proof. (1) is by definition.

Let’s prove (2). h is clearly bilinear. In order to show that h is her-
mitian, we just need to show that for all uw,v € Vg, h(u,v) = h(v,u) and
that h(X(u),v) = Xh(u,v). Indeed, h(X(u),v) = Xh(u,v) follows from
substituntion in the expresion of h since X? = —1, and as it is shown in the
proof of Theorem b(X (u),u) =0 for all u € V. Linearizing, we obtain
b(X (u),v) 4+ b(u, X(v)) = 0 for all u,v € Vi. Therefore, the fact that b is
symmetric, implies that h(u,v) = h(v,u).

In order to show that both affine group schemes are the same, we first
take ¢ € Aut(V,X,b)(R). By definition, for all u,v € Vg, we get that
b(p(u), p(v)) = b(u, v) and b(Xg(p(u)), ¢(v)) = b(e(Xr(w)), ¢(v)) = b(Xk(u),v).
Therefore, ¢ € U(V,h)(R). Conversely, if ¢ € U(V,h)(R), since id and X
are linearly independent, we get that b(Xg(o(u)), p(v)) = b(Xgr(u),v) =
b(p(Xgr(u)),p(v)). Since b is nondegenerate, we get that ¢ commutes with
Xg. Hence ¢ € Aut(V, X, b)(R). O

If —1 € 2, then, we can decompose V into a direct sum of its eigenspaces.
A morphism commutes with X if and only if it preserves its eigenspaces.
Hence, we get the following corollary:

Corollary 2.5.2 ([DET20]). Let X: V — V be a 1-fold cross product on a
vector space V' of even dimension, relative to a bilinear form b over a field
containing a square root i of —1. Then:

(1) Aut(V, X) is isomorphic to GL(V,) x GL(V_), where V, = {v € V|
X (v) = giv} for o = +.
(2) Aut(V, X,b) is isomorphic to GL(V).
Proof. For the second part, we just need to recall that b(V,, V,) = b(V_,V_) =

0. Hence, V, is paired with V_ and the action of the automorphism on V.
determines its action on V_. [

252 n>23, r=n-—1

Given a vector space V' with a nondegenerate symetric bilinear form b, we
can define an affine subgroup scheme O(V,b) of GL(V) whose R points are:

O(V,b)(R) = { € GL(V)(R) | ba(p(u), ¢(v)) = det(p)b(u, v) Yu,v € Vi}.
Theorem 2.5.3 ([DET20]). Let X: V"' — V be an (n — 1)-fold cross

product on the n-dimensional vector space V' relative to the bilinear form b.
Then the following two equations hold:
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(1) Aut(V,X) =0(V,b), and
(2) Aut(V, X,b) = O (VD).

Proof. We may extend scalars and, with the same arguments as in Proposi-
tion |2.3.10], assume that there is a basis vy, ..., v, satisfying Equation (2.3.8]).
Let ¢ € Aut(V)(R). Then, ¢ € Aut(V)(R) if and only if:

Xr(P(Vo1)); s P(Vs(n-1))) = P(XR(Vs(1), s Vo(n-1))) = (=1)7@(Vo(n))

for any permutation o. Define ®5 as in (2.3.7). Since b is nondegenerate,
this happens if and only if:

br(9(Vom)): (Vo)) = Pr((Vs(1))s s (Vo(n-1)): (Vo (i)
= det(©)Pr(Vo(1)s -+, Vo(n—1), Vo(i)) (see Remark [2.3.4)
| det(p) ifi=n
n 0 otherwise
= det(0)0r(Vo(n), Vo(i))
where @ is the alternating form defined in Proposition [2.3.10, Therefore, ¢
is an automorphism if and only if

br(p(u), p(v)) = det(p)br(u, v) (2.5.1)
for all u,v € Vg. The second part is a direct consequence of Remark 2.1.4]
O

Proposition 2.5.4 ([DET20]). Let X: V"' — V be an (n — 1)-fold cross
product in the n-dimensional vector space V' relative to the nondegenerate
symmetric bilinear form b: V x V. — F. The determinant provides a short
exact sequence:

det

15 0T (V,b) = O(V,b) S, — 1.

Proof. For any element ¢ € O(V, b)(R), we will prove first that (det ¢)"2 =
1. After extending scalars, we can take an orthonormal basis vy, ..., v, satis-
fying Equation (2.3.8)). We have the following:

det p = b(p(v,), p(vy)) (using (2.5.1)))
= b(e(X (1, .oryUp—1)), (X (V1 oey V1))
(X(p(v1), s 0(vn)), X (0(01), .., ©(vn))))
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Hence, we have proven (det )" 2 = 1.

Now we have to show that det: O(V,b) — p,,_, gives a quotient map.

Let R be a unital, associative and commutative algebra. Let r € p,_o(R).
Consider the degree 2 extension S = R[T]/(T? — r). Denote by t the class
of T'in S. The algebra S is a free R-module of rank 2. Thus, in view of
[Wat79l 13.1], the extension S/R is faithfully flat.

Take an orthogonal basis vy, ...,v, and define an automorphism ¢ €&

GL(V)(S) by:

(v:) = tv; foralll1 <i<n
PV = 1y, if i = n.

Notice that:

det o = 2" = pn=l — . (2.5.2)

And notice that t2 = r = r"! = ¢2("=)_ Therefore, ¢ € O(V, b)(S). Now,
Equation (2.5.2) and [Wat79, Theorem 15.5] imply that this is a quotient
map. Since its kernel is O (V,b), the proposition holds. ]

Remark 2.5.5. py is the trivial group. Therefore, in Proposition the
exactness of the sequence in the case n = 3 implies that O(V,b) = O1 (V).
Hence, Aut(V, X) = Aut(V, X,b) = OF(V,b).

Remark 2.5.6. OT(V,b) is smooth (see [KMRT| 23.A]). Thus, Proposition
and [KMRT, (22.12)] imply that if p, , is smooth, then O(V,b) is
smooth. Moreover, due to [KMRT, (22.4)], if O(V,b) is smooth, g, , is
smooth.

F[p,] = F[z]/(2¥ —1) for any k > 1. This is a separable algebra whenever
the characteristic of I doesn’t divide k. Hence, it is reduced and p,, is smooth.
If the characteristic of F is p and kK = pm for some m > 1, we get that
(z™ —1)P = 0. Therefore, the algebra is not reduced and this implies that p,
is not smooth. Therefore O(V,b) is smooth if and only if the characteristic
of F doesn’t divide n — 2.

The Lie algebra of O(V,b) is:

Lie(O(V,b)) = {f € Endp(V) | b(f(u),v)+b(u, f(v)) = tr(f)b(u,v) Vu,v € V}.

Clearly, Lie(O(V,b)) Nsl(V) = so(V,b) If we extend scalars and as-
sume that the field is algebraically closed, we can take an orthonormal basis

V1, ..., U, of V. We get that for all f € Lie(O(V, b))
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2tr(f) =D (b(f(vi),v:) + b(vs, f(v) Ztr b(v;, v;) = ntr(f),

i=1

which implies that (n — 2)tr(f) = 0. In case the characteristic of F doesn’t
divide (n — 2), that means that tr(f) = 0. In case, the characteristic of F

divides (n — 2), we get that f — %id € Lie(O(v,b)). Therefore we get:

. B s0(V,b) if charF does not divide n — 2
Lie(O(V0)) = { s0(V,b) @ Fid if charF divides n — 2.

253 n=7,r=2

According to Theorem [2.3.8] if (V, X) is a 2-fold cross product on a vector
space V of dimension 7, then, it is isomorphic to (€y, X¢) for some Cay-
ley algebra €. Proposition [2.3.10] shows that the bilinear form is uniquely
determined and is b, as defined in Example [2.3.6]

The author doesn’t know of any source with a detailed proof of the fol-
lowing result, hence we give it here:

Proposition 2.5.7. The morphism

0: Aut(C) — Aut(Cy, X)
f = fieo

giwen by the restriction of f to the subspace of trace 0 elements, is an iso-
morphism of affine group schemes.

Proof. Let n be the norm of € and b,(z,y) = 3(n(z + y) — n(z) — n(y)).
Define the morphism 7: Aut(Cy, X) — Aut(€) by

(@7 +z) =17+ f(z)

for every r € R and = € Cy ®p R. In case 7 is well defined, it is clear that
0 o7 = id. Moreover, it is clear that every f € Aut(C)(R) satisfy that
f(1) = 1. Since € = F1 & Cy, then, 7p0r(f) = f. Hence, 7 0 § = id. Which
implies that 7 = 6!, We just need to show that 7 is well defined, i.e., that
for every f € Aut(Cy, X®)(R), 7(f) € Aut(C)(R).

Take z,y € Cy ® R and r1,r, € R. Using Equation , we get:
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(A @ +r)1@rs+y)) = 7)1 ((r1r2) = bur(z,y))
+(1@r)z+ 1)y + X,y)
= 1@ ((r1r2) = bur(z,9)) + L @ r1)7(f)(2)
+ (1@ r)7(f)(y) + X (r(f)(2), 7())(¥))-

This shows, due to Equation (2.3.1)), that 7g(f) is an automorphism if
and only if

bnR(x7 y) - bnR(TR(f)(x)7 TR(f)(ZJ)) = bnR(f(‘r)v f(y)) (253)

for all z,y € Cyr. But this is true because of Equation ([2.3.3)).
O

Having this result, the following is easy.

Theorem 2.5.8 ([DET20]). Let (V,X,b) be a 2-fold cross product on a
seven-dimensional vector space V' relative to the bilinear form b. Then

Aut(V, X) = Aut(V, X, b)
and it is a simple affine group scheme of type G,.

Proof. Aut(V, X) = Aut(V, X,b) is a consequence of Equation ({2.5.3). The
fact that it is a simple affine group scheme of type G5 is due to the fact that
it is isomorphic to Aut(€) and Proposition [2.2.10 O

2.54 n=8,r=3

Due to Theorem [2.3.8, we know that a 3-fold cross product on a vector space
of dimension 8 is isomorphic to (€, aX?¥) for a Cayley algebra €, a nonzero
scalar a and X{ as in Equation (2.3.4). Since Aut(€, X¥) = Aut(€, aXy)
for all nonzero o € F, we can assume that a = 1.

We consider the following triple product.

(2,92} = (29)= (2.5.4)

We call this a 3C-product and the pair (C,{---}) a 3C-algebra. In view

of ([2.3.4), we have that Aut(C, XF,b,) = Aut(C,{---},n). On the other

hand, since € is an alternative algebra, if n: ¢ — [F denotes its norm, we
have:

{z,z,y} = n(x)y = {y,z,z}. (2.5.5)
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In view of (2.5.5)), we get that Aut(C,{---}) = Aut(C,{---},n). There-

fore, in general we have:

Aut(C, Xt b,) = Aut(C, {---}) = Aut(C,{---},n). (2.5.6)
In [EId96, Theorem 10] it is shown that the automorphism group of
(C,{---}),i.e, Aut(C,{--- })(F), is isomorphic to the group Spin(Cy, n). Sim-
ilar arguments can be used in order to calculate the automorphism group
scheme.
Let C be a Cayley algebra with norm n. Consider the para-Cayley algebra
(€,e,n) as in Example 2.2.14] Define the maps l,,r,: € = C as l,(y) =
reoy=2zy=ry(x) for all z,y € €. Consider the isomorphism

®: €1(C,n) — Ends(C & €)

as in Proposition [2.4.6l Consider the isomorphism of affine group schemes
Spin(C,n) = T(C,n) as in Remark and denote by ey the unit in the
Cayley algebra € in order not to confuse it with the unity of the Clifford
algebra.

Proposition 2.5.9 ([DET20]). For (C,e,n) and ey as in the previous para-
graph, the isomorphism Spin(C,n) = T(C,n) given in (2.4.5) induces an
1somorphism

Spin(Cy, —n) = {(fo, f1, f2) € OT(C,n)? |
fo(z e y) = fi(z) e fo(y), and fo(eo) = eo Y,y € C}.

Proof. The proof is in [DET20, Proposition 3.7.] but for completeness we
write it here. Consider the map:

eo — Q:[(G, TL)
xr = ey
Notice that (eq-x)? = —(eq-€p) - (z-x)+n(eg, z)eg-x due to Remark [2.4.2]
Moreover, since x € Cy, we get that (eq - )> = —n(eo)n(z)1 = —n(x)1. The
universal property of the Clifford algebras and the fact that for all x € €I,
ep -« € Clp(C,n) imply that this linear map induces an embedding

U €l(Cy,—n) — Clo(C,n). (2.5.7)

We know that dim €l(Cy, —n) = 24mCo = 2dmE=1 — dim €;(C, n) (see
Section . Therefore, ¥ is an isomorphism.
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Let o be the canonical involution on €[(C,n). Denote by ¢’ the composi-
tion of the canonical involution in €I(Cy, —n) with the automorphism induced
by the map Gy — €I(Cy, —n) sending x to —z. It is clear that in this case,
the restriction of ¢’ to the even part is the same as the one of the canonical
involution.

Let x € Cy. We get:

U(o'(z))=—-V(r)=—ey-x=x-€=0(x) o(eg) =0(ey-x) =0(V(x)).
Therefore, it follows

Vo' = oW. (2.5.8)
The elements of €y anticommute with ey due to Remark Therefore

U(CU(Cy,—n)g) ={a € €l(C,n)y|eo-a=a-e}, and
U(Cl(Cy, —n)y) ={a € CU(C,n)5|eo-a=—a-ep}.
Concretely, for any u € Spin(Cy, —n) we get that U(u) - ey = eo - ¥(u).
Hence, for any x € Cy and u € Spin(Cy, —n) we have:
V(u-z-u ) =V(u) e-z-V(u) =er-V(u) -z - ¥(ul).

Multiplying by ey and noting that ¢ = 1 and that u-x-u~" € Gy, we get

W) -2 -Ulu) = - Wlu-z-ut)=ey-eo-xu(x) = xu(z) € Co.

Since W (u) - eo - ¥(u)~' = e, it implies that ¥(u) € Spin(€, n). Conversely,
if v € Spin(C,n) such that ey - v = v - g, then there is u € €I(Cy, n)g such
that v = ¥(u). Since 1 = v-o(v) = U(u-0'(u)) due to (2.5.8), the fact that
U is an isomorphism implies that u - ¢’(u) = 1. Thus, for any x € @,

V(u-x-u)=v-e-x-v " =ep-xo(x) = VU(xu(r)) € ¥(Cy).
The fact that ¥ is an isomorphism implies that x,(z) € Co. Hence
u € Spin(Cy, —n).

Therefore, we can restrict ¥ to a group isomorphism:

Spin(Co, —n) = Centgpin(e,n) (€0)
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where Centgpin(e,n)(€0) is the centralizer of ey in Spin(C, n), i.e., those elements
u € Spin(€, n) such that x,(eg) = ep. Therefore, we get that Spin(Cy, —n) =
{u € Spin(C,n) | xu(eo) = €o}. Since the arguments are functorial, ¥ induces
an isomorphism of affine group schemes Spin(Cy, —n) = {u € Spin(C,n) |
Xu(€o) = €0}. Composing with the isomorphism, we get

Spin(Cy, —n) — {(fo, f1, f2) € T(C,n) | fo(eo) = eo}
u = (X\P(u)a PE;(@» P$(u))-
]

Remark 2.5.10. The fact that € is a Cayley algebra implies that it has a unit
ep. Given a triple (fo, f1, f2) € T(C,n) such that fy(eg) = eo, the fact that
faleo @ y) = foleo) @ fi(y) for all y € C, implies that fi(y) = fo(y) for all
y € C.

Conversely, if we have (fo, f1, fo) € T(C,n), with fi(y) = f2(7) for all
y € C, the fact that fo(x) e eq = fo(x) = f1(T) = fi(z @ eo) = f2(x) @ foleo)
implies that fo(eg) = eo.

Since fy, and f; are determined by f,, we obtain an injective homomor-
phism:

6: Spin(Cy,—n) — O1(C,n) (25.9)
U —> p$(u) o
with ¥ as in (2.5.7)).

We would like to show that the image of # is the automorphism group
scheme of (€, XY).

Remark 2.5.11. Notice that for every = € G,

(" ) =)

Pu(z)

where @ is defined as in Propositon [2.4.6, On the other hand, since ® is a
morphism of algebras, we get:

o) =oteo- = (2 5) (1 6) = (0 ,0)

Since for all y € € we have that [.,r.(y) = €(yz) = zy and simi-
larly, re,l.(y) = yx then, if we define for all x € €, the linear morphisms
L., R, € Endr(C) by L,(y) = xy and R,(y) = yz, we get that p&i(x) = L, and
Py(z) = R,. Since for any u € T'"(Cy, —n) there is a natural number s and non
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isotropic elements uy, ..., ugs € Cg such that u = g - - - ugs (see [JAC89, Theo-
rem 4.15]) and since for uq, ..., uss € Gy we have that o(uy -« - u,) = ugs - - - uq,
we have that uo(u) = 1 if and only if n(uy) - - - n(ugs) = 1. Hence, the image
of 0 of Spin(Cy, —n) is the group of elements of the form L,, - - L,,, with
U, ..., uzs € Co and n(uy)---n(ugs) = 1. It is shown in [EId96] that this
group is Aut(C,{---}).

We will extend this result to the setup of affine group schemes.

Theorem 2.5.12 ([DET20]). The group scheme of automorphisms Aut(C,{---})
is isomorphic to Spin(Cy, —n) via 0 as defined in (2.5.9))

Proof. For completeness we write the proof here.

Given an algebra R, and a related triple (fo, f1, f2) € (O (€,n)(R))? such
that fo(eg) = eg, we have that for any z,y,z € C:

f2<{x7y7 Z}) = f2

I
> =

—

—~~

<
[ ]

—~

i1l
~— N
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—
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oo

—

s

o

I

~—

—

Therefore, 0 factors through Aut(C, {---}). Due to the arguments shown
in Remark [2.5.11] 65 is bijective. Due to Example[1.3.10] Lie(Aut(C, {---})) =
Der(A,{---}). It is shown in [EId96, Theorem 12] that Der(A,{---}) is
isomorphic to the orthogonal Lie algebra s0(Cy, —n), which has dimension
21. Since 6 is injective, the differential df is also injective and since due
to the dimension of Lie(Spin(Cy, —n)) is 21, df is bijective. Finally,
since Spin(Cy, —n) is smooth as shown in Remark [EK13l, Theorem
A.50] implies that 6 is an isomorphism.

O]

Proposition 2.5.13. For any Cayley algebra C, and b, as in Example|2.35.
let v: Aut(C, X¢,b,) — Aut(C, Xt) be the inclusion. Then v is an isomor-
phism.
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Proof. Assume that (V, X,b) is a type I 3-fold cross product over a vector
space of dimension 8. Consider the inclusion ¢: Aut(V, X,b) — Aut(V, X).

Let R be a field extension of F or F[7]/(r?) (which we just denote F[r]).
If we have a ¢ € Aut(V, X,b)(R), and we define

Xp(u,v,w) = ¢~ Xr(p(u), p(v), o(w))

and
Vi (u,v) = br(e(x), ¢(y))

for all u,v,w € V®pg R, then (Vg, X§, bly) satisfies (2.1.1)), (2.1.2), (2.3.4) and
it satisfies that b, is nondegenerate. We identify V' with V ® 1. Since in F[7],
p? = 1if and only if p = 1, with the same arguments as in Proposition
2.3.10, we can show that

br(z,x) = £y (x, x)

for all = such that br(z,z) # 0. Therefore,

(bR(I,ZL‘) - b/R(JZ,IL‘))(bR([E, I) - b;%(l‘, JZ)) =0

in the Zariski open set U = {z € V | bg(z,z) # 0} of V. Since by(z,z) =
+bg(z,x) € F for all x € U, then either br(x,z) — by(x,z) =0 for allz € U
or bp(z, )+ bg(z,x) = 0 for all z € U. Thus, as in Proposition [2.3.10] either
br(u,v) = by(u,v) or bg(u,v) = —b(u,v) for all u,v € V. Thus, by = £b,.

Since ¢ is an automorphism, X5 = Xg. Since (V, X', /) satisfies
and by = +bg, we get that by = br. Therefore, ¢ € Aut(V, X, b)(R). This
implies that tg is an isomorphism for all R as before. Concretely, for R = F,
R =T and R = F[7].

Now, since letting 7: F[r] — F be the morphism of algebras with unit
sending 7 to 0, the following diagram commutes:

Aut(V, X, b)(F[r]) —— Aut(V, X)[F[r]]
Aut(V,X,b)(w)l lAut(V,X)(w)
Aut(V, X, b)(F) — Aut(V, X)(F)
and due to the fact that (g and tp(;) are isomorphisms, tp(ker Aut(V, X, b)(7)) =
ker Aut(V, X)(7). Thus de is an isomorphism.

Finally, due to (2.5.6) and Theorem[2.5.12) Aut(V, X, b) is smooth. There-
fore, [EK13| Theorem A.50] implies that ¢ is an isomorphism. ]
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2.6 Gradings

In this section we will assume that I is algebraically closed unless otherwise
stated. Every grading group will be abelian and finitely generated. We are
going to classify up to isomorphism all the group gradings on r-cross products
(V,X) and up to equivalence all the fine gradings. We are going to divide
this section into different subsections in which we deal with different values
of n =dimV and r (see Theorems [2.6.1} [2.6.4] and [2.6.11)).

2.6.1 neven,r=1

Let (X, V) be a 1-fold cross product on an even dimensional vector space V'
of dimension n = 2s. A grading by an abelian group G is a vector space
decomposition I': V' = €@ ., V; such that X (V) C V. Since the field is
algebraically closed and X? = —id, take 7 € F such that > = —1 and denote
Vo, ={v eV | X(w) = cgiv}. Then, V=V, & V_ and for every g € G,
Vo, = (VN Vy) & (V,NV_). Therefore, we obtain a grading of the vector
space V, and a grading of the vector space V_. Conversely, any pair of
gradings of the vector spaces V, and V_ induce a grading on (V, X).

Given a basis vy, ..., v, of Vi, a basis wy, ..., ws of V_ and elements of the
group gi, ..., gs, h1, ..., hs € G, we denote by I'(G, V, X, (g1, ..., gs), (h1, ..., hg))
the grading on (V, X)) such that degv; = ¢g; and degw; = h,.

Since a G-grading on a vector space is a vector space decomposition with

subspaces indexed by G and since Aut(V, X) = GL(V,) x GL(V_), we get
the following result.

Theorem 2.6.1. Let (X, V') be a 1-fold cross product on an even dimensional
vector space V' of dimension n = 2s over an algebraically closed field F. The
only gradings up to isomorphism on (X, V) areI'(G,V, X, (g1, .., gs), (h1, ..., hs))
forgi, ..., gs, b1, ..., hs € G. Moreover, if we have 2s elements gi, ..., g%, b, ..., hl, €
G, the grading T'(G,V, X, (g1, ..., gs), (h1, ..., hg)) is isomorphic to the grading
NG, V, X, (g1, -, 9%), (B, ..., B.)) if and only if there are permutations o, T €
Sym,, such that (g1, ..., gs) = (G 1y -+ G(s)) @nd (ha, .oy bs) = (R, o B )

Similarly, we can get the following corollary.

Corollary 2.6.2. Up to equivalence, there is a unique fine grading I' with
universal group Z", i.e., the grading IT'(Z",V, X (€1, ..., €5), (€11, ..., €n)) where
€1, ..., €y 1S the canonical basis of Z".

Those previous results are a restatement of the results obtained in [DET20),
4.1].
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If we denote I' = I'(Z", V, X, (€1, ..., €), (€511, ---, €n) ), We get that for any
F-algebra R,

Diag(I')(R) = {¢ € GL(V) | Iry, ..., s, t1, ..., ts € R*, such that
o(v;) = 1, p(w;) = s;w;, Vi € {1,...,s}}.
Thus,

Diag(I'(Z",V, X, (€1, ..., €), (€541, -y €n))) = GJ.

The fact that the homogeneous components of I' are one dimensional
imply that Stab(I") = Diag(I"). We denote by Sym, the symmetric group of
s elements. For any two permutations o, 7 € Sym, we denote by f; V=V
the map induced by fI _(v;) = vo) and f) (w;) = w.q. Consider the
morphism:

n: Stab(I') x Sym, x Sym, — Aut(I)
(()070-7T> = @o 5,7"
It is not hard to show that 7 is well defined and that it is an isomorphism.
Hence, we can show that:

W(T(Z", V, X, (€1, ..., €), (€11, -, €n))) = Symy X Sym, .

Remark 2.6.3. The previous arguments work for any field in which —1 is a
square.

If -1 ¢ F?, K = Fid ® FX is a field. Moreover, given a G-grading
[V =@D,cqVyof (V,X). Since for any g € G X(V,) C V, it is a grading
of the K-vector space. In particular, if we take a K-basis, there is only one
fine grading up to equivalence, with universal group Z° and assigning, for a
K-basis v1,...,vs of V', degrees degv; = ¢;.

262 n>3,r=n-—1
In this case we are going to consider an r-fold cross product (V, X) over an
r—+1 dimensional vector space relative to a nondegenerate symmetric bilinear

form b.
Let G be an abelian group and I': V' = @, ., V; a G-grading of (V, X).

We can induce an automorphism ¢r € Aut(V, X)(FG) = O(V, X)(FG) as

in (1.5.3). If v,w € V are homogeneous elements, ¢r is in O(V, X)(FG) if

and only

b(v, w) degvdegw = b(pr(v), pr(w)) = (det ¢r)b(v, w).
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Therefore, if v,w € V we get

b(v,w) = 0 unless (degv)(degw) = det ¢r. (2.6.1)
Let us denote h = det pr. We can define a map:

0: G — ZZO
g — 6(g) :=dimyp V.

Since V' is a direct sum of its homogeneous components,

> d(g) =n. (2.6.2)

geG

Since for a homogeneous basis vy, ..., v, @r(v; ® 1) = v; ® degw; for all
i€ {1,...,n}, we get that det or = [[}_, degv;. Therefore,

h=detor =[] ¢ (2.6.3)

geG

Finally, due to and the fact that b is nondegenerate, we can take a
basis of homogeneous elements 1y, ..., U, vy, Wy, ..., vy, w, such that deg(u;)? =
h = deg(v;) deg(w;) and b(u;, u;) = 1 = b(v;, w;) and any other combination
is 0. Hence, the elements of V, and V-1, are in duality by b, so we get that
for all g € G-

5(g) = (g 'h). (2.6.4)
Proposition implies that if e is the neutral element of the group:

"% =e. (2.6.5)

Conversely, assume that we have a map 0: G — Z>, satisfying (2.6.2)),
(2.6.3) and (2.6.4), we can take a basis {v{,....,v5, | g € G,d(g) > 0} of V

satisfying

b(v?,v?) =1 for every g € G such that ¢*> = h and 1 < i < §(g),

b(vi*,v{?*) =1 for every g1, g2 € G such that gf + h # gg and g1go = h
(2.6.6)

and the rest of the combinations is 0. This is a grading since the map or
defined by ¢r(v! ® 1) = v ® g is in O(V,b) which implies that, the map pr
defined as in is a comodule map. We denote this grading by I'(G, ).
This proves the following theorem:
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Theorem 2.6.4 ([DET20]). Let X: V"' — V be an (n — 1)-fold cross
product on the n-dimensional vector space V' with n > 3 over an algebraically
closed field F, relative to a nondegenerate symmetric bilinear form b. Let G
be an abelian group.

Then, any G-grading on (V, X) is isomorphic to a grading I'(G,0) for a
unique map 0: G — Zxq satisfying:

(1) deG 5(9) =n,

(2) 6(9) = d(g~"'h) where h =] cq 2

Given a map ¢ satisfying the restriction in Theorem , forT'=T(G,9),
we can take a basis as in . Denoting uy, ..., u, the elements of the basis
such that b(u;,u;) = 1, choosing pairs vy, ws, ..., vy, w, of elements of the
basis such that b(v;,w;) = 1 and denoting deg(u;) = g;, deg(v;) = g and
deg(w;) = ¢/ for every 1 < i < pand 1 < j < ¢, we can check that these

J
elements satisfy:

/i

g; =h=gig] where h =g gpgig] ... g0,

Moreover, n = p + 2¢q. This allow us to find a refinement in which all the
homogeneous components have dimension 1. In order to do so, consider the

group
U= |22 = . =22 = - —
= A\T1y ey Tpy Y153 Ygy Ry ooy Zq | 1 = o0 = .I'p = Y121 = ... = Yg2yq
— 1‘1 . 'xpylzl . .yqzq>’
i.e., the group generated by elements z1, ..., xp, Y1, ..., Yq, 21, ..., 24 Subject to

the relations

== a:; = Y12 = e = YgBg = L1 TpY121c YgZg- (2.6.7)

The possibilities for U depend on p and gq.
(p=0) In the case where p = 0, n = 2¢q and since n > 3, we have that ¢ > 2
and n is even. Moreover, the group is:
U = (Yty ooy Ygs 215 ey Zq | Y121 = oo = YgZq = Y121 YgZq)

Denote u = y121 - - - Y424 since y;z; = u for all 1 < j < g we get that
u? = v and z; = uyj_l. Hence, U is generated by yi, ..., yq, v with the
relation u? = u, which implies that there is an isomorphism:
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(p=1)

Y — (O,...,l,... ;
2z = (0,...,—1,..0;1).

This also shows that the elements y, ..., y,, 21, ..., 24 are all different.

In this case, since n = 1 + 2q and n > 3, we get that ¢ > 1 and n is
odd. Moreover, the group is:

U= (T1,Y1, s Ygs 215 s Zq | 2=y = .. = YgZq = T1(Y121 - YgZq)) -

In this case, since y;z; = 27 for all 1 < j < ¢, we get that 23 =
21(23)? = 2t and z; = 2fy;'. Hence, U is generated by x1,y1, ..., ¥,
with the relation 27 = z%. Therefore, there is an isomorphism

U — Z'xZ/(2¢—1)
v (0,..,1,..0;0)
zi = (0,...,—1,..0;2)
Ty 0,...,0;1).

which also implies that the elements 1, y1, 21, ..., yq, 24 are all different.

In that case n = p+ 2¢q so ¢ > 1 in case p = 2 and it is arbitrary
otherwise. For any 2 < ¢ < p, there is an element ¢; € U such that
x;it; = 1. Moreover, since 2 = x?, we have that t? = e. Due to
([2:6.7), we have that 22 = @y -~ 2py121 -+ Ygzq = 25 Uy - 1,. Hence,
t, = ta-- ‘tp,l:c]f”q*2 = ty---t, 127 ? and squaring this identity, we
get 27" = e. Moreover, z; = afy; ' for all 1 < j < ¢q. Hence, U

is generated by the elements xi,%s,...,t,—1,¥1, ..., Y, With the relations

=12 = = tZ—1 = e. Therefore, we have an isomorphism:
U — Z9xZ/(2n —4) x (Z/(2))"?
T — 0,...,0;1;0,...,0)
rwith2<i<p-—-1 — 0,...,0;1;0,...,1,...,0)
T, > 0,....,0;n—2;1,....,1)
Y; — 0,...,1, .,0;616i ..,ﬁl
Zj = (07 a_la ) 72707 70)

which also implies that the elements w1, ...,2,,y1, 21, ..., Yq, 24 are all
different
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Define 6y : U — Zso by ou(x;) = 0u(y;) = du(z;) = 1foralll <i<p
and 1 < j < ¢ and dy(u) = 0 for the rest. This is well defined because all
those elements are different and it satisfies the conditions of Theorem [2.6.4]
because n = p+2q and because of . The fact that all the homogeneous
components have dimension 1 imply that I'(U,dy) is a fine grading which
refines I'(G, ). Since the relations are the only ones needed to obtain a
grading, U is its universal group.

From this arguments it follows:

Corollary 2.6.5 ([DET20]). Let X: V™! — V be an (n — 1)-fold cross
product on the n-dimensional vector space V. with n > 3 over an algebraically
closed field F, relative to a nondegenerate symmetric bilinear form b.

Up to equivalence, the fine gradings on (V, X) are the gradings U'(U, éy),
where U 1s the abelian group

2

2
U =1, Tpy Y1y oy Ygs 215 o0y 2 |7] = . = T,

:ylzl:.“:yqzq:xl...xp...ylzl...yqzq>
with p+2q =n and 0y : U — Z>q is the map given by:

Ou(@i) = 0u(y;) = du(z) =1

for all i € {1,...,p} and j € {1,....,q}, and dy(u) = 0 for a different
uel.

Moreover, U is, up to isomorphism the universal grading group of T'(U, dy).
U is described up to isomorphism by one of these conditions:

e [fp=0, U isisomorphic to 29 x Z/(q — 1),
o Ifp=1, U isisomorphic to Z9 x 7/ (2q — 1),

o Ifp>1, U is isomorphic to Z¢ x Z](2n — 4) x (Z/(2))"">.

Let 0 € Sym,, 7 € Sym,, and \ = (i1,..,ip) € Zs. Fix a basis
UL, oey Up, U1, W1, ..., Ug, Wy as before, we define morphisms f,, g;, and hy by:

fo: V. — V
U; = Ug(s)
)
V; — V;
wW; — W;
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g2V =V
U; — U;
vj e Urg)
wj = Wr()
and
hy:V - V
U; = U
v; such that i; =1 — w;
v; such that i; =0 +— v;
w; such that i; =1 + v,
w; such that i; =0 — w;

Noticing that each autoequivalence must exchange homogeneous compo-
nents and must preserve orthogonal pairs of elements, if ¢ € Aut(I'(U, dp)),
we can define o € Sym, by ¥(V,,) =V, _,, 7 € Sym, by ¢(V,, @ V.,) =
Voo ® Vz,, and we can define A = (iy,...,7,) € Zy by defining i, = T if
(Vi) = Vi, In this case, g-' o hyo f; ! oyp € Stab(T'(U,dy)). Hence, it

follows that we get an isomorphism:

Sym,, x (Zg X Squ) —  Aut(I'(U, 0y))/ Stab(T'(U, o))
(07 A, T) = [fo ohyo gT]

where [p] denotes its class modulo Stab(I'(U, dyy)). Hence, we have that
W(D(U,by)) = Sym,, x (Z3 x Sym,).

Example 2.6.6 ([DET20]). As an example, we can take H the algebra of
quaternions. Since we work over an algebraically closed field I, the algebra is
isomorphic to the algebra of 2 x 2 matrices where the norm is the determinant.
Denote by — the canonical involution. We can define the following trilinear
map

X:H —H
(2,42) — X(2,y,2) i= 27> — 2

We can note that X (z,z,y) = 2Ty — yTz = n(z)y — yn(r) = 0 and that
X(x,y,y) = 2yy — yyr = xzn(y) — n(y)x = 0 for all z,y € H. Linearizing
this, we get that X (z,y,2) = —X(y,z,2) = X(y, z,2) = =X (z,y, z) for all
x,y,z € H. Hence, taking © = z, we get that X (x,y,z) = 0. Therefore, X

satisfies (2.1.1)).
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On the other hand, for any z,y,2 € H and A € F, we have the equality

n((z + A\2)y(z + Az)) = n(z + A2)?n(y). Using that n(z) = in(z,z), for all

x € H, after expanding this equality and taking the terms with A\? and we
get:

n(xgz + 2yz) + n(ayz, 252) = (n(z, 2)* + 2n(x)n(z))n(y) (2.6.8)
Expanding n(zyz + 2yz), we get:
n(zyz + zyx) = n(2yz) + n(zyz) + n(ayz, zyz) (2.6.9)

Finally, we can deduce the following identity:

n(zyz, 2yz) = n(ayx + yTr — yTx, 2yz + yzz — yzz)

=n(n(z,y)r —n(z)y,n(y, z)z — n(2)y)
= n(z,y)n(y, z)n(z,x) — n(z)n(y, z)2 —n(2)n(z, y)2 (2.6.10)
+ 2n(x)n(y)n(z)

Using (2.6.8), (2.6.9) and (2.6.10)), we get:

n(X(x,y,2), X(z,y,2)) = n(xyz — 2yz, 25z — 2yx)

2n(zyz) + 2n(zyz) — 2n(xyz, 2yx)

8n(z)n(y)n(z) — 2n(zyz + zyx) ( due to (2.6.9))
An(z)n(y)n(z) + 2n(ayz, 2yz) — 2n(z, 2)°n(y) ( due to (2.6.8))

(
n(z,x) n(z,y) n(zx,z)
= n(y,z) n(y,y) n(y,z)|( due to (2.6.10)
n(z,z) n(z,y) n(z,2)

Therefore, X satisfies , which means that X is a 3-fold cross prod-
uct on a vector space of dimension 4. Due to Corollary there are three
different fine gradings on (H, X) up to equivalence, with universal groups Z?,
Z x Z/(4) and Z/(4) x (Z](2))>.

Since we have an inclusion Aut(H) — Aut(H, X) any grading on H
induces a grading on (H, X). However, the converse doesn’t hold. Indeed,
on H there are only two fine gradings with universal groups Z and (Z/(2))?
as shown in [EK13| Example 2.40].
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26.3 n=7r=2f

Due to Theorem [2.3.8] any 2-fold cross product over a 7-dimensional vector
space is isomorphic to (Cy, X ). Due to Proposition [2.5.7, there is an isomor-
phism between Aut(€) and Aut(Cy, X). Therefore, in view of Proposition
for an abelian group G, there is a correspondence between classes of
G-gradings up to isomorphism on € and on (€y, X®). Moreover, since the
isomorphism sends f € Aut(C) to fe,, the corespondence, sends a grading
[:C=,;Ctod(I): C=D,q (€N CECy).

The classification of G-gradings up to isomorphism on C is given in The-
orem [2.2.11] Concretely, there are two fine gradings up to equivalence with
universal groups Z2 and (Z/2)* corresponding respectively to the grading
I'8(Z%((1,0),(0,1),(1,1))) and to the grading I'3((Z/2)%,(Z/2)%).

Due to the fact that the isomorphism between Aut(C) and Aut(Cy, X)
induce an isomorphism between the automorphisms of each grading I" and
O(T') and their stabilizers, the Weyl groups of the previous fine gradings
are isomorphic to the Weyl groups of the corresponding fine gradings on C.
These groups are computed in [EKI3] Theorems 4.17 and 4.19] and they
are respectively, the Weyl group of the root system of type Gs, which is the
dihedral group of order 12 and the general linear group GL(Z3).

2.64 n=8,r=3

Again, we assume that [F is an algebraically closed field. Due to Theorem

and Proposition [2.3.10| we have that (V, X) is isomorphic to (€, X¥).
We have shown that Aut(€, XF) = Aut(C,{---}). Moreover, as shown

in [EId96],

Aut(C, {---}) = {ﬁ L., | m>0,z; € Cy and ﬁn(wz) = 1} (2.6.11)

i=1 i=1

where, as in subsection L, is the map defined by y € C — L,(y) := xy.
Denote by {eq, e, uy, us, us, v1,v9, v3} the Cartan basis defined as in table

2.1

Proposition 2.6.7. [DET2(] Let C be a Cayley algebra over an algebraically
closed field FF.

(1) The orbit of 1 under Aut(C,{---}) is the set of elements of norm 1:

orbitaue(e (1) = {z € C | n(zx) = 1}
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(2) The orbit of ey is the set of nonzero isotropic elements:

orbitauece - py(e1) = {x € €| n(x) =0,z # 0}

(3) The orbit of the pair (e1, e2) under the diagonal action of Aut(C,{---})

on € x C (ie. p(z,y) = (px),p(y)) for all ¢ € Aut(C,{---}) and
x,y € C) is:

Ol"bitAut(Q{...})(el, 62) = {(1'73/) e€C ’ n<$) =0= n(Q)a n(w,y) = 1}

Proof. The proof is in [DET20] but for completeness we write it here. First
we notice that all the inclusions “C” hold since Aut(C, {---}) is a subgroup
of the orthogonal group. Let’s prove the other inclusions:

(1)

(2)

Let = € € be an element such that n(z) = 1. That means that 1 = 27 =
LzL.(1). Since n(z)n(Z) = 1, we have that LzL, € Aut(C,{---}).
Therefore, € orbitaue,...1)(1)-

Consider an element 0 # x € € with n(z) = 0. Suppose first that
x € C. Take ¢’ € €y with n(x,y’) = 1. Since n(y’ + Az) = XA + n(y'),
we have that y = ¢ — n(y' )z € Co satisfies n(y) = 0 and n(z,y) =
1. Due to the Cayley equation, we have that z? = > = 0. In this
situation, —xy — yr = 2y + y=T = n(z,y)l = 1. Moreover, (zy)(zy) =
(zy) (=1 — yz) = —xy (due to [Shab6l (3.6)], (zy)(yz) = z(y?)x = 0).
Therefore, €| = —zy is an idempotent, similarly, e, = —yz is another
idempotent and as we showed before, (zy)(yz) = 0, hence they are
orthogonal idempotents. As it is shown on [EK13, Chaper 4], they can
be extended to a Cartan basis €}, e, u}, ub, uy, vy, vh, v (i.e. satisfying
the table[2.1)) and so, the morphism ¢ induced by ¢(€;) = e;, ¢(u}) = u;
and ¢(v}) = v; is an automorphism of €. Since Aut(C) C Aut(C, {---})
it is an automorphism of (€, {---}).

Since eyr = —(yz)r = —yz? = 0, xe} = —x(zvy) = —2*y = 0, p(x) €
{z € C| zey =0 = eyz} = U := Fuy & Fuy & Fus. Since in the
construction of the Cartan basis in [EK13] we can choose wuy,ug, ug
arbitrarily with n(ujus, ug) = 1, we can asume that p(z) = —ugz. Now,
SINCe Liyy vy Ly 10, (€1) = —ug we have that o Ly, v, Ly 10, (€1) = .
The fact that n(uy,v1) = 1 = n(ug, ve) implies n(uy + v1)n(ug + v9) =
1. Therefore, Ly, v, Luyy+0, € Aut(C,{---}), which implies that = €
OrbitAut(e,{...})(el).
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Now, if x & @y, take y € Cy, orthogonal to x with n(y) = 1, which
exists since the field is algebraically closed. L, € Aut(C,{---}) and
L,(xr) = yx, which satisfies y7 = -7y = —n(z,y)l + gz = —yz.
Hence, yz € €y is such that n(yz) = n(y)n(x) = 0 and by the previous
argument there is an element ¢ € Aut(C,{---}) with p(yz) = ie;.
Hence L;' o ™' (e1) = x, which implies 2 € orbitaue,..})(e1)-

(3) In this case, Let z,y € € be such that n(z) = 0 = n(y) and n(z,y) = 1.
Since, F is algebraically closed we can take z € € to be an element
orthogonal to 1, z and y such that n(z) = 1 and an element ¢ orthogonal
to 1 and z with n(¢t) = 1. We denote a = zt~! = 2zt (since tt = n(t))
and b =t. n(a) =1 =n(b) and @ = tz = n(t,2)l —zt = —=zt (the
last equality because z = —z and ¢ = —t) therefore a € Gy and b € €.
Thus, L,L, € Aut(C,{---}). Moreover we have that ab = (zt)t =
z(ft) = 2, and so using Proposition 2.2.3| n(L,Ly(z),1) = n(a(bz),1) =
n(z,ba) = n(x,z) = n(z,—2z) = 0 and similarly n(L,Ly(y),1) = 0.
That implies that we can restrict to the case with =,y € Cy. In the
same vein as before, we can show that we can find a Cartan basis
{e, ey, ul, uhy, uf,v],vh, vi} such that 2y = —eq, yx = —ey, x = v}
and y = w;. The morphism ¢ induced by ¥(e}) = e;, ¥(u)) = u;
and ¥(v}) = v; for i € {1,2} and j € {1,2,3}, is an automorphism
of Aut(C,{---}). Hence, we can asume that x = v; and y =
and finally, since Ly, v, Ley—e, (V1) = €1, Ly v, Ley—ey(u1) = e and
Ly v, Ley—e, € Aut(C,{---}), we have the result.

]

Now we are going to review some gradings on (€, {-- - }), which appear in
[DET20], and prove that they are the only gradings up to isomorphism.

Example 2.6.8 (Cartan grading). . We can define a Z3-grading on (C, {--- })
called the Cartan grading by taking a Cartan basis {ey, es, u1, ug, us, v1, V2, v}
and assigning degrees:

deg(uy) = (1,0,0) = — deg(v1),
deg(uz) = (0,1,0) = — deg(vq),
deg(uz) = (0,0,1) = — deg(v3),
deg(es) = (1,1,1) = — deg(eq)

The grading is denoted by T'S, ... T&,..y is the weight space decomposi-
tion relative to a maximal thorus T of Aut(C, {---}). Since the homogeneous
components have dimension 1, this is a fine grading.
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For an abelian group G and a homomorphism o: Z3 — F, define the
grading I'$(G, ) as the coarsening of I'¢ by «, i.e.,

Cartan

deg(uy) = «(1,0,0) = — deg(vy),

deg(ug) = «(0,1,0) = — deg(v2),

deg(us) = «(0,0,1) = — deg(vs),

deg(es) = a(1,1,1) = — deg(ey)
e

Cartan DOticing that its univer-

We can calculate the Weyl group of I'
sal group is Z* then, the image of ur: 73 — Aut(€,{---}) is a maximal
torus 1. Thus, its homogeneous components are the weight spaces with re-
spect to T. Moreover, it corresponds to Diag(T'§,, ...) = Diag(T¢, ..) (F).
Since Aut(T'§, .,,) is the normalizer of Diag(T¢, ..,) and Stab(T§, ..,) is its
centralizer, the Weyl group of T'¢, .. is isomorphic to the Weyl group of
Aut(C,{---}) relative to T (see [Hum75, 24.1] for the definition). Due to
[Hum75l 27.1], it is isomorphic to the Weyl group of its root system, i.e., it
is isomorphic to the Weyl group of the root system Spin(7), which is a group
of type B3 [KMRIT] 25.10]. Hence, the Weyl group of T'§, .., is isomorphic

to Z3 x Symg, the signed permutation group of 3 elements [EK13, Apendix
BJ.

Example 2.6.9. For any group G and subgroup H isomorphic to Z3, the
grading T'3(G, H) introduced in the section is a grading on (C,{---})
since it is a grading on € and Aut(€) is a subgroupscheme of Aut(C, {---}).

Example 2.6.10. Let G be an abelian group. Let H be a subgroup iso-
morphic to (Zs)* and let K a subgroup of H isomorphic to (Zy)®. Take
an element h € H \ K and consider the shift ['3(G, K)" which is a grad-
ing of the cross product since h? = e. Since H/K = Z,, we have that
any other b’ € H \ K can be written as i’ = hk. We are going to show
that T2(G, K)IM = I'2(G, K)!"). Indeed Supp(I'2(G, K)) = K, we have that
Supp(I'%(G, K)") = 'K = hK. Hence, there is some k € {1,...,7} such
that x; has degree h. Using the automorphism L, , which is an automor-
phism due to , we obtain an isomorphism from one grading to the
other. We have shown that up to isomorphism the grading doesn’t depend
on the element we choose. Hence, we denote the grading as I'(G, H, K).

Theorem 2.6.11. [DET20] Let C be the Cayley algebra over an algebraically
closed field F, let G be an abelian group and let T': C = @geg Cy be a grading
of (€,{---}). Then T is isomorphic to one of the following gradings:

(1) T¢(G, ) for a group homomorphism a: Z3 — G
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(2) T%4(G, H) for an elementary 2-subgroup H of rank 3.

(3) T¢(G, H, K) for an elementary 2-subgroup H of rank 4 and a subgroup
K of H of index 2.

Gradings on different items are not isomorphic. Moreover:

o Two gradings T°(G,a) and T(G, ') are isomorphic if and only if there
is an element w in the Weyl group W (TS, ...) such that o/ = aw.

Cartan

e Two gradings T4(G, H) and T2(G, H') are isomorphic if and only if
H=H.

e Two gradings (G, H, K) and (G, H', K') are isomorphic if and only
if H=H" and K = K'.

Proof. We consider a grading I': € = @
(€, {1}

To begin with, we consider the case in which there is a nonzero ho-
mogeneous element # € €, such that n(z) = 0. Due to Theorem [2.5.12]
Aut(C,{---}) € O*(C,n) hence, n(Cy,, C,y,) = 0 unless g1g> = e (one way to
prove it is to show that OF(€,n) = {¢ € O(€, n) | det(p) = e}) and use the
arguments in the subsection . Hence, we can find a homogeneous ele-
ment y € € such that n(y) = 0 and n(z,y) = 1. Using Proposition[2.6.7} after
applying a suitable automorphism, can assume that there is a Cartan basis
{e1, €2, U1, Uz, uz, v1, s, v3} such that x = e; and y = ey. Since (e;C)ey =
U = Fu; ®Fuy ®Fuz and (e2C)e; = V = Fuvy @ Fuy @ Fuz and due to the fact
that the linear morphisms R.,L., and R., L., are graded morphisms of the
vector spaces (notice that L., () = {e;, €;11,2} and R, (x) = {x, €;11,1} with
indices modulo 2), then due to Remark U and V are graded subspaces.
We can take a homogeneous basis {u], u), u4} of U such that n(u}, ubul) = 1.
Taking v; = {u] 5, e1,u;41} with ¢ € {1,2,3} and indices taken modulo 3,
we can see that this implies that we have a dual basis and that this gives
a Cartan basis. Hence, the grading is a coarsening of the Cartan grading,
which implies that there is a group homomorphism «a: Z3 — G such that T’
is isomorphic to I'*(G, a).

Otherwise, if all the homogeneous components have no nonzero isotropic
elements, they are one dimensional. Indeed, we can prove the statement by
contradiction since if x and y are linearly independent homogeneous elements
of the same degree such that n(y) # 0, due to the fact that n(y) # 0 and
[ is algebraically closed, 0 = n(xz + \y) = n(z) + M(x,y) + A?n(y) has a
solution, which implies that there is a homogeneous element of zero norm.

gec €g by an abelian group G of
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Now, the fact that {z,z,x} = n(z)x for all z € € implies that the support
of ' generates a 2-elementary abelian subgroup. Consider the two following
possibilities:

e If the neutral element e of GG is in the support, due to Proposition
we can take an element x of norm 1, homogeneous of degree e,
and send it to 1 via some automorphism. Hence, we can assume that
1 is homogeneous of degree e. Now, xy = {z,1,y}. Hence, this is a
grading of the Cayley algebra €. This, due to [EK13, Theorem 4.21]
shows that the grading is isomorphic to I'3(G, H) for some subgroup
H isomorphic to Z3.

e If the neutral element e of G is not in the support, we can take a
homogeneous element of degree ¢ and consider the shift I'l9). Then, we
are in the previous case. So there is a 2-elementary abelian subgroup
K of G of rank 3 such that T'W = I'2(G, K). Since the subgroup H
generated by g and K is a 2-elementary abelian subgroup, we get that
the grading is isomorphic to I'(G, H, K)

The gradings on each item are not isomorphic, because in the first one
there is an isotropic homogeneous element, in the second one, the neutral
element is in the support and there are no isotropic homogeneous elements,
and in the third one the neutral element is not in the support and there are
no isotropic homogeneous elements.

The isomorphism condition for gradings on the first item follows from
[EK13], Proposition 4.22]. And the isomorphism conditions for the gradings
in the second and third item follow from the fact that Supp'3(G, H) = H
and SuppI'®(G,H,K) = H\ K. H

We have the following corollary

Corollary 2.6.12 (JAC20],[DET20]). Up to equivalence, the only fine grad-
ings of (C,{---}) are T, .. and Tép with universal groups Z* and (Z9)*
respectively.

In order to calculate the Weyl group of I'{p,, we notice that any element
of the group can be identified with a permutation of the support (which
is a coset of (Zy)*/K for some subgroup K isomorphic of (Z3). Since any
representative is an equivalence of the grading, it induces an automorphism of
the universal grading group. Since we can identify the group Z, with the finite
field of two elements Fy, we can embed W (T'ép) in {¢ € GL((F9)*) | (1 x
F3) C 1 x F3} which can be identified with the group Aff(3,F,) of invertible
affine transformations of F*. Due to proposition [2.6.7] since n(iwy) = 1 for
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all k € {0, ..., 7}, we know that W (T'¢p) acts transitively on the support of
I'ép. Moreover, since Aut(C) is a subgroup of Aut(C,{---}), due to [EK13),
Theorem 4.19], we have that GL(F3) is a subgroup of W (T'¢p). Hence, we
get that the Weyl group is Aff(3,F).

The computations of the Weyl group have been independently computed
in [AC20] and in [DET20].

The homogeneous components of the gradings I'¢(G, H) and I'*(G, H, K)
are the subspaces spanned by the elements of a Cayley-Dickson basis. Hence,
they are equivalent to the grading 'y, over the group (Z,)* given by:

Since the automorphism group scheme of (C,{---}) is isomorphic to
Spin(Cy, —n), then, we get the following result

Corollary 2.6.13 ([DET20]). Let Q be a maximal diagonalizable subgroup
scheme of Spin(Cy, —n). Then, either:

(a) Q is conjugate to Diag(T'¢

Cartan)s Which is a mazimal torus, isomorphic
to G3..

(b) Q is conjugate to Diag(T'Sy), which is isomorphic to uj
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Chapter 3

Structurable algebras

From now on, we are going to focus on classifying gradings by abelian groups
on a class of nonassociative algebras with involution, called structurable alge-
bras introduced in [Ali78]. Here we are going to introduce them and some of
their relevant features. But before we need to set some notation. Let (A, —)
be an algebra with an involution. We define the subspace of hermitian el-
ements H(A, —) and the subspace of skew-hermitian elements 8(A, —) as
follows:

HA, —)={acA|a=a}
SA, —)={acA|a=—a}

We define the subspace
K(A, —) = Algp(S(A, —))
to be the subalgebra of A generated by the skew hermitian elements and

MA, —)={zeHA, —)|zs+sx=0VseSA, —)}

We define the center of (A, —) as the subspace
ZA, —)={zeAlz=7zzA] = [z A A = [A 2, A] = [A, A, 2] = 0}

where [z,y] = 2y — yx and [z,y, z] = (zy)z — z(yz) for all z,y, z € A.
When we are working over an algebra A, given an element x € A we
denote by L., R,: A — A the maps defined by L,(y) = xy and R,(y) = yz.
In Section [3.1 we define Jordan algebras, which are the motivation for
structurable algerbas. Additionally, we give a definition in characteristic dif-
ferent from 2. In Section [3.2, we define structurable algebras and give a

81
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classification due to Allison and Smirnov. Finally, in Section we give the
Allison-Kantor construction of a 5-graded Lie algebra from a structurable
algebra. Additionally, we explain how the gradings on the structurable alge-
bras are connected with the gradings on the Lie algebras.

3.1 Jordan algebras

3.1.1 Definition and main examples

Definition 3.1.1. An algebra J over a field of characteristic different from 2
is a Jordan algebra if for every z,y € J the following identities are satisfied:

(1) zy =y
(2) (zy)a? = z(ya?)
We are going to introduce a few examples of Jordan algebras:

Examples 3.1.2. Let A be an associative algebra over a field F of char-
acteristic different form 2. For any two elements z,y € A, we denote
zey = i(zy +yz). The algebra AT = (A,e) is a Jordan algebra (see
[Mcc04, 1.2.5]).

Example 3.1.3. Let (A, —) be an associative algebra with involution. The
subspace H(A, —) is closed under e. Hence, it is a subalgebra of A™.

Example 3.1.4. Let (C, — ) be a Hurwitz algebra. Denote by (M3(€), * ) the
algebra of 3 x 3 matrices over € with the involution * given by (a; ;)* = (@;;).
As before, we denote z e y = $(zy + yz) for all z,y € H(Ms(€), ). We
denote H3(C, —) = (H(M3(C), %), e). This is a Jordan algebra (see [Mcc04,
[.2.7]). In case (€, —) is a Cayley algebra, we say that H3(C, —) is an
Albert algebra.

For elements in these algebras we will use the following notation:

1 00 000 000
Ey=10 0 0], 010 0 00
000 0 00 0 01
0 00 0 0 a 0 a 0
11(a)=210 0 @|,wa=210 0 0f,w(a)=21a 0 0
0 a O a 0 0 0 00

for all a € € (11(a) = 2a[23], 12(a) = 2a[31] and t3(a) = 2a[12], in [Mcc04,
IT 4.4] notation).
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3.1.2 U-operator

If we have a Jordan algebra J as defined in the subsection 3.1.1] given x,y €
J, we can define some operators Uy, U, and V,, by:

U, = 2L — L2,
1
Upy = §(Ux+y -U,-U,)=(L,L,+ L,L,) — L,, and,

Viw(2) = Us 2 (y) = x(2y) + 2(zy) — (z2)y = (zy)z + (2y)r — (22)y.

Remark 3.1.5. If we want to work over a field of characteristic 2, we have to
remove the % from the definition, but in our case it will be more convenient
to keep this notation.

In case the Jordan algebra has a unit, in a field of characteristic different
from 2, we can see that xy = U, ,(1). Hence, we can recover the product
from U. In this case, U satisfies the following identities:

U, = idy, (3.1.1)
VauUs = UV, ., and (3.1.2)
Uy,y = U,U,U,. (3.1.3)

Definition 3.1.6. A unital quadratic Jordan algebra J over F is an
F-vector space J, together with a quadratic map U: x + U, from J into
Endg(J) and an element 1 € J such that the identities [3.1.1] [3.1.2/ and [3.1.3]
hold under every scalar extension. We denote the algebra as J(J, U, 1).

Remark 3.1.7. Since we work over a field of characteristic different from 2,
this definition is equivalent to the one on subsection [3.1.1] in the case where
the algebra is unital, by defining a product zy = U, ,(1) (see [Mcc69]).

3.1.3 Jordan algebras of a cubic form

Let J be a vector space over F. A cubic form on J is a map N: J — F
satisfying that N(z + \y) = N(x) + A\9,N |, + 20N |, +A*N(y) where
OyN |, is a map which is linear in y and quadratic in .

Given a vector space .J, with a cubic from N and a base point ¢, i.e., an
element ¢ € J such that N(c) = 1, we can define a trace form T'(z,y) =
—0,0ylog N |.= —0,0,N |. +(0.N |.)(9,N |.) for all z,y € J. We say that
N is nondegenerate if 7" is a nondegenerate bilinear form. In case N is
nondegenerate, we can define a quadratic mapping x — z# by T(z%,y) =
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OyN |, for all z,y € J called the adjoint operator. We say that the norm N
is admissible if the identity 2## = N(z)x holds under all scalar extension.
We can define a product x x y = (z+y)# — 2% —y# by linearizing the adjoint
operator. We can define a quadratic map U: z — U, form J to Endg(J) by:

Um<y) - T(.f,y)l‘ - l’# Xy.

In case N is a nondegenerate admisible cubic form with base point c,
J(J,U,c) is a unital quadratic Jordan algebra over F which we denote by
J(N,c) and call the Jordan algebra of the admisible cubic form N
and base point ¢ [Mcc69, Theorem 5].

Given a Hurwitz algebra (€, — ), as shown in [Mcc04] 11.4.4] we can define
an admisible cubic form N and a base point ¢ on H3(C, —) by

3
N(z) = cyagaz — 4 Z a;n(a;) + 8n(ay, azas), and
i=1

C:E1+E2+E3.

where z = 370 a;F; + 30, ti(a;). Moreover, we can write the trace the
adjoint and the product as:

3 3
T(x,y) = Z o f; + 4 Z n(ai, bi),
i=1 i=1

3 3

ot = Z(ai+1ai+2 —4n(a;))E; + 2 Z 1i(2a1 G40 — oya;), and
i=1 i=1
3
T Xy = Z(%’H@‘H + Biv10iyr — 4n(a;, b)) Eit
i=1
3
2 Z Li(2(ait1bive + bitoaiv1) — cib; — Bia;)

=1

where x = Zf’zl o B+ Z?:l ti(a;) and y = Z?:l BiE; + Z?:l t;(b;) and the
indices are taken modulo 3. This is just rewriting the identities in [Mcc04,
I1.4.4] using our notation.

Any Jordan algebra of an admissible cubic form with a base point ¢
satisfies the equation:

2* — T(x)2* + S(x)x — N(x)e =0 (3.1.4)
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For a linear map T defined by T'(z) = T(z,c) and S(z) = T(z%) (see
[Mcc69]). For the algebra H3(C, —), 7" and S are:

T(x) = a; + as + a3, and
3

S(x) = 5(T(x)* = T(a?) = Z(ai+1ai+2 — 4n(a;)).

=1

for any x = Zle a; B + Z?:l ti(a;).

3.2 Structurable algebras

In this section we are going to introduce the concept of structurable algebra,
state the classification theorem, and finally, we will review the Kantor-Allison
construction of a H-graded Lie algebra.

3.2.1 Definitions

Let (A, —) be a finite dimensional algebra with involution and unity over a
field I of characteristic different from 2 or 3. For any x,y € A, we can define
the homomorphisms V, ,,, T, € Endg(A) by:

Vey(2) = (27)z + (27)2x — (27)y, and
T.(2) = Via(2) = 2z + zx — 2.

Definition 3.2.1. Given a finite dimensional nonassociative algebra with
involution (A, —) over a field F of characteristic different from 2 and 3, we
say that it is a structurable algebra if:

[sz ‘/;:,y] = VTz(x),y - ‘/a:,Tz(y) (321)

for all z,y,z € A. Where [A, B] = AB — BA for all A, B € Endp(A). We
say that the structurable algebra is central if Z(A, —) = F1.

We will often use the following lemma due to Smirnov:

Lemma 3.2.2 ([Smi90hb]). Given a simple structurable algebra (A, —):

(1) We have
A=KA, —)eMA, —). (3.2.2)

(i1) In A we have M(A, —)K(A, —) + KA, —)M(A, —) CM(A, —).
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(i1i) Fore, f e XA, —), we MA, —) and z € A:

(1) ew = we,
(2) e(fw) = (fe)w,
(3) f(wz) =w(fz).

Proof. [Smi90bl Lemma 3.6] O

For any A € Endp(A), we define A° A° and A by A° = A + Raay,

3.2.2 Examples and description

In this section we will recall some examples of structurable algebras and give
the classification of the central simple ones.

Example 3.2.3. Every unital associative algebra with involution is a struc-
turable algebra [AL78] 8.i]

Example 3.2.4. Let A be a unital Jordan algebra and let — be the identity
map. (A, —) is structurable [Ali78, 8.ii]. Moreover, if (A, id) is a structurable
algebra, then A is a unital Jordan algebra [AIi78].

Example 3.2.5. Let (€, —) be a unital associative algebra with involution.
Let W be a unital associative left €-module and denote the action by e o w
foralle € &, w e W. Let h: WxW — & be a hermitian form, i.e, it satisfies
the following two identities:

h(wy,wq) = h(ws, wy) for all wy,wy, € W, and (3.2.3)
h(e 0wy, ws) = eh(wy, ws) for all wy,wy, € Wande € & (3.2.4)

We denote A = € & W and define a product and an involution by

(617 w1)(€2, w2) = (6162 + h(w2, wl), ex0ow; + €10 w2)7 and

(e1,wr) = (€1, w1)

for all wy,wy € W and eq,e5 € €. We call this algebra the structurable
algebra constructed from a hermitian form h on a module W over a
unital associative algebra with involution and denote it by S(€, —, W, h)
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following the notation in [Rig22]. If we know that e € € and w € W we will
usually denote the element (e, w) as e + w.

In this class we can find an example of algebra which is not power as-
sociative. Indeed, let (&, —) = (My(F), ') where * is the transposition, let
W = My(F) with the action given by e ow = ew for e € € and w € W
and denote by h: W x W — & the hermitian form given by h(wy,wy) =
w 0 1 10 10

"\ o 0 0/°\0 1

((00) (0 a)) o= (G 0)- 6 o))

Example 3.2.6. Let (€, —) and (G, —) be two Hurwitz algebras with
standard involutions. Denote A = C; ®r C; and define an involution — by
r®y=7®7Y. Then (A, —) is a structurable algebra [Ali78| 8.iv]

wh. Consider the element x = . Then, z2? =

Example 3.2.7. Let J be a Jordan algebra over the field F constructed
from an admisible non-degenerate cubic form N with basepoint c¢. Denote
T:JxJ—TFand x:JxJ — J as in subsection [3.1.3] Take 0 # 6 € F.

Denote ‘
_ a )
A_{<k 6)|O&,BEF,],]€EJ}

and define a product and an involution by:

(041 jl) (042 jQ) _ ( o + 0T (1, ko) o jo + Baji + O0k1 x k2>
ki Bi) \ka [ aoky + Brke + 71 X J2 B152 + 0T (2, k1)

and

(a6

This is a structurable algebra [Ali79, 7.iii]. We will call this algebra, the
algebra of 2 x 2 matrices constructed from N, ¢ and 6.

Example 3.2.8 (The Smirnov algebra). Let (€, —) be a Cayley-Dickson
algebra with the standard involution. Let 8 = 8(C, —). Denote z x y =
xy — yx for every z,y € € as in Example and denote (z,y) = —b,(z,y)
as defined in Example [2.3.6] Let M be the subspace of 8§ @ 8 generated by
the set {s@r—r®s|s,r e 8}. We denote H = (8 @ 8)/M and write the
equivalence class of x as [x]y;. We denote A = HBS and define a commutative
operation o and an anticommutative operation [-, -] by extending linearly:



88 CHAPTER 3. STRUCTURABLE ALGEBRAS

[s1,82] = 81 X Sg, [$1, [S2 @ s3]m] = [(51 X $2) ® 83+ $2 ® (81 X $3)]m,
[[s1 ® sa]a, [S3 @ Sa]m] = (s1,53)82 X sS4+ (81, 54)S2 X S3 + (S2,53)s51 X 84

+ (59, 54)81 X S3,

1 1 1
$10 89 = [$1 @ Saln, $10[51 ® So|w = 5(52, s3)s1+ 1(81, S2)S3 + Z(Sla S3)S2,

and

1 1
(51 ® $2) 0 (s3® 84) = Z(Sl X 83) ® (82 X 84) + 1(31 X S4) ® (82 X s3)

1 1
—|—§(51, 82)53 X Sy4 + —(53, S4>51 X S9

2 M

for all sq, 89, 53,84 € 8. We define a product and an involution on A by:

1
zy=zoy+;lr,y], and

h+s=h—s

for all z,y € A, h € H and s € §. This is a structurable algebra which we
denote by T'(€) [Smi90a].

There is a description of central simple structurable algebras, which was
given in [Ali7§] in characteristic 0 with a missing case, and it was completed
in [Smi90b] in fields of characteristic different form 2,3 and 5. There are
many restatements of this theorem. We will give the following one which
is the same as in [Smi90b] but with the description given in [Ali79] for the
algebras on item (4).

Theorem 3.2.9 ([AL78],[Smid0b]). Let (A, —) be a finite-dimensional cen-
tral simple structurable algebra over a field F of characteristic different from
2, 3 and 5. Then, (A, —) is isomorphic to one of the following algebras:

(1) A central simple associative algebra with involution,
(2) a central simple Jordan algebra with the identity involution,

(8) an algebra constructed from a nondegenerate hermitian form h on a

module W over a unital central simple associative algebra with involu-
tion (€, —),

(4) a twisted form of a tensor product of composition algebras,
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(5) a twisted form of an algebra of 2 X 2 matrices constructed from an
admisible nondegenerate cubic from N with base point ¢ and scalar

0#0€F or
(6) the algebra T(C) for a Cayley-Dickson algebra C.

This theorem lacks some features in order to be a classification. For
example, some of the classes overlap. For instance, if in (3) the unital central
simple associative algebra with involution is (F,id), W a vector space and h
a nondegenerate symmetric bilinear form, we get a Jordan algebra. Another
issue is that not all of these descriptions give central simple algebras. For
instance, in (3) if we take (IF,id) as the associative algebra, W = F and
h(A1, A2) = M for all AjAs € F and a fixed A € F*, we get the algebra

(%, id>7 which is not central.

3.3 The Kantor-Allison construction

Probably, the main importance of structurable algebras is the fact that it

has a generalization of the Tits-Kantor-Koecher (TKK) construction of Lie

algebras from Jordan algebras introduced in [Tit62], [Kan64] and [Koe67].

This construction was introduced in [Ali79] as a modified TKK construction

and we will refer to this construction as the Kantor-Allison construction,

which is how it is called in [Smi96]. Let’s see how this construction works:
Let (A, —) be a structurable algebra. Define the subspace

Justel(A, —) =Ty ® Inder(A, —)

to be the subspace generated by the endomorphisms of A of the form T, for
x € A and the inner derivations. It is shown in [AIi78| (16)] that

jnﬁtt[(ﬂ, —) = VA7A7
i.e., the subspace of gl(A) generated by the endomorphisms of the form V,,
with x,y € A. This is a Lie subalgebra of gl(A) due to [Ali78, (12)]. Denote
by N=N(A, —)={(z,s) |z €A, se8(A, —)} Denote N to be a vector
space isomorphic to N under an isomorphism n — n from N to N. For any
A € Jnstel and n = (z,8) € N, we define A(x,s) = (Ax, A’s) which is well
defined due to [AL78, Corollary 5]. Define the vector space

R(A, =)= N @ Jnstel(A, —) @ N
and define a product by:
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[A, Bl = AB — BA, [A,n] = An, Afi = Aen,

P S T

[(I, T)? (ya S)] = (O, .flfy - yi)? [(l’, 7’), (y7 S)] = (07 LU@ - yf)a and
[(,7), (4, 9)] = —(52,0) + Vay + Ly Lo + (ry, 0)
for all A, B € Tnstel(A, —), z,y € A and s,r € §(A, —). Due to [Ali79,
Theorem 3], R(A, —) is a Lie algebra with a 5-grading

Fg(ﬂ7_) : ﬁ(.}q, —) = ﬁ(.A, - )72@ﬁ(ﬂ, — >71@ﬁ(ﬂ,, — )o@ﬁ(ﬂ, — )1@.@(.}4, — )2
given by:

—_— P

ﬁ(‘A7 _)—2 = (078("47 - ))’ R(‘Av - )—1 = (‘A’O)7

R(A, =)o = Tnstel(A, —),

RA, —)1=(A,0), R(A, —)2=(0,8(A, —)).
Definition 3.3.1. Given a structurable algebra (A, —) and a structurable
algebra (A’, —), we say that an isomorphisms of vector spaces a: A — A’
is an isotopy if there is another isomorphism &: A — A’ satisfying that
Va@),awm(2) = a(Vyy(2)) for all z,y,2 € A. We denote by Str(A, —) the
group of isotopies from A to A (also called autotopies). We can extend

this to group schemes by extending scalars, and we denote the affine group
scheme of autotopies by Str(A, —).

In the same vein of [AH81, Theorem 12.3], there is an isomorphism:

Str(A, —) = Aut(R(A, —),Txu,-))
sending « to ag defined by:

—_~—

ag((z,s) + E+ (y,7)) = (&(x),a(s)) + aBat + (ay), ar)).

for every z,y € A®r R, s,r € S(A®F R, —) and E € Jnstel(A ®F R, —).
Moreover, it is clear that Aut(A, — ) is a subgroup scheme of Str(A, — ) and
that if « is an automorphism, & = «. Therefore, for any finitely generated
abelian group G, a morphism §: GP — Aut(A, —) induces a morphism
0: GP — Aut(R(A, — ); T, —y). Hence, any G-grading I' on A induces

P

a grading on (R(A, —),gu,—)) given by deg(x,0) = deg(zx) = deg(x,0),

deg(0, s) = deg(s) = deg (O,/\s/) and degV, , = deg(z) deg(y) for every homo-
geneous elements z,y € A and s € (A, —).



Chapter 4

Structurable algebras related to
a hermitian form

In this chapter, we are going to study structurable algebras related to an her-
mitian form and their relation with other algebraic structures like associative
triple systems of the second kind or associative algebras with a 3-grading and
an involution. The characteristic of the ground field will be assumed to be
different from 2 and 3. In [Fau94, Example 1.11], it is shown how given a
finite dimensional algebra S(€, —, W, h), i.e., an algebra constructed from a
nondegenerate hermitian form h on a module W over a unital central simple
associative algebra with involution (€, —), the subspace W together with
a triple product on W defined by {u,v,w} = h(u,v) ow = (uv)w is an
associative triple system of the second kind (AT2). In the example, given
the associative triple system and (£, —) he can recover S(€, — , W, h). In
this chapter we are going to modify this idea and use the theory of AT2
in order to give a classification of the gradings on this class of structurable
algebras based on a classification of the gradings on a class of 3-graded as-
sociative algebras with an involution. Every vector space here will be finite
dimensional.

In Section [4.1], we define what an associative triple system of the second
kind (AT2) is, and give a construction by Loos of a 3-graded associative al-
gebra with an involution. Additionally, we show that there is an equivalence
of categories between the category of central simple AT2 and a full subcat-
egory of the cateogory of 3-graded associative algebras with involution (see
Corollary [£.1.21]). In Section [£.2] we give a definition of structurable grad-
ing, which is a kind of grading which exists if and only if the algebra with
involution is a structurable algebra related to a hermitian for, and we show
that there is an equivalence of categories between the category of central
simple AT2 and the categrory of central simple algebras with involution and

91
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a structurable grading (see Proposition [£.2.29). In section [£.3]| we show that
all the central simple structurable algebras with a hermitian form have only
one structurable grading except for the split quartic Cayley algebra (this is
shown in Propositions [£.3.3] [£.3.5] [£.3.9] and Lemma [4.3.12).

4.1 Associative triple system

4.1.1 Definition and example

Definition 4.1.1. An associative triple system of the second kind
(AT?2) is a vector space W with a triple product {-- -} satisfying

Hu, v, 2}y, 2} = {u, {y, v, v}, 2} = {u,v,{x,y, 2 }} (4.1.1)

for all u,v,z,y,z € W. In case that the product is known from the context
we just write W. We will denote by AT2 the category of AT2’s.

As shown in Remark [1.1.5] an ideal of an AT2 is a subspace I C W such
that:

(IL,W, WY+ {W,I,W}+ {W,W,I} C I.

We say that the AT2 is simple if {W, W, W} 2 0 and the only ideals are
W and 0.

Example 4.1.2. Let (A, —) be an associative algebra with involution. We
denote {a,b,c} = abc. (A,{---}) is an AT2. Moreover, any subspace of A
closed under the triple product is also an AT2 as shown in [LooT72].

4.1.2 Associative envelope

In this subsection (W, {---}) is an AT2. We are going to study a construction
introduced by Loos [Loo72] of an associative algebra with a 3-grading and
an involution. We denote £ = Endg(WV). For any z,y € W we define the
endomorphisms L(z,y) and R(z,y) as:

L(z,y)z = {x,y,2}
R(z,y)z = {2,y,r}.

for all z € W. We can notice that due to (4.1.1)), for every u,v,z,y,2 € W
we have the following identities
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L(u, v)L(x,y) = L(u, L(y, x)v) = L(L(u,v)z, y)

R(Z, y)R(x, U) = R(z, R(U,x)y) — R(R(z,y)x,y)_ (4.1.2)

On E @ E® and E? @ F, we denote by — the involution given by

(A, B) = (B, A). We define for every x,y € W, an element A\(z,y) € E® E?
and an element p(x,y) € E°? @ FE by:

Mz,y) = (L(z,y), L(y, x)),
p(z,y) = (R(y,x), R(z,y)) and

for all z,y,u,v € W. By [Mey72}, (4.12) and (4.13)] (4.1.2) imply

Mz, y)Mu,v) = A({z,y,u}l,v) = Az, {v,u,y})
p(u,v)p(z,y) = plu, {v,2,y}) = p({z,v,u},y). (4.1.3)

If we denote by Lo(W') the subspace of E@® E°P generated by the elements
of the form A(z,y) for z,y € W and by Ryo(W) the subspace of E? @& E
generated by the elements of the form p(z,y) for z,y € W, and we denote
by e; and ey the units in £ @& E? and E°? @& E respectively, the previous
discussion yields the following Lemma.

Lemma 4.1.3 ([Loo72]). L(W) = Fey+Lo(W) (resp. R(W) =Fea+Ro(W))
is a subalgebra of E® EP (resp. E? @ E) stable under the involution. More-
over, Lo(W) (resp. Ro(W)) is an ideal of (L(W), —) (resp (R(W), —)).

We can define a left and a right action of L(W) and R(W') over W by:
ar = a)(z) = ra, bx = by(z) = xb
where a = (a1,a2) € L and b= (b1,bs) € R.

Theorem 4.1.4 ([Loo72]). Let (W,{---}) be an AT2 and W be a copy of
W. Denote A(W) =LW)eW e&W & R(W) and denote its elements in

matriz form, i.e., write a +x + 1y + b as (Z i) fora e L(W), z € W,
y € W and b € R(W). With this notation, the following hold:

(a) With the product:

a z\ (d 2\ _ fad +XNz,y) az'+al
y b)\y V) \ wd+by  ply,a)+00)"
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“ 0) and Ao(W) =

A(W) is an associative algebra with unity 1 = <O .
2

LoW)o W & W & Ry(W) is an ideal.

b b
with the product defined in (a) and the triple product can be recovered
as {u,v,w} = vow for all u,v,w € W. We will denote this algebra
with involution as (A(W), —).

(b)) —:u= (Z w) U= (Z ?j) is an involution of the algebra A(W)

(c) ex and ey are othogonal idempotents of A(W). They satisqy €1 = e
and €3 = ey and they induce a Peirce decomposition:

AW = LW), AW)10 =W, AW)a1 =W and AW )ao = R(W)

(d) L(W) & R(W) doesn’t contain any nontrivial ideal of A(W).

Remark 4.1.5. Whenever the context is clear we will write A instead of A(1V).

Remark 4.1.6. Let Lo(W) (resp. Ro(W)) be the subspace of Endg(W) (resp.
Endr(W)°) spanned by the elements of the form L(u,v) with u,v € W
(resp. R(u,v) with u,o € W). Lo(W) (resp. Ro(W)) is a subalgebra of
End(W) (resp. End(W)?) due to ([#1.2). Denote L(W) = Fid + Ly(W)
(resp. R(W) = Fid + Ro(W)).

There is a reason why on Theorem [1.1.4] the algebras L(W) and R(W)
are used instead of the algebras L(W) and R(W). The reason is that the
involutions given by L(z,y) — L(z,y) = L(y,z) and R(z,y) — R(z,y) =
R(y,x) are not well defined. The following, gives a counterexample:

Let UT; (IF) be the algebra of n x n strictly upper triangular matrices and
LT*(FF) the algebra of n x n strictly lower triangular matrices. Denote

(X,Y) = (Y!, X").

— is an involution of the algebra UT;},(F) & LT, (IF). Denote W = UT}(F) &
LT} (F), and denote
(XY, 2} = XY Z

for every XY, Z € W. Then, as shown in Example [4.1.2} this is an AT2. In
this case, the involution of L(W) is not well defined since

0=1L(0,0) = L(0,0) =0,
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but since for any (A, B) € W,
{(0, E32), (E12,0),(A,B)} = (0, E32E21B) = (0, E31B)
and LT (F) is spanned by {£;; | 1 < j <i <4}, it follows that:
L((0, E55), (E12,0)) = 0.

However:

L((07 E3,2)7 <E1,27 O))) = L((El,Qu 0)) (07 E3,2)) 7é 0
due to the fact that

L((E12,0),(0, E52))(F34,0) = (E1 4,0).

Therefore, the involution is not well defined.

We denote by A(W) the Z-grading on A(W) given by A(W)_; = A(W); 2,
.A(W)O = -A(W)Ll D -A(W)Q’Q’ .A(W)l = .A(W)QJ and .A(W)z = 0 for all
i # —1,0,1. With this grading, for every ¢ € Z it happens that A(W); =
AW) ;.

We denote by 3GrAlgInv the category of Q-algebras (A, —, A) where A
is a unital associative algebra, A: A = A_1 & Ay ® A, is a 3-grading and
— an involution satisfying A; = A_; for all i € Z. The morphisms are the
algebra homomorphisms preserving the involution and the grading.

Example 4.1.7. An example of such kind of algebras is the algebra (M(n, m),")
consisting on (n+m) X (n+m) matrices, with the transpose as the involution
and with a grading given by:

= (32 s (57 )

M(n, m): = (mmfnm’) 8> |

Example 4.1.8. Let My(F) be the algebra of 4 x 4 matrices. Let &y and &,

be either:
1 0 01
01/ % \1o0

and let ® be the block matrix

(I):(I)()@q)l.



96 CHAPTER 4. STRUCTRABLE ALGEBRAS S(€, —, W, H)

We can define an involution on My (F) by:

XX =0X'D
and we can define a 3-grading A: My(IF) = My(F)_1 & My(F)g & My(F), by:

My(F) -y = (8 MQO(F)> s My(F)o = (MQO(]F) Mf@) ’

Ma(F)1 = (Mfaﬁ) 8) '

We notice that given four matrices X, Y, Z, W € My(F), the involution is

given by:
X Y\ [P X'Dy DyZ'Py (4.1.4)
zZ W) \o Yo, Wi, )- o
Thus, (M4(F), —,A) is an element of 3GrAlglnv.

Example 4.1.9. Let (D, ™) be a simple associative algebra with involution.
Let dyo,di € D be two invertible hermitian elements with respect to the

involution. Let p
_ (4 O
o — ( ! d2> |

Denote by My (D) the algebra of 2 x 2 matrices over D. We can define an
involution on My(D) by:

X > X =0 1X'®

and we can define a 3-grading A: My(D) = Ma(D)_1 & My(D)o ® My(D),
by:

0 D D 0
)= () ) 0= (7 p).
0 0
Given four elements a, b, ¢,d € D, the involution is given by:
X Y dy‘ady dy'ed,
= ~ ~ . 4.1.
(Z W) (d;lbdo dy ' dd, (4.1.5)

Thus, (My(D), —,A) is an element of 3GrAlginv.



4.1. ASSOCIATIVE TRIPLE SYSTEM 97

A classification can be found in [Loo72].

Remark 4.1.10. In case the context is clear, we are going to write A instead of
(A, —,A). For example, in the case of (A(W), —, A(W)), we will sometimes
do it.

We can define a functor W: 3GrAlgInv — AT?2 in the following way, for
an object (A, —,A) of 3GrAlgInv, we define W (A, —,A) (or just W(A)
when the context is clear) to be the AT2 whose underlying vector space is
A_; and the triple product is given by {x,y, 2z} = 2yz for all z,y,z € A_;.
For a morphism ¢: A — B between two elements of 3GrAlglnv we define
W (¢) to be the restriction of ¢ to W(A).

Remark 4.1.11. Using theorem [4.1.4] it is easy to check that W(A(W)) =W
for any AT2 W.

We will try to find a subcategory of 3GrAlgInv in which we can extend a
morphism from the subspace W to the whole algebra A(1V) in order to define
a functor sending an AT2 W to A(W). We shall make use of the following

theorem.

Theorem 4.1.12 ([Loo72]). An AT2 W is simple if and only if (A(W), —
is a simple algebra with involution. In particular, in this case, Ag(W) =
A(W).

Lemma 4.1.13. If (A, —) is a simple algebra with involution and A a 3-
grading A: A = A_1®A DA, such that (A, —, A) is an object of 3GrAlgInv,
then either Ay =A_1 =0 or Ag = A1 A_1 D A_1A;.

Proof. Assume that A; # 0 (which is equivalent to A_; # 0 by applying
the involution). Consider I = A_; & (A1A_1 + A1 A1) ® Ay. This is an
ideal because if we multiply a homogeneous element on I by a homogeneous
element on A, by counting degrees we can see that the product is in [.
Moreover, it is clear that I = I. Since the ideal is not zero, and (A, —) is
simple, I = A. Hence, Ay = A1A_1 + A_1A;. We still have to show that
this is a direct sum.

Let J = (.Al.A_l) N (-/4—1-/41)‘ If a € .Al s aJ + Ja Q (.Al.Al).A_l +
A_1(A1A1) = 0. Similarly, if a € A_;. And if a € Ay, it follows that aJ +
Ja Q [(Agﬂl)./q_l N (A()A_l)fh] + [.A1<.A_1AQ) N -A_l(ALAQ)] g J. AISO, it
is easy to see that J = J. Thus, J is an ideal of (A, —). Hence, since J is
not A, due to the fact that A; N J = 0, the only possibility is J = 0. Hence
.A() = -AI-A—I D .A_l.Al. ]

Lemma 4.1.14. If (A, —) is a simple associative algebra with involution
and A: A=A_1 B Ay ® Ay is a 3-grading such that (A, —,A) is an object
of 3GrAlgInv, then W = W (A) is simple or 0.
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Proof. It Ay = 0, W = 0. Hence, we will focus on the case A_; # 0.
First, we have to show that {W, W, W} # 0. We can argue by contradiction.
Assume that {W, W, W} = 0, by definition that implies that A_jA;A_; =
A_1A_1A_; = 0. Applying the involution, it also implies that A;A_1.A4; = 0.
This together with the fact that A% = 0 = A%, implies that Ay = A1A_; &
A_1A; is an ideal of the algebra A. Since Ay = Ay, it is an ideal of (A, —)
which is different from A. Hence, the simplicity of (A, —) implies that
Ao = 0. Therefore, A? = 0 and this is a contradiction with the fact that
(A, —) is simple.

The only thing left to prove is that the only nonzero ideal is W. Let [
be an ideal of W. We claim that J =1 @ (TA, + Al +TA_  + A &1
is an ideal of (A, —). Indeed, it is stable under the involution. Moreover,
since I is an ideal of W, the inclusion TA;A_1 + A_1TA_ + A_1 AL C I is
satisfied. From this inclusion and the fact that A? = A%, = 0, it follows that
A+ JA; C J fori=1and i = —1, and using lemma [£.1.13] it follows that
AoJ + JAg C J. Therefore, J is an ideal. Since J is nonzero and (A, —) is
simple, J =A and A_y =JNA_y = 1. Therefore I = W. O

Proposition 4.1.15. If (A, —) is a simple associative algebra with involu-
tion with a 3-grading A: A = A_1®A¢D Ay such that (A, —,A) is an object
of 3GrAlglnv and A_y # 0. Then, (A, —,A) ZAW(A), —, A(W(A))).

Proof. We need to define a homomorphism ¥: A — A(W(A)). We are going
to define it as the homomorphism induced by ¥(a) = a for all a € A_;,
W(b) = WD) for all b € Ay, and U(z) = S8 U(a,)V(b,) if = S2F, aib;
and a; € A_; and b; € A for all i € {1, ..., k} or viceversa.

We have to prove that it is well defined. In order to do so, we have
to show that if 0 = Y% a;b; with ¢; € A, and b; € A, for all i €
{1,...,k} or viceversa, then 3.  W(a;)¥(b;) = 0. Theorem shows that
S W (a)U(by) = (f1, fo) € Endp(¥(A_,)) ®Endp(¥(A_))®. Fora e A_,
we have that in case a; € A_; and b; € A for all ¢ € {1, ..., k}:

f1(CL) = (fh f2)a = Z \Il(al)m\lj(a) = Zaibia =0.

This shows that f; = 0. Similarly we show that f, = 0, taking a € A; and
using the fact that the action is defined as a(f1, f2) = (f1, f2)a = (f2, fi)a. In
the case with a; € A_; and b; € A, for all ¢ € {1, ..., k}, the same argument
works.

Now, we need to prove that this is an algebra homomorphism. In order

to do so, we have to check that ¥(a)¥(b) = W(ab) for any homogeneous
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elements a,b € A. If a € A; and b € A_; for i € {—1,1}, the definition
of ¥ gives the identity. If a or b have degree 0, by Lemma [£.1.13 they
are a sum of elements from A;A_; and A_1A;. Hence, we can restrict the
proof to the case in which they are a product of an element from A; and
an element from A_; with i € {—1,1}. Therefore, we only need to check
that W(a)W(b)¥(c) = W(abc) and that ¥(a)W(b)W¥(c)¥(d) = ¥(abed) for
a,b,e,d € Ay UA_1. The first is just a direct calculation and the second
follows from the first since ¥ (a)W(b)V(c)¥(d) = ¥(abe)¥(d) = ¥(abed).

We have shown that ¥ is a homomorphism of algebras and now we have to
show that it is one of algebras with involution. If a € Ay, form the definition,

we have that ¥(a) = U(a). Hence, ¥(a) = V(a) = \I/iai. If a € Ay, we

have ¥(a) = ¥(a) = ¥(a). If a € Ap, due to Lemma |4.1.13| and since the
involution is linear, without loss of generality, we can assume that a is a
product of an element from A; and an element from A_; with ¢ € {—1,1}
and it follows that ¥ commutes with the involution.

Since A(W(A)) is simple, Theorem [4.1.12] implies that it is generated
as an algebra by W(A) and W(A) as an algebra. Thus, it is generated as
an algebra with involution by W(A). Therefore, since W(A) = W(A_,), it
follows that W is surjective.

Since ker U is an ideal of (A, —), which is a simple algebra with involu-
tion, and ker W N A_; = 0, then ker ¥ = 0. Therefore, ¥ is injective. O

The previous proposition together with theorem imply that for any
simple algebra with involution (A, — ) and a 3-grading A: A = A_1®A DA,
with A_; # 0 such that (A, —,A) is an object of 3GrAlglnv, (A, —,A) is
isomorphic to A(W) for a simple AT2 W. We denote by 35GrAlginv the
full subcategory of 3GrAlgInv whose objects are the simple algebras with
involution (A, — ) with a 3-grading A: A = A_1®AqBA; such that A_; # 0
we denote by AT2* the full subcategory of AT2 consisting on those AT2 W
such that Lo(W) = L(W) and we denote by SAT2, the full subcategory of
AT?2 whose objects are the simple AT2’s.

We can define a functor

A: SAT2 — 35GrAlgInv (4.1.6)

sending a simple AT2 W to A(W) and a morphism ¥: W; — W to the
morphism A(V): A(W;) — A(Ws) defined as the linear extension of the map
sending A(V)(a) = V(a) if a € A(W1)_1, A(¥)(a) = Y(a) if a € A(W))1,
and A(U(a)) = 8 W(a,)W(b;) if a = 32F | a;b; with a; € Ay and b; € A,
for all i € {1, ..., k} or viceversa.

In order to show that A is well defined, we will need an intermediate
lemma. To state it, we need a definition.
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Definition 4.1.16. Let W; and W5 be two simple AT2. Let ¥: W; —
W5 be a morphism of AT2. We denote by L(Wa2)ww,) (R(W2)wmw,)) the
vector subspace of L(W5) spanned by the elements of the form A\(W(u), U(v))
(p(¥(u),¥(v))) with u,v € Wi. L(Ws)ww,) (R(Wa2)jww,)) is a subalgebra
with involution of L(W3) (R(Ws)) due to (4.1.3).

Lemma 4.1.17. Let Wy and W5 be two objects of AT2* and V: Wi, — W,
a monomorphism. Then, it follows that (L(Wa2)jwwy), —) = (L(Y (W), —)
and (RWa2)jwwy), —) = (R(¥(Wh)), —). In particular, the result holds if
W1 and Wy are simple and ¥ is nonzero.

Proof. We are just going to prove that (L(Ws)ww,), —) = (L(Y(W71)), —).
The other isomorphism is analogous.

In case VU is a monomorphism, W(W) is an AT2 isomorphic to W;. There-
fore Lo(¥(W7)) = L(W(W7)).

Define 1 L(W2)jww,) = L(¥(W1)) by ©(f,9) = (flwwy), grwwy))- This
is a well defined vector space homomorphism since L(V(u), ¥(v))ww,) is the
same as L(¥(u), U(v)) in Endg(¥(W;)), so the image falls in L(W(W;)). It
is clearly a morphism of algebras, and it preserves the exchange involution.
By definition of L(W5)w(w,) and the fact that Lo(W(W;)) = L(¥(W,)) it is
clearly surjective.

In order to show that it is injective, since L(W;) = Lo(W}), there are
Up, U1, ..., U, U € Wy are such that Zle)\(ui,vi) = (idw,,idw,). Since ¥
is a homomorphism of AT2, gp(Zf:l)\(\If(ui),\Il(w))) = (idwmwy), idwmy)),
then implies that Y- | A(W(w,), U(v;)) is the unity in L(Wa) ).
Now, if x € L(Ws)wmw,) is such that p(x) = 0, it implies that there are
1,1, ., T,y € Wy are such that x = 23:1 A(¥(z;),¥(y;)). This im-
plics that the equality ¢(X, A(W(u), ¥(n)) + Sy AW (), W(y,)) =
(idg(wy), idw(wy)) holds. Therefore, due to [@1.3), S°F, MNP (w;), ¥(v;)) +
Z;Zl A(W(z;),U(y;)) is the unity too, and this implies that x = 0. From
here, it follows that ¢ is injective. m

Proposition 4.1.18. A is a well defined functor.

Proof. To begin with, we need to assume that ¥: W; — W, is a morphism
between two simple AT2’s. We want to show that A(V) is a well defined
vector space homomorphism. In order to do so, due to the fact that A(W)
has the vector space decomposition A(W) = L(W)®W oW & R(W), we just
need to show that if we have xq, ..., xg, y1, ..., yp € W, then Zle Az, y:) =0
implies S>F  A(¥(z,), ¥(y;)) = 0, and if we have 3% p(y;, ;) = 0, then
S (T (y), U(z,)) = 0. We are just going to prove that S°F_ A(z;, %) = 0
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implies 2% A(W(z;), ¥(y;)) = 0 and the case with p is analogous. Since W;
is simple, we can assume that ¥ is a monomorphism (otherwise ¥ is 0 and
it is trivial).

Due to Lemma [4.1.17], if ¢ is the isomorphism defined in its proof, we
just need to show that if Zle Az, y;) = 0, then go(Zle AW (), U(y;))) =
(oF LW (), W(yi), Sor, L(W(y,;), U(x;)) = 0. Thus, we just need to
show that each coordinate is 0. Take W(u) € W(W;). Then, the fact
that U is a morphism of AT?2 implies that ZleL(\IJ(asz),\If(y,))\Il(u) =
(3K Lz, y)u) = ©(0) = 0. Therefore, S5 | L(W(x;), U(y;)) = 0.

The proof that A (W) preserves the product and the involution follows
from a calculation similar to the ones in Proposition [£.1.15]

To show that A is a functor we just need to show that A(idw) = idqmw)
and that A(Vo®) = A(V)o A(P) but this is direct from the definition. O

Remark 4.1.19. If U: W; — W, is a monomorphism between two objects of
AT?2* the same proof as in Proposition works to show that it makes
sense to define A(V): A(W;) — A(W3).

Proposition 4.1.20. A is an equivalence from SAT2 to 3SGrAlglnv. Its
wmverse s the restriction of W.

Proof. The fact that (A(W), —, A(W)) is simple for any simple AT2 follows
from Theorem [A.1.12 It is clear that W o A = id due to Remark 41111

In order to show that AoW = id, we denote as ¥, the isomorphism from
A to A(W(A)) defined in proposition and we will show that {¥,} is
a natural transformation. In order to do so, we have to show that for every
homomorphism of graded algebras with involution f: A — B, the following
diagram commutes:

A 2y A(W(A))
fl lA(W(f))
B 25 A(W(B)).
The diagram commutes because the algebra A is generated as an algebra

with involution by A_; and the restriction of A(W(f)) o W4 to A_; is by
definition the same as the restriction of U o f. [

We denote by 3CSGrAlgInv the full subcategory of 3SGrAlgInv consisting
of the objects (A, —, A) such that (A, — ) is central simple and we denote by
CSAT?2 the full subcategory of SAT?2 consisting of the central simple AT2.
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Corollary 4.1.21. A induces an equivalence from CSAT2 to 3CSGrAlginv.
Its inverse is the restriction of W to 3CSGrAlglnv .

Proof. This follows from Proposition [1.1.13 Proposition [4.1.20] and the fact
that A(W @5 K) 2 A(W) @F K. O

The following Lemma will be needed later on for a proof.

Lemma 4.1.22. Let (A, —) be an associative algebra with involution and e
an idempotent such that € = e. Denote Ay = eAe. Then:

(1) Aiq= A

(2) If (A, —) is central simple, (A1, —) is central simple.

Proof. (1) follows from the fact that € = e since eAe = eAe = eAe.

In order to prove (2), as (A, — ) is central simple if and only if (A®F, —)
is simple, where F is an algebraic closure of F, we may assume that F is
algebraically closed and just prove that (A;;, —) is simple (here we are
using the notation — for the involution on A and its restriction to A ;).
Then, up to isomorphism there are two possibilities: either A is simple, or
there is a simple algebra B such that (A, —) = (B & B?, ex).

In case A is simple, then there is an F-vector space V such that A =
Endp(V). Let e € Endp(V) be an idempotent. Then, im(e) = {v € V|
e(v) = v} and V = im(e) @ ker(e). The morphism V¥: eEndg(V)e —
Endr(im (e)) given by W(f) = fiim(e) is an isomorphism. Indeed, it is clearly
injective and it is surjective because given a morphism f € Endp(im (e)), the
morphism ¢ defined by g(v) = f(v) if v € im (e) and g(v) = 0 if v € ker(e)
satisfies that U(g) = f. Therefore, e Endg(V)e = Endg(im (e)) is simple and
so (A1, —) is simple.

In case A is not simple, there is a simple algebra B such that (A, —) =
(B & B, ex). Moreover, any idempotent on B & B is of the form (ey, e)
with e; and ey idempotents of B. Concretely, the idempotent which in-
duces the Peirce decomposition is fixed under the involution. Thus, the
fact that ex(ey,es) = (e2,e1) implies that e; = ey. Hence, (Aj1—) =
(fBf @ fB?f ex) for some idempotent f, which is a simple associative
algebra with involution since fBf is simple and fB?f = (fBf)°?. Thus,
(A11, —) is simple. O
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4.2 Some functors

4.2.1 Definition and basic properties

Let (€, —) be a unital central simple associative algebra with involution. Let
W be a unital associative left &-module and denote the action by e o w for
alle € &, w e W. Let h: W x W — € be a nondegenerate hermitian form.
We denote (A, —) = S(€, —, W, h). From the product defined in Example
3.2.5| we notice that there is a Zy-grading I': A = Ay @ Ay given by A = €
and Ay = W which satisfies:

(1) Ajg is an associative subalgebra of A stable under the involution,
(2) A; CTH(A, —),

(3) e(fw) = (fe)w for all e, f € Ay and w € Az, and

(4)

4) f(wv) = w(fv) for all f € Ay and w,v € Ay

Definition 4.2.1. Given a unital nonassociative algebra with involution,
(A, —) and a Zy-grading I': A = Ag @ Aj, we say that I' is a structurable
grading if A7 # 0 and it satisfies the conditions (1) — (4).

Remark 4.2.2. Sometimes, we will say that [': A = & & W is a structurable
grading without specifying the degrees. That will mean that A; = € and
that Ay = W.

Remark 4.2.3. Given an algebra with a structurable grading A = & & W,
for all f € € and for all w € W, fw € W (because of the degrees). Since
property (2) says that W C H(A, — ), then fw = fw = wf.

Remark 4.2.4. Let (A, —) be a nonassociative algebra with involution and
I'' A =& ® W a structurable grading. Consider the bilinear map:

h: WxW — £
(w,v) = w.

Consider too the action o: & x W — W given by fow = fw. Due to
property (1), the algebra (£, —) is an associative algebra with involution.
Due to property (3), W is a unital associative module with this action. Due
to property (4), h(f ov,w) = fh(v,w) for all v,w € W and f € €. Due to
(1) and (2), h(v,w) = h(w,v). Hence, h is an hermitian form. By definition,
we can write the product as

(e +v)(f+w)=(ef +h(w,v)) + (€ov+ fow)
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for all e, f € € and v,w € W. And due to property (2) we have

et+v=¢€e—+v

for all e € € and v € W. Hence, (A, —) is isomorphic to the structurable
algebra related to a hermitan form S(E, —, W, h)

Definition 4.2.5. Let (A, —) be a nonassociative algebra with a unit and
A= @gEG A, a G-grading. We say that (A, —,I") is graded-central,
as an algebra with involution, if Z(A, —). = F1. We say that (A, —,I") is
graded-central-simple, as an algebra with involution, if it is graded-central
and graded-simple (i.e. the only graded ideals are A and 0).

Remark 4.2.6. Due to [AC20, Lemma 3.8], the center of a G-graded algebra,
Z(A), is a graded subspace and the space of hermitian elements, H(A, —)
is also a graded subspace. Hence, Z(A, —) = Z(A) N H(A, —) is graded.
Thus, the definition above makes sense.

Lemma 4.2.7. Let (A, —) be a unital nonassociative algebra and I' a G-
grading. (A, —,T) is graded-central if and only if it is central as an -
algebra. Moreover, (A, —,T') is graded-central-simple if and only if it is
central simple as an §2-algebra.

Proof. As in Lemma , we can show that if C(A, —,I') = Fid, then
Z(A, — ). = F1. Assume now that Z(A, —). = F1. As in Lemma [L.1.11] we
can show that if f € C(A, —,I'), then f = Lsq) and f(1) € Z(A, —). We
just have to prove that deg(f(1)) = e. In order to do so, with the notation of
Remark [1.4.2] we have that for every g € G, my(f(1)) = f(my(1)) = f(1)dye
where 0, = 1 if ¢ = e and §,, = 0 otherwise. Hence, deg f(1) = e. That
implies that C(A, —, ') ={L, | x € Z(A, — ).} = Fid.

The second part is clear since a graded ideal of (A, —) is the same as an
ideal of (A, —,T). O

Our purpose for this subsection is to give a description of the graded-
central-simple nonassociative algebras with involution and a structurable
grading (A, —,T).

Lemma 4.2.8. Let (A, —) be a structurable algebra and let T': € W be a
stucturable grading. The following are (graded) ideals:

(a) Jy = 1@ IW where I is an ideal of (€, —).

(b) Jy =W DWW,
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Proof.  (a) Clearly, this is a graded subspace. Given e € I and w € W, we
have that € € I (because I is an ideal of an algebra with involution),
and ew = ew (since ew € W C H(A, —)). This shows that J; C Ji.

We only have left to prove that this is an ideal of A as an algebra. First,
forany e € & fe€landw €W, ef € I, and e(fw) =€o (fow) =
feow = (fe)w € IW. Hence €J; C J;. Given v € W, we have that
vf = fv € IW and v(fw) = f(vw) € I€ C I. Hence, W.J; C J;.
We have shown that A.J; C J;. Finally, applying the involution we get
JIA=AJ CJ = Ju.

(b) Since W = W, we get that J, = J,. For e € & and v,w € W, we have

that ew € W, and that e(vw) = v(ew) € WW. Hence €J; C J,. For

u € W we have that vw € WW and that u(vw) € WE C ‘W. Hence,
AJy C Jy. As in (a), applying the involution we get that JoA C J.

O]

Corollary 4.2.9. Let (A, —,T') be a graded-simple non associative algebra
with involution and a structurable grading I': A = EOW with W #£ 0 . Then,
WW = ¢E.

Proof. Due to Lemma [4.2.8] W® WW = A. Since WW C €&, the corollary
follows. ]

Remark 4.2.10. We should notice that if (A, —) is simple, then, (A, —,T)
is graded-simple.

Lemma 4.2.11. Let (A, —,T') be a nonassociative algebra andT': A = E&GW
a non trivial structurable grading (i.e. W #0). Let h: W x W — & be the
hermitian form defined by h(w,v) = vw. (A, —,T") is graded-central-simple
if and only if (€, —) is central simple and h is nondegenerate.

Proof. Assume that (A, —,T") is graded-central-simple. By contradiction, if
h is degenerate, there is an element w € W such that h(w, W) = 0. In that
case, Ew is an ideal of (A, —,T'). It is not trivial since w = 1w € Ew. It is not
A since Ew C 'W. Hence, we get a contradiction. Assume now that (€, —)
is not simple. Let I be a nontrivial proper ideal of (€, —). Due to Lemma
[1.2.8, I ® IW is a nontrivial proper ideal of (A, —,T). Thus, we arrive to a
contradiction. Finally, for e € Z(€, —) and for any w € W, ew = we = we.
Moreover, e( fw) = (ef)w = (fe)w and e(wf) = e(fw) = (ef)w = flew) =
(ew)f forall f € € and w € W, e(wv) = (wv)e = e(vw) = v(ew) = (ew)w.
Hence [e, A, A] = 0. Similarly, [A,e, A] = 0 and [A, A,e] = 0. Therefore,
Z(E, —) C Z(A, —) =F1. Hence (€, —) is central.
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If (€, —) is central simple and h is nondegenerate, since Z(A, — )5 C
Z(&, —) =TF1, (A, —,T) is central. If I is a nontrivial ideal of (A, —,T),
since it is a graded ideal, either [ or I are nonzero. If I # 0, the fact that
h is nondegenerate implies 0 # h(I, W) C I5. Therefore, [ is not zero. I is
a nontrivial ideal of (€, —) and since it is simple, I; = €. Thus, 1 € [ and
that implies that I = A. Hence, (A, —,T") is simple. ]

Lemma 4.2.12. Let (A, —,T") be an algebra with involution with a struc-
turable grading T': A = € ®W is a structurable grading. Then, (A, —,T) is
graded-central-simple if and only if (A, —) is central simple or it is isomor-

phic to (%,id,l“) with T: Flz] = F1 @ Fx for x = X + (X? — ) and

e Fx.

Proof. One direction is clear. Assume that (A, —,T") is graded-central-
simple. From Lemma4.2.11] h is nondegenerate and (€, — ) is central simple.
We can divide the proof into two cases:

(a) If — =1id on A, € is commutative and H(E, —) = €. Since additionally
it is associative, Z(€, —) = €. Thus, the fact that (€, —) is central implies
that € = F. Let I be a nonzero ideal of (A, — ). In case there is an element
0 # w € WnN I, the fact that h is nondegenerate implies that there is
an element v € W such that 0 # h(w,v) € F1 N I. Therefore, 1 € I,
which implies that I = A. Otherwise, there is an element w € W such that
1+w € I. If w? # 1, we have that (1 4+ w)(1 —w) =1 —w? € I NF*1,
which implies that 1 € I and so, [ = A. If w? = 1 and dim'W > 1, we can
take an element v € W such that h(w,v) = 0and (1+w)v =v e INW
so we are in the previous case. Therefore, (A, — ) is simple. In this case, if
0 #xz € A, thereis A € F and 0 # w € W such that x = A1 + w. Since
dim W > 1 there are u,v € W such that h(u,w) # 0 and h(v,w) = 0. Hence
[u, (AL 4+ w),v] = [u, A1, w] + (uw)v — u(wv) = h(w,u)v # 0. Therefore,
Z(A, —) =F1 and (A, —) is central. In case dim(W) = 1, the fact that h is

nondegenerate implies that for any 0 # w € W, w? = h(w,w) = A1 € F*1.
This implies that (4, —,T) = (% id, r) with T: F = F1 @ Fz, which is
not central and is not even simple in case A is a square in F.

(b) Assume now that — # id. Let J be an ideal of (A, —) and 0 # z € J.
Take e € € and w € W such that x = e + w. Since (€, —) is simple and
el + €e€ is an ideal, we have that Ee€ + Ee€ = & therefore, for any s € €
there are ey, ..., €,, €011y ey €my f1s ooy frs froat, oy fm € € such that

m

5= ieiefi + Z eief
i—1

1=n-+1
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. Assume that 0 # s is skew hermitian with respect to the involution. Hence,
there is v € W such that

n m
O%Zeixfi—l— Z exfi=s+ved
=1 i=n+1

. Thus s = (s +v) — (sFv) € JNE, so JNE # 0. Therefore, J N E
is nonzero. Since it is an ideal of (€, —) which is simple, it follows that
JNE&=E&. Thus, 1 € J, implying that J = A and that (A, —) is simple.
We are going to prove that (A, —) is central by contradiction. Assume
it is not. In this case, since Z(A, — )z = F1 then, the fact that Z(A, —) is
graded implies that there should be an element 0 # w € Z(A, — ). Take
0 # s e 8(A, —). Then, sw = ws = sw = —sw. Therefore, sw = 0.
However, since (A, —) is simple, Z(A, —) is a field. Thus, w is invertible,
and that implies that s = 0, which is a contradiction. O]

We finish by stating the following corollary

Corollary 4.2.13. Let (A, —,T") be a nonassociative algebra with': EGW a
structurable grading with' W # 0. Then, if (A, —,T') is graded-central-simple,
WW = €.

Proof. 1f (A, —) is central simple, this result follows from Corollary

and if (A, —,T) = (%,m, r), it clearly follows. 0

4.2.2 Associative triple systems and structurable alge-
bras

We have studied a construction of an associative algebra with an involu-
tion and a 3-grading from an AT2. Previously we have defined the concept
of structurable grading, which is something that characterizes structurable
algebras related to an hermitian form. Our purpose now is to give a con-
struction of an algebra with a structurable grading from an AT2 and to study
it.

Definition 4.2.14. Let (A, —,I") be a structurable algebra with a struc-
turable grading I': A = € ® W, we define W(A, —,T") as the Q-algebra
(W, {---}r) where {--- }r is the operator of arity 3 given by

{u,v,w}r = h(u,v) ow (4.2.1)

for all u, v, w.
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Remark 4.2.15. Notice that for a structurable algebra (A, —,I') with a struc-
turable grading I': A = € @ W, we have that {u,v, w}r = (uv)w.

The following result appears in [Fau94]. However, since the proof is not
given, we write it here.

Lemma 4.2.16 ([Fau94)). Let (A, —) be a structurable algebra and T': A =
E®W a structurable grading. Then 23(A, —,T') is an associative triple
system of the second kind.

Proof. For all u,v,w,z,y,z € W we have:

{{u,v,2},y,2} = h(h(u,v) o2, y) o
= (h(u,v)h(z, ))OZ
= h(u,v) o (h(z,y) 0 2)
= {u,v,{r,y,2}}

and

{uv v, {$7 Y, z}} = (h(uv U)h(:t, y)) ©
= h(u,h(x,y)ov)oz
= h(u,h(y,x)ov)oz
= {u, {y, z, v}, z}.
[

In case we have two algebras with involution and a structurable grading,
(A, —,T4) and (B, —,T'p), and a morphism f: (A, —,T4x) = (B, —,T'3),
its restriction induces a morphism 20(f): W(A, —,['4) — W(B, —,I'p).
Hence, 20 defines a functor from the category of nonassociative algebras
with involution and a structurable grading which we denote by AlgStrGr to
AT2.

From this construction we can also define some ideals.

Lemma 4.2.17. Let (A, —) be an algebra with involution and T': A = EGW
a structurable grading. If I is an ideal of (A, —,T), J1 = INW is an ideal of
WA, —,T'). Moreover, if E = WW and I is an ideal of W(A, —,T), then,
Jo =1® (WI+ IW) is an ideal of (A, —,T"). In particular, if (A, —,T) is
graded-simple, then [ =0 or I =W, so (A, —,T') is simple.

Proof. The fact that if I is an ideal of (A, —,T"), J1 = I "W is an ideal of
W (A, —,I) is easy to prove from the definition of {--- }r.
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If I is an ideal of 2J(A, —,T'), since the elements of I are hermitian, we
have that J, = T @ (WI +IW) = I & (IW + WI) = J,. J, is graded, since
I CWand (IW+WI) C E. Since Jj is stable under the involution, we just
need to show that A.J, C .J, since JoA = AJ, and applying the involution to
the previous inclusion, we would get JoA C J,. Since we have a grading, we
just need to show that €J5 C Jo and WJy, C J,. We have:

EJy = ET+ E(WI) + E(IW)
= (WW)T + W(ET) + T(EW)
C{W, W, I}r + W(WW)I) 4+ IW
= (W, W, I}r + WW,W, I} +IW
CI+WI+IW,

which implies that €Jy C Jyo. Moreover, since u(vw) = (vw)u = (wv)u =
{w,v,u}r we have that:

Wy, = WI +W(WI) + (W)W
=WI +{I, W, W}r +{W, [, W}r
CWI+1
C Js.

In case (A, —T) is graded-simple, Corollary implies that WW = €.
Thus, the statement follows. ]

Remark 4.2.18. Again, we should recall that in case (A, — ) is simple, (A, —,T)
is graded simple, so Lemma holds.

Remark 4.2.19. In Lemma 4.2.17} J is the minimal ideal of (A, —) contain-
ing I.

Lemma 4.2.20. Given two algebras with involution and a structurable grad-
ing (A, —,Ty) where Ty: A = E4 & Wy and (B, —,T's) where I'g: B =
Ep @ Wg, and given a homomorphism f: (A, —,T4) — (B, —,I'g), the
following assertions hold:

(a) If (A, —,T4) is graded-simple, f is injective if and only if W(f) is
mnjective.

(b) If (B, —,T'g) is graded-simple, f is surjective if and only if W(f) is
surjective.
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Proof.

(a) From the definition of 20(f), it follows that ker(20(f)) = ker(f) N Wa.
Therefore, if f is injective, so is 20(f). Aditionally, if 23(f) is injective,
ker(f) is an ideal of (A, —,I'4) which is not A since ker(f) "W, = 0. Thus,
the fact that (A, —,['4) is graded-simple implies that ker(f) = 0.

(b) This part of the lemma follows from the fact that since (B, —,T's) is
graded-simple, &g = W5%,. O

We would like to construct a functor from some full subcategory of AT2
to AlgStrGr. In order to do so, given an AT2 W and v, w € W, we will denote
L(z,y) and X and L(W) as in and — the exchange involution in L(W)
ie., (z,y) = (y,x). We define (A(W), —,T'y(W)) as the structurable algebra
S(L(W), —, W, h) where W is an L(W) module with the action (a;, az)ow =
ar(w) for all a = (a1, a2) € L(IW) and w € W, h: W x W — L(W) is defined
as h(wy,ws) = A(wy,ws) and where I'y(W): A(W) = L(W) & W is the
structurable grading.

Remark 4.2.21. Let (A, —) be a simple associative algebra with involution
and let At A = A 1 ® Ay ® A; be a 3-grading of A such that ¢(A;) =
A_;. Denote W = W(A, —,A). Due to Proposition [4.1.15] it follows that
(L(W), —) = (A_1A1, —) where the involution in A_1A; is given by the
restriction of the involution in A and as shown in the proof, the isomorphism
is given by:

k k
Z )\(’Ui, @UZ) — Z V;W;
1=1 =1

for all vy, ..., vp, wy,...,w, € A_1. Then, it follows that (A(W), —, (W) is
isomorphic to S(A_1A;, —, A1, h) where:

o A_;isaleft-module of A_;A; with the action consisting in multiplying
on the left in A, and

e h(v,w)=vw

Example 4.2.22. Let (M,(F), —,A) be the algebra from Example [1.1.§|
Let W = W(My(F), —,A). Then, here we can identify (2A(W), —,[(W))
with S(Mz(F), —, My (F), h) where:

o X = &y X'd, for all X € My(F) (due to (£.1.4)),

o My(F) is a left-module of My(F) with the action consisting in multi-
plying on the left, and
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e W(X,Y) = XD, YD, for all X,V € My(F) (due to (4.1.4)).

Therefore, we can identify (A(W), —,[(W)) with My(F) x My(F) by
identifying for every Y, X € My(F), the matrix:

XY
0 O
with the elemet (X,Y) and we have:

o (X, Y)Z,W) = (XZ+WI YDy, ZY +Bo X oW for all (X,Y), (Z, W) €
M (F) x My(F)

o (X,Y) = (BoX'Dy,Y) for all (X,Y) € My(F) x My(F)

e The structurable grading is ['(W): My(F) x My(F) = € & W where
€ =My(F) x 0 and W = 0 x My(F).

In view of this we can check that we have the following subspaces:

(1) Tf By — <(1) (1)>

=

>7X> ‘)\,5,’}/6151, X€M2(F)}

i’)ﬁ’O)@F(((ﬁ )

N /N
=l R )
2

(3 )er (o 2)0)
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* MERU(W), —) = {<(g 3) ,X) |\ B eF, X e MZ(F)}
Example 4.2.23. Let (M3(D), —,A) be the algebra from Example [1.1.9]
Let W = W(My(D), —,A). Then, here we can identify (A(W), —,[(W))
with S(D, —, D, h) where:

e a=d,'a®, for all a € D. This is due to (4.1.5)),

e D is a left-module of D with the action consisting in multiplying on
the left , and

e h(a,b) = adl_lgdo for all a,b € My(F). This is due to (4.1.5)).

Therefore, we can identify (A(W), —,[(W)) with My(F) x My(F) by
identifying for every a,b € My(F), the matrix:

a b
00
with the element (a,b) and we have:

e (a,b)(c,d) = (ac+ ddl’l?)\do, cb + dy tadyd) for all (a,b), (c,d) € D x D

e (a,b) = (dy'ady, b) for all (a,b) € D x D

e The structurable grading is ['(W): D x D = € & W where € =D x 0
and W=0x D.

In case (D, ~) = (My(F),"), recall the Z3-grading on My (F) given by:

deg(zl) = ay, deg(zg) = Qg, deg(zg) = as
(1 0 (0 1 (0 1
A=\0 1) 271 0) BT\ =10

a; = (1,0), ay=(0,1), az=(1,1)

where:

and:

Denote zg = id. We can choose dy = zg or dy = 2z, and we have the
following subspaces:

(1) Case dy = zo:
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* S(AW), —) =F(23,0),

* HERAW), =) ={(Az0 + Bz1 +v22,d) | A\, 8,7 € F, d € D},
* K(RAW), —) =TF(2,0) ® F(z3,0) and

* MERAW), =) ={(Az1 + Bz2,d) | \,f € F, d € D}.

(2) Case dy = zo:

* S(AW), —) =F(21,0),

* HERAW), =) ={(Az0 + Bz2 +v23,d) | A\, 8,7 € F, d € D},
* K(RAW), —) =TF(2,0) ® F(z1,0) and

* MEAW), =) = {(\zp+ Bz,d) | \,BEF, d € D}.

Proposition 4.2.24. An AT2 (W, {---}) is central simple if and only if the
algebra (A(W), —, Ta(W)) is graded-central-simple.

Proof. Assume that (W,{---}) is central simple. Therefore, for every field
extension K/F, (W ®@r K, {--- }x) is simple. Using theorem [4.1.12] it follows
that (W @p K, {--- }x) is simple if and only if (A(W) @ K, —) is simple,
which implies that (A(W), —) is central simple. Due to Lemma it
follows that (L(W), — ) is central simple.

We just have to show that h: W xW — L(WW) is nondegenerate. Without
loss of generality we can assume that F is algebraically closed. Due to [Loo72]
(W, {---}) is isomorphic to the set of p X ¢ matrices over an associative
composition algebra with the product given by {z,y,2} = 2%’z where —
is an involution on the composition algebra. Hence, it is trivial that h is
nondegenerate. Therefore, (A(W), —, Iy (W)) is graded-central-simple.

In case (A(W), —,T'y(W)) is graded-central-simple, (L(WV'), —) is central
simple and the hermitian form h: W x W — L(W) is nondegenerate. Since
this is a property preserved by extension of scalars, in view of Proposition
we just need to show that this implies that (W, {---}) is simple.

Let I be a nonzero ideal of (W, {---}). Then, let J = X1, W) + AX(W, ).
Since L(W)J + JL(W) = AW, W)J + JAW, W) C X, W)+ X(W,I) due
to (4.1.3), J is an ideal of (L(W), —). The fact that h is nondegenerate,
implies that J # 0. Since (L(W), —) is simple, J = L(WW). Thus, since
(id,id) € LW), W = LOV)W = {I,W, W} + {W,I,W} C I, we have that
(W, {---}) is simple.

[

Remark 4.2.25. If (W, {---}) is an AT2, 0(A(W), —,Ta(W)) = (W, {--- })

We denote by CSAlgStrGr to the full subcategory of AlgStrGr consisting
of the graded-central-simple algebras with a structurable grading.
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Proposition 4.2.26. Let (A, —,T') be an algebra with a structurable grading
A =&@®W. Assume that (A, —,T') is graded-central-simple. Then,
(W, {---}) =W(A, —,T) is central simple. Moreover:

(A, =, T) = (AW), =, Ta(W)).

Proof. For the proof, we will denote just by A the hermitian form in A('W).
In order to prove the first part, since (A, —,T") is graded central simple
if and only if it (A ®r K, —x,'x) is simple for every field extension K/F, in
view of Proposition , we only need to show that 20(A, —,I') is simple,
but this follows from Lemma [£.2.17
In order to prove the second part, we need to define a vector space ho-
momorphism:

b A — AW)

by ¥(w) = w for all w € W and (35 wiv)) = 20, Mg, w;) for all
Wy eny Why V1, ...,V € W. Since € = WW due to Corollary in order to
show that it is well defined we just need to show that if )., w;v; = 0, then
S Mg w) = 0. Let (1, 25) = S35 Movi, w;). Then for all w € W:

i=1

k

k k
x1(w) = Z A, w;) ow = Z{vi, wi,w} = Z h(v;, w;) o w

i=1
k

= (Z wivi) ow = 0.
i=1

Therefore, 1 = 0 and similarly o = 0. In order to prove that 1 is a
homomorphism of algebras we just need to prove that it preserves the product
and the involution for homogeneous elements. Using the fact that € = WW,
given w, wy, wy, ws, wy € W, the following identities are enough:

o (W) =9Y(w) =w=w=(w),

o Y(wiwz) = P(wowr) = Mwri,ws) = AMwg, w) = Y(wiws),

o Y(wiws) = Mwa, wr) = wiwy = ¥(wy)(ws),

o Y((wiwo)ws) = Y(h(wy,ws) o wg) = h(wy,wy) o wy = {wy, wq, w3} =
AMwy, wy) o wg = Awe, wy)ws = Y(wiwy)ws,

o Y((wiwy)(wswy)) = P(wz((wowr)wy)) = P(wz)Y((wowr)ws) =
Y (ws3) (Y (wa)(wr))P(wa)) = (¥ (w1)y(w2)) (P (ws)(wa)),
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where (wiws)(wsws) = w3((wow)ws) due to (£.1.2). The fact that L(W) =
WW implies that v is surjective. Since ¢ is a graded homomorphism, ker 1)
is a graded ideal. Since ker y MW = 0 and (W) is graded-simple, ker¢) = 0.
Hence, v is injective. ]

Remark 4.2.27. The previous proposition implies that for an object (A, —,T")
of CSAlgStrGr withT': A=E & W, L(W(A, —,I')) = €.

We can define a functor A: CSAT2 — CSAlgStrGr given by A(W) =
(RAW), —, Ty (WW)) for every central-simple AT2 W and for any morphism
f: W =V, we define 2A(f) by 2(f)(w) = f(w) and QI(f)(Zle h(vi, w;)) =
Zle h(f(v;), f(w;)) for every w, vy, wy, ..., vg, w, € W.

Proposition 4.2.28. 2 is a well defined functor.

Proof. The only thing that we have to show is that given a morphism f: W —
V of CSAT?2, then, A(f) is a well defined morphism of CSAlgStrGr.

Let W and V' be elements of CSAT2 and f: W — V a nonzero morphism.
Since W and V' are simple, f is injective. Thus, f(W) is a subtriple system
of V' isomorphic to W. The homomorphism ¢: L(V)|suwy — L(f(W)) given
by restricting each endomorphism to f(W) is a well defined isomorphism of
algebras with involution due to Lemma

The homomorphism f* from L(W) to L(f(W)) given by f*A(u,v) =
A(f(u), f(v)) is well defined due to the fact that if vy, wy, ..., v, wp € W, are
elements which satisfy that 32 A(v;, w;) = 0, then for all u € W,

k k

D OAS i), fw) f(w) = FO Mwi, w)u) =0

i=1 i=1

, and again, due to and the fact that f is a morphism of AT?2, it is a
morphism of algebras with involution.

Finally, 2((f) is well defined due to the fact that if vy, wy, ..., vk, wp € W,
are such that S h(v;,w;) = 0 in A(W), then, the fact that f* and ¢ are
monomorphisms implies that

k k

ST (), Fw)) = S A(F(vi), fwi) =0

i=1 i=1

. This implies that 2l is well defined.
O

Proposition 4.2.29. Ao = id and W o A = id, i.e., A and W are
equivalences of categories between CSAT2 and CSAlgStrGr.
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Proof. In order to show that 2 o 20 = id, we define (4, _ r) as the isomor-
phism defined in Proposition [4.2.26l This is a natural isomorphism if and
only if for every graded-central-simple (A, —,T4) and (B, —,I'p), and every
homomorphism f: A — B of graded algebras with involution, the following
diagram commutes:

A 4 AQ(A, —,Ty))

fl l%l(ﬁﬁ(f))

B 0 AW(B, —,Tp)).

Due to Corollary [4.2.9) we just need to show that it commutes for element
of the space W given by the structurable grading I'y: A = € & W, but this
is a straightforward calculation.

Finally, it is clear that 20 o 2 = id.

4.3 Structurable gradings

Given an algebra with involution and a structurable grading, (A, —,T),
where I': A = € B W, for any ¢ € Aut(A, —), since any homomorphism
of algebras with involution preserve the properties (1) — (4) of the defini-
tion of structurable grading, then, the grading I'V: A = ¢(&) ® ¥(W) is a
structurable grading. If the algebra with involution (A, —) admits a unique
structurable grading, then Aut(A, —) = Aut(A, —,T'). Our purpose in this
section, will be to classify the structurable gradings on structurable algebras
related to an hermitian form.

4.3.1 Uniqueness property

Definition 4.3.1. Let (A, —) be a structurable algebra related to an her-
mitian form. We say that it has the uniqueness property if there is a unique
grading I" such that (A, —,T') is an object of CSAlgStrGr.

Proposition 4.3.2. Let (A, —,T") be an object of CSAlgStrGr with I': A =
EBOW. If € =XK(A, —), i.e., the algebra generated by the skew symmetric
elements, then, W = M(A, —) and (A, —) has the uniqueness property.

Proof. W C M(A, —) due to Remark and W = M(A, — ) because due

to (3.2.2)), their dimensions are the same.
Let I': A = € & W be a structurable grading such that (A, —,T") is
graded-central-simple. Then, due to properties (1) and (2) of structurable
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gradings, S(A, —) C €. Therefore, & C €. Due to Remark 4 2.3, we have
that W C W. ButA—E@W—E@W Therefore, ECEandWCW
imply that & = &and W=W. [

We just have left the case in which € # K (A, —). Since §(A, —) C €,
that is equivalent to € # K(€, — ). Hence, we can make use of the following
proposition:

Proposition 4.3.3. Let (€, —) be a central simple associative algebra with
inmvolution which is not generated by its skew-symmetric elements. Then,

(E®:TF, —) = (Mo(F), ) or (E@pF, —) = (F,id).

Proof. Let (€, —) be a central simple associative algebra with involution.
Then, (€ @ F, —) is a central simple algebra with involution over F. There-
fore, it is enough to assume that the field is algebraically closed. We can
divide the proof into two parts:

e [f € is not simple, there is a simple associative algebra A such that
(&, —) =2 (AP AP ex), where ex(z,y) = (y,x) is the exchange involu-
tion. Since

S(A @ AP, ex) = {(z, —2) | x € A}
and
H(A D AP, ex) = {(z,7) |z € A} = (1, —1)8(A B A, ex),
we have shown that (&, — ) = K(&, — ).

o [f € is simple, since we are assuming that F is algebraically closed, it
is central simple. In view of [KMRT, Theorem 1.1], &€ = M, (FF) for
some n € N. Thus, Z(€) = F. Due to [HER68, Theorem 2.1.10], if
dimp &€ > 4, K(€, —) = €. Assume that dimp € < 4. This implies
that n =1orn =2 Ifn=1, (€ —) = (F,id). If n =2, [KMRT,
Proposition 2.1] implies that one of the following cases holds:

(@) (€ =)= OG(E), ) or
o) (€)= (), ) where A= () g)ar (] ).

In case (a), using [KMRT! Proposition 2.6], 8(€, — ) has dimension 1.
Thus, it is straightforward to show that §(&, —) =F (_01 é) Hence,

I

I

2
the fact that (_01 é) = (é (1)), implies that K(&, —) # €. In case
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(b), [IKMRT!) Proposition 2.6] implies that $(€, —) has dimension 3.
. 0 0 0 1 -1 0

Hence, by showing that the elements (1 ol Lo o and 0 1

are skew-hermitian, it follows that 8(&, —) = {x € My(F) | tr(xz) = 0}.

0 1\* (10
The fact that (1 O) = (O 1) implies that K(&, —) = €.

[
Remark 4.3.4. [KMRT, Proposition 2.6] implies that (My(IF), *) is isomorphic

to (Mz(F),”) where (Z Z) = <(j 2) due to the fact that the dimension

of the space of skew-symmetric elements is the same. We will denote E; ; to
the matrix with 1 in the coordinate (7, 5) and 0 in the rest.

We will start by classifying the structurable gradings in the case on the
structurable algebras related to an hermitian form, of the form S(FF,id, W, h).

Proposition 4.3.5. If (A, —,I') is a graded-central-simple algebra with a
structurable grading I': A = EBW where € =TF and — = id, then it has the
uniqueness property.

Proof. Assume that I A = &@®W is a structurable grading such that
(A, —,T") is graded-central-simple. The fact that (€, —) = (F,id) implies
that — is the identity involution on A. Since any associative algebra with
the identity involution is commutative, it has to be its own center. Since
(A, —,I) is graded-central-simple, (€, —) is central-simple, which implies
that its center is the field. Thus, & = F1. Now, {z € A\F1 |22 € F1} =W
due to the fact that if 0 # z € A \ F1, there is 0 # w € W and A € F such
that © = Al + w, and 2% = A\* + w? + 2 w. So 2* € F1 1fand0nly1f)\—0
Finally, W = W due to the fact that W C {z € A\ F1 | 2> € F1} = W and

they have the same dimension. O
Now, we will approach the case in which (€ @¢ F, —) 2 (My(F),”).

Lemma 4.3.6. Let (A, —,T') be a graded-central-simple algebra with invo-
lution and a structurable grading I': A = € & W such that (€ @ F, —) =
(My(F),™). Then, dimp W is even.

Proof. Under this assumptions, W ®p F is a left unital associative module
for My(IF). Thus, its dimension is even. O

Lemma 4.3.7. Let (A, —,T') be a graded-central-simple algebra with invo-
lution and a structurable grading I': A = &€ ® W such that (€ @ F, —) =
(My(F),™). Then:
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(1) If m € M(A, —) is such that 0 # m? € F1, then either m € & or
meW.

(2) IfT: A = EdWisa structurable grading such that (A, — .T) is graded-
central-simple, then, either € =& or ENM(A, —) CW.

(3) ]ff: A=EaWisa structurable grading such that (A, — ,f) is graded-
central-simple, and € # &, then ENE = K (A, —).

Proof. Let M = M(A, —) and K = K(A, — ). Without loss of generality, we
assume that we work over an algebraically closed field. Let m € M be such
that 0 # m? € F1. Using that I is a grading, we can take ¢ € & and w € W
such that m = e +w. We can identify (€, —) with (My(F),”) as in Remark
3.4 Then, we get that M N € is the subspace generated by E, and Fs ;.
Moreover, we can see that X is the subspace generated by s = Ey; — Ea
and 1. Hence, EiQ, E%,p Ey\2Fs 1, Fy 1By € K, implying that

(ENM)* C XK. (4.3.1)

Since ew € W, ew € M. Since w € W C M and m € M, e € M. Therefore,
e, w,ew € M. Thus, ew = ew = we = we, implying that m? = €2 4+w? 4 2ew.
Since 0 # m? € Fl, e € X NH(A, —) (due to {#.3.1)), w? € & and
ew € W, it follows that ew = 0. Letting €2 = A\l with A\ € F, we get that
0 = e(ew) = e*w = Aw. Thus, either A\=0orw=0. fw=0,me¢&. In
case w # 0, since e? = 0, we have that 0 # m? = w? € F1. Letting w? = 51
with 8 € F*, we get that 0 = w(ew) = ew® = fe. Thus, e =0 and m € W,
so (1) is proved.

In order to prove (2), we use that (&, —) 22 (My(F),”). Using this iden-

tification and letting w = E 5 + Ey 1, we have that € = K @ Kw. Therefore,
if we &, &=E&. Otherwise, since w? = 1, using (1) we get w € W. hence
ENM=Kuw CW.

Due to the fact that S(A, —) C & and $(A, —) C &, it follows that
X C €NE. The fact that associative algebras with involution are structurable
algebras imply that equation holds, i.e. € =K & (ENM). Using (2)
we get (3). O

Lemma 4.3.8. Let (A, —,I') be a graded-central-simple with a structurable
grading ': € ®W such that — # id. Then, W = {h € H(A, —) | 1(he —
eh) =0Ve € E}.

Proof. Without loss of generality we can assume that [F is algebraically closed.
The fact that W C H(A, —) and EW C W implies that ew = ew = we.
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Therefore, W C {h € H(A, —) | 3(he —eh) = 0Ve € €}. In case € = X,
the result follows since W g M(A, —) and the dimensions are the same.
Otherwise, (€, —) 2 (My(F),”). Let A = (“Ll ‘“72) e {h e HA —)|
ag1 Q22
L(he —eh) = 0Ve € E} NE. Let B = Ey, — Eyy. Since AB — BA = 0, it
follows that a;; = as2 = 0, since £y 3A — AE; 5 = 0, it follows that as; =0,
and since Ey1 A — AEy; = 0, it follows that a; o = 0. Therefore, A = 0 and
that implies that {h € 3(A, —) | 2(he —€h) =0Ve € €} CW. O

Proposition 4.3.9. Let (A, —,T") be a graded-central-simple algebra with
involution and a structurable grading I': A = € & W such that (€, —) =
(Mo(F),7). If dimp W # 4, then (A, —) has the uniqueness property.

Proof. Without loss of generality, we assume that [ is algebraically closed.
Suppose that I': A = € ® W is a structurable grading such that (A, —, ) is
graded-central-simple. _

Proposition and Proposmlonn imply that (€, —) = (€, —) =
(M (F),7). Therefore dimg & = dimp & = 4 and dimg(W) = dimg(W) = k.

Denote €; 9 = —&NE and Wio = — WNW and let s € S(A, —) be such that
s = 1. Such s exists since identifying (&, —) = (My(F),”) we can choose
S = E171 — E272. _ _

We will prove by contradiction that € = €. Thus, assume & # E&.
Then, Lemma [£.3.7) (3) implies that €, = K(A, —). Additionally, since
MA, =) = (ENM(A, —)) & W, due to Lemma [4.3.7] (2) it follows that
M(A, —) = W+ W. Since k + 2 = dimg M(A, —) = dimp W + dimp W —
dimy Wy o = 2k — dimp W, o, it follows, that dimy Wy o = & — 2. We divide
the proof into two cases:

case 1: k> 6.

Since we can identify (€, —) with (My(F),”), we can take x = Ey o+ Es ;.
In this situation, 22 = 1. For that reason, the map W — W given by
w — Tw is an 1somorphlsm Hence, dimp W1 2= = dimp 2W; 2= = k — 2. Since

€ (ENMA, —)) C W, 2W; 2 C(EW)N (WW) W €. The fact that

Wﬂg = EOM(A, ), which has dimension 2, is a contradiction with k& > 4.

case 2: k= 2.

In this case, Lemma [4.3.7] u and the fact that dimp(W N &) = 2, we get
that W = &N M(A, —). We identify (8 —) with (My(F),”) and take
r=F s+ Ey; € &n M(A, —). Then, for any y € € we have that

h(yz,z) = yh(z,z) = ga* =yl = 7.

Therefore, the map € — W given by y — yx is an injective homomorphism
of vector spaces. Thus, dimg W > dimy & = 4, which is a contradiction. [J
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We are left with the case in which (€ @y F, —) = (My(F),”) and W has

dimension 4.

4.3.2 Split quartic Cayley algebra

Let (A, —,T') be a graded-central-simple algebra with involution and a struc-
turable grading I': A = € ®W. We have shown that (A, —) has the unique-
ness property unless we have (€ @pF, — ) = (My(F),”) and W has dimension
4. In this case we will solve the problem over an algebraically closed field and
we will give some examples of what we can expect over arbitrary fields. Thus,
unless otherwise stated, our algebras will be over an algebraically closed field
F. In this section, we will denote K = K(A, —) and M = M(A, —).

Remark 4.3.10. The algebras on Example and on Example [4.2.23| with
(D, ") = (My(F), t) satisfying that (€ @ F, —) = (My(F),”) and ‘W has
dimension 4. Thus, they fall into the class of algebras we are going to study
in this section.

Lemma 4.3.11. Let (A, —,T') be a graded-central-simple algebra over an
algebraically closed field F with involution and a structurable grading I': A =
E W such that (€, —) = (My(F),”) and W has dimension 4. Then, there

is an element w € W such that w? = 1.

Proof. Denote W = W (A, —,T'). Then, Remark[1.2.27]shows that (&, — ) =
(L(W), —). Therefore, we just need to prove that there is an element w € W
such that {w,w,-} = id. Using theorem , this is equivalent to proving
(using the same notation as in the theorem) the existence of an element
w € A(W); 2 such that ww = ey, where e; is the idempotent which gives the
Peirce decomposition as in theorem :

Since we work over an algebraically closed field, there is a vector space V'
such that either A(W) = Endp(V') or A(W) = Endp(V) & Endg(V)°. Since
€ is simple and it is isomorphic to L(W), which is isomorphic to A(W); 1,
then A(W) is isomorphic to Endp(V'). Moreover, the restriction of the invo-
lution to A(W);; is orthogonal, which implies that the involution of A(W)
is orthogonal. Thus, if — is the involution of A(W) (after the identifica-
tion with Endg(V')), there is a symmetric bilinear form b: V x V' — F such
that b(Fv,w) = b(v,rw) for all r € Endg(V) and v,w € V. We identify the
idempotent e; with the corresponding endomorphism. We denote V! = e,V
and V® = {v € V | e;v = 0} = ker L,,. Since for any vector v € V,
v=(1—e1)v+ ev, the fact that e;(1 — e;) = 0, implies that V = V0 + V1.
The fact that e; is an idempotent implies that V = V° @ V1. Since €] = e,
we have that b(ejv,w) = b(v, e;w). Therefore, b(V, V) = p(V° V1) = 0.
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Therefore, we can take an orthonormal basis {v],...,v}} of V1 and extend it
with an orthonormal basis {v?,...,0%} of V! obtaining an orthonormal ba-
sis of V. Using this basis, we deduce that (A(W), —) & (M,.1n(F), ) and
that with this identification e; = Ey; + ... + £, ,,. This implies that with
this identification, A;; = M, (F) and Ay 2 = M,,,,,(F). Since dimg(€) = 4,
n = 2 and since dimp W = 4, m = 2. Taking w = E; 3 + Es4, we get that
wWw = ey. ]

Choose an element w € W such that w?> = 1. Then & = &h(w,w) =
h(Ew,w). Thus, dimp(Ew) = 4, which implies that W = Ew. identifying &
with (My(F),”), we can take xy = Ej 5+ Ea1, o = w and z3 = x125. Since
& =K ® Kz, we get the following decomposition:

and

Lemma 4.3.12. With the notation of , for every e, f € K we have
(exi)(fz;) = (fe)y, (exi)(fxi) = fe, e(fx;) = (fe)x; and (fx;)e = (fe)w;
for{i,j,k} ={1,2,3}.

Proof. Assume first that e, f = 1. Then, the fact that 71 = 1, implies that
Tows = To(r122) = h(x1m9,x9) = x1h(T2,2) = x1. Additionally, z123 =
11(T129) = 210 (11 0 13) = (22) 0 ;9 = x9. If we have {7,7,k} = {1,2,3}
such that, z;x; = x4, applying the involution, we get z;x; = ;. Finally,
13 = h(2129, T122) = 211 (T, T3)11 = 2121 = 1.
Now, for arb1trary e, f € X, we have that (ex;)(fz;) = f((ex;)x;) due
(zx

to Lemma 2 and (ex;)zr; = T;(ex;) = zvj(ex;) = e(xjx;) = ;)e. Thus,
(ca)(fa;) = F((waay)e). Tn case {i,j.k} = {1.2,3}, we got (exi)(fx;) =
F(ne) = F(@2y) = (fe)oy. And finally, (ez,)(f2:) = F(ae) = Fe.

e(fxz;) = (fe)x; follows from Lemma and using that we have:

(z:f) =e(fz;) = (fe)a; = z:(fe) = (fe);

|

(fri)e = W =
O

Corollary 4.3.13. With the previous notation, given o € Sz (the symmetric
group of 3 elements), and an unitary commutative associative algebra R, the
map ¢%: AQp R — A ®p R given by ¢%(eg + e1x1 + eawy + e3x3) = e +
€1%5(1) +€2%0(2) +€3T0(3) fOT every eg, e1, €2, e3 € K@ R is in Aut(A, —)(R).
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Corollary 4.3.14. With the previous notation, let {i,j, k} = {1,2,3}. De-
note & = K®XKz; and W; = Ka; ®Kxy,. Then, the gradingI';: A = E;DW;
is a structurable grading and (A, —,T;) is graded-central-simple. Moreover,
those are the only structurable gradings satisfying this condition.

Proof. Since T'; is the structurable grading used to obtain , for any
i € {1,2,3} taking o € Sz such that o(1) =14, v, (€1) = &; and ¢, (W) = W;.
Thus applying ¢, we get that I'; is a structurable grading.

Due to Lemma[4.3.8, we only need to prove that for a structurable grading
A =E&aW, then € = &; for some i € {1,2,3}. We will prove it by
contradiction. Hence, assume that € # &; for any ¢ € {1,2,3}. Using Lemma
, we have that ENM C Kz; &Kz, for all {4, j, k} = {1,2,3}. Therefore,
this would imply €& = K and W = M. However, this is a contradiction with
Proposition and the fact that there are three different structurable
gradings. O]

Remark 4.3.15. Notice that since (My(F),”) is a quaternion algebra, if Z; is
an hermitian element in & N M such that Z7 = 1, then there is an automor-
phism sending F ; — E 5 to itself and xy — Z;. Moreover, this automorphism
preserves the involution. Now, due to [Rig22, (8.2.2)], this automorphism
extends to an automorphism of A preserving € and 'W. Thus, up to isomor-
phism, we could have taken z; to be any element in &€ NM such that 2% = 1,
Ty to be any element in W such that 3 = 1 and z3 = x125.

Example 4.3.16. Recall the structurable algebras from Example [4.2.22]
Due to Lemma they are isomorphic. We are going to use Remark
in order to give choices of x1, x5 and x3 in each of the models given in
the example depending on the choice of &y and ®;. It will be enough to take
x1 to be an element of €N M whose square is 1, x5 an element of W whose
square is 1 and x3 = z125. Since in the example the product is defined for
elements of My (F) x My (IF), to calculate that this works is straightforward.

(1) Case &y = ((1) (i) = ®;. In this case, we can take:
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10 01
(2) Case &y = (0 1) and ¢, = (1 0)

. 1 (0 1
*Ig_(()’ji(l 0

Example 4.3.17. Recall the structurable algebras from Examplel4.2.23|with
(D, ™) = (My(F), ). In this case, in the same vein as in Example [4.3.16} we

will find different choices of x1, x5 and z3 for two different choices of d; and
ds.

(1) Case dy = z9 = dy or dy = z5 = d:

* 1 = (22,0),

* x9 = (0, 29),
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* T3 = (0722).

(2) Case dy = 2o, d; = z; with i # 0: take {7, 7,k} = {1,2,3} and ¢ such
that z;z;21, = (%%, then:

* T = (2270)7
* X = (07C<ZJ + Zk))7
* 23 = (0,((2j12 + 21+2)-

This algebra, which we have shown that doesn’t have the uniqueness
property, is a known algebra called the split quartic Cayley algebra,
which appears for example in [Ali91], in order to give constructions of Lie
algebras of type D,. We will show how it is constructed. In order to do so,
we need to recall a modified Cayley-Dickson process, which is introduced in
[AF84], starting with the algebra B = F@F @ F @ F. Take p € F* and
denote by ¢ the trace of B, i.c., t(a,b,c,d) = 1(a+ b+ c+d), and by 1s the
unit of B. Define b = —b + 1t(b)15 for every b € B. Let A = B @ B. We
can define a product - and an involution — of A by:

(b1,b2) - (b3, bs) = (brbs + p(bebf)?, by + (B545)%), and
(b1, bs) = (b1, —b5).

We can denote s = (0, 13) and we denote any element (by,bs) € B@® B as
by + sby. This algebra with involution is denoted by €O(B, ). Notice that
the morphism b; + sby +— by + /fisby is an isomorphism from €D(B, i) to
¢D(B,1). This is what we call the split quartic Cayley algebra. If we
denote X = F1 @ Fs and we denote z; = (1,1,—1,—1), 25 = (1,—-1,1,—1)
and z3 = (1,—1,—1, 1), we obtain an isomorphism from €D (B, 1) to (A, —).

We will give now some examples of what can happen over arbitrary fields.
In this case, any twisted form of an algebra with the uniqueness property
over an algebraically closed field will have the uniqueness property, since
any structurable grading, after extension of scalars is a structurable grading.
Thus, we will only be interested in twisted forms of the split quartic Cayley
algebras (or just quartic Cayley algebras as called in [Ali90]). The following
examples shed some light on the cases that might happen.

Example 4.3.18. Consider the R-algebra with involution (&, —) = (My(R), *)
and we denote W = My(R). We define the action o: € x W — W by
X oY = XY, ie., we endow Ms(R) with a structure of left-unitary associa-
tive module. Consider now the hermitian form h: W x W — & by

WX,Y) = X ((1) _01) Y,



126 CHAPTER 4. STRUCTRABLE ALGEBRAS S(€, —, W, H)

This is a hermitian form due to the fact that

WX oY,Z)=(XY) <(1) _01) Zt=X (Y <(1) _01) Zt)

WX,V = (X ((1) _01) Yt)t _y ((1) _01) X' = h(Y, X).

Let (A, —) = S(&, —,W,h). This is a quartic Cayley algebra. Denote
K=K(A, —)and M =M(A, —).
We will prove that (A, —) has the uniqueness property by contradiction.

and

Assume that it doesn’t have the uniqueness property and let T:A=ERW be
a structurable grading such that (A, — F) is a graded-central-simple algebra.
Due to Proposition 4.3.3|and the fact that the involution is not the identity,
(E@rC, —) = (Mg((C) 7). Due to ( , it follows that & = K & (MNE).
Due to Lemmma (4.3.7), it follows that (M NE) CW. Thus, K (MNE) is
a Zo-grading of €. Since € is a quaternionic algebra, this implies that there
is an element m € M(A, — ) such that m? € R*1, and either & = &, which
due to Lemma implies that I' = f, or m € W, which would imply that
there is an element X € My(R) such that

10 e
X(O _1)X_)\Id

for some A € R* which is a contradiction due to the fact that Ald and

((1) _01> have different signature.

Example 4.3.19. For this example, we denote by o the nontrivial automor-
phism of Q[i] and consider the Q-algebra & = €D(Q[i], 0,2) = Q[i] ® wQ]i]
with w? = 2 and with the involution — given by

)\1 + U))\Q = 0'(/\1) + UJ)\Q

for every A, Ay € Q[i], i.e, the composition of the standard involution and
the automorphism given by A\; + wXy — Ay — wAy . We consider W = &
and the action o: &€ x W — W given by left multiplication, which endows
W with a structure of unitary associative left module. Finally, we define
the hermitian form h(v,w) = v3w. We denote (A, —) = S(E, —, W, h).
Hence A = €& W. We denote z; = (w,0),22 = (0,1), 23 = (0,w). Here
K = KA, —) = Ql ®Q(i0). We can identify it with Q[i]. With this
notation we have that:
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A=X1 @Xxl EBU(JZQ@IKI:;

We have three structurable gradings denoted I';: A = &; @ W, for i =
1,2,3 where if {i,75,k} = {1,2,3}, & = K1 & Kz; and W = Kz; & Ky,
and they satisfy that (A, — ,T';) is graded-central-simple. Clearly, after ex-
tending scalars these are isomorphic to the split Cayley algebra and the three
structurable gradings. However, in this case, the gradings are not isomorphic

since & = €D(Q[i], 0,2), 2 = €D(Q[i], 0,3) and &5 = €D(Q[i], 0,6).
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Chapter 5

Automorphisms and gradings
on structurable algebras

In this chapter, we are going to classify the gradings on central simple struc-
turable algebras related to a hermitian form by an abelian group up to iso-
morphism. In order to find the classification, we are going to rely in the
equivalences of categories and the uniqueness property shown in the previous
Chapter in order to find an isomorphism the automorphism group schemes
of the structurable algebras with the uniqueness property and the automor-
phism group schemes of some associative algebras with some 3-grading and
an involution.

In Section we show that there is an isomorphism betweem the auto-
morphism group scheme of the algebras with involution with only one struc-
turable grading and the corresponding 3-graded associative algebra with an
involution (see Theorem [5.1.7). Moreover, we give a description of the auto-
morphism group scheme of the split quartic Cayley algebra in term of known
groups (see Theorem . Finally, in Section we classify the grad-
ings on the associative setting, and use this and the fact that we have an
isomorphism group scheme between the automorphisms of certain graded as-
sociative algebras with involution and certain algebras with involution and a
structurabl gradings in order to classify up to isomorphism the gradings on
the central simple structurable algebras related to an hermitian form. There
are two main complications with this approach: first, not all the gradings
on structurable algebras are gradings on structurable algebras with a struc-
turable grading, and then, some isomorphic gradings of the structurable al-
gebra, are not isomorphic as gradings of the structurable algebra with the
structurable grading. For that reason, before giving the complete classifica-
tion, we classify these gradings up to isomorphism, and then use the results
on the associative algebras in order to give a complete classification which is

129



130 CHAPTER 5. AUTOMORPHISMS AND GRADINGS

divided into the Theorems [5.2.63l and [5.2.63.

5.1 Automorphism group schemes

Our purpose in this section is to give a description of the automorphism
group scheme of the structurable algebra. In order to do so, we will use the
concepts we have been developing in the previous sections. Our main results
in this section are Theorem [(.1.71 and Theorem B.1.13l

5.1.1 Associative triple systems

Recall that we have a functor A, which is an equivalence of categories from
SAT?2 to 3SGrAlgInv. Hence for a simple AT2 (W, {---}), Aut(W, {---}) =
Aut(A(W), —, A(W)). We are going to show that this isomorphism can be
extended to affine group schemes in Proposition and use it in Corollary
to prove that Aut(W, {---}) is smooth.

Proposition 5.1.1. Let (W, {---}) be a simple AT2. The morphism of affine
group schemes:

0: Aut(AW), —, A(W)) = Aut(W, {---})
given by Or(¢) = Yywepr is an isomorphism.

Proof. Due to Theorem (A(W), —) issimple. Moreover, due to Lemma
[4.1.13) A(W) is generated as an algebra with involution by W. Thus, A(W)®p
R is generated as an algebra with involution by W & R.

Given ¢ € Aut(W, {--- })(R), A(¢) is well defined as shown in Remark
M.1.19) A(v) is an automorphism due the fact that its inverse is A(1)~1). We
define 6=1: Aut(W, {---}) = Aut(A(W), —, A(W)) as ;' (v) = A(v). By
definition, we can see that 0y o 6’1_21 = id. On the other hand we have that
Op o (91_%1 ofr) = (Oro 81_%1) o fr = 0. Since Oy is injective, 0;21 ofp = id.
Thus, 6 is an isomorphism with inverse 67! O

In order to finish this section, we are going to prove that Aut(W,{---}) is
smooth for any central simple AT2 (W, {---}). Using Proposition and
Proposition we prove that for any object (A, —,A) of 3SGrAlglnv,
Aut(A, —,A) issmooth. In order to do so, let (A, —) be a central simple as-
sociative algebra. We denote the center of A by Z. We define the affine group
schemes Auty(A), Auty (A, —,A),Sim(A, — ), Simy(A, — ) and Iso(A, —)
as the group schemes whose R-points are:
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Auty(A)(R) = {¢ € Aut(A)(R) | ¢z = id},
Auty(A, —)(R) = Auty(A)(R) N Aut(A, —)(R),
Auts(A, —,A)(R) = Auta(A)(R) N Aut(4, —, A)(R),

Sim(A, —)(R) ={ue (A®r R)* |uu € (Z®F R)*},
Simy(A, —)(R) ={u € (Ao ®r R)™ | vt € (Z ®r R)*}, and
Iso(A, —)(R) ={ue (A®rR)* |uu = 1}.

We can now prove the following proposition.

Proposition 5.1.2. Let (A, —,A) be an object of 3CSGrAlglnv. Then
Aut(A, —,A) is smooth.

Proof. Denote by e; and e; two idempotents such that es = 1—eq, & = ¢; for
1€ {1, 2}, .A_l = .Aljg, .AO = Al,l D .A272 and .Al = .Agjl, where ‘Ai,j = ei.Aej
for 4,7 € {1,2}. Such e; exists since due to Proposition , there is a
simple AT2 W such that (A, —, A) = (A(W), —, A(W)) and we can take as
e; the unit in L(W).

We will also denote as —, the linear extension of — to A ®r R and its
restriction to other subspaces. Denote by Z the center of A. Z is a graded
subspace of A [AC20, Lemma 3.8]. Call the induced grading Ay. Since Ay,
is a 3-grading on a separable algebra of dimension 1 or 2, it is trivial. Thus,
Aut(Z, —,Ay) = Aut(Z, — ). Due to [KMRT, 22.10] we have the following
exact sequence:

1— Auty(A, —,A) —» Aut(A, —,A) - Aut(Z, —) — 1

Where the first morphism is given by the inclusion and the second one is
given by the restriction to Z.

Thus, since the characteristic of F is different from 2, and (Z, —) is a
central simple algebra with involution, Aut(Z, —) is smooth (see [KMRT,
23]). Using [KMRT] 22.12] and the previous exact sequence, we just need to
prove that Auty (A, —,A) is smooth.

For an element u € (A ®p R)*, we define

IDtR(U) € Autz(R)

as Intg(u)(a) = wau™'. As it is shown in [KMRT] 23], the morphism
Int: GL;(A) — Auty(A) is surjective. Moreover, the inverse image of
Auty (A, —) by Int is Sim(A, —). We will show that the inverse image
of Autz(fl —,A) is Simg(A, —,A). Indeed, if we take an element u €
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(A ®p R)* satisfying vt € Z* and such that Intg(u) € Auty (A, —,A)(R).
Since Intz(u) preserves the grading, it preserves (A_; ® R)(A; ® R). Since
ey is the unit of (A_; ® R)(A; ® R) (due to the fact that for a simple AT2
W, Theorem [4.1.12)implies L(W) = A_;(W)A; (W) ), then Intp(u)(e;) = e;.
Thus ue; = e;u for i € {1,2}. Since e;ue; = e?u = e;u for i € {1,2}, we have
that u = equ + eou = ejue; + eques = ug + uy. Since uq + ug € Ay, it follows
that the inverse image of Auty (A, —,A) by Int is Simy(A, —, A).

Due to [KMRT, 22.4], the restriction of Int to Simg(A, —, A) gives a sur-
jective morphism Simg(A, —,A) — Auty(A, —,A) and also, Auty (A, —, A)
is smooth if Simg(A, —,A) is smooth. Thus, we just need to prove that
Simgy(A, —,A) is smooth.

Since F1 is the subalgebra of Z which consists on the invariant elements
under — , we have the following exact sequence [KMRT) 23.4]:

1 — Iso(Ag, —) — Simy(A, —,A) 5 G =1

where pg(u) = uwu. Due to the fact that GL; is smooth as shown in
[KMRT! 22.11}, if Iso(Ag, — ) is smooth, [KMRT| 22.10] would imply that
Simg(A, —, A) is smooth. Therefore, we just have to prove that Iso(Ag, — )
is smooth.

Finally, given u,v € (Ap ®r R)*, let u; = e;ue; and v; = e;ve; as before
for each ¢ € {1,2}. Then, since ujvy = ugvy = 0, it follows that uv = 1 if
and only if w;v; = e; for i € {1,2}. Therefore, we have an isomorphism

0: Iso(A11, —) x Iso(Ags, —) — Iso(Agy, —)

given by Or(ui, us) = uy + uy. Since Lemma [4.1.22 implies that (A;;, —) is
central simple for ¢ € {1, 2}, due to [KMRT\ 23], Iso(A;;, — ) is smooth for
i € {1,2}. Thus, [KMRT) 21.10] implies that Iso(Ag, —) is smooth. O

Corollary 5.1.3. Let (W, {---}) be a central simple AT2. Then the auto-
morphism group scheme Aut(W, {---}) is smooth.

5.1.2 Structurable algebras with the uniqueness prop-
erty

In this subsection we will give a description of the affine group scheme

Aut(A, —,T) for graded-central-simple structurable algebras (A, —,T") in

terms of AT2. We will show in Proposition that in case (A, — ) has the
uniqueness property,

Aut(A, —, ') =Z Aut(A, —).
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The goal will be to prove Theorem [5.1.7]

We will begin recalling that for a graded-central-simple structurable al-
gebra (A, —,T") with a structurable grading I': A = £ S W, due to Corollary
2.9 &€ = WW. Thus, given a unital commutative associative algebra R,
and ¢ € Aut(A, —)(R), o(W ®p R) = W g R, implies (€ ®r R) = £ ®F R.

Theorem 5.1.4. Let (W, {---}) be a central simple associative triple system
of the second kind. Then the morphism of affine group schemes:

0: Aut(AW), — , Ty(W)) - Aut(W,{---})
given by Or(p) = Yweer for every algebra R, is an isomorphism.

Proof. Define 05" () to be the morphism satisfying:
(1) 05" (¢)(w) = p(w) for all w € W and

(2) 05" ()(2) = X, p(v @ Dp(w; @ (1@ 7,) if

k
x:Zviwi@)ri e LIW)®R

i=1

for any vy, wy, ..., v, wxy € Wand rq, ..., € R.

Since (W, {---}) is simple, it implies that (A(W), —,T'y(W)) is graded-
simple. (W ®p R)(W ®F R) = € ®p R. Thus, in order to show that it is well
defined we just need to prove that if Zle v;w; @ r; = 0, then Zle o(v; ®
)p(w; ® 1)(1 @ r;) = 0 but this can be shown in the same way as we did to
show that the functor 21 was well defined. Similarly, we show that it is an
algebra homomorphism.

Due to the fact that W ® R generates the whole algebra, it is clear that
07106 =id and that § o 0! = id. O

Now we will prove that if (A, —,T") is an object of CSAlgStrGr such that
(A, —) has the uniqueness property, then Aut(A, —) = Aut(A, —,T).

Lemma 5.1.5. Let (A, —,T") be an object of CSAlgStrGr where T': A =
E & W is the structurable grading. Then, Der(A, —) = Der(A, —,T).

Proof. Clearly Der(A, —) 2 Der(A, —,I'). Hence, we just need to show
that Der(A, —) C Der(A, —,I'). Let d € Der(A, —).
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In case &€ = K(A, — ), then since d(8(A, —)) C 8(A, —), it is clear that
d(€) C €. Moreover, if w € W and e € €, we have that

ed(w) = ed(w) + d(e)w — d(e)w = d(ew) — d(e)w = d(we) — wd(e)
= d(w)e + wd(e) — wd(e) = d(w)e.

Since d(H(A, —)) C d(H(A, —)), it follows that d(w) € M(A, —). Since in
this case, W = M(A, —) due to Lemma , the result follows.

In case € # K (A, — ), since after extending scalars, the map induced by d
is also a derivation, we can assume that we work over an algebraically closed
field. Denote:

Derg = {d € Der(A, —) | d(€) C &,d(W)

W}, and
Dery = {d € Der(A, —) | d(€) CW,d(W) C €

}
We have that Der(A, —) = Derg(A, — )@ Derg(A, — ). Hence, if we prove
that Dery(A, —) = 0, the statement follows. Due to Proposition 4.3.3, we

only need to consider two cases:

C
C

(1) Incase & = F1, for d € Derg(A, — ), we have that d(1) = d(1%) = 2d(1),
which implies that d(1) = 0. For an element w € W, since d(w) € F1,
we have that d(w) = M. Since w? € F1, we have that 0 = d(w?) =
wd(w) + d(w)w = 2 Aw. Thus, A = 0 and it follows that d = 0.

(2) In case (€, —) = (M3(FF),”), we can identify those two algebras. Take
d € Derg(A, —) and denote s = E;; — Fay. Clearly s € S(A, —).
Moreover, since d(8(A, —)) C 8(A, —) and 8(A, —) = Fs, d(s) €
S(A, —)NW = (0). Due to the fact that K(A, —) = F1 & Fs, it
follows, d(K(A, —)) = 0. Denote x = Ey 5 + Es;. In this case, x €
€ N M(A, —). Because d(z) € W, we have that zd(r) = xd(z) =
d(z)T = d(z)z. Since z* = 1, it follows that

0 = d(2?) = zd(x) + d(z)x = 22d(z).

Thus,

0— %35(23:61(3:)) _ 2%d(z) = d(x).

Moreover, as it happens in (My(F),”), € = KA, —) & K(A, — ).
Therefore, d(€) = 0.

Finally, given w € W and e € &€, we have that

ed(w) = d(ew) — d(e)w = d(ew) = d(we) = d(w)e,
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But if z € € and ex = ze for all e € &, this implies that x = 0. Thus,
d(w) = 0. Therefore, we have shown that d(W) = 0, which implies
that d = 0.

O

We can use this Lemma in order to prove the equality Aut(A, —,T') =
Aut(A, —) in the following way:

Proposition 5.1.6. Let (A, —,T') be an object of CSAlgStrGr such that
(A®rF, —) has the uniqueness property. Let I': A = & ® W be the struc-
turable grading. Then:

Aut(A, —, ') = Aut(A, —)

Proof. Denote by 0: Aut(A, —,T") — Aut(A, — ), the natural embedding,
i.e., the morphism given by 0r(yp) = ¢. We will prove that it is an isomor-
phism.

Since (A®gF, — ) has the uniqueness property, and for any automorphism
o€ Aut(A, —)(F), T¢: AR F = (€ @ F) ® o(W ®p F) is a structurable

grading, it follows, that I'* = I". Hence, if ¢ € Aut(A, —)(F), then ¢ €

Aut(A, — ,I')(FF), which implies that 65 is an isomorphism.
d(0): Der(A, —,T') — Der(A, —)

is injective since Op[;) is a monomorphism, hence, it is an isomorphism because
due to Lemma Der(A, —,T") = Der(A, — ). Finally, because of Theo-

rem [5.1.4] Proposition and Corolary [5.1.3] we have that Aut(A, —,T")

is smooth. Therefore, [EK13, Theorem A.50] implies that 6 is an isomor-
phism. O]

As a corollary of this, we get the following theorem.

Theorem 5.1.7. Let (A, —,T') be an object of CSAlgStrGr such that (A ®p
F, —) has the uniqueness property. Denote W = 0(A, —,T'). Then:

via the morphism 05" o 0; where
01: Aut(A, —) — Aut(W(A, —, 1))

and
Oy: Aut(A(W), —, A(W)) = Aut(W)

are defined by 01, (1)) = Vyweer for every € Aut(A, — I')(R) and 05, (¢) =
Uwasr for every i € Aut(A(W), —, A(W))(R)



136 CHAPTER 5. AUTOMORPHISMS AND GRADINGS

Proof. This follows from Proposition [5.1.6], Theorem [5.1.4] Proposition [5.1.]]
and Proposition 4.2.26 O

5.1.3 Automorphisms on the split quartic Cayley al-
gebra

When we work over an algebraically closed field, the only algebra which
doesn’t have the uniqueness property, is the split quartic Cayley algebra,
which we will denote until the end of the section by (A, —). Our goal will
be to prove Theorem [5.1.13] which gives a description of its automorphism
group scheme.

If we use the notation from ({4.3.2)) we can define a Z3-grading by:

Awp) =X, Agn = Kay, Aqp) = Koz, Aqr = K
We call this grading the standard quartic grading and denote it by
I'sq. Recall that for a finite abelian group G, the constant affine group scheme
is the affine group scheme whose R points are Homaj,, (Maps(G,F), R) and

that Maps(G, F) is spanned as a vector space by the maps e, for each o € G,
where e,(0) =1 and e,(7) =0 if 7 # 0.

Lemma 5.1.8. Let (A, —) be the split quartic Cayley algebra. There is a
morphism:

6: Aut(A, —,I'sq) X Syms — Aut(A, —)
Defined as:

3
O, ) (yotyizityazatyses) =0 | o+ Y Y vil@em © 1) (1@ f(e,))

o€Syms i=1
for every yo,y1, Y2, y3 € K @r R and f € Symy(R).

Proof. To begin with, we notice that the elements e, for ¢ € Symj are
orthogonal idempotents. Moreover, 1 = desym3 e,. Therefore, their images
under f are also orthogonal idempotents of R whose sum is 1. Since for
every ¢ € Aut(A, —,T'sq)(R) and f € Symg(R) we have that Ox(¢, f) =
1o 0g(id, f), in order to prove that Ogr(1, f) € Aut(A, —), we just need to
show that Og(id, f) € Aut(A, —).

Or(id, f) clearly preserves the involution. Moreover, g(id, f)xer = id
and for any 7 € {1,2,3} and y € X ® R, we have that

Or(id, f)(yz:) = yOr(id, f)(z:) = Or(id, f)(y)0r(id, f)(z:).
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Hence, we just need to prove that

Or(id, f)(wiz;) = Or(id, f)(z:)0r(d, f)(x;)

for every i, € {1,2,3}. In case i = j we have:

(Or(id, f)(z:))* = Z To@m) @ f(eq)

oE€Symg

Finally, in case ¢ # j, let {i,j,k} = {1,2,3}:

Or(id, £)(@)0r(d, )(z;) = [ Y @0 © fleo) > o) ® fles)

oE€Syms oE€Symg

= Z Lo (i) Tr(j) ® f(eo>f<67)

0,7TESymg

= Z xo(i)xa(j) & f(ea)

oE€Symg

= Z Tor) @ f(es)

o€Symg
= 0r(id, f)(zx)
= Or(id, f)(ziz;)
O

Lemma 5.1.9. Let (A, —) be the split quartic Cayley algebra over an al-
gebraically closed field F. Using the notation from and the grading
I'y from Corollary [{.3.14 Let Cy be the subgroup of Symg generated by the
transposition (2,3). Then:

Aut(A, —,FSQ) X CQ = Aut(fl, — ,Fl)
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Proof. The restriction of the morphism 6 on Lemma to the affine group
scheme Aut(A, —,T'sq) % Cs, factors through Aut(A, —,I'1). Denote the
morphism defined by the restriction of 6 as : Aut(A, —,Tsq) x Cy —
Aut(A, —,T'1). Due to Theorem and Corollary it follows that
Aut(A, —,T'y) is smooth. Hence, due to [EK13, Theorem A.50], we just
need to prove that O is an isomorphism and that df is also an isomorphism.

If f € Homay, (Maps(Csy, F),F), since €2, = eiq, 6%2,3) = e2,3) and ejq +
e(2,3) = 1, then either f(eiq) = 1 and f(e3)) = 0or f(eia) = 0and f(eqs) =
1 (Cy(TF) is the cyclic group of order 2). In the first case 0(id, f) = ¢ = id
and in the second case 0(id, f) = cp](FQ’?’) (p% is defined as in Corollary |4.3.13)).

Due to Corollary it follows that if ¢ € Aut(A, —,I'1), there is
some o € Cy such that ¥(Kxz;) € Kag; for all i € {1,2,3}. In this case,
¥ = (Yef)pg. So, due to the fact that () € Aut(A, —,T'sq), if f(o) =1
and f(7) = 0 for 7 # o, we have that ¢ = Op(1)9%, f). Thus, 0y is surjective.
In order to prove that f is a monomorphism, assume that 6’}@(1[1, f) = id.

This implies that ¢! = v 10s(v, f) = 0(id, f). Thus, Ge(id, f) # ¢ and

that, as we saw before, implies that 0r(id, f) = id, and so, 1 = id. Therefore,
O is injective. Thus, it is an isomorphism.

By Lemma [5.1.5, any derivation d € Der(A, —), preserves I'y and I'.
Hence d(X) C X and d(Xz;) C Kz; for all i € {1,2,3}. Thus,

Der(A, —) = Der(A, —,I'1) = Der(A, —,I'sq).
Now, on the one hand,
Lie(Aut(A, —,I'1)) = Der(A, —,I'1) = Der(A, —,T'sq)
and if we consider the projection 7: Aut(A, —,I'sq) @ Cy — Cy, we have
Lie(ker dm) = Lie(Aut(A, —,I'sq)) = Der(A, —,T'sq)
where the first equality is proved in [KMRT, (21.4)] but since Lie(Cq) =

0, then dm = 0 and kerdmr = Aut(A, —,T'sq) X Cy. Therefore, df is an
isomorphism. ]

Corollary 5.1.10. Aut(A, —,I'sq) is smooth.

Proof. Since Aut(A, —,T'1) is smooth and it is isomorphic to Aut(A, —,sq)
Cy, thus there is an isomorphism of algebras

F[Aut(ﬂ, — ,FSQ) X CQ] = F[Aut(ﬂ, — ,FSQ)] XF F[CQ]

which implies that F[Aut(A, —, 'sq)|®@pF[Cs] is reduced. Hence, F[Aut(A, —,T'sq)],
is reduced. Therefore, since F is algebraically closed, it follows that Aut(A, —,'sq)
is smooth [KMRT| 21.9]). O
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Proposition 5.1.11. Let (A, —) be the split quartic Cayley algebra over an
algebraically closed field F. Then:

Aut(A, —,I'sq) ¥ Syms = Aut(A, —)

Proof. We are going to prove that the morphism 6 defined in Lemma [5.1.8]
is an isomorphism. Since Aut(A, —,I'sq) is smooth due to Corollary [5.1.10
and Sym, is smooth [KMRT) 21.11], using the exact sequence:

1— Aut(f[, — ,FSQ) — Aut(fl, _7FSQ) X Sym3 — Sym3 —1

induced by the inclusion of Aut(A, —,I'sq) and the projection on Symg, we
can prove that Aut(A, —,I'sq) % Syms is smooth [KMRT) 22.12]. Due to
[EK13l, Theorem A.50], it follows that # is an isomorphism if and only if O
is an isomorphism and df is an isomorphism.

Use the notation of , as in the proof of Lemma , we have that
Der(A, —) = Der(A, —,I'sq). Thus,

Lie(Aut(A, — )) = Lle(Aut(A, — 7FSQ)>-
Moreover, since as in the proof of Lemma [5.1.9] we have
Lie(Aut(A, —,I'sq) x Symy) = Lie(Aut(A, —,T'sq),

then it follows that df is an isomorphism.

Since for every 0,7 € Sym, we have that €2 = e,, e,e; = 0if 0 # 7
and ZUESym3 e, = 1, the same relations will hold after applying an element
f € Hompyyy, (Maps(Symg, F),F). Therefore, there is some o € Symgy such
that f(e,) =1 and f(e;) = 0 for every o # 7 € Sym;. We will denote such
f as f,. In order to show that fp is an isomorphism, note that Op(%, f,) =
YO(id, f,) = Yp§. In order to show that O is injective, we notice that if
0(, f,) = id, then, since ¥, Ypf € Aut(A, —,T'sq)), it implies that o = id.
Thus, ¢ = id and this implies that ¢» = id. Therefore, 0 is injective.
In order to prove that it is surjective, we use that due to corollary [4.3.14]
for every i € {1,2,3} there is j such that ¢/(;) = &;. Moreover, since
Kzr; = & N M(A, —), then there is a permutation ¢ € Syms such that
U(Kw;) = Kao for all i € {1,2,3}. Thus, Yo = € Aut(A, —,Tsq). Hence,
¥ =0s(Vf , fo). m

Given an associative algebra with involution and unity (€, — ), we defined
the automorphism group scheme Iso(€, — ) as the affine group scheme whose
R points are

Iso(€, = )(R) ={z € (E®R)" | 2T = 1}.
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In case (&, ) = (F @ F,ex) we identify (1,1) ® a + (1, —1) ® ib with (a,b) €
R x R, we get that 27 = a® + 0. On the other hand, for x = (a,b) €
(E® R)* = (R® R)™, we get T = (ab,ab), thus, we have an isomorphism
of affine group schemes”

Gn =1Iso(E, —) (5.1.1)

given by the morphism sending a — (a,a™1).

Lemma 5.1.12. Let (A, —) be the split quartic Cayley algebra over an al-
gebraically closed field F. Then:

Aut(A, —,TI'sq) = (Iso(F @ F,ex) x Iso(F & F,ex)) x Aut(F & F)

where
((1,1),9)((r1,72),1d) = ((b(r1), ¥ (r2)),id)((1, 1), ¥)
for every algebra R, 11,79 € Iso(F & F, ex)(R) and ¥ € Aut(F & F)(R).

Proof. Use the notation from (4.3.2)). Define the morphism
0: (Iso(F®F,ex) x Iso(F @ F,ex)) x Aut(F @ F) - Aut(A, —,T'sq)

as

Or(r1,72,%) (Yo + 1171 + Yoz + Y373)
= Y(yo) + Y (Y1) (riz1) + ¥ (y2)(rax2) + ¥ (y3) (F1r273). (5.1.2)

Using Lemma we can check that this is an homomorphism of the
algebra (A, —). Fix an algebra R. Denote r3 = 773. Since r;(T;x;) = z;, we
can check that

‘9R<T17 T2, ¢) © 0R<¢_1(T_1)7 w—l(r—2)7 1/)_1)
and
eR(w_l(r_l)a ¢_1(r_2)7 w_l) o eR(rla T, @D)

are the identity.
Since

IieR(Tlarr% 1?)(%) = xz(T‘zIz) =T

and for every y € XQR, ¥ (y) = Or(r1,r2,1)(y), it follows that O is injective.

Moreover, if for some algebra R, 1 € Aut(A, —,I'sq), then, for every i €

{1,2,3} there is an element r; € X ®p R such that t(z;) = r;z;. Since
x? = 1, applying 1, we get that 7;r; = 1. Since 125 = x3, applying ¥, we
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get that r3 = 775, If we denote ¢ = %MQFR, we have that QZ = Or(r1,re, ).
Therefore, Oy is surjective and this implies that 6 is an isomorphism.

Given an algebra R, 11,79 € Iso(F @ F, ex)(R) and ¢ € Aut(F & F)(R),
in order to show that

((1,1),9)((r1, 72),id) = (¢ (r1), 9 (r2)), ),

we just have to apply 0z and compute on z; for i € {1,2,3} and on r1 for
re (FeF)®rR.
O]

As a corollary of the previous lemma, we get the following theorem.

Theorem 5.1.13. Let (A, —) be the split quartic Cayley algebra over an
algebraically closed field IF.

Aut(A, — ) 2 ((Iso(F @ F,ex) x Iso(F @ F,ex)) x Cy) x Symg

where for every algebra R, ri,ry € Iso(F @ F,ex)(R) , ¢ € Aut(F @ F)(R)
and f € Symy(R),

(((17 1)aid)af)(((7“1,r2)7¢)a 1) = (((SbSQ)vw)’f)

where for each j € {1,2}, we denote:

3

s;i=Y.ri > (1@ f(e))

i= oE€Symg

o(i)=j
where r3 = T7y.

Proof. In order to prove the first part of the theorem we only need to notice
that Aut(F & F) = C, and use proposition [5.1.11]

In order to prove the commutation rule, we take 6; as the morphism
defined in Lemma [5.1.8/ and 6, = 6 x id where 6 is the morphism as defined
in Lemmal[5.1.12] In order to prove that the commutation rule works, take an
algebra R, 11,1y € Iso(F@®F, ex)(R), v € Aut(FoF)(R) and f € Sym,(R).
Assume that there are sq, s9 and ¢ € Aut(F & F)(R) such that

(((17 1)7id)7 f)(((ﬁ,m)aw)’ 1) = (((317 52)71/))7f)'

Then, on one hand, the equality

(010 62)(((1,1),id), f) o (61 0 Oa(((r1,72),%), 1) = (61 0 02)(((s1, 52), %), f)
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applied on elements of K implies ©» = . Then, defining the morphisms
Uy = (01 06)(((1,1),id), f) and Wy = 61 0 O5(((r1,72),7),1), we have:

Uy oWs(x; ®1)) = Wy (r(x; @ 1))
=1 Z (l’g(i) ® 1)(1 & f(eo))

oESymg

and:

(010 02)(((51,52), ), A @1) = Y o (o(iy @ 1)(1 @ f(es))

o€Symg

:Z sj(xj®1) Z (1®f(€0))

j=1 o€Symy
o(i)=j

which implies that r; 0 cq ., (1® fler)) = 853, e5ym, (1 ® f(es)) for every
o(i)=i o ()=
i,7 € {1,2,3}. Thus:

Zs] Z (1® f(es)) ZTZ Z (1® f(es)).

o€Symg i=1  o€Symg
o(i)=j o(i)=j

]

Remark 5.1.14. Let (A, —) be the split quartic Cayley algebra over an alge-
braically closed field F. Then:

Aut(A, —) = (Gm x Gm) % (Cy x Sym,) (5.1.3)

where if we identify G, x G, with {(a,b,¢) € G2 | abc = 1} via the
morphism sending (a,b) to (a,b, (ab)~!), Sym; acts by permutations and C,
acts by (a,b, c) ( 1 b7 ¢71). This is due to the fact that we have the
isomorphism (5 and the fact that Cy commutes with Syms,

5.2 Gradings

Our purpose in this section is to prove Theorems[5.1.7] and [5.1.13] which give
a complete classification up to isomorphism of gradings on central simple
structurable algebras related to an hermitian form.
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5.2.1 Associative algebras

Here G will be a finitely generated abelian group. Our purpose is to classify
gradings on the objects of 3CSGrAlglnv up to isomorphism, i.e, we have to
classify up to isomorphism the Q-algebras (A, ¢, Ay, Ay) satisfying:

(Q1) (A, ) is a simple associative algebra with involution,
(Q2) A, is a Z-grading of A,
(Q3) Supp(A;) ={—1,0,1} and ¢(A;) = A_; for all ¢ € Z, and

(Q4) A, is a G-grading of (A, ¢, Ay).

If we denote the homogeneous component by A;: A = @, A; and
Ag: A =P,cq Ay, we can define a (Z x G)-grading A A = P, )z Alig)
where A(;g) = Ay NA;. Denote my: Z X G — Z and my: Z X G — G to be
the group homomorphisms defined by m(i,g) = ¢ and m3(i,g) = g. Then,
(A, @, A) satisfies:

(T1) (A, ) is a simple associative algebra with involution,
(T2) Aisa (Z x G)-grading of A,
(T3) Supp ™A ={-1,0,1}, and

(T4) (p(ﬂ(iyg)) = ‘A(—l}g) for all (i,g) ceZx (.

Moreover if we have an Q-algebra (A, ¢, A) satisfying (7'1) — (74), then
the algebra (A, p, ™A, ™A) satisfies (Q1) — (Q4). Additionally, for a pair
of algebras (A1, p1, A1) and (A, p2, Ag), we have that

Homp((A1, p1, A1), (A2, 02, As)) = Homp((A1, v1, ™A1, ™Ay), (Ag, 2, ™ Ag, ™Ay)).

Therefore, the problem reduces to classify the algebras (A, ¢, A) satisfying
(T1) — (T4).

Let (A, ¢, A) be such algebra. We can reduce the problem into two cases,
i.e., the case where (A, A) is not graded-simple and the case where it is.
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Case 1: (A, A) is not graded simple

We will begin with this case introducing a definition:

Definition 5.2.1. Let I be an associative algebra. Let A: I =P, I, be
a (Z x G)-grading of I. Denote by ex: I @& I’ — [ & I° the involution given
by ex(z,y) = (y, ). We denote by A%, the (Z x G)-grading on (I & [, ex)
defined by deg(z,0) = (i, g) and deg(0, z) = (—i, g) whenever deg(z) = (i, g)
on A.

Lemma 5.2.2. Let (A, ¢, A) be an Q-algebra satisfying (T'1) — (T4) such
that (A, A) is not graded simple. Then, there is a simple algebra I and a
(Z x G)-grading A; of I with Supp ™Ay = {—1,0,1} such that (A, ¢, A) =
(I & I°? ex, AS).

Proof. The fact that (A, A) is not graded simple, implies that there is a
nontrivial proper graded ideal I of (A,A). The ideal J; = I + ¢(I) is a
nontrivial ideal of (A, ). Thus, the fact that (A, ) is simple implies that
I+ ¢(I) = A. Moreover, Jo, = I Np(l) is also an ideal of (A, ). Since
Jy is a subspace of I, it is not A. Therefore, since (A, ) is simple, J, = 0.
Hence, A = I & ¢(I). Denote by Ar: I =P, . I the (Z x G)-grading of 1
given by restriction, i.e., [, = A; NI for all g € G. Then, there is a graded
isomorphism (A, ¢, A) — (I & [P, ex, AY) given by x + ¢(y) — (x,y) for
every z,y € 1. O

The previous Lemma implies that we just need to classify up to isomor-
phism, the graded algebras of the form (I @ I°?,ex, AS*) where [ is a simple
associative algebra.

Definition 5.2.3. (1) Let G be an abelian group, and let D be a G-graded-
division algebra with support 7', let k£ be a positive integer and let v =
(g1, .-, gx) € G*. We denote by A(G, D,~), the G-grading on M, (D)
given by deg(dE; ;) = gi(deg al)g;1 for every homogeneous d € D.

(2) Let G be a group, D a (Z x G)-graded division algebra with support
T (notice that since T is a finite group, 7" C {0} x G), let g1, ..., gm
be elements of the group G and let kg, k; be possitive integers such
that ko + k1 = m. Denote o = (g1, -, Gko) a0 Y1 = (Gro+1, > Gkotky )
We denote by A(G,D,vp,71), the Z x G-grading on M,, (D) given by
deg(dE; ;) = (6; — 5j,gitgj_1), for every homogeneous d € D of degree
(0,t) and where 0, = 0 if k¥ < ko and d; = 1 otherwise. We denote
M(G. D, 70, 1) = (M (D), A(G, D, 70, m))-
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(3) With the previous notation, we denote M(G, D, v9,71)™ = (M,,(D) &
Mm<®)0p, ex, A(G7 Da Y0, Vl)ex)

(4) Let v = (g1,...,9n) € G™ be an n-tuple consisting on n elements of
G which are different modulo 7. Let k = (k1,...,k,) € ZZ, and let
m = Ky + ... + k. We denote y(k,7) = (h1,..., hin) € G™ to be a m-
tuple of elements of G such that h; = g; if and only if k1 + ... + K;_1 <
i < Ki+..+rjforeveryie{l,...,m}and j € {1,...,n}.

(5) for v0 = (91,--s9n) € G", 1 = (¢}, .-, ¢,,) € G™ an n-tuple and an
m-tuple consisting of distinct elements of G' médulo T, and k¢ € Z2,,
k1 € ZZ,, we denote

A(G, D, k1,m) = A(G, D,y(k1,m)),

A(G, D, ko, k1,70, 71) = A(G, D, y(ko,70), ¥ (K1, 71))

(G, D, Ko, k1,70, 11) = M(G, D, ¥(K0, %), ¥(k1,71)) and
(G, D, Ko, k1,7, 71)™ = M(G, D, ¥ (Ko, 70), ¥ (K1, 71))™

For an n-tuple v = (g1,...,9,) € G™ we denote by Z() the multiset
{1 T, ...,9,T} with multiplicity for each ¢, T, the number of entries of g;
modulo 7" in 7. In case we have an n-tuple v = (g1, ..., g,) € G* consisting
on distinct elements and x € Z%,, we denote Z(x,7) = Z(y(k,7)).

Remark 5.2.4. For v = (g1,-,9n) € G" v = (Gnst1y e, Inim) € G™
M(G,D,~0,71) is a graded algebra isomorphic to Endp(V) where V' has
a grading given by a homogeneous basis vy, ..., v,,, where the degree of v; is
(0;,9;) with 0; =0ifi e {1,..,n}and §; = 1ifi e {n+1,...,m}.

M
M

Lemma 5.2.5. Let A be a simple associative algebra and let A be a (Z X G)-
grading with support contained in {—1,0,1} x G. Then, (A, A) is isomor-
phic to M(G, D, ~o,71) for some (Z x G)-graded-division simple algebra D,
Yo = (g1, 9ko) € G* and 71 = (Grot1, -+ Groths) € G** and with ko # 0.
Moreover, the graded algebras M(G,D,~o,v1) and M(G, D', ~,v1) are iso-
morphic if and only if D is isomorphic to D’ as graded algebras and there is
an element g € G such that Z(v;) = g=(v;) for i € {0,1}.

Proof. In [HSK19] something similar has been done but in the case of alge-
braically closed fields.

Due to [EK13| Theorem 2.10.], (A, A) is isomorphic to Endp (V') for some
graded division algebra D and some graded right D-module V. Since T' =
Supp(D) € {—1,0,1} x G is a finite group, then 7" C {0} x G. Moreover,
since Supp(A) € {—1,0,1} x G, there is an integer ¢ such that Supp V' C



146 CHAPTER 5. AUTOMORPHISMS AND GRADINGS

{i,i4+ 1} x G. Since we can do a shift to the grading of V' (i.e., multiplying
each the degree of each group element by an element (j,g) € Z x G), we
can assume that ¢ = 0. Moreover, we can assume that there is at least one
element of V' with degree on {0} x G.

Taking an homogeneous basis vy, ..., Ug,4x, of V' of degrees deg(v;)
(03, 9:), with 0; = 0 if i < ky and §; = 1 otherwise, we see that (A,
is isomorphic to M(G, D, v, 71) where 79 = (g1, ..., gr,) € G and v
(Ghot1s s otk ) € G* and kg # 0. Since A is simple, D is simple.

The second part directly follows from [EK13, Corollary 2.12]. O

[N

Corollary 5.2.6. Let A be a simple associative algebra and let A be a (Z X
G)-grading with support in {—1,0,1} x G. Then, (A, A) is isomorphic to
the graded algebra M(G, D, ko, K1,%0,71) for some (Z x G)-graded-division
simple algebra D, vo = (g1, .-, Gro) € G™ and V1 = (Grgs1s -y Ghoihy) € G
consisting on distinct elements modulo T = SuppD, kg € ZI;OO, K1 € Z’;lo
and with kg # 0. Moreover, the graded algebras M(G, D, kg, k1,70,71) and
M(G, D', kg, kY, v, 71) are isomorphic if and only if D is isomorphic to D' as
graded algebras and there is an element g € G such that =Z(k;,7v;) = g=(K;, 7.).

Remark 5.2.7. In Lemma [5.2.5] and Corollary [5.2.6, if the algebra satisfies

Definition 5.2.8. Let I be an algebra and A: I = @(i,g)EZXGl(ivg)' We
define the (Z x G)-grading A?: I = P ; ) cuxc I&{’g) on the algebra I°? by
Iy = Ii—ig) for every (i,9) € Z x G.

Lemma 5.2.9. Let I and J be simple associative algebras. Let A; and Ay be
(Zx@Q)-gradings of I and J respectively. Then, (IBIP, ex, AT*) is isomorphic
to (J @& JP ex, AY) if and only if (I,Ar) is isomorphic to either (J,Ay) or
(J, AT).

Proof. Clearly, if (I, Ay) is isomorphic to either (J,Ay) or (J?,A%), then,
(I & I°P, ex, AT) is isomorphic to (J & JP, ex, AF).

In order to prove the converse, assume that ¢: [ & I[P — J @ JP is an
isomorphism preserving the involutions and the gradings. In this situation,
¥ (I) is a proper nontrivial ideal of J & J°. Therefore, ¢ (I) is either J or
J°P. In the first case (I, As) is isomorphic to (J,A;) and in the second case,
it is isomorphic to (J, A%) via ¥;. O

Remark 5.2.10. If we have a group G and an m-tuple v = (g1, ..., gm) € G™,
we denote 771 = (gl_la 797’711) AISO, if M<GatD7’70771) = (Mm(g)vA% we
denote M(G, D, vp,71)? = (M, (D), AP).
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Lemma 5.2.11. Let D be a ZxG-graded-division algebra. Let o = (g1, .-+, Gro)
and Y1 = (Gko+1s - Gkotky)- Lhen M(G, D, vy, 1), as defined in the previ-
ous paragraph, is isomorphic to the graded algebra M(G, DP, ~v; ', v 1. Con-
cretely, if vo and vy, consist on distinct elements modulo T = SuppD and
we have Ky € ZI;OO and ki € Z’;lo, we have that M(G, D, kg, K1, Y0, 71) 18
isomorphic to M(G, D ko, k1,7, 571 ).

Proof. Let
T = ((517 gl)u e <5k0+k179k0+k1))'
With this notation, M(G, D, 70, 71) is the same as (M,,(D), A(G,D

for any homogeneous d € D of degree ¢, the degree of dE; ; is ((d;—0;
Denote

7)) Le,

PAY = ((_617 gl)? Tty (_5k0+k17gk0+k1))-

Since G is an abelian group, the grading, A(G,D,~) is both a grading on
M,,(D) and on M,,(D)?. Thus, (M,,(D)?, A(G,D,7)) is well defined,
and the fact that for any homogeneous d € D of degree t, the degree of
dE; ; is ((—6; + 5j),g,-tgj_1), implies that M(G, D, vy, 71)? is the same as
(M. (D), A(G, D.5)).

Consider:

Y Mp(D)P — M, (D)
dEi,j — dEjﬂ'.
This is clearly an isomorphism of algebras. We just need to check that the
grading on M,, (D) induced by v (i.e., the one given by deg(¢x) = deg(x))

is A(G,D°?,471). This is true due to the fact that G is commutative and
due to the fact that for any homogeneous element d € D, for some t € G,

degdE;; = (=0; — (—6;), gitg; ')
in A(G,D,4) and deg(dE;;) = (0;—0;, g; 't(g; ')™1) in A(G, D?,471). Thus,
(M (D), A(G, D, 4)) = (M (D7), A(G, D7, 471))

~

but since we have 4~ = ((61,9; %), ..., (5ko+k179k_01+k1))v this is isomorphic to
the algebra M (G, D, ;' v h). O

We can summarize all these results in the following theorem:

Theorem 5.2.12. Let (A, ¢, A) be an Q-algebra satisfying (T'1) — (T'4) and
such that (A,A) is not graded simple. Then, there is a (Z X G)-graded-
division simple algebra D, ko, k1 > 0, 79 € G* and v, € G* consisting on
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distinct elements modulo T = Supp D and kg € Z’;OO, and Ky € Z@O such that
(A, @, T) is isomorphic to M(G, D, kg, K1, Y0, 71)*-

Moreover, M(G, D, ko, k1, Y0, 71)" is isomorphic to M(G, D', ky, K7, V5, 71)"
if either:

(1) D is isomorphic to D' as graded algebras and there is g € G such that
=(ko,70) = 9E(ko,Y0) and E(k1,71) = 9=(K1,71)-

(2) D is isomorphic to D'P as graded algebras and there is g € G such that
E(ko,70) = 9E(kg, 70 1) and B(k1,m) = g2(k1, 717,

Proof. This is the result of combining Lemmas [5.2.2] [5.2.5] [5.2.9] and
and Remark (.2.7 O

Case 2: (A, A) is graded simple

In this case, due to [EK13, Theorem 2.6], there is a (Z x G)-graded-division
algebra D and a (Z x G)-graded right D-module V' such that (A, A) is isomor-
phic to Endp (V). As in the previous case, we can assume that the support
of V' is contained in {0,1} x G.

Remark 5.2.13. Given an abelian group G, two G-graded-division algebras
D and D', a G-graded right D-module V', a G-graded right D’-module V'
and g € (G, given an isomorphism of graded algebras vy: D — D’ and an iso-
morphism of graded modules ¥ : V — V9 such that 1, (wd) = 11 (w)o(d)
for all w € V and d € D, there is a unique homomorphism of graded al-
gebras ¥: Endp(V) — Endp/(V') such that ¢ (rw) = ¢ (r)y(w) for all
r € Endp(V) and w € V. Moreover, all isomorphisms between these two
graded algebras can be determined by a choice of a pair (¢, ;) [EK13,
Theorem 2.10]. In this situation, we denote 1) = (1o, 11).

Remark 5.2.14. Sometimes, if we have a group G and G-graded vector space
(V,T), we just denote it by V', and if we have another group H and a group
homomorphism «: G — H, we denote “V = (V, °T').

Denote by 7: Z x G — Zs x G the morphism given by 7(i,g) = (i, 9g),
where i denotes the class of ¢ modulo 2, then "Endp (V) is the same as
End-p("V). Since T' = Supp D is a finite group, it is contained in {0} x G.
Hence, it can be identified with a subgroup of G in a natural way. By doing
so, we can just write D instead of 7D.

In case ¢ is an involution of the algebra Endp (V) such that degp(z) =
(1, g) whenever deg(z) = (—1, g), then ¢ is an involution of the graded algebra
™ Endop (V).
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Definition 5.2.15. Given a group G, a G-graded division algebra D, a G-
graded right D module V', an involution ¢q of the graded algebra D and a
nondegenerate @g-sesquilinear form B: V x V' — D, we denote by (pq, B)
the involution ¢ of Endp (V') which satisfies B(rv, w) = B(v, p(r)w) for every
r € Endp(V), and v,w € V.

Definition 5.2.16. Let D be a G-graded-division algebra and V' a G-graded
right D-module. Let ¢y be an involution of D and B: V x V — D a non-
degenerate hermitian or skew-hermitian ¢g-sesquilinear form. We denote
by End(G, D, V, ¢g, B) the Q-algebra (Endp(V), (po, B), A), where A is the
grading on Endp (V') induced by the gradings on D and V.

Proposition 5.2.17. Let (A, ¢, A) be a triple satisfying (T1)—(T4) such that
(A, A) is graded simple. Then, there ezist a (Z x G)-graded-division algebra
D, a graded right D-module V with support in {0,1} x G, an involution o of
the graded algebra D, such that (D, o) is a simple algebra with involution and
a nondegenerate hermitian or skew-hermitian @g-sesquilinear form B:V X
V' — D such that the induced form B: "V x "V — D is graded of degree (0, g)
for some g € G, such that (A, @, A) is isomorphic to End(Z x G, D, V, g, B).
Any such other pair (¢, B') inducing the same involution on Endp(V') is
of the form (Int(d) o ¢o,dB) where d is a homogeneous element such that
wo(d) = +d and Int(d)(z) = dzd™" for all z € D.

In addition, for every 5-tuple (G, D,V, g, B) consisting on a group G,
a (Z x G)-graded-division algebra D, a graded right D-module V' such that
Supp ™V = {0,1} x G, an involution gy of the graded algebra D, such that
(D, o) is a simple algebra with involution and a nondegenerate hermitian or
skew-hermitian pg-sesquilinear form B:V XV — D such that the induced
form B: ™V x ™V — D is graded of degree (0, g) for some g € G, the graded
algebra with involution End(Z x G,D,V, ¢g, B) satisfies (T'1) — (T4).

Proof. As it was mentioned before, (A, A) is isomorphic to Endp (V) for
some (Z x G)-graded-division algebra and a (Z x G)-graded right D-module
V' with support in {0,1}. (73) implies Supp ™V = {0,1}. Using [EKR22|
Theorem 3.1.] and the fact that ¢ is an involution of " Endp (V') = Endp ("V),
we can show that there is an involution ¢, of the graded algebra D and
a graded nondegenerated hermitian or skew-hermitian ¢y-sesquilinear form
B: "V x™V — D such that B(rv,w) = B(v, ¢(r)w) for all r € Endp (V') and
v,we V.

Since B is graded, there is an element g € G and 7 € Z, such that B has
degree (7, g). In order to prove that the degree of B is (0, g), we will assume
that i = 1 and we will arrive to a contradiction.
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Take an element hy € G such that "V, ), # 0 and take v € Vg,
Clearly v € V(g ,). Since B is nondegenerate, Supp D C {0} x G and it has
degree (I,g), then there is hy € G and w € Vg, such that B(v,w) # 0.
Since Supp V' C {0,1} x G, w € V{1 py). Let v,w, uq, ..., u; be a homogeneous
basis of V' as a D module and let » € Endp(V) be the morphism such
that r(w) = v, r(v) = 0 and r(u;) = 0 for all ¢ € {1,....,k}. Then r is a
homomorphism of degree (—1,hy'h;). Hence, (r) is a homomorphism of
degree (1, hy'hy), which implies that o(r)(w) = 0. Thus:

0+ B, w) = B(r(w),w) = Blw, p(r)(w)) = 0

which leads to a contradiction.

If we have another pair (¢}, B') inducing the same involution on Endqp (V),
due to [EKR22, Theorem 3.1] we get that there is a homogeneous element
d € D such that ¢o(d) = £d and such that (¢y, B') = (Int(d) o g, dB).

In order to prove the second part of the proposition, we take D, ¢y, V'
and B as in the statement. The fact that Endp(V') is a simple algebra with
involution implies that (Endp(V), ) is a simple associative algebra with
involution, the fact that D and V are (Z x G)-graded implies (72) and the
fact that SuppD C {0} x G and Supp ™V = {0, 1} implies (7'3). Therefore,
we just need to prove (T4).

We denote by ¢ the involution (¢, B). We need to prove that deg(p(r)) =
(i, h) whenever deg(r) = (—i,h). Due to the fact that ¢ is an involution of
"Endp(V), it implies that ¢(Endp(V)or) = Endp(V)on for all b € G.
Now, if r € Endp(V)n) for some h € G, due to the fact that ¢ preserves
the grading in " Endp(V), thereis r; € Endp(V)ap) and r—1 € Endp (V) 1)
such that ¢(r) = r; +r_;. We will prove that r; = 0 by contradiction.

Assume that 71 # 0. Then, there is v € Vg ,) for some h; € G such that
0 #w =r(v) € V. Moreover r_;(v) = 0. Therefore, ¢(r)(v) = w. Since B
is a graded form of degree (0, g) of "V, there is hy € G and u € V{y ,) such
that B(u,w) # 0. Using the grading, since r has degree (1, h), then r(u) = 0.
Thus:

0 # B(u,w) = B(u, p(r)(v)) = B(ru,v) =0

which leads to a contradiction with the fact that r; # 0. Therefore, deg(p(r)) =
(=1, h) whenever deg(r) = (1,h). In case deg(r) = (=1, h) for some h € G,
the proof is analogous.
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5.2.2 Associative algebras: the algebraically closed set-
ting

In this section we will assume that [F is an algebraically closed field and G
a commutative group. Our first main results will be the classification up to
isomrphisms of Graded-division algebras with involution whose underlying
algebra with involution is simple. This is obtained in Proposition in
the case where the underlying algebra is simple and in Theorem in
case the underlying algebra is not simple. Then, we will use it in order to
find a classification up to isomorphism of algebras satisfying the properties

(T1) — (T'4) from Section [5.2.1] (see Theorem [5.2.37).

Graded-division algebras

We will start by classifying the G-graded-division simple algebras with invo-
lution and the G-graded-division simple algebras. In order to do so, we will
recall the classification of G-graded-division simple algebras.

Let T be a finite subgroup of G such that char(F) doesn’t divide its
order and let f: T x T" — F be a nondegenerate alternating bicharacter
on 7T, i.e., a map which is multiplicative in each variable and such that
p(t,t) = 1. Since T is alternating and nondegenerate, we can decompose
T = Hy x H x ... x H| x H] for some r € Z- in such way that H, x H]
and H} x H} are orthogonal if i # j, H] and H;' are in duality by 3 for every
i € {1,...,r} and they are cyclic groups of order /;. Choose generators a;, b; of
H! and H/, denote ¢; = B(a;, b;). Then we can endow M,, (F) ®p ... @ M, (F)
with a G-grading given by:

deg(I® .. IX;0I®...01)=aq

and

deg(/®..0IQY,®I®..Q1)=1

where:

L li
Xi=) & "By, and Y; =) Eppu
k=1 k=1
with the indices taken modulo /;. Note that Y; X; = ¢;X;Y;. This is a grading
on My, (F) ® ... @ M, (F) which makes it a graded-division algebra. This
grading induces naturally a grading on M, ..., (F) via the Kronecker product.

Definition 5.2.18. We call the previous graded division algebra a standard
realization of 7" and /.
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Remark 5.2.19. We will usually denote X,, =/ ® .. 0 I X, ®I®..® [,
..... )= XA Xy Xp Xy
for every i € {1,...,r} and iy, ji, ..., 4., j» € Z. We should note that X(l;l =
Xé = 1 for each ¢ € {1,...,r}. Finally, we will note that for t1,t, € T, we
have that Xy, X;, = 8(t1,t2) X, X4, -
The standard realizations of 7" and [ are isomorphic. Therefore, we
will denote a realization as D(T), §), which is a notation well defined up to
isomorphism.

This discussion is in [EK13, Chapter 2]. The following Theorem classifies
all the finite dimensional G-graded-division simple associative algebras.

Theorem 5.2.20 ([EK13]). Let T be a finite abelian group and let F be
an algebraically closed field. There exist a grading on the matrix algebra
M, (F) with support T making M, (F) a graded-division algebra if and only
if char(F) does not divide n and T = 77 x ... x Z} with ly---1, = n. The
isomorphism classes of such gradings are in one to one correspondence with

the isomorphism classes of nondegenerate alternating bicharacters 5: T x
T —TF.

The following result will be interesting;:

Lemma 5.2.21. Let T = Z} x...xZ; be a subgroup of Z:x G with char(F) not
dividing ly - - - I, = n, and a nondegenerate alternating bicharacter 5: T XT —
F, the (Zx GQ)-graded algebra D(T, 3) satisfies D(T, 5)? = D(T, foex) where
ex: T xT — T xT is the map given by ex(t1,t2) = (ta,t1).

Proof. This is due to the fact that T C {0} x G and the fact that due to
Remark [5.2.19] Xy, Xy, = B(t1,t2) Xy, Xy, for every ¢y, € T O

Remark 5.2.22. Given a nondegenerate alternating bicharacter 5: Z§ x Z§ —
I, the fact that for every u,v € Z%, B(u,v) = f(v,u)"! and the fact that its
image is in {41}, implies that § = o ex.

Now, we will start by classifying up to isomorphism the G-graded-simple

graded-division simple algebras with involution. We will start with the case
where the algebra is simple.

Lemma 5.2.23. Let (D, ¢g) be a G-graded-simple graded-division simple
algebras with involution. Then, T = Supp®D is an elementary abelian 2-
group. Moreover, every homogeneous component is one dimensional.

Proof. D, is a division algebra. Therefore, the fact that F is algebraically
closed, implies that D, is one dimensional. Hence, the support is an elemen-
tary abelian 2 group due to [EKR22, Lemma 3.5.]. Moreover the arguments
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at the beginning of [EK13, 2.2.], show that each homogeneous component of
D has dimension 1. ]

Definition 5.2.24. Let T be an elementay abelian 2-subgroup of Z x G,
G:T xT — F a nondegenerate alternating bicharacter and 7: T" — F
a quadratic form on T whose polar form is (3, i.e., such that §(t;,t2) =
T(t1te)7(t1)7(t2). We denote by Di. (T, 5,7) the graded algebra D(T, /)
with the involution given by

d— 1(t)d

for all ¢ € T and d € D;, which is an involution as shown in [EK13| (2.13)].

On the algebra D(T, 3), the transpose is an involution of the graded
algebra (see [EK13), Proposition 2.51]). We denote it as D, (T, 5) and denote
also by 8 the quadratic from for which the involution is given by

d— B(t)d
for every t € T and d € D,.

Proposition 5.2.25. T be an abelian group and B: T x T — F a nonde-
generate alternating bicharacter. Then, D(T, 5) admits an involution if and
only if T' 1s an elementary 2-group. Then, this algebra with involution is of
the form D (T, 3, 7) for a quadratic form 7: T — F. Any involution of
D(T, B) is of the form

X = XXX,

for a uniquelly determined t € T. Moreover, Din (T, 5,71) = Din (T, 5, 72) if
and only if 1 =

Proof. The first part is due to [EK13, Proposition 2.51]. Now, it is clear
that if 71 = 7, then Dy (T, 5, 71) = Din(T, B, 72). Hence, denote by go(()l)
and 3082) the involutions of Dy, (T, 5,71) and Di, (T, 5, 72) respectively and

assume that D, (T, 5,71) = Diny (T, 5, 72). Then, there is an automorphism
¢ of D(T, B) such that

popy) = op. (5.2.1)

Moreover, since the dimension of each homogeneous component of D(T', /3)

is one, there is a map A\: T — F such that ¢(d) = A(s)d for all t € T" and d

homogeneous of degree t. Hence, applying equation (5.2.1)) to an element d
of degree t, we get that 7 (t) = 7(t).

0]

Definition 5.2.26. Let (A, ¢, A) be a G-graded algebra with involution and
t € G\ Supp A an order 2 element. We denote by (A, ¢, A)$*, the G-graded
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algebra (A @& A% ex, A{"), where Af* is a G-grading of algebras given by
deg(x, p(z)) = deg(x) and deg(z, —p(z)) = deg(x)t for all homogeneous
x € A.

The previous grading is well defined as shown in [BGO0S].

Definition 5.2.27. Let T be an elementary abelian 2-group and 7" be a
subgroup of index 2, let t € T\T" be an order 2 element and let 3: T'xT" — F
be an alternating bicharacter. We denote by : T'x T'— F, the bicharacter
given by

B9 (utk, vt) = B(u, v)

for every u,v € T and ky, ks € {0,1}. Moreover, if we denote by 7 a quadratic
form whose polar form is 3, then, we denote by 71: T"— F the map given
by

T (ut*) = r(u)(~1)*

for every k € {0, 1}.

Remark 5.2.28. If T is an elementary abelian 2-subgroup of G, t € G\ T an
order 2 element, §: T x T" — F an alternating bicharacter and 7: T — F
a quadratic form whose polar form is 3, then 71 is a quadratic from whose
polar form is S due to the fact that

Bt (uthr, vt*?) = 7(uv)7(u)7(v)
= ) (= 1) () (1)) (1)
= 7 (ww) 78 (u)7 1 (v).

Remark 5.2.29. Let T be an elementary abelian 2-group and 7" be a subgroup
of index 2, let t € T\ T" be an order 2 element and let 5: 7" x T" — F be an
alternating bicharacter and 7: T" — F a quadratic form whose polar form is
B. The involution on Dy, (17, 5, 7)$* is given by:

d s m(s)d

for every s € T and every homogeneous element d with degree s. Concretely,
the involution on Dy, (T7, §)¢* is given by (X,Y) — (Y, X1).

Proposition 5.2.30. Let T be an elementary abelian 2-group or rank 2m+1
for some m, let t € T be an order 2 element and let T\ and T be two
elementary 2-subgroups of index 2 not containing t. Let p1: Ty X Ty — F and
By Ty x Ty — F be two nondegenerate alternating bicharacters which are
polar forms of two quadratic forms T, To respectively, such that ﬁ{“ = g]

and 71 = 7. Then, Do (T1, B1, 1) = Dy (T, Bo, 7).
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Proof. Denote the underlying algebra with involution in Dy, (T3, 51, 71) as
(D, o). Write

ginv(ThBth)Tg = @ (‘DiHV<T17 617—1)§X>h .

heTs

Then Dy (11, b1, 1)1, with the exchange involution is a G-graded-division
algebra. We claim that the projection ¥ : Dy, (T4, f1, 1), — D given by
(z,y) — x is an algebra isomorphism. In order to show that it is surjective,
we just need to notice that since T' = T} (t), if we have a homogeneous ele-
ment © € Dy (11, B1, 1), either (z, o(x)) € Diny (11, B1, 1)1, OF (2, —p(x)) €
Diny(Th, f1,71)7,- In order to show that it is an isomorphism we just need
to notice that due to dim Dy (T4, 1, 11)1, = |To] = |T1| = dimp(D)
where for a finite group H, we denote by |H| the cardinal of H. Then 1 in-
duces a division grading on D by the group 75, which we denote by A, and
an involution ¢y in such way that ¢ is a homomorphism of graded algebras
with involution.
We take a homogeneous basis {Y} }ner, of (D, @o, Ag) in such way that

Yy, = (Xpge, (= 1) %0 (X)) = X,
where k € {0,1} is such that ht* € Ty (which exists and is unique since
T, and T7 have index 2 over T'). Clearly {Y},}ner, is a basis as in [5.2.19,
We will show that this algebra with involution is Di,y, (T3, B2, 72). Hence,
we need to show that Yy, Yy, = B2(hy, he)Ys,Ys, and we have to show that
@O(Yh) = Tg(h)Yh fOI all hl, hg, h € H
Given hy, hy € T, we have that there are k;, ko such that hit*, hot*2 € T.
Then:
Vi, Y, = (X o0, (_1)k900<Xh1tk1))¢(Xh2tk2> (_1)k900(Xh2t’“2))
= 51(h1tk17 hztk"’)w(Xthkz, (_1)5900(Xh2tk2))w(Xh1tkl7 (_1>k900(Xh1t’€1))
- /Bl(hltkla thkz)YhQth
but
Bu(hat™, hot'?) = B (hyt™, hot*?) = B (hat™ hot*?) = By(ha, o).

Similarly, choosing k € {0, 1} such that ht* € T7, since (Xpu, (—1)* 00 (X))
has degree h, using Remark [5.2.29/and the fact that (X, (—1)¥po( Xk ) has
degree h, it follows that:

20(Yn) = @o(t(Xpes, (=1)F 00 (X))
Y (ex( X, (— ) ©o(Xper))
= 1 ()Y (Xners (—1) 00 (Xper)

(h)Y)

Il
j
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Thus, since
ni(h) = i (ht*) (—1)F = 1) (t*) (—1)" = ma(h)(~1)}(—1)" = m(h),

we have shown that 8 = fs and 7 = 5. Hence, (D, ¢o, Ar,) = Diny (T2, 52, T2).

Finally, the fact that 1 is a homogeneous isomorphism, and the fact that

(1, —1) has degree t in Dy, (77, f1,71)¢" implies that if x is homogeneous of

degree h in Di,y (T3, 2, 72), then (z, po(z)) has degree h and (z, —@po(x)) has
degree ht. Therefore, Dy, (11, f1,71)5" = Diny (1o, B2, T2)5".

]

Theorem 5.2.31. Let T = Z32™ be a subgroup of G and let t € G\'T be an
order 2 element, let 5: T xT — [ be a nondegenerate alternating bicharacter
and 7: T — F a quadratic form whose polar form is B. Then D (T, B, T)5*
1s a graded-division simple algebra with involution such that the underlying
algebra is not simple. Moreover, given a G-graded-division simple algebra
with involution (D, ¢y, A) with D not simple, there is a subgroup T = Z2™ of
G, an order 2 element t € G\'T and a nondegenerate alternating bicharacter
B: T xT — T such that (D, g, A) = Dy (T, B, 7)5*.

Two such algebras, Dy (T, B, 7)5* and Dy (17, 5, T')5F, are isomorphic if
and only if T(t) =T'(t), t =, g = g1 and 711 = 711,

Proof. Denote by g the involution in Dy, (T, 3, 7). Since every homoge-
neous component of Dy, (T, B, 7) has dimension 1, every homogeneous com-
ponent of Dy, (T, 5, 7)$* has dimension 1. Therefore, (x,y) is homogeneous
if and only if x is homogeneous in Dy, (T, 3,7) and y = +¢g(x). Hence,
x and y are invertible. Therefore, (x,y) is invertible, which implies that
Diny (T, B, 7)5* is a graded-division algebra. Moreover, since the underlying
algebra of Dy, (T, 5, 7) is simple, the underlying algebra with involution of
Diny (T, B, 7)§¥, is simple.

Assume that (D, g, A) is a G-graded-division simple algebra with in-
volution such that D is not simple. Then, there is an ideal I such that
(D, o) = (IB1, ex). Thus, we are going to identify (D, pg) and (/B ex).
Since D is a graded division algebra, the support A is a group. Therefore,
we are going to assume that the grading group 7' is the support. The center
of D, Z(D) = F(1,1) @ F(1,—1) is a graded subspace. Thus, deg(1,1) = e
and deg(1l,—1) = t for some t € T. Taking the coarsening by the group
T = T/(t) given by :

where D = Dy @ Dyy. Since the support of A is a 2-group due to Lemma
5.2.23 we can identify T" with a subgroup 7" of T in such way that T =
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T’ % (t), and in this coarsening, the homogeneous components have dimension
2. Now, in this coarsening Z(D). = Z(D). Thus, if we denote e; = (1,0)
and ey = (0,1), the subspaces e;D = I and esD = py(I) are graded, and for
every x € Iy, wo(x) € ¢(I)y. Thus, in I, every homogeneous compontent has
dimension 1, we denote the grading on I by A;. Therefore, for every z € I,
there is a unique y € I such that = + ¢(y) € Dy and multiplying by (1, —1),
it also satisfies that x — ¢(y) € Dyy. We can define an involution ¢y in I by
sending = to y. Identifying D with I @ I°P; A is given by deg(z, po(x)) =
deg(x) and deg(x, —po(x)) = deg(z)t for every homogeneous element z € I.
We are going to show that (I,A;) is a graded-division algebra. Indeed, if
x is a homogeneous element of (I, Aj), (z,@o(z)) is a homogeneous element
of (D,A), which is a graded-division algebra, and this implies that x is
invertible, from which follows that (1, Aj) is a graded division algebra. Hence,
(1,90, A1) = Dy (17, B, 7) for some nondegenerate alternating bicharacter
and a quadratic form 7 whose polar form is 5. Therefore, (D, g, A) is
isomorphic to Dy, (T, 5, 7)¢".

For the isomorphism problem, if T'(t) = T"(t), t = ¢', 1 = 311 and 71 =
7 due to proposition , the algebras are isomorphic. Conversely, given
two such algebras Di, (T, B, 7)§* and Dy, (17, ', 7')5%, if they are isomorphic,
since

{1,t} = Supp Z(Diny (T, B, 7)) = Supp Z(Din (T", B, 7)5F) = {1, '},
it follows that ¢ = t’. Moreover,
T'(t) = Supp Diny (T, B, 7)7* = Supp Do (T", ', 7)i* = T'(1).

Finally, given hy,hy € T, Xp,, X5, € Dine(T, 3, 7) homogeneous of degree
h and ki, ke € {0,1}, if g is the involution in Dy, (T, 5,7) the elements
(Xp,, (DR B(h1)Xp,) and (Xp,, (—1)*2B(hy)X},) have respective degrees
ht* and ht*2. The identity:

(th (_1)k1¢0(Xh1))(Xh2’ (_1)k2900(Xh2))
= B(h1, ha)(Xny, (=1)200(Xny)) (X, (=1)" 00X, ))

holds due to the fact that, as shown in Remark B(hi, hy) = B(hg, hy).
The fact that the homogeneous components have dimension 1, implies that
for any elements x,y of degree hi, hy € D (T, 5, 7)55, zy = B (hy, hy)yx.
Therefore, it follows that Sl = #*l. Finally, Remark implies that
)

]
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Remark 5.2.32. In a standard realization of a 2-elementary abelian subgroup
T of a group G and a nondegenerate alternate bicharacter 3, for each s € T
we denote X as usual. For an order 2 element t € G\ T, if we denote by ¢
the involution of Dy, (T, 3), we denote Yy = (X, (—1)Fp(X,)) for every
s €T and k € {0,1}. Taking a quadratic form 7 whose polar form is 5 such
that y(s) = 7(s) X, for each s € T, clearly, for each s € T(t), Y, = Bl(s)Y,.

Definition 5.2.33. Let T' = Z2™ be a subgroup of G and let t € G\ T
be an order 2 element, let §: T' x T" — [ be a nondegenerate alternating
bicharacter and 7: T' — F a quadratic form whose polar form is 8. Denote
(D, p,A) = Di(T, 5, 7)5*. For an homogeneneous element d, we denote

Dine (T, B, 7,d)¥ = (D, Int(d) o p, A) where Int(d)(z) = ded™" for all z € D.

Proposition 5.2.34. Let T1,T, be two elementary 2-subgroups of G, let t; €
G\ T, fori € {1,2} be two order 2 elements, let f1: Ty x Ty — F and
Bo: Ty x Ty — F be two nondegenerate alternating bicharacter and T, 7
two quadratic forms whose polar forms are B1 and (5. Then, there exists
a homogeneous element d € Dy (11, f1,71) such that Di (11, f1, 11, d);F =

Dinv (T2, B2, 72)55 if and only if Ti(t1) = To(ta), t1 = t2, = i,

Proof. The proof that if there exist a homogeneous element d € D, (T}, f1, 1)
such that Dy, (11, B1, 71, d);F = Ding(T3, B2, 72)5Y then T1(t) = T(ts), t1 =
to, Bgtl] = gﬂ follows in the same way as in Theorem .

Now, in case T} (t;) = Ta(ts), t1 = ta, ﬁt” = gQ], denote 7/: T} — T the
map given by 7'(s) = TQ[tQ](s) for all s € T. Then, due to Theorem it
follows that Diny (1%, B2, T2)5X = Diny(T1, 1, 7'){F.

Denote (D, 1, A1) = Diny (11, B1, 71)5 and (D, 2, Ag) = Diny (11, 1, 7')5F.

There is a homomorphism of graded-algebras:

U: (D, Ay) — (D, A)

induced by (d,0) — (d,0) and (0,d) — (0,71 (t)7’(t)d) for every homogeneous
d € D(Ty, 1) of degree t. This is a well defined morphism of algebras due to
the fact that in the first component it is the identity and in the second it is
the composition of two involutions. It preserves the gradings since it sends
(d,7'(t)d) to (d, 1 (t)d) and (d, —7'(t)d) to (d, —71(t)d) for every homogeneous
d € D(Ty,B1) of degree t. Therefore, (D, pa, Ag) = (D, ¥ o g0 U1 AY).
Finally, the involution W o ¢y o U1 preserves the grading and is given by:

W oy 0 U Hd, £7(t)d) = 7'(t)(d, 71 (t)d)

for every d € D(Ty, ;) of degree t. Due to Proposition [5.2.25 there is
s € T and an element ds; € D(T7, 51) of degree s such that for all ¢ € T" and
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d € D(Ty, 1) of degree t, 7/(t)d = 1 (t)dsdd;'. Thus, there is s € T} such
that ¢ = Int(X,) o (¥ o0 W) which implies that (D, ¥opo W~ A)
®1nV(T17B177—1a )ex U]

Associative algebras

Let D be a G-graded-division algebra with support T"and V' a G-graded right
D-module. Let g be an involution of D and B: V xV — D a nondegenerate
hermitian or skew-hermitian (pg-sesquilinear form such that B: "V x™V — D
is homogeneous of degree (0, g). Due to Proposition and Proposition
5.2.17, we can choose an adequate homogeneous element d € D and changing
@o by Ind(d) o @9 and B by dB, we can assume that D is either of the form
Dinv (T, B) or of the form Dy, (T, B)§*. We write Sgn(B) = 1 if it is hermitian
and Sgn(B) = —1 if it is skew-hermitian. We can decompose V' into isotypic
components as:

V=Vi@.. @V ® Vi1 ® Vign) ® . ® (V, ® Vi)
WG .. oWy &@(W, oW, )&..a (W, eW,) (522)

Such that, each of the isotypic components V;, V/ and V" are isomorphic
to the sum of all the submodules of V isomorphic to D9 for a fixed g € G,
and each of the isotypic components W;, W/ and W/ are isomorphic to the
sum of all the submodules of V isomorphic to D19 for a fixed g € G in such
way that each V; and W; are self-dual by B and each pair V/, V" or W/ and
W!" are in duality. Thus, dimp(V)) = dimp (V") for every i € {mg+1, ..., ko}
and dimyp (W) = dimp(W/) for every j € {my + 1,...,ki}. We can order
each Vi, ..., V,,, such that the first [, have odd dimension and the remaining
even dimension.

We write:

0 0 0 0
ko = (Q§ )7 - q 1(0)7 QQl(O_)t,_p RS 2q7(7937 Q7(n3+17 q1(n())+17 . JqIE;O)7 Qk;o ) Zko (523)

to be the vector with the dimensions of each V;, V; and V;” and

1 1 1 1 1
= (@ a 2000 200 ) 1 d) ) a)) € 2 (5.2.4)

to be the vector with the dimensions of each W;, W/ and W/. Here qgo), e ql((?),

and q%l), e ql(ll) are odd numbers, and write:
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0 0 0 0 0 0 0 k
Yo = (g§ )7 "'7gl(o)agl(0<)pla "'7973(3())797/7(10)-5-179:;50-)1—1’ 792(0)79;6,5 )) S Z>00 (525)
and
1 1 1 1 1 1 1 k
le = (g§ )) ---agl(l)vgl(lj_lu "'797%37921)%»1’9;3111’ 79;(1)792:5 )) € Z’>10 (526>

in such way that SuppV; = gi(o)T, Supp V/ = g;(O)T, Supp V/ = g:-/(o)T,

Supp W; = ggl)T, Supp W/ = gg(l)T and Supp W/ = gg/(l) for each possible
choice of i. The fact that for hy,hy € G, i,57 € {0,1}, v € V;5,) and
w € Vijny, B(v,w) =0 unless i = j and hihag € T, implies that there are
t§”), ...,t,g?,tgl), ...,t,(cll) € T, such that:

0 0 0 0 0 0 0),(0
(1)1 = oo = (580 = GrunrGmy i bapar = - = Gio G T,
1 1 1 1 1 1 1),(1 —
= (g0 = = (D)D) = gV gD O gDy ot

m

Taking ggl(o)tz(o) instead of g;/(o) for every i € {mo + 1, ..., ko} and g;/(l)tZ

1

instead of gll-, , we can assume that vy and ~; satisfy:

(g§0))2t(10) S — (0))275(0) _ g/(o)ﬂgu(o)ﬂ R 912(0) gg(m
mo mo mo mo 0 0
= ()0 = = (GO0 = g g = =g ah =97t (527)

Notice that the elements

75(0) +(0) t(l) +D)

1 9 mo’ 1 9 mi

and (0) ) (1) 1)
(0 11(0 (1 (1
gm0+17"'7gk0 7gm1+17 "'7gk1 )

are determined by

0 0 0 1 1 1
gi )7 "'797(72())797/7(10)+17 7g;<;(0)7g§ )7 "'7g%27g;£“)+17 "‘792(1)7

and g.

Definition 5.2.35. Let 7" be an elementary 2-subgroup of Z x G and 3: T" X
T' — F a nondegenerate alternating bicharacter. Let kg, k1, 70, 71 and

g € G be as in (5.2.3), (5.2.4), (5.2.5) and (5.2.6) satisfying (5.2.7) and let
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d = 1. We denote T' = T" and define M(G, T, 3, ko, K1, Y0, 71,90, g) as the
graded algebra M(G, Dy (T, B), ko, K1, Y0,71) With the involution given by
©(X) = &' X'® where @ is the matrix given in the following block-diagonal
form:

0=S i e X 3 s ®X0>@Z<5Im> 3

i=lg+1

@Zlu)@Xu)@ Z sWi® X0 @ Z (61(1) “ ) (5.2.8)

i=l1+1 my+1
. 0 0 0 Lo -
where for i € {lp+1,...,mo}, S; ' =1 o or S}’ = %) we write
v 2q; v —quo) 0
sgn(Si(O)) = 1 in the first case and sgn(Sl(O)) = —1 in the second case, and

o ~ (1) (1) 0 Lo
similarly, for ¢ € {1 +1,...,m1}, S;/ =1 o or S;/ = %1 and
¢ 2q; ¢ —qu) 0

we write Sgn(SZ-(l)) = 1 in the first case and sgn(Sz(l)) = —1 in the second
case. All this subject to:

§=Bt") = .. = BtY) =sen(S\1)BH,) = ... = sgn(SL)B(EY)
= <t§1>—...:ﬂ<t§3’>:sgnwffil)ﬂ(t;in— .= sgn(S)B(LM)
(5.2.9)

(recall that § is the quadratic form defined as in Definition . With the
same notation, for an order 2 element ¢t € G \ T, we denote T' = T"(t) and
define M(G,T',t, B, ko, K1, %0, 71,0, g) to be M(G, D (T7, B)$*, Ko, K1, Y0, V1)
with the involution given by the expression (X ) = & lex(X)!'® where ex
is applied componentwise and ® is the matrix given in the following block-
diagonal form:

¢ = ZI«»@Y(O)@ZS()®Y<0>@Z(6[ O)

i=lp+1 mo—+1

ZI (1) ®Y(1) b Z S ®Y(1) &) Z (51 " i ) (5.2.10)

i=l1+1 mi+1
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K qu K3 _Iq(()) 0

write sgn(Si(O)) = 1 in the first case and sgn(Si(O)) = —1 in the second case,

. . (1) (1) 0 [ €]
and similarly, for i € {l; +1,....m1}, S;”" =1, o) or S;”/ = %"
i 2, i —Iq(l) 0

and we write sgn(Si(l)) = 1 in the first case and sgn(Si(l)) = —1 in the second
case. All this subject to:

6= U(") = .. = BU(1)) = sen(Si) )8 (Hih) = .. = sen(SENAY(ED)
= BU(Y) = . = BU(E) = sen(S12)BY (1) = - = sen(SH) B
(5.2.11)

Proposition 5.2.36. Over an algebraically closed field F, with the notation
of this section:

(1) In case (D, @q) is isomorphic to Dy (T, B), the graded algebra with in-
volution End(G, D, V, @, B) is isomorphic to M(G,T", 3, ko, K1, Y0, 71,0, G)

with Ko, K1, Y0, 71 and g € G as in (5.2.3), (5.2.4), (5.2.5) and (5.2.6))
and § = sgn(B).

(2) In case (D, @) is isomorphic to Dy (T", 5)$*, the graded algebra with
involution End(G, D, V, o, B) is isomorphic to M(G,T", t, 8, ko, K1, Y0, 71,9, G)
with Ko, K1, Y0, 71 and g € G as in (5.2.3), (5.2.4), (5.2.5) and
and § = sgn(B). Moreover, with the same choice of D,V and ¢y, we
can choose B so that sgn(B) = 1.

Proof. We will abuse of the notation and denote ¥ just by 3, in case
(D, o) is isomorphic to Dy, (17, 5)5, in order to work with (1) and (2)
at the same time. Also, for every s € T, we will denote Z, = X, in case
(D, ¢p) is isomorphic to Dy, (T, ), and Z; = Y5 in case it is isomorphic to
Diny(T", B)§*. As shown, in [EK13| (2.19)], after taking a basis {vy, ..., v, } of
V', the involution ¢ of End(G, D, V, ¢y, B), can be written in matrix form as
0(X) = & po(X)'®, where the coordinate 4,5 of ® is B(v;,v;). Thus, in
order to prove the proposition, we just need to find the right homogeneous
basis.

For i € {1,...mg} and j € {1,...,m;}, denote in each case V; = V.o

and Wj = Vg(_l). Thus, we can identify V; with V., ® D and W; with Wj ®D.

J
Then, we have:
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B(u,v) = B (u,v)Z ) for all u,v €V,

t;

B(u,v) = BJ(.l)(u,v)Ztg) for all u,v € W,

Where Bi(o): Vi x V. - F and BZ-(l): W, x W; — F are nondegenerate
bilinear forms. The fact that B is hermitian or skew-hermitian implies that
B( ) is symmetric if sgn(B) 64 (t(o) ), in which case, we can take a basis such

that the matrix of B with respect to this basis is I

B( ) is skew-symmetric if sgn(B) = —p (t(o)) in which case, the dimension of
V,; is even, so we denote 2k; = dimp(V/;) we can take a basis of V; such that
0 I
—Ix, 0O
Now, for each i€ {mo +1,...,ko} and j € {mi+1,....k}, we denote
V V/(o), V‘ V//(o), W V/u) and W Vg/_/(l). Hence, we can identify,

V/ with V, @ D, V/ with V| ® 9), w) with W, ® D and V" with W, @ D.
Then, in a smrular way as before, We_h/ave _tllllat there are nondegenerate
pairings B ©), V X V — [F and B(1 W, x W, — F such that:

dimp

(v,)» or it implies that

the matrix of B . . Similarly, we can do with each B](-l).

B(u,v) = B (u, )Z(o) for all w € V; and v € V,
B(u,v) = BV (u, )Z(1> for alluEW andvEW

Thus, we can take a basis of V; and a dual basis of V;/ and similarly, take
a basis for W; and a dual basis of W;/. Ordering the basis of each subspace
as in , we can write the algebra in matrix form and get the result.

Finally, if (D, ¢y) is isomorphic to Dy, (17, 5)§* and sgn(B) = —1, due to

Proposition [5.2.17]
End(G,D,V, ¢y, B) = End(G, D, V,Int((1,—1)) o ¢, (1,—1)B)
but Int(1, —1) o ¢g = ¢o and sgn((1,—-1)B) = 1. O

Theorem 5.2.37. Let (A, p,T') be an Q-algebra satisfying (T1) — (T4) over
an algebraically closed field F. Then, one of the following holds:

(1) There is an elementary 2-subgroup T' of G, a nondegenerate alternating
bicharacter 3: TxT — T, ko, k1 > 0, 79 € G* and v, € G* consisting
on distinct elements modulo T, ro € Z%, and rx, € Z% such that
(A, 0, ') ZM(G,D(T, B), Ko, K1, Yo, 71)*-
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(2) There are, an elementary 2-subgroup T of G, a nondegenerate alter-
nating bicharacter B: T x T — F, ko, k1, Y, 11 and g € G as in
(5.2.3), (5.2.4), (5.2.5) and and 6 = x1 such that we have the
isomorphism (A, p,T') = M(G, T, B, ko, K1, %0, 71,6, 9)-

(8) There are, an elementary 2-subgroup T of G, a nondegenerate alternat-
ing bicharacter B: T x T — F, an order 2 element t € G\ T, ko, K1,
Y0, 71 and g € G as in (5.2.3), (5.2.4), (5.2.5) and such that
(A, o, T') = M(G,T, 5, t, ko, k1,7, 71, 1, 9)-

Moreover, the algebras on each item are non isomorphic and:

(7') M(G7 ®(T7 ﬁ)? Ko, K1, 70, 71)6X = M(G7 ®<T,7 ﬁ,)7 Ké}u "{‘,17 767 71)6)( Zf and
only if either:

(a) T =T, B =p" and there is g € G such that Z(ko, v0) = 9=(K§, V0)
and Z(k1,m1) = g=(k1,71) or

(b)) T =T, 5 = § and there is g € G such that Z(ko,v) =
9= (k.0 1) and E(k1,m) = g=(k1 7).

(”) M(G7T767/€0’/€17707717659) = M(GaTlvﬁla5675/1?7677{75/79,) Zf and
only if T =T, p = p', § = & and there is ¢" € G such that
Z(k0,70) = 9"Z(kp;70)s E(k1,m) = g"=(K), 1) and g = g'g"".

(7'”) M(Ga T767t7 Ko, K1, 705, 715 179) = M(G;Tlaﬁlatla K’éja ’%,17767717 179/) Zfand
only if T(t) = T'{t"), t = t', B = Bl and there is ¢" € G such that
Z(k0,70) = 9"Z(kp;70), E(k1,m) = 9"Z(K1,71) and g = g'g"".

Proof. Let’s prove the first part. In order to do so, assume that (A, p,T') is
an (-algebra satisfying (7'1) — (74) over an algebraically closed field F. In
case (A, p,I') is not graded simple, Theorems |5.2.12| and [5.2.20] imply (1). In
case A is simple, due to Proposition [5.2.36 we get (2) and (3).

In order to prove the second part, the algebras on each item are not
isomorphic since in (1), (A,T") is not graded-simple, in (2), A is simple,
hence (A, T") is graded-simple and in (3) (A,I") is graded simple but A is not
simple. Hence, let’s prove item by item:

(i) This is a consequence again of Theorems [5.2.12} [5.2.20| together with
Lemma [5.2.21] and Remark [5.2.221

(ii) Let D, V, o and B be such that the isomorphism End(G, D,V ¢y, B) =
M(G, T, B, ko, K1,%,71,0,9) holds. f T'=T", 5= ', § = ¢ and there
is ¢" € G such that E(ko,%) = 9=(kg,70), E(k1,m) = g=(k1,71)
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and ¢ = ¢’¢”~'. Then, by the construction, shown before, it follows

End(G, D, V09 o) B) = M(G, T, B, kb, k), 7,7, 8, ¢') and it also
follows , End(G, D, V, o, B) = End(G, D, V109 »y B) via the iso-
morphism induced by (idp,idy ). The converse is just a consequence of
[EK13], Theorem 2.64] since here we are considering a subgroup of the
automorphisms in the theorem mentioned before.

(iii) If T(t) = T'('), t = ¢/, B = Bl and there is ¢" € G such that
E(k0:70) = 9= (Ko, 70)s E(k1,m) = g=(K,71) and g = ¢'g""", the prove
is as before.

For the converse, Let D, V', ¢ and B be such that End(G, D, V, ¢y, B) =
M(G, T, B, ko, k1,70, 71, 1,g9). Due to [EK13, Theorem 2.10], the pair
(D,V) is determined up to isomorphism by the grading on the Q-
algebra M(G, T, 5, ko, k1,70, 71, 1, g) and a shift on the grading of V' by
an element (0,¢”) € Z x G . Due to Proposition the sesquilin-
ear form B is determided up to one homogeneous element of the cen-
ter of the algebra Endp (V) by the involution of End(G,D,V, ¢g, B)
and the choice of ¢g. The restriction sgn(B) = 1, implies that it is
uniquely determined by scalar. Therefore, the decomposition (|5.2.2))
is determined up to a permutation of Vi,...,V,,,, a permutation of

Vioi1s Vino 1 -+ Vi Ve Preserving the pairing of the V' and V/, a

permutation of Wi,...,W,, , and a permutation of W ., W/ ., ...

, Wi, Wi preserving the pairing of the V/ and V. If we shift the

grading on V by (0, ¢"), the degree of [ B changes to (0, g¢”~"). Thus,

the elements the elements tgo), ...,t&%,t@, ...,t%i are uniquely deter-
mined by B since the equation is invariant under these shifts
and any changes of the elements g§0), ...,gﬁ,g()),ggl), ...,gﬁz by other el-
ements on their cosets (since 7' is an elementary 2-group). There-
fore, this argument together with Theorem |5.2.31] implies that in case
M(G, T, B,t, ko, k1,70, 71, L, ¢') = M(G, T", 5, t', kg, K, Y6, 71, 1, ¢'), then
Tty = T/, t = t', pll = Bl and there is ¢” € G such that

7 1n—1

E(k0,7) = 9=(K0, V6)s E(k1,m) = g2(k,71) and g = ¢'yg
O

Definition 5.2.38. Denote by 7 and m, the projection of Z x G on Z and on
G respectively. Let (A, ¢, A) be an Q-algebra satisfying (7'1) — (7T'4). Denote
TATA=A1 B0 A) DA and W = W(A, p,™ A). Recall that as shown
in Remark that 2A(W) = A_1A; @ Ay Then, due to Proposition m
and Theorem the grading ™A induces a grading on (W) given by
deg(a) = g for every a € A(1,4) @ (A(o,g) N (A-1A1)). We denote this graded
algebra GrA (A, ¢, A).
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Examples 5.2.39. We are going to study the grading on the graded algebra
GrA(M(G,T, B, ko, k1,7, 71, 6, g)) for different choices of G, T, 3, ko, K1, Y0, V1, 0
and g.

(1)

It T = {e}, vo(1,1), k1 = (2), % = (02, &), m = (¢V), § = 1 and
the relations are:

(6?2 = (¢)? = (9M)? = g,

this is the model of algebra given in Example|4.2.21|with &5 =

10
0 1
®,. In this case, on W there are two graded subspaces which are the

subspace:
AB
W gy = {(0 (0 0)) R F}

whose elements have degree g§0) (g™") and the subspace:

W 00yt = {(0 (g g)) P ]F} (5.2.12)

whose elements have degree géo) (gM)). Moreover, since g§0) # géo) it

follows that their degrees are different. Notice that with the choice of
x1, 2 and x3 choosen in Example [£.3.16] in this case, choosing the skew

symmetric element
0 1
(5 D). 52

the elements xq, sxy, (2 +x3), s(xa+x3), (r2 —x3) and s(zy — x3) are
all homogeneous and they span M.

T = {6}, ko = (171)7 k1 = (L 1)7 Yo = ( §0)79é0)>a M1 = (g/(1)7g//(1))7
6 = 1 and the relations are:

9")" = (@) = 99" =g

this is the model of algebra given in Example 4.2.21| with &y = ((1) [1))

01

and (I)l = (1 0

). In this case, the subspace of W:

w{(o(3 D) nser) e
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is a graded subspace whose elements have degrees ¢\” (¢’ ()=t or g (g"~1,

and the subspace
w{(0 (0 D)) mses) e

is a graded subspace whose elements have degrees ¢\” (¢ ()=t or a0 )=t

Since ¢\ # ¢i” and ¢@ # ¢"@) the degrees of the elements in W,
are different to the degrees of the elements in Ws. Thus, every homo-
geneous element is is Wy or W,.

We can choose the element:

(G 0))

to be a choice of skew-symmetric element such that s> = 1 and choose

1, T2, T3 as in Example [4.3.16, We denote e, = (14 (0s)) for o = =+.

We can check that the elements x1, szq, e;xy Fe_z3 and e_xy e x5
are homogeneous.

(3) If T = {6}7 Ro = (L 1)7 R1 = (17 1)a Yo = (g/(0)7g”(0))7 "= (g§1)7gél)),
6 = 1 and the relations are:

this is the model of algebra given in Example 4.2.21| with &, = <(1) (1)>

10

and &; = (O 1

>. In this model, we can choose:

S (CRIE)

as a skew-symmetric element whose square is 1. This element has
degree e. Therefore, if we denote e, = 3(1+ os) with o = £, we have

that:
10 0 0
o= ((0 o)) mae-=((5 1)),

and the subspaces W, = e, W are graded subspaces. More concretely,
these subspaces are the following:
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{02 ) o)
{0 ) s}

Now, since g\ # g{") we have that the degree of (0, By ;) is g¢© (g1
which is different to the degree of (0, F ) which is ¢'@(g5”)~1 and we
have that the degree of (0, Ey ;) is ¢"(© (g%l))_1 different to the degree
of (0, Bs) which is ¢"© (g{")~1.

With the choice of x1, 29 and x3 from Example 4.3.16| we have that
e xy,e_wy, ey (g + x3),e_(x9 + 3), €4 (v — x3) and e_(zy — x3) are
homogeneous.

If T = {e}, ko = (1,1), k1 = (1,1), 50 = (¢, ¢"®), 1 = (91", 68"),
6 = 1 and the relations are:

g0g"0 = (giV)? = (¢iV)? = g,

this is the model of algebra given in Example|4.2.21{with &5 = ((1) (1)) =

®;. In this model, as before, we can choose:

= 5)0)

as a skew-symmetric element whose square is 1. This element has
degree e and if we denote e, = %(1 + os) with o = £, we have that:

() ()0

and the subspaces W, = e, W are graded subspaces and they are the

{02 ) o)
{0 et

and
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(5) IfT = {6}7 Ro = (2)7 R1 = (Ll)? Yo = (9(0)>, Y1 = (gg)?gél))? 0=1
and the relations are:

(g2 = (¢i")? = (68))* = g,

this is the model of algebra given in Examplel4.2.21|with &, =

10
0 1)
®,. In this case with the choice of x1, x9, x3 from Example and
choosing s to be the element

()

which is a skew-symmetric element whose square is 1, we can check that
x1, 871, (xe + x3), (r3 — 3), S(7e + x3) and s(zy — x3) are homogeneous
elements .

(6) T = {6}7 Ro = (171)7 R1 = (Ll)a Yo (g§O)>g§ ))7 Y= (gg)?gél))?
6 = 1 and the relations are:

(917) = (") = (91")* = ()" = .
this is the model of algebra given in Examplel4.2.21|with &, = <(1) (D =
®,. With this model we have that
Supp< ) ={91"(g “>> Lo (@) g () e (95 )

Since g1 7& g ) and g1 7é gél), it follows that this set has cardinal 4
unless either:

g (@) =g () (5.2.16)
or
0 1 0
g§ g =g (") (5.2.17)

but (5.2.16) and (5.2.17) are equivalent since g{” (¢\?)~1 = ¢{” (g1,
() U T = Z%, Ko = (2), k1= (2), 7(g), 71(¢™M), 6 = 1 and relations
(P10 = (g0 =

then, this is the model from Example 4.2.23| with (D, —) isomorphic to
(My(FF), *), dy = X0 and d; = X,a). The graded subspaces of W of degree
t are the subspaces of the form (0, d) with d € D of degree (¢(®)~'tg™.
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5.2.3 Non structurable gradings

In this subsection, we are going to consider the split quartic Cayley algebra
(A, —), over an algebraically closed field F. Our purpose will be to classify up
to isomorphism the gradings of (A, — ) which are not gradings of (A, —,T})
for any structurable grading I';. This will be completed in Proposition [5.2.52]
We fix a primitive cubic root of the unity (. We are going to use the notation
of (denote the subspaces 8(A, — ), H(A, —), K(A, —) and M(A, —)
as 8, H, K and M respectively), and denote by I'; for i € {1,2,3} the struc-
turable gradings defined in Corollary [£.3.14] Our purpose is to classify up to
isomorphism the gradings on (A, —) which are not gradings on (A, —,T%)
for any 7 € {1,2,3}.

Fix s € 8 such that s> = 1 and define p, € Endg(M) by ps(m) = sm for
every m € M. Due to Lemma it follows that:

p2 = idy. (5.2.18)

Therefore, p, has eigenvalues 41, which implies that there is a vector
space decomposition:

M=M,;e&M_ (5.2.19)

where M, = {m € M | ps(m) = om} for o0 = +.
Remark 5.2.40. We can notice that

M, = %(1 + (0s))M

for 0 = £. Moreover, we can check that both subspaces are nonzero since
1
0# 51+ (05)mn

for o = . We denote e, = 1(1+s) and e_ = 1(1—s). They satisfy e, = e_,

€. =e4, el =ey,e2 =e_andeye. =0=c_e,.

Lemma 5.2.41 ([BD23]). For a G-grading ', deg(s) = e if and only if M,
and M_ are graded subspaces.

Proof. In case deg(s) = e, the homomorphisms m — (1 + s)m are homo-
morphisms of degree e. Hence, since M, and M_ are the images, they are
graded.

Conversely, if M, and M_ are graded. Pick 0 # m € M,. Then,
deg(m) = deg(sm) = deg(s) deg(m), which implies that deg(s) = e. O
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We denote by b: M x M — F the bilinear form which satisfies xy =
b(xz,y)1 + As +m for some A € F and m € M. This is well defined due to

and (T33).

Lemma 5.2.42 ([BD23|). For any G-grading on A, b is a nondegenerate
homogeneous bilinear form of degree e.

Proof. In order to show that b is nondegenerate, we take 0 # m € M and we
are going to show that there is an element m’ such that b(m,m’) # 0. Take
r1,19,73 € K such that m = riz; 4+ roxg + r3xs. Without loss of generality,
assume that r; # 0 (otherwise, after applying a homomorphism of the form
7 as in Corollary We are in this case). Since 7y is either a zero divisor
or an invertible element, then, either r; = Be, for f € F* and ¢ = + or
rim1 = P1 for § € F*. In the first case, b(m,2e_,x1) = § and in the second
case b(m,rz1) = f.
b is homogeneous of degree e, due to the fact that F1 is a subspace of A,
and that 8 @ M is a graded subspace.
]

Now we are going to define two gradings on (A,T").

Definition 5.2.43. Let (A, — ) be a split quartic Cayley algebra. Let g1, 92 €
G be such that g} = e = g5. We denote by ['§q(G,91,92) the grading
induced by deg(s) = e, deg(e (z1+Cra+(?23)) = g1 and deg(e, (x1 + Py +
(x3)) = go-

The previous grading is well defined due to the fact that there are two
commuting automorphisms of order 3, ¢% o Or((C%ey + Ce_, (Pey + Ce_),id)
and ¢fo0p((Ces +Ce_, (*ey +Ce_),id), where o is the permutation (1,2, 3),
7 is the permutation (1, 3,2), and € is defined as in Lemma

Definition 5.2.44. Let (A, —) be a split quartic Cayley algebra. Let g €
G be an order 3 element and h € G an order 2 element. We denote by
I'3qc(G, h, g) the grading induced by deg(s) = h and deg(z; +({xzo+(Px3) = g

The previous grading is well defined due to the fact that there are two
commuting automorphisms, the order 3 automorphism g, where o is the
permutation (1,2,3), and the order 2 automorphism 6r((1,1), — ), where 6
is defined as in Lemma 5.1.121

Lemma 5.2.45. Let (A, —) be a split quartic Cayley algebra. Let T be a
grading such that deg(s) = e. If e,x; is homogeneous for some o = + and
i €{1,2,3}, then I is a grading of (A, —,T}).
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Proof. This result is part of the proof [BD23, Theorem 3]. Here we give a
proof for completeness.

Since we can apply the automorphisms ¢” for some 7 € Sym,; and
Or(1,1, —) (with the notation of Lemma [5.1.12), we can assume that ¢ = 1
and 0 = +. Denote p(z) = bleyxy,x). kerp "NM_ = Fe_xo @ Fe_x3 is a
graded subspace due to Lemma [5.2.41 and Lemma [5.2.42]

Since M_ is a graded subspace, there should be a homogeneous element
of the form = = e_(z1 + Aoxo + Agxs) with Ay, A3 € F. We can divide the
proof into three parts:

(1) In case Ay = 0 = A3, e_x; is homogeneous and this implies as before
that Fe zs ®Fe, x3 is a graded subspace, which, together with the fact
that Fe_xo @ Fe_x3 is a graded subspace, implies that ' is a grading
of (.A, - ,Fl).

(2) If 0 # Ao, A3, since b(e,xy,z) # 0 and b(z? x) # 0, Lemma [5.2.42

implies that e, z; and z? have the same degree. Therefore,

1
5272 — )\2)\3€+131 = €+(>\3.T2 + )\2133)

is homogeneous, and it follows that the element
(e4(N3my + Xow3))? = 2\ Aze 1y

is homogeneous. Arguing as in (1), it implies that I' is a grading of
(‘Av B Fl)

(3) If Ag # 0 but A3 = 0, then, 5-2% = e, a3 and 5-7%(ey21) = e_x, are
homogeneous. Since M, is a graded subspace and the elements e, x;
and e, x3 are homogeneous, there should be a homogeneous element
w = ey (11 + xo + B3x3) with £y, B3 € F. Now, w(eyxs) — fre_xe =
e_x; is homogeneous and, as in (1) I' is a grading of (A, —,T'1).

O

Remark 5.2.46. If {i,7,k} = {1,2,3}, 0 = £ and \;, \; € F*, then [e, (N\iz; +
Nizj)]? = 2\i\je_,xp. Therefore, Lemma , implies that if ' is a grading
of the split quartic Cayley algebra (A, — ) but not of (A, —,T';) for some i €
{1,2,3}, then, if e, (A;21+Aox2+A3x3) is homogeneous for some Ay, Ao, A3 € F
and o = &4, it implies that A\;, Ay and A3 are nonzero.
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Proposition 5.2.47. Let (A, —) be the split quartic Cayley algebra over an
algebraically closed field F. Let T’ be a G-grading of (A, —) with deg(s) = e,
which is not a grading for (A, —,T;) for any i € {1,2,3}. Then there are
two different elements g1,9o € G satisfying g3 = e = g3, such that T =
FéQC(Gv g1, 92)-

Proof. This result is part of [BD23, Theorem 3]. Here we give a proof for
completeness.

Since M, is a graded subspaces of A, take a homogeneous element x =
e (A1 4+ Aaxo+ Az3x3). Due to Remark A1, A2, A3 are nonzero. There-
fore, we can assume that \;A\;A3 = 1. Take another homogeneous element
y = er(Bix1 + Poxa + PBsxg) with By, 5y, 83 € F and 18283 = 1 in such
way that degx # degy. This should exist, otherwise it would be in con-
tradiction with Lemma [5.2.45] Denote ¢g; = degx and go = degy. After a
simple computation, we can check that (z%)? = 8z and (y?)?> = 8y. There-
fore, g3 = g3 = e. Thus, degz® = g;' and degy? = g, . Additionally,
since g1g2 # e # gigo, it follows that b(z,y?) = 0 = b(y, z?), which after
computing it, we get:

AA2B3 4+ A3 B1 + AsA1 B2 = 0 = B152A3 + B2fB3A1 + B3S1 2. (5.2.20)

Moreover, the fact that gig, # g7 and g192 # g5, we deduce that x? #
ry # y%. Since

ry = e_[(A2fs + A3f2)x1 + (M Bs + Asfl)xa + (A1 + fa1)xs),

using (5.2.20)), we get that
zy = e (=AA3BiA 111 — MAsfaAy T re — A Ao Bsg ).

The product of the coefficients is —1. Therefore, if we put 2/ = —zy, we
have (2"2)? = 8z'. Hence, for z = 32/, it follows that 2? = 42’ and (2?)? =
42"% = 8(32"*) = 8z. Then, the map sending = — e; (21 + Cxo + (Px3), y >
er(z1+ oy + Cx3) and z — ey (r1 + 22 + x3), extends to an automorphism.
So the grading is isomorphic to I§o(G, g1, g2). The fact that g; # g, implies
that g1, g» and (g1g2)~" are different, otherwise if for example g; = (g1g2) 7},
this would imply that e = g1g2 = g1g, *, a contradiction. Thus, since g1, g
and (g1g2)~! are different, the grading is not a grading of the algebra with
any structurable grading. O

Lemma 5.2.48. Let (A, —) be a split quartic Cayley algebra. Let T be a
grading such that deg(s) = h for an element of order 2. If rz; is homogeneous
for some 0 #r € X, and i € {1,2,3}, then ' is a grading of (A, —,T).
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Proof. This result is part of the proof of [BD23, Theorem 3]. Here we give a
proof for completeness.

Assume that rx; is homogeneous. Since deg(rz;) # deg(s(rz;)), it follows
that  is not in Fe, UFe_. Then, Kx; = F(rz;)®Fs(rz;) is a graded subspace.
Now, since

{r e M(A, —) | b(z,Kz;) =0} = Ka; & Ky,

for {7, 7, k} = {1,2, 3}, then Lemma|5.2.42{implies that Kz, &Kz}, is a graded
subspace. Thus, I is a grading of (A, —, 7). O

Lemma 5.2.49. Let (A, —) be a split quartic Cayley algebra. Let T' be a
grading such that deg(s) = h for an element of order 2. If ryx; + r;x; is
homogeneous for 0 # r;,r; € K, and 1,5 € {1,2,3} with i # j, then T is a
grading of (A, —,T'x) for some k € {1,2,3}.

Proof. This result is part of [BD23, Theorem 3]. Here we give a proof for
completeness.

Without loss of generality, assume that x = ryx; + 729 is homogeneous of
degree g. Then, since the projection of z* on M is 2(7173)x3, Lemma
implies that either I' is a grading of (A, —,I'3) or rire = 0.

In case r11ry = 0, since the only divisors of zero in K are scalar multiples
of e, and e_, we can assume that there are A\, Ay € F* such that z =
Aerx1 + Age_x9 is homogeneous. Notice that ey 2 = )\1_16+I € Xz and in
an analogous way, e_xy € K.

Now, sz = Aje;x; — Age_xo is another homogeneous element of degree
gh. Define p,(w) = b(z,w) for every w € M(A, — ) and define @, similarly.
The subspace

ker p, Nker v, = {Xeyxy + Pe_xg +tag | N\, f€F, teX}

is a graded subspace due to Lemma|5.2.42, Hence, there should be 3, 8, € F
and t € K\ {0} such that

y = Presxy + Bre_xp + tas
is homogeneous. Moreover,
sy = Presxy — Boe_xo + Stxs.

Since
2y = Aoteyxy + \ite_xo,

Lemmal5.2.48 implies that either ¢ is invertible or I is a grading of (A, —, %)
for some k = 1,2 (otherwise either te; = 0 or te_ = 0). Since b(y,y) = tt,
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Lemma implies that deg(y)? = e. Moreover, since 0 # zy € Kz and
the elements x and sx have different degrees, we get that either zy € Fux
or vy € Fsz. Therefore, we deduce that either deg(y) = e or deg(sy) =
e. Without loss of generality, we can assume that deg(y) = e. Since the
projection of y? on M is

2Pste a1 + 2B1te_wy € Feypxy ® Fe_xzy C Ka,

the fact that y has degree e implies that either deg(x) = e or deg(sz) = e.
We will assume that deg(x) = e, otherwise the proof is analogous. In this
case, either
z=1Y— Hy= txs
A
is homogeneous, in which case Lemmal5.2.48|implies that either I is a grading
of (A, —,T3), or there is § € F* such that

A

z=y— /\—lxzde,xg—i-ta:g,

in which case 22 = tt + 2dte,x; # 0 is homogeneous. This implies, that

its projection to M(A, — ), which is 2dte, z; is homogeneous, which, due to
Lemma [5.2.48 implies that I" is a grading of (A, —,T';). O

Remark 5.2.50. For an element r € XK, since there is A € F such that r7 = A1,
we can take a choice of v\, and denote v/rF = vAl. Whenever we write
V7 we assume that we have chosen a square root of \.

Proposition 5.2.51. Let (A, —) be the split quartic Cayley algebra over an
algebraically closed field F. Let T be a G-grading of (A, —) with deg(s) = h,
which is not a grading for (A, — 1) for any i € {1,2,3}. Then there is an
order 3 elements g € G such that T' = F%QC(G, h,g).

Proof. This result is part of [BD23, Theorem 3]. Here we give a proof for
completeness.

Let x = ryx; 4+ roxe + r3x3 be a homogeneous element of I'. Denote
Y = ToT3x1 + T1T3x9 + T1T2x3. Yy is the projection of %x2 on M(A, —). Thus,
it is also homogeneous.

We can show by contradiction that there is ¢ € {1,2,3} such that r; is
invertible. Indeed, assume rq,79,r3 are zero divisors, then since deg(y) #
deg(sy), by Lemmas [5.2.48 and [5.2.49| there are a,b,c € F* and ¢ = £ such
that up to a permutation of the indices, r; = ae,, ro = be,, r3 = ce_,.
Thus, y = abe_,x3. This is a contradiction with Lemma [5.2.48 Moreover,
if {i,7,k} = {1,2,3}, r; is invertible but r; and r, are divisors of zero, we
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can get a contradiction as before taking vy instead of z. Finally, if r;,r;
are invertible but r; is a divisor of zero, we get a contradiction taking the
projection of %y2 in M(A, —). Thus, r,7rs and r3 are invertible.

Denote 6, = GF(\/%—WTT, \/%7767 id) (where O is the morphism defined
in Lemma thus, there is an isomorphic gradings in which 6;(z) is
homogeneous of the same degree and thus, we can assume that r; and ry are
scalars. If deg(z) = g, since projya, —y((Projyea, —y(2%))?) = 8(r17273) and
the elements x and sz are homogeneous of different degrees, after multiplying
by a suitable scalar, we can assume that either rirorg = 1 or rirorg = s. In
the first case r3 € F and ¢*> = e. In the second case, (gh)®> = e and we
can replace x by sz to assume that ¢ = e. Using the previous argument, if
we take a homogeneous basis of M of the form {y1, sy1, y2, sy2, y3, sys }, since
either deg(y;)® = e or deg(sy;)® = e for each i € {1,2,3}, then, either there is
an element whose degree has order 3 or there are three elements whose degree
is e. We can rule out this last case because the fact that K has dimension 2
over IF would lead to the existence of a nonzero homogeneous element of the
form tya1 + toxe with ¢q, ¢, € K which is a contradiction with Lemma [5.2.49]
Thus, we can assume that g has order 3. Now, since the projections of =z,
22, 2%z, sx, sz? and s(z%x) on the graded subspace M(A, — ) have different
degrees, they span M(A, —).

Now, we can check that the morphism sending s +— s and x +— 1 + (o +
(*x5 is an isomorphism sending I' to I'§(G, b, g). O

Proposition 5.2.52. Given an abelian group G, two order 2 elements h', h' €
G, elements g1, g, g, b € G such that g3 = e = g fori=1,2, g1 # go and
g1 # g4 and order 3 elements g,q" € G, it follows that

(1) Tqc(G, g1, g2) is isomorphic to T3 (G, g1, g5) if and only if the triple
(91,92, (9192) ") is a permutation of (g1, g3, (9195) ") or (9", 95 " 915).

(2) T3qc(G, h, g) is isomorphic to T34c(G, I, ¢') if and only if h =R’ and
either g = ¢ or g = ¢"°.

Proof. Denote by 0 the morphism defined in Lemma [5.1.12]

(1) Letp € Aut(A, — ) sending Tloo(G, g1, 92) t0 T20(G g gb)- THo(s) =
s we get that (M, ) = M, thus, it would follow that (g1, g2, (g192) ")
is a permutation of (g7, g5, (¢1g5)™'). If ¢(s) = —s we get that (M, ) =
M_, and it would follow that (g1, g2, (g192)7") is a permutation of
(91292 9195).

FéQC(G,gl,gg) is isomorphic to FéQC(G,gg,gl) via the morphism ¢f
where 7 is the transposition (1,2) and we use the notation of Corollary
4.0. 10l
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[qc(G, g1, 92) is isomorphic to P§oe (G, (9192) 7", g2) via the automor-
phism 6g(1, (e, + C2e_,id).

Finally, if o denotes the nontrivial automorphism of X, then, the grad-
ing T§40(G, g1, g2) is isomorphic to T§o(G, g7 ', g, ') via the automor-
phism 0(1,1, p).

Since Symyg is generated by the permutations (1,2) and (1,2, 3), this is
enough to prove (1).

(2) If Tq(G, h, g) is isomorphic to T3qc(G, A, g¢") , h = deg(s) = M.
Moreover, the groups (h, g) and (h/, ¢’) are the support of each gradings,
so they have to be equal and they are isomorphic to Cg, the cyclic group
of order 6. Since Cg only has two order 3 elements, we get that g = ¢’

_ /2
or g=g".
Finally, ['§4(G, h, g) is isomorphic to T3qc(G, h, g%) via the automor-
phism ¢f where 7 is the transposition (2, 3).

]

5.2.4 Some special gradings

Let (A, —) be the split quartic Cayley algebra over an algebraically closed
field. Previously, we have found some gradings which are not gradings of
(A, —,T;) for any structurable grading I';. Now, due to Proposition m
and Theorem [5.1.4], we have an isomorphism of group schemes:

Aut(A, — 1)) = Aut(A(W), —, A(W))

where W = W(A, —,T;). Thus, the rest of the gradings come from a grad-
ing in (A(W), —, A(W)). Moreover, as a grading of (A, —,T;) they are iso-
morphic if and only if they are isomorphic in (A(W), —, A(W)). However,
although if two gradings of (A, —,I;) are isomorphic, the corresponding
gradings on (A, —) are isomorphic, the converse might not be true. Thus,
we are going to tackle this issue in this subsection. In order to do so, we are
going to show in Lemma that this can only happen if the subspaces
Kx; are graded, and classify up to isomorphism the gradings satisfying this

property. This will be done in Propositions [5.2.56, [5.2.57 and [5.2.58 We
will use the notation from (4.3.2)) and from corollaries |4.3.13 and 4.3.14}

Lemma 5.2.53. Let T and T be two gradings of (A, — ,T'1) such that (A, —,T)
is isomorphic to (A, — ") but (A, —,T'1,T') is not isomorphic to (A, —,T'1,T7).
Then the subspaces Kx; are graded subspaces for both gradings for every
i€{1,2,3}.
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Proof. Let ¢ be an isomorphism (A, —,T") — (A, —,I"). Due to Proposition
[5.1.11] in view of the fact that (A, —, ) = (A, —,I") but (A, —,Iy,T) is
not isomorphic to (A, —,T'1,I”), there is a permutation o € Sym, such that
o(1) # 1 and an automorphism ¢ € Aut(A, —,gg) such that ¢ = pf o 1.
Moreover, without loss of generality, we can assume that o(1) = 2. Now, Kx;
is a graded subspace of I' and I due to the fact that these are gradings of
I'; and due to the fact that the subspaces 8(A, — ) and M(A, — ) are graded
subspaces. Now, o(Kx;) = Kxs so Kxq is a graded subspace in V. Finally,
Kzz = (Kxg)(Kzy), which is a graded subspace in IV. The proof for I' is
analogous. [

We are going to define some gradings in which the subspaces Kx; are all
graded

Definition 5.2.54. Given ¢;,92 € G, denote by I'sq(G, g1, g2) the grad-
ing induced by deg(s) = e, deglera1) = g1, deglesa2) = ga, deglesas) =
(g192)7", deg(e_z1) = g7 ', deg(e_x3) = g5 ', deg(e_x3) = g1go.

This is the grading associated to the morphism H” — Aut(A, — ) send-
ing, for every unital, commutative associative algebra R, the homomorphism
sending ¢ € Homg,,(H, R*) to Og((rie. + 1 e_,roeq + 75 e_),id) where
H is the group generated by g; and go, 11 = ©(g1), 12 = ©(g2), HP is the
diagonalizable group scheme defined in Example[1.3.3|and 6 is the morphism
defined in Lemma (.1.72

Definition 5.2.55. Given elements h, g;, go € G of order at most 2 with h #
e, denote the grading induced by deg(s) = h, deg(x1) = ¢ and deg(z2) = g,
by FSQ<GJ ha g1, 92)

This is a grading induced by the morphisms 0p((—1,1),id) ,0r((1, —1),id)
and 0r((1,1), —) where — is the involution on F & F.

Proposition 5.2.56. Let I' be a grading of (A, —) such that for every
i € {1,2,3}, Kz; is graded, then either there are gi,9o € G such that T’
is isomorphic to I'sq(G, g1, g2) or there are elements h, g1, 92 € G of order at
most 2 with h # e, such that I" is isomorphic to I'sq(G, h, g1, g2).

Proof. This result is part of [BD23, Theorem 3]. Here we give a proof for
completeness.

Assume first that deg(s) = e. In this case, since the grading is compatible
with T'sg, then for every i € {1,2}, since Kz; has dimension 2, there is
either g, € G such that Xz; C Ay, in which case g; I = ¢, or there are
9i»9; € G, both different, such that (Ay, N Kz;) © (Ay N Ka;) = Ky, and
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both Ay, N Kz; and Ay N Ka; are one dimensional. Since sA, C Ay and
sAg C Ay, we can assume without loss of generality that Ay, NKz; = Fe,x;
and Ay N Kr; = Fe_x;. Since b(Fe,x;,Fe_x;) # 0, Lemma implies
that g, = g; '. Now, since (e_z1)(e_13) = e, a3 and (e x1)(e;20) = e_x3, it
follows that the grading is isomorphic to I'sg(G, g1, ¢2)-

In case that deg(s) = h for an order 2 element h € G, since Kz; is
graded for every i € {1,2,3}, it follows that there are nonzero ry, 75,73 € X
such that r;z; is homogeneous of degree g; for every i € {1,2,3}. Moreover,
since deg(s(r;z;)) = hdeg(r;x;), it follows that r; & Fe; UFe_. Thus, it is
invertible. After some multiplication by scalar, we can assume that r;7; = 1
for every i € {1,2,3}. Since (r;z;)® = 1, we get that g? = e. Moreover,
since (r1x1)(rexe) = (T1732)T3, we may assume that r3 = 7775 and that g3 =
9192 and I is isomorphic to I'sq(G, h, g1, g2) via Op(r1, re,id), where 0 is the
morphism defined in Lemma [5.1.12 O]

Proposition 5.2.57. Let (A, —) be the split quartic Cayley algebra. Let
91,92, 91, 95 € G. Then, I'sq(G, g1, g2) is isomorphic to I'sq(G, g1, ¢5) if and
only if (g1, g2, (9192) ") is a permutation of (g7, g5, (g195) ") or a permutation
of (9,95 (9193)).

Proof. Let ¢ be an automorphism of (A, — ) sending the grading I'so (G, g1, 92)
to I'sq(G, g1, 5). In case ¢ sends M,y to My. Then, since M, is gener-
ated by homogeneous elements of degree gi, go and (g192) ™' in T'sg(G, g1, g2)
and by homogeneous elements of degree ¢, g5 and (gig5) ™" in Tso(G, g, g5),
it follows that (g1, g2, (g192)~") is a permutation of (g4, g5, (¢;g5)™"). Simi-
larly, if ¢ sends M, to M_, we get that (g1, g2, (91g2) ') is a permutation of
(91,95, (9192))-

Now, denote g3 = (g1, 92)"" and g5 = (¢;g5)~"'. In case o € Symy is such
that g,;) = ¢} for all i € {1,2,3}, ¢f is automorphism of (A, —) sending
Lsq(G, g1, 92) to T'sq(G, g}, ¢5). In case o € Symj is such that g, = g/ ',
using the notation of Lemma [5.1.12] if — is the involution of X, we get
that ¢f o (1,1, —) is automorphism of (A, —) sending I'sg(G, g1, 92) to
FSQ(Gagﬁagé)' u

Proposition 5.2.58. Let (A, —) be the split quartic Cayley algebra. Let
hyg1,92, 1, 91,95 € G be elements of order at most 2 with h,h' # e. Then,
Lso(G, h,g1,92) is isomorphic to T'sq(G, R, g1, 95) if and only if h = h' and
there is a map a: {1,2,3} — {e,h} such that a(1)a(2)a(3) = e and such
that (g1, g2, g3) is a permutation of (g (1), gha(2), gsc(3)) where g3 = g192
and g = g195.

Proof. If I'sq(G, h, g1, g2) is isomorphic to I'sq (G, I, ¢}, g5), since h = deg(s)
on the first grading and " = deg(s) on the second, h = h'. InT'sq(G, h, g1, g2),
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M has a K-basis consisting of homogeneous elements of degree ¢, g2 and gs.
In [sq(G, h, g1, g5), M has a K-basis consisting of homogeneous elements of
degree ¢}, g5 and g5. Denote by g the class of g modulo (k). Then the previous
argument shows that, there is a permutation o € Symy such that g,;) = ?j
for each j € {1,2,3}. Define a: {1,2,3} — {e,h} by a(j) = go(yg; '~ ais
well defined since g,(;) = ¢'; . Moreover, a(1)a(2)a(3) = e due to the fact
that g1, g2, g1 and g} have order at most 2. Hence, (g1, g2, g3) is a permutation
of (g1a(1), ga(2), gsr(3)).

If h =h and (g1, g2, g3) is a permutation of (gja(1), gha(2), gha(3)), let
o € Symg be such that g,(;) = gia(j) for each j € {1,2,3}. Denote r; = is if
a(j) = handr; = 1if a(j) = e. Using the notation of Lemma, we have
that ¢ 0br(ry,r9,1d) is an automorphism of (A, — ) sending I'sg(G, h, g1, 92)
to FSQ(G, h,, gi, gé) O

5.2.5 Gradings on structurable algebras

Up to now, we found an isomorphism between the automorphism group
scheme of algebras with a structurable grading and some associative alge-
bras with a 3-grading and an involution (see Proposition and Theorem
. We found that over algebraically closed fields, except in the case of the
split quartic Cayley algebra, this isomorphism is between the structurable al-
gebra and the associative algebra with a 3-grading and an involution. Thus,
in order to classify their gradings it is enough to classify the gradings on the
associative setting, which is something we have already done.

On the split quartic Cayley algebra, there are some gradings which don’t
come from the associative setting, we have found those and classified these up
to isomorphism (see Proposition [5.2.47] [5.2.51| and |5.2.52)). There are some
others which come from the associative setting as in Definition[5.2.38], but due
to Lemma [5.2.53] it might not enough to classify them up to isomorphism in
the associative setting in order to classify them up to isomorphism. We have
also given a classification up to isomorphism on this case (see Propositions
, and . And finally, there are some which come from the
associative setting and we can classify them up to isomorphism using only
their classification on the associative algebra.

In the subsequent paragraphs, we are going to connect the gradings we
know in the split quartic Cayley algebra with the gradings on the associative
algebras with the 3-grading and the involution. Then, we are going to use
this knowledge to classify the gradings up to isomorphism in this algebra
(Theorem . Finally, we are going to give a classification up to iso-
morphism of the gradings on the structurable algebras with the uniquenes
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property (Theorem [5.2.65]).

Denote by m; the projection of Z x G onto Z.

Remark 5.2.59. Given a group G, an elementary 2-subgroup 7', a nondegen-
erate alternating bicharacter B T x T — F, kg, k1, Y0, 71 and g € G as in
(5.2.3), (5.2.4), (5.2.5) and ( and § = £1, let M be the graded alge-
bra with involution M(G, T,ﬁ, Ko,y K1, 705 V1, 0, g). In this case, L(W(M)) is
isomorphic to M(G, T, 3, ko, Y0, 0, g)-

Proposition 5.2.60. Let (A, —) be the split quartic Cayley algebra and let
F be algebraically closed. Given a group G, an elementary 2-subgroup T,
a nondegenerate alternating bicharacter 3: T x T — F, ko, k1, Yo, 71 and
g€ G asin (5.2.3), (5.2.4), (5.2.5) and and 6 = £1, then there are
elements h, g1, g2 € G of order at most 2 with h # e such that

GFA(M(G7 Tv /87 Ko, K1, 70,71, 57 g)) = (‘A7 ) FSQ(G> h7 91, 92))
if and only if either

(1) T =73, ko = k1 = (1), %0 = (99), n = (¢V), 6 =1 and (¢'V)* =
(gM)2.

(2) T = {e}, vo = (1,1), &1 = (1,1), 3% = (91", "), m = (91", g8"),

0 =1, they satisfy g(o)( (1 )) = géo) (gél) and the relations are:
0 0 1 1
(01" = (") = (@) = (") =g

Proof. Denote g3 = g1g2. Denote just by M the graded algebra with involu-
tion M(G, T, 53, ko, K1, %0, 71,9, g). Assume first that

GrA(M) = (A, —,I'sq(G, h, g1, 92))

by an isomorphism ¢. Then there is a structurable grading ['; = &; & W, of
(A, —) such that o(W(M)) =W, and o(L(W(M))) = ;. We may assume
that ¢ = 1. There are three possibilities: ¢; # e, h, gt = h or g; = e.

In case g1 # e, h, since (L(W(M)), —) = (€1, — ), then (L(W(M)), —)
is a graded division algebra with involution, since 1, s, xy and sx; are homo-
geneous of different degrees, of dimension 4 and the involutions is orthogonal.
Thus, Remark [5.2.59 implies that T 2 Z3, ko = (1) and § = 1. Since W; has
dimension 4 and it is isomorphic to W (M), it follows that k; = (1). Now,
the relations are:
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(0))215(0) = ( (0))2t(1)

(g 9 =y
for some ¢ ¢ € T. Now, GrA (M) is the algebra from item (7) in Ex-
ample therefore, since there should be an element (0,d) € W(M)
which we can identify with x, in A, it should satisfy that (1,0) = (0,d)* =
(d(X,0))"'d(X,),0), comparing degrees in Dy (T, 3), we find that ¢ =
tM | which implies (¢(»)? = (gM)2.

In case g, = h, due to proposition [5.2.58 we can assume that g; = e.

In case g1 = e, since (L(W(M)), —) = (€, —) which is not a graded
division algebra and it has dimension 4, it follows that 7" = {e}. Since the
involution is orthogonal § = 1. Moreover, since Supp L(W(M)) = {e, h}, it
follows that ko = (1,1) and vy = (g%o), géo)). The relation

g =g

is not possible since in this case, the space of skew symmetric elements of
L(W(M)) would be spanned by the element

)

which has degree e. However, in (£, — ) it has degree h. Thus the relation

(@) =) =g
(0)

holds and the skew hermitian element has degree ¢; (géo))*l. Now, since W;
has dimension 4, and it is isomorphic to W (M), then &, is either (2) or (1,1).
In case k1 = (2), this is the graded algebra from item (1) in Example [5.2.39
Using this model, there is no element on the graded subspaces described

in (5.2.12) and (5.2.13)) whose square is 1. However, in W; the element x;,

satisfies this property. Therefore, this case is not possible. In case k1 = (1, 1),
_ (, (1) .
7 = (977,95 ) and the relations:

(02 = ()2 =giVgs" =g

we are in item (2) of Example . Since we have two graded subspaces
given in ([5.2.14)) and (5.2.15)), which contain all the homogeneous elements,
checking the product of an element on this subspace with itself, we can check
that there is no homogeneous element in W (M) whose square is 1, so arguing
as before, this case is not possible.

Finally, the relations
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imply that we are in item (6) of Example[5.2.39] Since Supp W1 = {e, h, g1, hg1},
this implies that ¢, = e or g = h. Thus, Sup§ W1 has two elements. There-
fore, as shown in the example, unless g1 = gy )(gé )) 1 this case is
not possible.

Conversely, if T Z2 and ko = k1 = (1), we just need to show that x, zs
and z3 are homogeneous in GrA(M). We can take the choice from Example

0) (0 y
In case T = {e}, wg = (L. 1), m = (1. 1) %0 = (1”05”70 = (a1 02
0 =1, such that ¢; )(gé )) = géo) (gil))*1 and the relations

(01" = (92") = (91") = (&5")* = g
are satisfied, we can take the choice from Example [4.3.16| O

Proposition 5.2.61. Let (A, —) be the split quartic Cayley algebra and let
F be algebraically closed. Given a group G, an elementary 2-subgroup T,
a nondegenerate alternating bicharacter 8: T x T — F, ko, k1, Y0, 71 and
g € G asin (5.2.3), (5.2.4), (5.2.5) and and 6 = %1, then there are
elements g1, 92 € G such that

GI'A(M(G, Ta ﬂa Ro, K1, 70, V1, 57 g)) = (‘A7 ) FSQ(Gy h7 g1, 92))
if and only if either:

(1) There are ¢, g" 0 ¢V ¢"V) € G such that T = {e}, ko = (1,1),
k1= (1,1), %0 = ('@, "), 41 = (¢V, ¢"Y), § = 1 and the relations
are:

g/(O)g//(O) _ g/(l)g//(l) =q.

(2) There are ¢'©, ¢"© g1 € G such that T = {e}, ko = (1,1), K1 = (2),
70 = (¢, ¢"O), v = (¢V), § = 1 and the relations are:

g/(O)g//(O) — <g(1)>2 = g.

(3) There are gg ),gé ),g§ ),92 € G such that T = {e}, ko = (2), k1 =
(1,1), 70 = (¢, v = (¢V, ¢"M), § = 1 and the relations are:

<g(0))2 _ g/(l)g//(l) =q.

(4) T ={e}, ko= (2), k1 = (2) and § = 1.
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Proof. Denote M(G, T, 3, ko, k1, Y0, 71,9, g) just by M. Assume first that
GI‘A(M) = (‘Aa ) FSQ(Ga 91, 92))

by an isomorphism ¢. Then there is a structurable grading I'; = &, & 'W;
of (A, —) such that o(W(M)) =W; and ¢o(L(W(M))) = &;. Assume that
1=1.

Since (&€;, —) is isomorphic to (L(W(M)), —), and we know that the
involution is orthogonal, L(W(M)) has dimension 4, it is not a graded-
division algebra and Supp L(W(M)) = {e, g1, 9, '}, it follows that § = 1,
T = {e} and either ko = (1,1) if g1 # e, or Ky = (2) if gy = e. In the first
case, since the skew-hermitian elements of (€1, — ), have degree e, then, the
skew-hermitian elements of (L(W(M)), —) should have degree e. Thus, if
70 = (¢"©, ¢"©), it should happen that

g/(O)g//(O) =q.

In case kg = (1,1) and k; = (1,1), We are in either item (3) or item
(4) in Example [5.2.39, We use the same notation as in the examples and
11 = (¢, ¢"M). Now, there is a homogeneous element y; € W; N M, of
degree g, and a homogeneous element y, € W; N M_ of degree g, ' such that
Y1+ can be identified with x,. Since 3, it follows that on the model, either
y1 = (0,E1,) and yo = (0, Eqs) or y; = (0, E12) and yo = (0, Ey;). Thus,
since the degree of y; is the inverse of the degree of y,, from the possible
equalities, we get:

g/(o)g//(O) =q¢Wyg =g.

In case kg = (2), since g3 = e, it follows that the support of W; is
{g2,95"}. In case go = g5, it follows that the only possibility is x; = (2),
and in case gy # g, ', it follows that it follows that the only possibility
is k1 = (1,1), with 7, = (¢, ¢"M). If we denote vy = (¢'?), in this
case, we have that the support of Wy is {g(®(¢'™)~*, g (g"™)~1}. Since
g (gt = (g (g"M)=1)=1 and (¢(®)? = g, the relations:

/(1) (1)

(g(O)>2 _ g/(l)g//(l) =g
must hold.
Thus, if we have the isomorphism then it has to happen either (1), (2), (3)
or (4).

Now, if we have (1),(2),(3) or (4), we need to show that on GrA(M)
we have homogeneous elements which we can identify with e, zq, e_x9, ey x5,
e_x3. In case (4) it is clear since in W (M) every element is homogeneous.
In the other cases it it proved in Example [5.2.39] O



5.2. GRADINGS 185

Definition 5.2.62. Given a group G, an elementary 2-subgroup 7', a non-
degenerate alternating bicharacter 5: T'x T — F, ko, k1, Y, 71 and g € G
as in (5.2.3)), (5.2.4), (5.2.5) and (5.2.6)) and 6 = £1, we say that

(G7T767 Ko, K1, 70,71, ]'79)

has the property SQ, if it satisfies any of the properties from Propositions
[5.2.60] and 5.2.61]

Theorem 5.2.63. Let (A, —) be the split quartic Cayley algebra and let T
be a grading. Then, either:

(1) There are g1, g2 € G such that (A, —,T') is isomorphic to the split quartic
Cayley algebra with the gradings U'so(G, g1, 92)-

(2) There are elements h, g1, go € G of order at most 2 with h # e, such that
(A, —,T) is isomorphic to the split quartic Cayley algebra with the grading
FSQ(Gv ha g1, 92) .

(3) There are gy, ga of order 3 satisfying that g1, go and (g1g2)~" are different
and such that (A, — ,T') is isomorphic to the split quartic Cayley algebra with
the grading Tqo(G, g1, g2)-

(4) There is an order 2 element h and an order 3 element g such that that
(A, —,T') is isomorphic to the split quartic Cayley algebra with the grading
F%QC(Gv h,g).

(5) (A, —,T) is isomorphic to GrA(M(G, T, B, ko, k1,7, 71, 1,9)) where ei-
ther:

(a) T = {e}, ko = (2), 51 = (1,1), 730 = (¢™), 11 = (91", 68") and the

relations are:
1 1
(99)? = (") = (&) =g
(b) T ={e}, ko= (1,1), k1 = (2), 70 = (91", 6" and 11 = (9V) and the
relations are:
0 0
(") = (g3)? = (gM)? = g.

(C) T = {e}? Ro = (17 1): R1 = (17 1): Yo = (g/(O)’g//(O)) and M= (951)7951))
and the relations are:

g Og"® = (g1")? = (g

(d) T ={e}, ko= (1,1), k1 = (1,1), %0 = (91" 95”) and 1 = (¢'V,¢"D)
and the relations are:
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0 1 1
1), % = (67, ¢"), m = (¢, 5",
1

, and the relations are:

(¢) T = {e}, wo = (1, ) =

satisfying ¢\" (g\") g
(g\”)? —<g§“>> (g2 = (") = g.

(f) T =173, ko= (1), 1= (1), %0 = (99), 11 = (9V), satisfying (9*) #
(g9(1))?, and the relations are:

(1,
P (g)

Moreover, the graded algebras in different item are non isomorphic and

(i) If (A, —) is the split quartic Cayley algebra and g1, g2, 9,95 € G. Then,
(A, —.Ts0(G,g1,92)) is isomorphic to (A, —,T'so(G, g1, 95)) if and only if
(9192, (9192)") s a permutation of (g1, g5, (9192)™") or (917", 95 ", (4195))-

(i1) If (A, —) is the split quartic Cayley algebra and h, g1, g2, b', g1, g5 € G are
elements of order at most 2 with h,h' # e. Then, the graded algebra with in-
volution (A, —,T'sq(G, h,g1,92)) is isomorphic to (A, —,Tsq(G, kg1, 65))
if and only if h = h' and there is a map «: {1,2,3} — {e,h} such that
a(l)a(2)a(3) = h and such that the triple (g1, ge2,93) is a permutation of
(g1(1), gor(2), g3u(3)) where g3 = g1g2 and g5 = g1go.

(111) Given order 3 elements g1,g2,9,, 95 € G such that g1, g2 and (g1g2)
are different and g, g5 and (gigy)~' are different, the split quartic Cayley
algebra with the grading FéQC(G, g1, go) 18 isomorphic to the split quartic
Cayley algebra with the grading FéQC(G, a1, 95) if and only if (g1, g2, (g192) ")
is a permutation of (91, g5, (919)") or (¢, 95 ", 919h)-

(iv) For two order 2 elements h,h' € G and two order 3 elements g,9' € G
the split quartic Cayley algebra with the grading FSQC(G, h,g) is isomorphic
to the split quartic Cayley algebra with the grading FSQC(G, B, q') if and only
if h =h' and either g = ¢ or g = ¢!

(v) The graded algebra GrA(M(G,T, 8, ko, k1,70, 71, 1, 9)) s isomorphic to
GrAM(G, T, B, ki, K17, 71, 1, 9')) if and only if there is T =T", = [,
f € G such that Z(ko,v0) = [2(ky, ), Z(k1,7) = fE(K),v) and g =
gr
Proof. Due to Propositions [5.2.47] and [5.2.51] it follows that if I is not a
grading of (A, —,T;) for one of the structurable gradings I';: A = &;&W;, we
are in case (1) or (2). In other case, due to Proposition [5.1.1] Theorem [5.1.4]
Proposition 4.2.29| and the fact that &; is simple, there are, an elementary
2-subgroup T of GG, a nondegenerate alternating bicharacter 8: T' x T — [,
Ko, K1, Y0, 71 and g € G as in ((5.2.3)), (5.2.4), (5.2.5)) and and 6 = £1.

If (G, T, B, ko, k1,70, 71, 1, g) has the property SQ, due to Propositions[5.2.60
and [5.2.61] we are in cases (3) and (4). Otherwise, since A is the split quartic

-1
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Cayley algebra if and only if W; has dimension 4, &; has dimension 4 and
the involution of &; is orthogonal, we get that 6 = 1, T = {e} and some of
the possibilities in (a), (b), (¢), (d) or (e) holds.

For the second part, we see that each item is not isomorphic due to the
fact that in items (i) and (i7) the gradings are not gradings of (A, —,T7)
for any of the structurable gradings I';. Moreover, in item (1), the skew
symmetric elements have degree e and in item (2) they have degree of order
2. Now, the gradings in item (5) are not isomorphic to the gradings in (3) and
(4) due to Propositions [5.2.60| and [5.2.60, Finally, the gradings in item (3)
satisfy that the skew symmetric elements have degree e and in item (4) they
have degree of order 2. Finally, (i) — (iv) are a consequence of Propositions
5.2.52 p.2.57 [5.2.58] and (v) is a consequence of Lemma [5.2.53 the fact
that (G, T, 3, ko, k1,70, 71, 1, g) doesn’t have the Property S@ and Theorem
5.2.37 O

Definition 5.2.64. Given a group G, an elementary 2-subgroup 7', a non-
degenerate alternating bicharacter 5: T' X T — F, ko, K1, Y, 71 and g € G
as in (5.2.3)), (5.2.4), (5.2.5) and (5.2.6)) and § = 1, we say that

(G, T, B, Ko, 51,70, 71, 1, 9)
is a split quartic-uple if either:
(1) §=1,T =73 and kg = (1) = Ky
(2) 6 =1, T ={e} and ko, k1 € {(2),(1,1)}.

Theorem 5.2.65. Let (A, —,T") be a central simple structurable algebra with
the uniqueness property and a G-grading. Then one of the following holds:

(1) There is an elementary 2-subgroup T' of G, a nondegenerate alternating
bicharacter f: TxT — F, ko, ky > 0, 79 € G* and v, € G* consisting
on distinct elements modulo T, ro € 7%, and rx, € ZY such that
(A, —,T) is isomorphic to GrA(M(G, D(T, B), ko, K1, Y0, 71)%¥).

(2) There are, an elementary 2-subgroup T of G, a nondegenerate alter-
nating bicharacter B: T x T — F, ko, K1, Y0, 71 and g € G as
in (5.2.3), (5.2.4), (5.2.5) and and § = +1 satisfying that
(G, T, B, ko, K1, Y0, 71,0, g) is not a split quartic-uple, such that (A, —,T")
is isomorphic to GrA(M(G, T, B, ko, k1,70, 71,9, 9))-

(3) There are, an elementary 2-subgroup T of G, a nondegenerate alternat-
ing bicharacter : T xT — T, an order 2 elementt € G\T, ko, K1, Yo,
71 and g € G asin (5.2.3), (5-2.4), (5.2.5) and (5.2.6), and § = £1 such
that (A, —,T) is isomorphic to GrA(M(G,T, B,t, ko, K1,%0, 71, 1, 9))-
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Moreover, the graded algebras on different item are non isomorphic and:

(i) The graded algebra GrA(M(G,D(T, ), ko, K1,%0,71)) is isomorphic
to GrAM(G, D(T", B, ki, K1, Yo 71)) if and only if either:

(a) T =T, = p"andthereis f € G such that Z(ko,v0) = f2(K(,Y0)
and E(’ilvfyl) = fE(’i,h/y{) or
(b) T =T, 5 = § and there is f € G such that =Z(ko,v) =
fE(Hé]’ ’7(,)_1) and E(l{la 71) - fE(Hll_lv 71)
(i) The graded algebra GrA(M(G,T, S, ko, kK1,%,71,9,9)) @s isomorphic
to GrAM(G,T", B, kg, K1, 70,71, 9', 9")) if and only if T =T', =,
d = 0" and there is f € G such that Z(ko,v0) = f2(K, 7)), Z(k1, 1) =
fE(r,7) and g = g'f .
(11i) The graded algebra GrA(M(G, T, B,t, ko, £1,%0, V1, 1, g)) is isomorphic
to GrA(M(G, T', 3, Kty 5y, 7,44, 1,6')) if and only if T(t) = T'(¥),
t =1, pl = Bl and there is f € G such that Z(ko,Y0) = fE(kh, ),
E(k1,m) = fE(K), M) and g = ¢'f .

Proof. Let I'S: A = €D W be a structurable grading of A. Let (B, p, Az) =
A(QI(A, p,T9)). In case, I is a grading of (A, ¢, T'¥), then due to Theorem
5.1.7, we have that there is a G-grading

Agi B:®BQ

geG

of (B, ¢, Az) such that the grading I' is induced by deg(w) = ¢ for all w € W
such that w € B,. If we denote by

Apa:B= B Buy

(1,9)€EZXG

Where for each i € Z and g € G, B(;4))B; N By, we get that

(‘A7 - 7F) = GI'A(B, @7 AZXG)

Thus, in view of Theorem and Propositions [5.2.60} [5.2.61| and the
fact that (A, —) is a split quartic Cayley algebra if and only if the involution

restricted to € is orthogonal and dimy € = 4 = dimg W as shown in subsection

[1.3.1] it follows that the algebra falls into one of the cases (1), (2) or (3).
The graded algebras with involution on item (1) are not isomorphic to

the rest due to the fact that they are not graded simple algebras. The graded
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algebras with involution on item (2) are not isomorphic to the algebras in
(3) due to the fact that they are not simple algebras.
Finally, (i), (i7) and (éi7) follow from Theorem [5.2.37] O
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Conclusions

The main results we have tackled in this thesis can be divided into two:

(1) Results related with r-fold cross products.

(2) Results related with structurable algebras related to an hermitian form.

e r-fold cross products

Our main contribution to this topic has been the determination of the
automorphism group scheme of each r-fold cross product (V, X, b) on
dimension n. These are the following:

x (Case n even r = 1) In this case Aut(V, X) = Centgry)(X) and
Aut(V, X, b) = U(V,h) for a hermitian form h: V x V — K =
Fid @ FX given by:

h(u,v) = b(u,v)id — b(X (u),v) X

x (Case n > 3, r = n — 1) In this case Aut(V,X) = O(V,b) and
Aut(V, X, b) = O (V,b).

* (Case n = 2, r = 7) In this case Aut(V, X) = Aut(V, X,D) is a
simple affine group scheme of type Gs.

* (Case n = 3, r = 8) In this case Aut(V,X) = Aut(V, X,b) is
isomorphic to Spin(Cy, —n) for a Cayley algebra C.

Finally, we have determined the gradings up to isomorphism. From
there we have found that we have fine gradings universal groups given
in the following list:

* (Case n even r = 1) In this case we have a fine grading with
universal group Z".
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* (Case n > 3, 7 = n — 1) In this case we have fine gradings with
universal groups Z? x Z/(q — 1) (where 2qg = n), Z9 x Z/(2q — 1)
(where n = 2¢ + 1) and Z9 x Z/(2n — 4) x (Z/(2))"~* (where
p+2¢=nandp>1).

*x (Case n = 2, r = 7) In this case we have fine gradings with
universal groups Z? and Z3.

*x (Case n = 3, r = 8) In this case we have fine gradings with
universal groups Z* and Zj.

e Structurable algebras

In this case we had a few contribulions:

* We have defined the concept of a structurable grading and we have
shown how important it is by finding an equivalence of categories
between the category of central simple algebras with a structurable
gradings and a categroy of 3-graded associative algebras with an
involution which inverts the degrees.

* We found that over an algebraically closed field, the split quar-
tic Cayley algebra is the only algebra which has more than one
structurable gradings. Concretely, it has 3.

* We found that the automorphism group scheme of the split quartic
Cayley algebra is isomorphic to (G, X Gy,) X (Cy X Symy).

* We found that the automorphism group scheme of a central simple
algebra with a structurable grading is isomorphic to the automor-
phism group scheme of the 3-graded associative algebras with an
involution which inverts the degrees.

* We used these results in order to give a complete classification
up to isomorphism of the gradings on central simple structurable
algebras related to an hermitian form.

Future work

After classifying these algebras, the only class of central simple struc-
turable algebras in which gradings have not been classified is the class of
structurable algebras with skew dimension 1. Thus, as a future work we will
classify their gradings up to isomorphism.



Conclusiones

Los principales resultados obtenidos en esta tesis se pueden dividir en dos:

(1) Resultados relacionados con r-fold cross products.

(2) Resultados relacionados con élgebras estructurables relacionadas con
una forma hermitica.

e r-fold cross products

Nuestra principal contribucién a este tema ha sido la determinacién
de los esquemas de automorphismos para cada r-fold cross product
(V, X, b) en dimensién n. Estos son los siguientes:

* (Caso n par r = 1) En este caso Aut(V, X) = Centgr)(X) and
Aut(V, X,b) = U(V,h) para una forma hermitica h: V x V —
K = Fid & FX dada como:

h(u,v) = b(u,v)id — b(X (u),v) X

% (Cason > 3, r = n— 1) En este caso Aut(V,X) = O(V,b) y
Aut(V, X, b) = O (V,b).

* (Cason =2, r = 7) En este caso Aut(V, X) = Aut(V, X,b) es
un esquema en grupo simple de tipo G.

* (Caso n = 3, r = 8) En este caso Aut(V, X) = Aut(V, X,b) es
isomorfo a Spin(Cy, —n) para un algebra de Cayley C.

Finalmente, hemos determinado sus graduaciones salvo isomorfismo.
Con ello, hemos encontrado las graduaciones finas, cuyos grupos uni-
versales vienen dados en la siguiente lista:

* (Caso n par 7 = 1) En este caso tenemos una graduacién fina con
grupo universal Z".
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*

*

*
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(Caso n > 3, r = n — 1) En este caso tenemos graduaciones
finas con grupos universales Z¢ x Z/(q — 1) (donde 2q = n), Z4 x
Z./(2g — 1) (donde n = 2¢ + 1) y Z¢ x Z)(2n — 4) x (Z/(2))" >
(donde p+2¢=nyp>1).

(Caso n =2, r =7) En este caso tenemos graduaciones finas con
- 2 . 73
grupos universales Z° y Zj.

(Caso n = 3, r = 8) En este caso tenemos graduaciones finas con
: 3 4
grupos universales Z° y Zj.

° Algebras estructurables

En este caso, tenemos las siguientes contribuciones:

*

Hemos definido el concepto de graduacion estructurable y hemos
ensenado como de importante es dado que hemos encontrado una
equivalencia de categorias entre la categorias de algebras con una
graduacion estructurable centrales y simples y una categoria de
algebras asociativas 3-graduadas con una involucién que invierte
los grados.

Hemos probado que sobre cuerpos algebraicamente cerrados, la
split quartic Cayley algebra es él inico algebra que tiene més de
una graduacion estructurable. Concretamente, tiene 3.

Hemos probado que el esquema de automorfismos de la split quar-
tic Cayley algebra es isomorfo a (G, X Gy,) % (Cy X Symy).

central y simple con una graduacion estructurable es isomorfo al
esquema de automorfismos del algebra 3-graduadas con involucion
correspondiente

Hemos usado estos resultados para dar una clasificcion completa
salvo isomorfismos de las graduaciones en algebras centrales y sim-
ples relacionadas con una forma hermitica.

Future work

Después de clasificar estas algebras, la tnica clase de algebras estruc-
turables centrales y simples que quedan es la clase de dlgebras con dimension
antisimétrica 1. Por tanto, como trabajo futuro, podremos encontrar una
clasificacion salvo isomorfismo de las algebras de esta clase.
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