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1 INTRODUCTION

An algebraic group H defined over an algebraically closed field F' is a disjoint
union of connected components. The component H° containing the identity
element is a normal subgroup in H that acts via multiplication on each of the
other components. Every F-point z in a connected component X of H gives
an isomorphism of varieties with an H°-action H° — X via h + hx.

When F' is not assumed to be algebraically closed, the identity component H°
is still defined as an F-subgroup of H, but the other components need not be.
Suppose X is a connected subvariety of H such that, after base change to the
algebraic closure Fyj, of ', X x Fjg is a connected component of H x Fjq.
Then, by the previous paragraph, X is an H°-torsor, but X may have no F-
points. We remark that the question of whether X has an F-point arises when
describing the embedding of the category of compact real Lie groups into the
category of linear algebraic groups over R, see [Se, §5].

1.1 OUTER AUTOMORPHISMS OF ALGEBRAIC GROUPS

We will focus on the case where H = Aut(G) and G is semisimple, which
amounts to asking about the existence of outer automorphisms of G. This
question has previously been studied in [MT], [PrT], [Gar 12], [CKT], [CEKT],
and [KT]. Writing A for the Dynkin diagram of G endowed with the natu-
ral action by the Galois group Gal(Feep/F) gives an exact sequence of group
schemes

1 —— Aut(G)° —— Aut(G) —>— Aut(A)

as in [DG, Chap. XXIV, Th. 1.3 and §3.6] or [Sp, §16.3], hence a natural map
a(F): Aut(G)(F) — Aut(A)(F). Note that Aut(A)(Fay) is identified with
the connected components of Aut(G) x Fue in such a way that Aut(A)(F) is
identified with those components that are defined over F. We ask: is a(F)
onto? That is, which of the components of Aut(G) that are defined over F also
have an F-point?

Sending an element g of G to conjugation by ¢ defines a surjection G —
Aut(G)°, and the F-points Aut(G)°(F) are called inner automorphisms. The
F-points of the other components of Aut(G) are called outer. Therefore, our
question may be rephrased as: Is every automorphism of the Dynkin diagram
that is compatible with the natural action by the Galois group of F' induced from
an F-automorphism of G ¢
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One can quickly observe that «(F') need not be onto, for example, with the
group SL(A) where A is a central simple algebra of odd exponent, where an
outer automorphism would amount to an isomorphism of A with its opposite
algebra. This is a special case of a general cohomological obstruction. Namely,
writing Z for the scheme-theoretic center of the simply connected cover of G,
G naturally defines an element tg € H?(F,Z) called the Tits class as in [T,
4.2] or [KMRT, 31.6]. (The cohomology used in this paper is fppf.) For every
character x: Z — Gy, the image x(tg) € H?(F,Gy,) is known as a Tits algebra
of G; for example, when G = SL(A), Z is identified with the group of (deg A)-
th roots of unity, the group of characters is generated by the natural inclusion
X: Z < G, and x(tsr,(a)) is the class of A. (More such examples are given
in [KMRT, §27.B].) This example illustrates also the general fact: tg = 0 if
and only if Endg(V) is a field for every irreducible representation V of G. The
group scheme Aut(A) acts on H2(F, Z), and it was shown in [Gar 12, Th. 11]
that this provides an obstruction to the surjectivity of a(F), namely:

im [ov: Aut(G)(F) — Aut(A)(F)] C {r € Aut(A)(F) | 7(te) = tg}. (1.1.1)

It is interesting to know when equality holds in (1.1.1), because this information
is useful in Galois cohomology computations. (For example, when G is simply
connected, equality in (1.1.1) is equivalent to the exactness of H'(F,Z) —
HY(F,G) — HY(F,Aut(Q)).) Certainly, equality need not hold in (1.1.1), for
example when G is semisimple (take G to be the product of the compact and
split real forms of G3) or when G is neither simply connected nor adjoint (take
G to be the split group SOg, for which |im «| = 2 but the right side of (1.1.1)
has 6 elements). However, when G is simple and simply connected or adjoint,
it is known that equality holds in (1.1.1) when G has inner type or for some
fields F'. Therefore, one might optimistically hope that the following is true:

CONJECTURE 1.1.2. If G is an absolutely simple algebraic group that is simply
connected or adjoint, then equality holds in (1.1.1).

The remaining open cases are where G has type 24,, for odd n > 3 (the case
where n is even is Cor. 9.1.2), 2D,, for n > 3, 3Dy, and 2Es. Most of this paper
is dedicated to settling one of these four cases.

THEOREM A. If G is a simple algebraic group of type Dy over a field F, then
equality holds in (1.1.1).

One can ask also for a stronger property to hold:

QUESTION 1.1.3. Suppose m is in a(Aut(G)(F)). Does there exist a ¢ €
Aut(G)(F) so that a(¢) =7 and ¢ and © have the same order?

This question, and a refinement of it where one asks for detailed information
about the possible ¢’s, was considered for example in [MT], [PrT], [CKT],
[CEKT], and [KT]. (The paper [Br] considers a different but related question,
on the level of group schemes and not k-points.) It was observed in [Gar 12]
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that the answer to Question 1.1.3 is “yes” in all the cases where Conjecture
1.1.2 is known to hold. However, [KT] gives an example of a group G of type
3D, that does not have an outer automorphism of order 3, yet the conjecture
holds for G by Theorem A. That is, combining the results of this paper and
[KT] gives the first example where the conjecture holds for a group but the
answer to Question 1.1.3 is “no”, see Example 8.3.1.

In the final section of the paper, §9, we translate the conjecture for groups of
type A into one in the language of algebras with involution as in [KMRT], give
a criterion for the existence of outer automorphisms of order 2 (i.e., prove a
version for type A of the main result of [KT]), and exhibit a group of type 2A
that does not have an outer automorphism of order 2.

1.2 SKOLEM-NOETHER THEOREM FOR ALBERT ALGEBRAS

In order to prove Theorem A, we translate it into a statement about Albert
F-algebras, 27-dimensional exceptional central simple Jordan algebras. Specif-
ically, we realize a simply connected group G of type 3Dy with tg = 0 as a
subgroup of the structure group of an Albert algebra J that fixes a cyclic cubic
subfield E elementwise, as in [KMRT, 38.7]. For such a group, the right side
of (1.1.1) is Z/3 and we prove equality in (1.1.1) by extending, in a controlled
way, a nontrivial F-automorphism of E to J, see the proof of Prop. 8.2.2. The
desired extension exists by Theorem B below, whose proof is the focus of §§2-7.
We spend the majority of the paper working with Jordan algebras.

Let J be an Albert algebra over a field F and suppose E,E’ C J are cubic
étale subalgebras. It is known since Albert-Jacobson [AJ] that in general an
isomorphism ¢: E — E’ cannot be extended to an automorphism of J. Thus
the Skolem-Noether Theorem fails to hold for cubic étale subalgebras of Albert
algebras. In fact, even in the important special case that F = E’ is split and
@ is an automorphism of E having order 3, obstructions to the validity of this
result may be read off from [AJ, Th. 9]. We provide a way out of this impasse by
replacing the automorphism group of J by its structure group and allowing the
isomorphism ¢ to be twisted by the right multiplication of a norm-one element
in E. More precisely, referring to our notational conventions in Sections 1.3—3
below, we will establish the following result. For w € E, write R,,: E — F for
the right multiplication e — ew.

THEOREM B. Let ¢: E = E’ be an isomorphism of cubic étale subalgebras
of an Albert algebra J over a field F. Then there exists an element w € E
satisfying Ng(w) = 1 such that po Ry,: E — E' can be extended to an element
of the structure group of J.

Note that no restrictions on the characteristic of F' will be imposed. In order to
prove Theorem B, we first derive its analogue (in fact, a substantial generaliza-
tion of it, see Th. 5.2.7 below) for absolutely simple Jordan algebras of degree
3 and dimension 9 in place of J. This generalization is based on the notions
of weak and strong equivalence for isotopic embeddings of cubic étale algebras
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into cubic Jordan algebras (4.1) and is derived here by elementary manipula-
tions of the two Tits constructions. After a short digression into norm classes
for pairs of isotopic embeddings in § 6, Theorem B is established by combining
Th. 5.2.7 with a density argument and the fact that an isotopy between abso-
lutely simple nine-dimensional subalgebras of an Albert algebra can always be
extended to an element of its structure group (Prop. 7.2.4).

1.3 CONVENTIONS.

Throughout this paper, we fix a base field F' of arbitrary characteristic. All
linear non-associative algebras over F' are tacitly assumed to contain an identity
element. If C is such an algebra, we write C* for the collection of invertible
elements in C', whenever this makes sense. For any commutative associative
algebra K over F, we denote by Cx := C' ® K the scalar extension (or base
change) of C from F to K, unadorned tensor products always being taken
over F. In other terminological and notational conventions, we mostly follow
[KMRT]. In fact, the sole truly significant deviation from this rule is presented
by the theory of Jordan algebras: while [KMRT, Chap. IX] confines itself to the
linear version of this theory, which works well only over fields of characteristic
not 2 or, more generally, over commutative rings containing %, we insist on the
quadratic one, surviving as it does in full generality over arbitrary commutative
rings. For convenience, we will assemble the necessary background material in
the next two sections of this paper.

2 JORDAN ALGEBRAS

The purpose of this section is to present a survey of the standard vocabulary
of arbitrary Jordan algebras. Our main reference is [J 81].

2.1 THE CONCEPT OF A JORDAN ALGEBRA

By a (unital quadratic) Jordan algebra over F, we mean an F-vector space J
together with a quadratic map = — U, from J to Endp(J) (the U-operator)
and a distinguished element 1; € J (the unit or identity element) such that,
writing

{zyz} =V yz = Uy := (Upyr — Uy — Us)y
for the associated triple product, the equations
Ul,] = 1.]5

Uu,y = U, UyUy (fundamental formula), (2.1.1)
UpVyz = Vo Uy
hold in all scalar extensions. We always simply write J to indicate a Jordan

algebra over F', U-operator and identity element being understood. A subalge-
bra of J is an F-subspace containing the identity element and stable under the
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922 SKIP GARIBALDI AND HOLGER P. PETERSSON

operation U,y; it is then a Jordan algebra in its own right. A homomorphism
of Jordan algebras over F' is an F-linear map preserving U-operators and iden-
tity elements. In this way we obtain the category of Jordan algebras over F.
By definition, the property of being a Jordan algebra is preserved by arbitrary
scalar extensions. In keeping with the conventions of Section 1.3, we write Jg
for the base change of J from F' to any commutative associative F-algebra K.

2.2 LINEAR JORDAN ALGEBRAS

Assume char(F') # 2. Then Jordan algebras as defined in 2.1 and linear Jordan
algebras as defined in [KMRT, § 37] are virtually the same. Indeed, let .J
be a unital quadratic Jordan algebra over F. Then J becomes an ordinary
non-associative F-algebra under the multiplication z - y := %Uiﬁyl_], and this
F-algebra is a linear Jordan algebra in the sense that it is commutative and
satisfies the Jordan identity x - ((z - x) -y) = (z - z) - (z -y). Conversely, let J
be a linear Jordan algebra over F. Then the U-operator U,y := 2z - (z - y) —
(- z) -y and the identity element 1; convert J into a unital quadratic Jordan
algebra. The two constructions are inverse to one another and determine an
isomorphism of categories between unital quadratic Jordan algebras and linear
Jordan algebras over F.

2.3 IDEALS AND SIMPLICITY

Let J be a Jordan algebra over F. A subspace I C J is said to be an ideal if
UrJ+U;I4+{I1J} C J. In this case, the quotient space J/I carries canonically
the structure of a Jordan algebra over F' such that the projection J — J/I is
a homomorphism. A Jordan algebra is said to be simple if it is non-zero and
there are no ideals other than the trivial ones. We speak of an absolutely simple
Jordan algebra if it stays simple under all base field extensions. (There is also a
notion of central simplicity which, however, is weaker than absolute simplicity,
although the two agree for char(F') # 2.)

2.4 STANDARD EXAMPLES

First, let A be an associative F-algebra. Then the vector space A together with
the U-operator U,y := zyx and the identity element 14 is a Jordan algebra
over F, denoted by A*. If A is simple, then so is AT [McC 69b, Th. 4]. Next,
let (B,7) be an F-algebra with involution, so B is a non-associative algebra
over ' and 7: B — B is an F-linear anti-automorphism of period 2. Then

H(B,7):={z € B|1(zx) =z}
is a subspace of B. Moreover, if B is associative, then H (B, ) is a subalgebra

of BT, hence a Jordan algebra which is simple if (B, 7) is simple as an algebra
with involution [McC 69b, Th. 5].
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2.5 POWERS

Let J be a Jordan algebra over F'. The powers of € J with integer exponents
n > 0 are defined recursively by 2° = 15, 2! = z, 2”2 = U,2™. Note for
J = AT as in 2.4, powers in J and in A are the same. For J arbitrary, they
satisfy the relations

Ugma™ = x?™Fn - {pMg"gP} = 2202 (™) = g™ (2.5.1)

hence force

Fla]:=> Fa"

n>0

to be a subalgebra of J. In many cases — e.g., if char(F') # 2 or if J is simple
(but not always [J81, 1.31, 1.32]) — there exists a commutative associative
F-algebra R, necessarily unique, such that F[z] = R* [McC 70, Prop. 1], [J 81,
Prop. 4.6.2]. By abuse of language, we simply write R = F[z] and say R is a
subalgebra of J.

In a slightly different, but similar, vein we wish to talk about étale subalgebras
of a Jordan algebra. This is justified by the fact that étale F-algebras are
completely determined by their Jordan structure. More precisely, we have the
following simple result.

LEMMA 2.5.2. Let E, R be commutative associative F-algebras such that F
is finite-dimensional étale. Then p: ET = R* is an isomorphism of Jordan
algebras if and only if p: E =3 R is an isomorphism of commutative associative
algebras.

Proof. Extending scalars if necessary, we may assume that E as a (unital) F-
algebra is generated by a single element x € E | since this is easily seen to hold
unless F' = Fa, the field with two elements. But since the powers of x in F
agree with those in ET = R™, hence with those in R, the assertion follows. [

2.6 INVERSES AND JORDAN DIVISION ALGEBRAS

Let J be a Jordan algebra over F'. An element x € J is said to be invertible if
the U-operator U,: J — J is bijective (equivalently, 1; € Im(U,)), in which
case we call x7! := U 'z the inverse of z in J. Invertibility and inverses
are preserved by homomorphisms. It follows from the fundamental formula
(2.1.1) that, if ,y € J are invertible, then so is U,y and (U,y)~! = U, 1y~ L.
Moreover, setting 2™ = (z=1)™" for n € Z, n < 0, we have (2.5.1) for all
m,n,p € Z. In agreement with earlier conventions, the set of invertible elements
in J will be denoted by J*. If J* = J\{0} # 0, then we call J a Jordan division
algebra. If A is an associative algebra, then (AT)* = AX and the inverses are
the same. Similarly, if (B, 7) is an associative algebra with involution, then
H(B,7)* = H(B,7)N B*, and, again, the inverses are the same.
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2.7 ISOTOPES

Let J be a Jordan algebra over F' and p € J*. Then the vector space J together
with the U-operator Ué”) := U,U, and the distinguished element 1(Jp) =plis
a Jordan algebra over F', called the p-isotope (or simply an isotope) of J and
denoted by J®). We have J®)* = J* and (J®)@ = JU) for all ¢ € J*,
which implies (J®)(@ = J for ¢ := p~2. Passing to isotopes is functorial in
the following sense: if ¢: J — J' is a homomorphism of Jordan algebras, then
so is p: J®) — J/@®) for any p € J*.

Let A be an associative algebra over F and p € (A1)* = A*. Then right
multiplication by p in A gives an isomorphism R,: (A*)®) 5 A%+ of Jordan
algebras. On the other hand, if (B, 7) is an associative algebra with involution,
then so is (B,7®), for any p € H(B,7)*, where 7»): B — B via = —

p~L7(x)p stands for the p-twist of 7, and

R,: H(B,7)® = H(B,7") (2.7.1)

is an isomorphism of Jordan algebras.

2.8 HOMOTOPIES AND THE STRUCTURE GROUP

If J, J' are Jordan algebras over F', a homotopy from J to J' is a homomorphism
¢: J — J'@) of Jordan algebras, for some p’ € J'*. In this case, p’ = (1;)~?
is uniquely determined by ¢. Bijective homotopies are called isotopies, while
injective homotopies are called isotopic embeddings. The set of isotopies from
J to itself is a subgroup of GL(J), called the structure group of J and denoted
by Str(J). It consists of all linear bijections n: J — J such that some linear
bijection n®: J — J satisfies Uny = nUgnt for all z € J. The structure group
contains the automorphism group of J as a subgroup; more precisely, Aut(J)
is the stabilizer of 1; in Str(J). Finally, thanks to the fundamental formula
(2.1.1), we have U, € Str(J) for all y € J*.

3 CUBIC JORDAN ALGEBRAS

In this section, we recall the main ingredients of the approach to a particu-
larly important class of Jordan algebras through the formalism of cubic norm
structures. Our main references are [McC 69a] and [JK]|. Systematic use will
be made of the following notation: given a polynomial map P: V — W be-
tween vector spaces V,W over F' and y € V, we denote by 9,P: V — W the
polynomial map given by the derivative of P in the direction y, so (0, P)(x)
for z € V is the coefficient of the variable t in the expansion of P(x + ty):

P(z + ty) = P(z) + t(8,P)(z) + - -
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3.1 CuUBIC NORM STRUCTURES

By a cubic norm structure over F we mean a quadruple X = (V,¢,§, N) con-
sisting of a vector space V over F, a distinguished element ¢ € V (the base
point), a quadratic map = ~ z from V to V (the adjoint), with bilineariza-
tion z x y := (z+y)¥ — 2% —yf, and a cubic form N: V — F (the norm), such
that, writing

T(y,z) = (9yN)(c)(9:N)(c) — (9y0:N)(c) (y,z€V)
for the (bilinear) trace of X and T'(y) := T'(y, ¢) for the linear one, the equations
¢ =c¢, N(c)=

1
exz=T(@)ec—x
#

0y N)(2) = T(z%,y)
¥ = N(2)z

base point identities),

unit identity),
gradient identity),

(
(
(
(adjoint identity)

hold in all scalar extensions. A subspace of V is called a cubic norm sub-
structure of X if it contains the base point and is stable under the adjoint
map; it may then canonically be regarded as a cubic norm structure in its
own right. A homomorphism of cubic norm structures is a linear map of the
underlying vector spaces preserving base points, adjoints and norms. A cubic
norm structure X as above is said to be non-singular if V' has finite dimension
over F' and the bilinear trace T: V x V — F' is a non-degenerate symmetric
bilinear form. If X and Y are cubic norm structures over F, with Y non-
singular, and ¢: X — Y is a surjective linear map preserving base points and
norms, then ¢ is an isomorphism of cubic norm structures [McC 69a, p. 507].

3.2 THE ASSOCIATED JORDAN ALGEBRA

Let X = (V,¢,4,N) be a cubic norm structure over F' and write T for its
bilinear trace. Then the U-operator

Upy := T(z,y)x — 2* x y (3.2.1)

and the base point ¢ convert the vector space V into a Jordan algebra over
F, denoted by J(X) and called the Jordan algebra associated with X. The
construction of J(X) is clearly functorial in X. We have

N(U,y) = N(z)®N(y) (z,y € J). (3.2.2)

Jordan algebras isomorphic to J(X) for some cubic norm structure X over
F are said to be cubic. For example, let J be a Jordan algebra over F' that
is generically algebraic (e.g., finite-dimensional) of degree 3 over F. Then
X = (V,¢, 8, N), where V is the vector space underlying J, ¢ := 1, § is the
numerator of the inversion map, and N := N is the generic norm of J, is
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a cubic norm structure over F' satisfying J = J(X); in particular, J is a
cubic Jordan algebra. In view of this correspondence, we rarely distinguish
carefully between a cubic norm structure and its associated Jordan algebra.
Non-singular cubic Jordan algebras, i.e., Jordan algebras arising from non-
singular cubic norm structures, by [McC69a, p. 507] have no absolute zero
divisors, so U, = 0 implies z = 0.

3.3 CUBIC ETALE ALGEBRAS

Let E be a cubic étale F-algebra. Then Lemma 2.5.2 allows us to identify
E = ET as a generically algebraic Jordan algebra of degree 3 (with U-operator
U,y = 2%y), so we may write E = E* = J(V, ¢, 4, N) as in 3.2, where ¢ = 1 is
the unit element, 4 is the adjoint and N = Ng is the norm of £ = E+. We also
write T for the (bilinear) trace of E. The discriminant (algebra) of E will be
denoted by A(E); it is a quadratic étale F-algebra [KMRT, 18.C].

3.4 ISOTOPES OF CUBIC NORM STRUCTURES

Let X = (V,¢,4, N) be a cubic norm structure over F. An element p € V is
invertible in J(X) if and only if N(p) # 0, in which case p~! = N(p)~!pt.
Moreover,

x®) .— (v, e®) ﬂ(p),N(p)),

with ¢®) = p=1, 287 = N(p)Up_lxﬁ, N®) := N(p)N, is again a cubic norm
structure over F' | called the p-isotope of X. This terminology is justified since
the associated Jordan algebra J(X ) = J(X)®) is the p-isotope of J(X). We
also note that the bilinear trace of X®) is given by

TP (y,2) = T(Upy, 2) (y,2 € X) (3.4.1)

in terms of the bilinear trace T of X. Combining the preceding considerations
with 3.1, we conclude that the structure group of a non-singular cubic Jordan
algebra agrees with its group of norm similarities.

3.5 CUBIC JORDAN MATRIX ALGEBRAS

Let C be a composition algebra over F', so C'is a Hurwitz algebra in the sense of
[KMRT, §33C], with norm n¢, trace t¢, and conjugation v — 0 :=te(v)1o —v.
Note in particular that the base field itself is a composition even if it has
characteristic 2. For any diagonal matrix

r= diag(’Ylv'Y?a’YB) € GL3(F)7
the pair

(Mat3(C), ), 7mr(z):=0"12'T (x € Mat3(C)),
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OUTER AUTOMORPHISMS AND A SKOLEM-NOETHER THEOREM 927

is a non-associative F-algebra with involution, allowing us to consider the sub-
space Herz(C,T") C Mats(C) consisting of all elements z € Matz(C) that are
[-hermitian (z = I'"!'Z'T") and have scalars down the diagonal. Note that we
have

Herg(C, F) - H(Mat3(C), TF)

in the sense of 2.4, with equality for char(F') # 2 but not in general. In terms
of the usual matrix units e;; € Mats(C'), 1 < 4,5 < 3, we therefore have

Her3(C,T') = Z(Feii + C5l)),

the sum on the right being taken over all cyclic permutations (ij1) of (123),
where
Clil] =A{v[jl] |ve C}, v[jl] == nvej + v;ve;.

Now put V := Her3(C,T’) as a vector space over F, ¢ := 13 (the 3 x 3 unit
matrix) and define adjoint and norm on V' by

gtt
[

Z ((ajal — vnne(vi))ei + (— ov; + 0500) [ ])a
N(z) := arasas — Y ymeinc(vi) + ny2ysto(v1vavs)

for all & = > (e +v;[41]) in all scalar extensions of V. Then X := (V, ¢, 4, N)
is a cubic norm structure over F. Henceforth, the symbol Hers(C,T") will stand
for this cubic norm structure but also for its associated cubic Jordan algebra.
We always abbreviate Hers(C) := Hers(C, 13).

3.6 ALBERT ALGEBRAS

Writing Zor(F') for the split octonion algebra of Zorn vector matrices over F'
[KMRT, VIII, Exc. 5], the cubic Jordan matrix algebra Herz(Zor(F)) is called
the split Albert algebra over F'. By an Albert algebra over F', we mean an
F-form of Hers(Zor(F)), i.e., a Jordan algebra over F' (necessarily absolutely
simple and non-singular of degree 3 and dimension 27) that becomes isomorphic
to the split Albert algebra when extending scalars to the separable closure.
Albert algebras are either reduced, hence have the form Herz(C,T") as in 3.5, C
an octonion algebra over F (necessarily unique), or are cubic Jordan division
algebras.

3.7 ASSOCIATIVE ALGEBRAS OF DEGREE 3 WITH UNITARY INVOLUTION

By an associative algebra of degree 3 with unitary involution over F we mean a
triple (K, B, 7) with the following properties: K is a quadratic étale F-algebra,
with norm ng, trace tx and conjugation ¢k, a — @, B is an associative algebra
of degree 3 over K and 7: B — B is an F-linear involution that induces the
conjugation of K via restriction. All this makes obvious sense even in the
special case that K = F' x F is split, as do the generic norm, trace and adjoint
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of B, which are written as Np, T, i, respectively, connect naturally with the
involution 7 and agree with the corresponding notions for the cubic Jordan
algebra BT. In particular, H(B,T) is a Jordan algebra of degree 3 over F
whose associated cubic norm structure derives from that of B¥ via restriction.
Let (K, B,T) be an associative algebra of degree 3 with unitary involution
over F'. We say (K, B,7) is non-singular if the corresponding cubic Jordan
algebra BT has this property, equivalently, if B is free of finite rank over K
and Tp: B x B — K is a non-degenerate symmetric bilinear form in the usual
sense. We say (K, B, ) is central simple if K is the centre of B and (B, ) is
simple as an algebra with involution. This allows us to speak of (B,7) as a
central simple associative algebra of degree 3 with unitary involution over F,
the centre of B (a quadratic étale F-algebra) being understood.

3.8 THE SECOND TITS CONSTRUCTION

Let (K, B, 7) be an associative algebra of degree 3 with unitary involution over
F and suppose we are given a norm pair (u,u) of (K, B,7), i.e., a pair of
invertible elements v € H(B,7), p € K such that Np(u) = ng(u). We put
V := H(B,7) ® Bj as the external direct sum of H(B,7) and B as vector
spaces over F', using j as a placeholder. We define base point, adjoint and
norm on V' by the formulas

ci=15+0-], (3.8.1)
ot = (vg —vud) 4 (Av*u~t — vov)7, (3.8.2)
N(z) := Ng(vo) + pNg(v) + aNp(v) — T (vo, vurt(v)) (3.8.3)

for x = vg+wvj, vo € H(B,7), v € B (and in all scalar extensions as well). Then
we obtain a cubic norm structure X := (V,¢,t, N) over F whose associated
cubic Jordan algebra will be denoted by J := J(K, B, 7, u, u) := J(X) and has
the bilinear trace

T(z,y) = Ts(vo, wo) + T (vur(w)) + Tp(wur(v))
= Tp(vo,wo) + tx (TB (vm’(u;))) (3.8.4)

for x as above and y = wo + wj, wy € H(B,7), w € B. It follows that, if
(K, B, T) is non-singular, then so is J. Note also that the cubic Jordan algebra
H(B, ) identifies with a subalgebra of J through the initial summand.

If (K, B,7) is central simple in the sense of 3.7, then K is the centre of B,
J(B,t,u,p) = J(K,B,7,u,p) is an Albert algebra over F, and all Albert
algebras can be obtained in this way. More precisely, every Albert algebra J
over F contains a subalgebra isomorphic to H(B, ) for some central simple
associative algebra (B, 7) of degree 3 with unitary involution over F', and ev-
ery homomorphism H(B,7) — J can be extended to an isomorphism from
J(B,T,u, ) to J, for some norm pair (u, u) of (K, B, 7), with K the centre of
B.

DOCUMENTA MATHEMATICA 21 (2016) 917-954



OUTER AUTOMORPHISMS AND A SKOLEM-NOETHER THEOREM 929

Our next result is a variant of [PeR 84b, Prop. 3.9] which extends the isomor-
phism (2.7.1) in a natural way.

LEMMA 3.8.5. Let (K, B,7) be a non-singular associative algebra of degree 3
with unitary involution over F and suppose (u, 1) is a norm pair of (K, B, ).
Then, given any p € H(B,T)*, writing 7P) for the p-twist of T in the sense of
2.7 and setting u®) := pfu, p®) .= Ng (p)p, the following statements hold.

a. (K, B, 'r(p)) is a non-singular associative algebra of degree 3 with unitary
involution over F.

b. H(B,7") = H(B,7)p, and (u®, u®) is a norm pair of (K, B, ).
c. The map
Ry: J(K, B, u,1)® s J(K, B, 7@ u®, 1, ®))

defined via vo+vj — vop+ (p~tup)j is an isomorphism of cubic Jordan
algebras.

Proof. (a): This follows immediately from 3.7.

(b): The first assertion is a consequence of (2.7.1). As to the second, we
clearly have u®) € B* and pu® € K*. Moreover, from p~' = Np(p)~'p*
we deduce Np(pf) = Np(p)? and pp* = Np(p)lp = p'p, hence 7P (u(P)) =
p~lr(u)pfp = Np)p~'u = pfu = u®. Thus u? ¢ H(B,7®)* and
Np(u®) = Ng(p)*np(u) = Np(u)*nk(p) = ngx(u®)), which completes the
proof.

(c): By (b), (3.4.1) and 3.8, the map R, is a linear bijection between non-
singular cubic Jordan algebras preserving base points. By 3.1, it therefore
suffices to show that it preserves norms as well. Writing N (resp. N') for the
norm of J(K, B, 7,u,pu) (resp. J(K,B,7® u® uP)) we let vy € H(B,T),
v € B and compute, using (3.8.3),

(N' o Rp)(vo +vj) = N'(vop + (p~ " vp)j)
= Np(p)N5(vo) + Ni(p)uNp(v) + Ni(p)aNp(v)
— T (vopp™ 'opp*ur™® (p~"vp))
= Nz(p) (NB(UO) + uNp(v) + iNp(v) — Tp (UOUUT(U)))
= NP (v +vj),
as desired. 0

Remark 3.8.6. The lemma holds without the non-singularity condition on
(K, B, 1) but the proof is more involved.

If the quadratic étale F-algebra K in 3.8 is split, there is a less cumbersome
way of describing the output of the second Tits construction.
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3.9 THE FIRST TITS CONSTRUCTION

Let A be an associative algebra of degree 3 over F and p € F*. Put V :=
A @ Aji1 @ Ajs as the direct sum of three copies of A as an F-vector space and
define base point, adjoint and norm on V' by the formulas ¢ := 14 +0-j14+0- jo,

o = (v — v1v2) + (" 0k — vovr)j1 + (o — vavo)j, (3.9.1)
N(ac) = NA(UO) + ,uNA(’Ul) + /,L_lNA(UQ) — TA(’UQ’Ulvg) (392)

for x = vg + v1J1 + v2J2, Vo, V1, V2 Tunning over all scalar extensions of A. Then
X := (V,¢, 4, N) is a cubic norm structure over F', with bilinear trace given by

T(z,y) = Ta(vo, wo) + Ta(vi,w2) + Tal(vz,wr) (3.9.3)

for z as above and y = wy + w1j1 + waj2, wo, w1, ws € A. The associated cubic
Jordan algebra will be denoted by J(A, ) := J(X). The Jordan algebra AT
identifies with a cubic subalgebra of J(A, 1) through the initial summand, and
if A is central simple, then J(A, ) is an Albert algebra, which is either split
or division.

Now let (K, B, T) be an associative algebra of degree 3 with unitary involution
over F' and suppose (u, 1) is a norm pair of (K, B, 7). If K = F x F is split,
then we have canonical identifications (B, 7) = (A x A°P ¢) for some associa-
tive algebra A of degree 3 over F, where ¢ denotes the exchange involution,
and H(B,7) = A" as cubic Jordan algebras, where the inclusion H(B,7) C B
corresponds to the diagonal embedding A1 < A x A°P. Moreover, p = (o, §),
where a € F' is invertible, 3 = a~!N4(u), and there exists a canonical iso-
morphism J := J(K, B, 7,u, u) & J(A,«) =: J' matching H (B, ) canonically
with AT as subalgebras of J, J', respectively. On the other hand, if K is a field,
the preceding considerations apply to the base change from F' to K and then
yield an isomorphism J(K, B, 7, u, u) g = J(B, ).

4 THE WEAK AND STRONG SKOLEM-NOETHER PROPERTIES

As we have pointed out in 1.2, extending an isomorphism between cubic étale
subalgebras of an Albert algebra J to an automorphism on all of J will in gen-
eral not be possible. Working with elements of the structure group rather than
automorphisms, our Theorem B above is supposed to serve as a substitute for
this deficiency. Unfortunately, however, this substitute suffers from deficiencies
of its own since the natural habitat of the structure group is the category of
Jordan algebras not under homomorphisms but, instead, under homotopies.
Fixing a cubic Jordan algebra J over our base field F' and a cubic étale F-
algebra E' throughout this section, we therefore feel justified in phrasing the
following formal definition.

4.1 WEAK AND STRONG EQUIVALENCE OF ISOTOPIC EMBEDDINGS

(a) Two isotopic embeddings i,i7': E — J in the sense of 2.8 are said to be
weakly equivalent if there exist an element w € F of norm 1 and an element
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¥ € Str(J) such that the diagram

E——F

i/l lz (4.1.1)
J 41#). J

commutes. They are said to be strongly equivalent if b € Str(J) can further-
more be chosen so that the diagram commutes with w = 1 (i.e., R, = Idg).
Weak and strong equivalence clearly define equivalence relations on the set of
isotopic embeddings from E to J.
(b) The pair (E,J) is said to satisfy the weak (resp. strong) Skolem-Noether
property for isotopic embeddings if any two isotopic embeddings from E to J
are weakly (resp. strongly) equivalent. The weak (resp. strong) Skolem-Noether
property for isomorphic embeddings is defined similarly, by restricting the maps
i, i to be isomorphic embeddings instead of merely isotopic ones.

Remark 4.1.2. In 4.1 we have defined four different properties, depending on
whether one considers the weak or strong Skolem-Noether property for isotopic
or isomorphic embeddings. Clearly the combination weak/isomorphic is the
weakest of these four properties and strong/isotopic is the strongest.

In the case where J is an Albert algebra, Theorem B is equivalent to saying
that the pair (E, J) satisfies the weakest combination, the weak Skolem-Noether
property for isomorphic embeddings. On the other hand, suppose i,': F — J
are isomorphic embeddings and ¢ € Str(J) makes (4.1.1) commutative with
w = 1. Then ¥ fixes 1; and hence is an automorphism of J. But such an
automorphism will in general not exist [AJ, Th. 9], and if it doesn’t the pair
(E,J) will fail to satisfy the strong Skolem-Noether property for isomorphic
embeddings. In view of this failure, we are led quite naturally to the following
(as yet) open question:

Does the pair (E,J), with J absolutely simple (of degree 3), always

4.1.
satisfy the weak Skolem-Noether property for isotopic embeddings? (4.1.3)

This is equivalent to asking whether, given two cubic étale subalgebras F; C
J(pl), E, C J®2) for some p1,p2 € J*, every isotopy n: Fy — Es allows a
norm-one element w € E7 such that the isotopy noR,,: E1 — F» extends to an
element of the structure group of J. Regrettably, the methodological arsenal
assembled in the present paper, consisting as it does of rather elementary ma-
nipulations involving the two Tits constructions, does not seem strong enough
to provide an affirmative answer to this question.

But in the case where J is absolutely simple of dimension 9 — i.e., the Jordan
algebra of symmetric elements in a central simple associative algebra of degree
3 with unitary involution over F' [McCZ, 15.5] — we will show in Th. 5.2.7 be-
low that the weak Skolem-Noether property for isotopic embeddings does hold.
This result, in turn, will be instrumental in proving Theorem B in §7. Regard-
ing the strong Skolem-Noether property for isomorphic embeddings, Theorem
1.1 in [GanS] gives a way to measure its failure.

DOCUMENTA MATHEMATICA 21 (2016) 917-954



932 SKIP GARIBALDI AND HOLGER P. PETERSSON

5 CuUBIC JORDAN ALGEBRAS OF DIMENSION 9

Our goal in this section will be to answer Question 4.1.3 affirmatively in case
J is a nine-dimensional absolutely simple cubic Jordan algebra over F'. Before
we will be able to do so, a few preparations are required.

5.1 QUADRATIC AND CUBIC ETALE ALGEBRAS

(a) If K and L are quadratic étale algebras over F, then so is
KxL:=H(K®L,.g ®11,),

where tx and t; denote the conjugations of K and L, respectively. The
composition (K,L) — K % L corresponds to the abelian group structure of
HY(F,Z/27), which classifies quadratic étale F-algebras [KMRT, (29.9)].

(b) Next suppose L and E are a quadratic and cubic étale F-algebras, respec-
tively. Then F ® L may canonically be viewed as a cubic étale L-algebra,
whose norm, trace, adjoint will again be denoted by Ng,Tg,{, respectively.
On the other hand, F ® L may also be viewed canonically as a quadratic étale
FE-algebra, whose norm, trace and conjugation will again be denoted by np,
tr, and ¢y, x — T, respectively. We may and always will identify ¥ C F ® L
through the first factor and then have E = H(E ® L, t1,).

5.2 THE ETALE TITS PROCESS

[PeT04a, 1.3] Let L, resp. E, be a quadratic, resp cubic, étale algebra over F
and as in 3.3 write A(E) for the discriminant of E, which is a quadratic étale
F-algebra. With the conventions of 5.1 (b), the triple (K, B,7) := (L, EQL, 1)
is an associative algebra of degree 3 with unitary involution over F' in the sense
of 3.7 such that H(B,7) = E. Hence, if (u,b) is a norm pair of (L, E® L,tr,),
the second Tits construction 3.8 leads to a cubic Jordan algebra

J(E,L,u,b) := J(K,B,7,u,b) = J(L,E® L, 11, u,b)

that belongs to the cubic norm structure (V,c,#, N) where V=E & (E® L)j
as a vector space over F' and ¢, , N are defined by (3.8.1)—(3.8.3) in all scalar
extensions. The cubic Jordan algebra J(FE, L, u, b) is said to arise from E, L, u, b
by means of the étale Tits process. There exists a central simple associative
algebra (B, 7) of degree 3 with unitary involution over F' uniquely determined
by the condition that J(F, L,u,b) = H(B, 1), and by [PeR84b, Th. 1], the
centre of B is isomorphic to A(E) x L (cf. 5.1 (a)) as a quadratic étale F-
algebra.

For convenience, we now recall three results from [PeT04a] that will play a
crucial role in providing an affirmative answer to Question 4.1.3 under the
conditions spelled out at the beginning of this section.

DOCUMENTA MATHEMATICA 21 (2016) 917-954



OUTER AUTOMORPHISMS AND A SKOLEM-NOETHER THEOREM 933

THEOREM 5.2.1. ([PeT04a, 1.6]) Let E be a cubic étale F-algebra, (B,T) a
central simple associative algebra of degree 3 with unitary involution over F
and suppose i is an isomorphic embedding from E to H(B,T). Writing K
for the centre of B and setting L := K * A(E), there is a norm pair (u,b) of
(L, E®L, i) such that i extends to an isomorphism from the étale Tits process
algebra J(E, L,u,b) onto H(B,T). O

THEOREM 5.2.2. ([PeT04a, 3.2]) Let E,E’ and L,L’ be cubic and quadratic
étale algebras, respectively, over F and suppose we are given norm pairs (u,b)
of (L,E® L,vr) and (v, V") of (L', E' @ L', 11,). We write

J:=J(E,Lub =E®E®L)j, J:=JE L) =EaoE L))

as in 5.2 for the corresponding étale Tits process algebras and let o: E' = E
be an isomorphism. Then, for an arbitrary map ®: J — J, the following
conditions are equivalent.

(i) @ is an isomorphism extending p.

(ii) There exist an isomorphism v: L' = L and an invertible element y €
E ® L such that o(u') = nr(y)u, ¥(b') = Ng(y)b and

D(v) +v'j') = o(v)) + (y(p @ ¥) (V) (5.2.3)
forallv, € B/, v e E'® L. O

PROPOSITION 5.2.4. ([PeT04a, 4.3]) Let E be a cubic étale F-algebra and
a,a’ € F*. Then the following conditions are equivalent.

i. The first Tits constructions J(E,a) and J(E,d') (cf. 3.9) are isomorphic.
it. J(E,a) and J(E, ') are isotopic.
iii. « = o’ mod Ng(E*) for some ¢ = £1.

iv. The identity of E can be extended to an isomorphism from J(E,a) onto
J(E, o). O

Our next aim will be to derive a version of Th. 5.2.1 that works with isotopic
rather than isomorphic embeddings and brings in a normalization condition
already known from [KMRT, (39.2)].

PROPOSITION 5.2.5. Let (B, 7) be a central simple associative algebra of degree
3 with unitary involution over F and write K for the centre of B. Suppose
further that E is a cubic étale F-algebra and put L := K x A(E). Given
any isotopic embedding i: E — J := H(B,T), there exist elements u € E,
b € L such that Ng(u) = nr(b) = 1 and i can be extended to an isotopy from
J(E,L,u,b) onto J.
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Proof. By 2.8, some invertible element p € J makes i: E — J®) an isomorphic
embedding. On the other hand, invoking 2.7 and writing 7(») for the p-twist of
7, it follows that

R,: J®) = H(B,7P)
is an isomorphism of cubic Jordan algebras, forcing i; = R, o0i: £ —
H(B,7®) to be an isomorphic embedding. Hence Th. 5.2.1 yields a norm

pair (u1,p1) of (L, E ® L,¢r,) such that, adapting the notation of 3.8 to the
present set-up in an obvious manner, i; extends to an isomorphism

ni: J(E,Liui, b)) = E® (E® L)j; = H(B,7®).

Thus 11 := Ry, ony: J(E, Lui, by) 5 J®) is an isomorphism, which may
therefore be viewed as an isotopy from J(E, L, u1,b1) onto J extending i. Now
put u := Ng(uy) u$, b:=bib;* and y := u; ® b;* € (E® L)* to conclude
Ng(u) =ng(b) =1 as well as np(y)uy = u, Ng(y)by = b. Applying Th. 5.2.2
to ¢ :=1g, ¥ := 1, we therefore obtain an isomorphism

®: J(E,Lyu,b) — J(E,L,u1,b1), wvo+vji+— v+ (yv)j

of cubic Jordan algebras, and n := n o ®: J(E, L,u,b) — J is an isotopy of
the desired kind. O

LEMMA 5.2.6. Let L, resp. E be a quadratic, resp. cubic étale algebra over F'
and suppose we are given elements uw € E, b € L satisfying Ng(u) = ng(b) = 1.
Then w:=u"! € E has norm 1 and Ry,: E — E extends to an isomorphism

Ry J(E,L,1g,b) — J(E,L,u,b)(“), v+ xj— (vw) + xj
of cubic Jordan algebras.

Proof. This follows immediately from Lemma 3.8.5 for (K,B,7) := (L, E ®
L,tp), p:=band p := u. O

We are now ready for the main result of this section.

THEOREM 5.2.7. Let (B, T) be a central simple associative algebra of degree
3 with unitary imvolution over F' and E a cubic étale F'-algebra. Then the
pair (E,J) with J := H(B,T) satisfies the weak Skolem-Noether property for
isotopic embeddings in the sense of 4.1 (b).

Proof. Given two isotopic embeddings i,¢': E — J, we must show that they
are weakly equivalent. In order to do so, we write K for the centre of B as
a quadratic étale F-algebra and put L := K « A(FE). Then Prop. 5.2.5 yields
elements u,u’ € E, bl € L satisfying

NE(U) = NE(’U,/) = nL(b) = nL(b’) =1 (528)
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such that the isotopic embeddings 4,7’ can be extended to isotopies

n: J(E,Lyu,b)=E®(E®L)j — J,
W J(B, L\ b)=E&(E® L)) — J, (5.2.9)

respectively. We now distinguish the following two cases.
Case 1: L 2 F x F is split. As we have noted in 3.9, there exist elements
a,o’ € F* and isomorphisms

&: J(E,L,iu,b) = J(E,a), ®': J(E, L, bV)-"5 J(E, o)

extending the identity of E. Thus (5.2.9) implies that ® o n=! o 5/ o
®'~1: J(E,o') — J(E,a) is an isotopy, and applying Prop. 5.2.4, we find
an isomorphism 6: J(E,a’) = J(E, ) extending the identity of E. But then
@ :=nod® 1ofod on’~t: J — Jis an isotopy, hence belongs to the structure
group of J, and satisfies

poi'=nod® ltohod ooy =nlp =i

Thus ¢ and i’ are even strongly equivalent.

Case 2: L is a field. Since J(FE,L,u,b) and J(E,L,u/,b’) are isotopic (via
n'~1 on), so are their scalar extensions from F to L. From this and 3.9 we
therefore conclude that J(E® L,b) and J(E® L,b’) are isotopic over L. Hence,

by Prop. 5.2.4,
b="b°Ng(z) (5.2.10)

for some ¢ = £1 and some z € (E® L)*. Now put ¢ := 1g, ¥ := (1, and
y:=u ®1; € (E® L)*. Making use of (5.2.8) we deduce ny(y)u'~! =/,
Ng(y)b'~! = b'. Hence Th. 5.2.2 shows that the identity of E can be extended
to an isomorphism

0: J(E,L,b) = JE,Lu~" b,

and we still have Ng(u/~!) = np(b'~1) = 1. Thus, replacing ' by n’ o 671 if
necessary, we may assume ¢ = 1 in (5.2.10), i.e.,

b=bNg(2). (5.2.11)

Next put ¢ := 1g, ¥ := 1y and y := z € (FE® L)*, uy := np(y)u/, by :=
Ng(y)b = b (by (5.2.11)). Taking L-norms in (5.2.11) and observing (5.2.8),
we conclude Ng(y)Ng(y) = nr(Ng(z)) = 1, and since u; = ygyu', this implies
Np(u1) = 1. Hence Th. 5.2.2 yields an isomorphism

0: J(E,Luy, b)) — J(E, L b)

extending the identity of F, and replacing ’ by 1’ o 8 if necessary, we may and
from now on will assume

b=10'" (5.2.12)
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Setting w := ! and consulting Lemma 5.2.6, we have Ng(w) = 1 and obtain
a commutative diagram

| b | /J
| R
‘](EaLa 1E5b) - < = J(Evauab)v
Ry

where 1o Ry, : J(E,L,1g,b) — J is an isotopy and the isotopic embeddings
1,70 Ry, from F to J are easily seen to be weakly equivalent. Hence, replacing
it by io Ry, and n by no Ry if necessary, we may assume u = 1g. But then, by
symmetry, we may assume v’ = 1 as well, forcing

n,n: J(E,L,1g,b) — J

to be isotopies extending 7,4, respectively. Thus v := non/~1 € Str(J) satisfies
oi' =non~ton|g = nlg =i, soiand i’ are strongly, hence weakly,
equivalent. O

6 NORM CLASSES AND STRONG EQUIVALENCE

6.1

Let (B,7) be a central simple associative algebra of degree 3 with unitary
involution over F' and E a cubic étale F-algebra. Then the centre, K, of B and
the discriminant, A(E), of F are quadratic étale F-algebras, asis L := KxA(FE)
(cf. 5.1 (a)). To any pair (¢,4") of isotopic embeddings from E to J := H(B,T)
we will attach an invariant, belonging to E* /ny ((F® L)*) and called the norm
class of (4,4"), and we will show that ¢ and i’ are strongly equivalent if and only
if their norm class is trivial. In order to achieve these objectives, a number of
preparations will be needed.

We begin with an extension of Th. 5.2.2 from isomorphisms to isotopies.

PROPOSITION 6.1.1. Let E, E' and L, L’ be cubic and quadratic étale algebras,
respectively, over F' and suppose we are given norm pairs (u,b) of (L, EQL, )
and (v, b") of (L', E' @ L', i1/). We write

J:=J(E,Lub) =E®E®L)j, J:=JE, LJV)=EaE L))

as in 5.2 for the corresponding étale Tits process algebras and let p: E' = E
be an isotopy. Then, letting ®: J' — J be an arbitrary map and setting p :=
o(1g)~t € E*, the following conditions are equivalent.

i. ® is an isotopy extending .

ii. There exist an isomorphism : L' = L and an invertible element y €
E ® L such that o(u') = nr(y)p'p~3u, v(') = Ng(y)b and

D(vy +0'5") = p(vy) + (y(p @ Y)(v"))J (6.1.2)
forallvi, e E', v e E'®@ L.
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Proof. ¢1 := Rpo¢: E' — E is an isotopy preserving units, hence is an
isomorphism. By 5.2 we have

J:=J(E,Liu,b) = J(L,E® L,up,u,b),

and in obvious notation, setting u® := ptu, b®) := Np(p)b, Lemma 3.8.5
yields an isomorphism

Ry: J® = Jyi= J(L,E® Lyup,u®,0®) = J(E, L,u®,bP),
v + vj > (vop) + Vi1

Thus Rp: J — Jj is an isotopy and ¢ := Rpoq) is a map from J’ to J;. Since
1 preserves units, this leads to the following chain of equivalent conditions.

® is an isotopy extending ¢ <= ®; is an isotopy extending @1
<= &, is an isotopy extending ¢
and preserving units

<= ®; is an isomorphism extending ¢;.

By Th. 5.2.2, therefore, (i) holds if and only if there exist an element y; €
(E ® L)* and an isomorphism t: L' — L such that ¢;(u/) = ng(y1)u®,
P(b') = Ng(y1)b® and

@1 (vh +0'5") = @1 (vg) + (y1(p1 @ ) (V"))

for all v, € E', v € E' ® L. Setting y := y1p, and observing (¢1 @ ¥)(v') =
(p@)(v')p for all v/ € E' @ L', it is now straightforward to check that the
preceding equations, in the given order, are equivalent to the ones in condition
(ii) of the theorem. O

With the notational conventions of 5.1 (b), we next recall the following result.

LEMMA 6.1.3. ([PeT04a, Lemma 4.5]) Let L (resp. E) be a quadratic (resp.
a cubic) étale F-algebra. Given y € E ® L such that ¢ := Ng(y) satisfies
nr(c) = 1, there exists an element y € E ® L satisfying Ng(y') = ¢ and
nr(y) =1. O

6.2 NOTATION

For the remainder of this section we fix a central simple associative algebra
(B, T) of degree 3 with unitary involution over F' and a cubic étale F-algebra
E. We write K for the centre of B, put J := H(B,7) and L := K « A(E) in
the sense of 5.1.

THEOREM 6.2.1. Leti: E — J be an isotopic embedding and suppose w € F
has norm 1. Then the isotopic embeddings i and io R, from E to J are strongly
equivalent if and only if w € np((E ® L)*).
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Proof. By Prop. 5.2.5, we find a norm pair (u,b) of (L, E ® L,¢;,) such that i
extends to an isotopy n: J1 := J(E,L,u,b) — J. On the other hand, ¢ and
i o R, are strongly equivalent by definition (cf. 4.1) if and only if there exists
an element ¥ € Str(J) making the central square in the diagram

Ji °E = EC Ji
\l | / (6.2.2)
J e P > ] .

commutative, equivalently, the isotopy ¢ := R, : F — FE can be extended
to an element of the structure group of J;. By Prop. 6.1.1 (with p = w™!),
this in turn happens if and only if some invertible element y € E ® L has
uw = ng(y)(wH wiu = ng(y)why, ie., w = ng(w?y), and eitherNg(y) = 1
or Ng(y) = bb~!. Replacing y by w?y, we conclude that i and i o R,, are
strongly equivalent if and only

some y € E ® L satisfies (i) nz(y) = w and (i) Np(y) € {1,bb7'}.  (6.2.3)

In particular, for i and i o Ry, to be strongly equivalent it is necessary that
w € np((E® L)*). Conversely, let this be so. Then some y € E ® L satisfies
condition (i) of (6.2.3), so we have w = nr(y) and nr(Ng(y)) = Ng(nr(y)) =
Np(w) = 1. Hence Lemma 6.1.3 yields an element ¢y’ € E ® L such that
Ng(y') = Ng(y) and ni(y') = 1. Setting z := yy'~! € E® L, we conclude
nr(z) =nr(y) = wand Ng(z) = Ng(y)Ne(y')~! = 1, hence that (6.2.3) holds
for z in place of y. Thus ¢ and i o R,, are strongly equivalent. O

6.3 NORM CLASSES

Let 4,7: E — J be isotopic embeddings. By Th. 5.2.7, there exist a norm-one
element w € E as well as an element 1) € Str(J) such that the left-hand square
of the diagram

T Rw T Rw/ T
J J J

( Y’

commutes. Given another norm-one element w’ € E and another element
Y" € Str(J) such that the right-hand square of the above diagram commutes as
well, then the isotopic embeddings i’ and i’ o R,,,-1 from E to J are strongly
equivalent (via ¢'~! o), and Th. 6.2.1 implies w = w' mod ny((F ® L)*).
Thus the class of w mod ny, ((E® L)*) does not depend on the choice of w and
1. We write this class as [¢,4'] and call it the norm class of (i,4'); it is clearly
symmetric in 4,4'. We say 4,7 have trivial norm class if

[i,3'] = 1in E* /n,((E ® L)*).
For three isotopic embeddings 4,4',i"”: E — J, it is also trivially checked that

[i,3"] = [4,¢][¢, "]
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COROLLARY 6.3.1. Two isotopic embeddings i,i': E — J are strongly equiva-
lent if and only if [i,'] is trivial.

Proof. Let i,i': E — J be isotopic embeddings. By Th. 5.2.7, they are weakly
equivalent, so some norm-one element w € E makes i’ and i o R,, strongly
equivalent. Thus 4 and ¢’ are strongly equivalent if and only if 7 and 70 R, are
strongly equivalent, which by Th. 6.2.1 amounts to the same as w € ny((E ®
L)*), i.e., to ¢ and ¢’ having trivial norm class. O

Remark 6.3.2. When confined to isomorphic rather than isotopic embeddings,
Cor. 6.3.1 reduces to [PeT04a, Th. 4.2].

6.4 THE CONNECTION WITH JORDAN PAIRS.

We are grateful to a referee for having suggested to phrase some of the preceding
results in the language of Jordan pairs. Her or his arguments may be sketched
as follows.

Referring to Loos [Loos] for the necessary background material, we consider cu-
bic étale F-algebras E, E’, a central simple associative algebra (B, 7) of degree
3 with unitary involution over F', put J := H(B, 1) and write £ := (ET, E™),
E = (BT, E'), J := (J,J) for the Jordan pairs corresponding to the Jordan
algebra ET, E'T, J, respectively. Then we make the following observations.

19, Isotopic embeddings from E to J are basically the same as embeddings
(i.e., injective homomorphisms) of Jordan pairs from € to J. Indeed, let
¢: Et — J be an isotopic embedding, so some p € J* makes ¢: Et — J®)
an injective homomorphism. Arguing as in the proof of [Loos, 1.8], it then
follows that (¢, Upp): € — J is an embedding of Jordan pairs. Conversely, let
h = (hy,h_): &€— J be an embedding of Jordan pairs.. Then e := (e4,e_) :=
(h+(15),h—(1y)) is an idempotent of J such that h(E) C Ja(e). We will be
through once we have shown J,(e) = J since this implies, again following the
proof of loc.cit., that p := e_ is invertible in J and h, is an injective homo-
morphism from from E* to J®) hence an isotopic embedding from E to J. In
order to show J2(e) = J, we may extend scalars if necessary to the algebraic
closure of F' to obtain a frame X = (e1,ea,e3) in Ja(e) satisfying e = > e;.
But since J has degree three, X is also a frame of 7, forcing e € J to be a
maximal idempotent. Now [Pe 78, Cor. 4] implies the assertion.

20, Let w € E*. Then it is straightforward to check that R, : E — E belongs
the structure group of EV, and the automorphism of £ it corresponds to via
[Loos, 1.8] is Ry := (Ruy, Ry—1).

3. We claim that the isomorphisms from & to £ are precisely the pairs of
maps (¢ 0 Ry, 0 Ry-1) = (¢, 9) 0 Ry, where o: E — E' is an isomorphism
of cubic étale F-algebras and w € EX. By 2°, maps of this form are clearly
isomorphisms from & to £'. Conversely, let h = (hy,h_): € — & be an iso-
morphism. Then v := h'(1g) € BX and ¢ := hy o Ry,-1: EY — E'F with
w := v~! is an isotopy preserving units, hence an isomorphism of cubic étale
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F-algebras (Lemma 2.5.2) such that hy = ¢ o Ry, Now [Loos, 1.8] yields also
h_ = @ o wal .

49 We denote by EAut(J) the elementary automorphism group of J, meaning
the group of automorphisms (h4, h_) of J such that both A4 and h_ leave the
norm of J invariant. Under the correspondence of [Loos, 1.8], EAut(J) identi-
fies canonically with the elementary structure group of J, denoted by EStr(J)
and defined to be the group of all g € Str(.J) that leave the norm of J invariant.
5°. We are now in a position to phrase, e.g., the weak Skolem-Noether property
for isotopic embeddings (cf. 4.1) in the language of Jordan pairs as follows:
given any two isomorphic embeddings j,7': € — J, there exist an invertible
element w € E and an elementary automorphism ¥ of J such that the diagram

E——F¢
T
J = J

commutes. Note that we have replaced the normalization condition Ng(w) = 1
of 4.1 by the equivalent one of ¥ being an elementary (rather than arbitrary)
automorphism of 7. Combining Th. 5.2.7 with 3° we also see that two mazimal
tori of J are conjugate under EAut(J) if and only if they are isomorphic.

7 ALBERT ALGEBRAS: PROOF OF THEOREM B

7.1

It would be interesting to know whether Th. 5.2.7, the notion of norm class
as defined in 6.3, or Cor. 6.3.1 can be extended from absolutely simple Jordan
algebras of degree 3 and dimension 9 to Albert algebras. Unfortunately, we
have neither been able either to answer this question in the affirmative nor
to exhibit a counter example. Therefore, we will have to be more modest
by settling with Theorem B, i.e., with the weak Skolem-Noether property for
isomorphic rather than arbitrary isotopic embeddings. Given a cubic étale
algebra E and an Albert algebra J over F, the idea of the proof is to factor
two isomorphic embeddings from F to J through the same absolutely simple
nine-dimensional subalgebra of J, which by structure theory will have the form
H(B, ) for some central simple associative algebra (B, 7) of degree 3 with
unitary involution over F', allowing us to apply Th. 5.2.7 and reach the desired
conclusion. The fact that we have not succeeded in extending the preceding
factorization property from isomorphic to isotopic embeddings from E to J is
the main reason for the deficiencies alluded to at the beginning of this section.
Throughout, we fix an arbitrary Albert algebra J and a cubic étale algebra
FE over F. In order to carry out the procedure we have just described, a few
preparations will be needed.
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LEMMA 7.1.1. Assume F is algebraically closed and denote by FEyp :=
Diag4(F) C Mats(F)T the cubic étale subalgebra of diagonal matrices. Then
there exists a cubic étale subalgebra Fo C Matg(F)+ such that Matg(F)+ 18
generated by F1 and Fo as a cubic Jordan algebra over F'.

Proof. We realize Matg(F)™T as a first Tits construction
Jl = Matg(F)+ = J(El, 1),

with adjoint f, norm N, trace T, and identify the diagonal matrices on the
left with E; viewed canonically as a cubic subalgebra of J(Eq,1). Since F' is
infinite, we find an element ug € E satisfying F1 = F[ug]. Letting o € F*,
we put

y:=up+ajr € Ji.

Since ug and j; generate Ji as a cubic Jordan algebra, so do ug and y, hence
Ey and E; := F[y]. It remains to show that, for a suitable choice of «, the
F-algebra Es is cubic étale. We first deduce from (3.9.1) and (3.9.3) that

Thus y has the generic minimum (= characteristic) polynomial
£ — TE1 (UO)t2 + TE1 (ug)t — (NE1 (Uo) + 043) S F[t],
whose discriminant by [Lang, IV, Exc. 12(b)] is
Ay = T, (u0) T, (uh)? — 4T, (uh)® — 4T, (uo)* (N, (uo) + o)
— 27(Ng, (uo) + 0*)* + 18T, (uo) T, (uf) (N, (uo) + o)
= Ayy — (478, (u0)® + 54N, (uo) — 18Tg, (uo) T, (uh))a® — 2708,

where A,, # 0 is the discriminant of the minimum polynomial of ug. Regard-
less of the characteristic, we can therefore choose o € F'* in such a way that
A, # 0, in which case F5 is a cubic étale F-algebra. O

7.2 DIGRESSION: POINTED QUADRATIC FORMS

By a pointed quadratic form over F we mean a triple (V, g, ¢) consisting of an
F-vector space V, a quadratic form ¢: V — F, with bilinearization ¢(z,y) =
q(x +y) — q(x) — q(y), and an element ¢ € V that is a base point for ¢ in the
sense that ¢(c) = 1. Then V together with the U-operator

Uwy = q(z,9)x — q(2)y (x,y€V), (7.2.1)
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where § := ¢(c,y)c — y, and the unit element 1; := ¢ is a Jordan algebra
over F', denoted by J := J(V, g, ¢) and called the Jordan algebra of the pointed
quadratic form (V] g, ¢). It follows immediately from (7.2.1) that the subalgebra
of J generated by a family of elements z; € J, i € I,is Fc+ ), F;.
LEMMA 7.2.2. Assume F is infinite and let i,i': E — J be isomorphic embed-
dings. Then there exist isomorphic embeddings i1,1y: E — J such thati (resp.,
i) is strongly equivalent to i1 (resp., i}) and the subalgebra of J generated by
i1(E) Ui (F) is absolutely simple of degree 3 and dimension 9.

Proof. We proceed in two steps. Assume first that F' is algebraically closed.
Then £ = F x F x F and J = Her3(C) are both split, C' being the octonion
algebra of Zorn vector matrices over F. Note that Mats(F)" = Hers(F x F)
may be viewed canonically as a subalgebra of J. By splitness of E, there are
frames (i.e., complete orthogonal systems of absolutely primitive idempotents)
(ep)1<p<s; (€p)1<p<s in J such that i(E) = ) Fe,, i’ (E) = ) Fej,. But frames
in the split Albert algebra are conjugate under the automorphism group. Hence
we find automorphisms ¢, ¢ of J satisfying p(e,) = 1(e},) = epp for 1 < p < 3.
Applying Lemma 7.1.1, we find a cubic étale subalgebra Fy C Mats(F)™ C J
that together with E4 := Diag4(F) = (po1)(E) generates Mats(F)* as a cubic
Jordan algebra over F'. Again, the cubic étale Es is split, so we find a frame
(ep)1<p<s in J satisfying Ey = > F¢,. This in turn leads to an automorphism
Y’ of J sending ey, to ¢, for 1 <p < 3. Then iy := poi and ¢} : =9 orpoi’ are
strongly equivalent to 4,4, respectively, and satisfy i1(E) = E1, i{(E) = Ea,
hence have the desired property.

Now let F' be an arbitrary infinite field and write F' for its algebraic closure.
We have E = F[u] for some u € E and put z := i(u), 2’ = i'(u) € J.
We write k-alg for the category of commutative associative k-algebras with 1,
put G := Aut(J) x Aut(J) as a group scheme over F and, given R € k-alg,
(p,¢") € G(R), write @y, = Tm(p,¢'), 1 < m < 9, in this order for the
elements

Ty = 1JR) T2 1= SD(.Z'R), xr3 = (p(‘m%))

rai= @ (xR), w5 = ¢ (@), ws:=p(ar) x ¢ (2R),

w7 = p(ah) x ¢ (wr), s i=p(wr) x ¢'(ah), w9 = p(ah) x ¢ (a*).
By a result of Brithne (cf. [Pe 15, Prop. 6.6]), the subalgebra of Jr generated
by (poir)(ERr) and (¢ 0iy)(ER) is spanned as an R-module by the elements
Z1,...,T9. Now consider the open subscheme X C G defined by the condition
that X (R), R € k-alg, consist of all elements (¢, ¢’) € G(R) satisfying

det (T (v (. ) 2n (0, ¢)) ) € R*.

1<m,n<9

By what we have just seen, this is equivalent to saying that the subalgebra of
Jr generated by (poig)(Er) and (¢’ 0i%)(ER) is a free R-module of rank 9
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and has a non-singular trace form. By the preceding paragraph, X (F) C G(F)
is a non-empty (Zariski-) open, hence dense, subset. On the other hand, by
[Sp, 13.3.9(iii)], G(F) is dense in G(F). Hence so is X (F) = X(F)NG(F). In
particular, we can find elements ¢, ¢’ € Aut(J)(F) such that the subalgebra
J' of J generated by (¢ o i)(F) and (¢’ o ')(E) is non-singular of dimension
9. This property is preserved under base field extensions, as is the property of
being generated by two elements. Hence, if J’ were not absolutely simple, some
base field extension of it would split into the direct sum of two ideals one of
which would be the Jordan algebra of a pointed quadratic form of dimension 8
[R, Th. 1]. On the other hand, the property of being generated by two elements
is inherited by this Jordan algebra, which by 7.2 is impossible. Thus ¢ := o1
and i} := ¢’ o ¢’ satisfy all conditions of the lemma. O

PROPOSITION 7.2.3. Suppose J is split (which holds automatically if F is a
finite field) and let i: E — J be an isomorphic embedding. Writing K := A(E)
for the discriminant of E, there exists a subalgebra J; C J such that

i(E) C J; & Hers(K,T), T :=diag(l,—1,1).

Proof. Replacing E by i(E) if necessary, we may assume E C J and that
i: E < J is the inclusion. We write E+ C J for the orthogonal complement
of E in J relative to the bilinear trace and, for all v € E*, denote by gg(v) the
E-component of v* relative to the decomposition J = E @ E+. By [PeR 84a,
Prop. 2.1], E*+ may be viewed as an F-module in a natural way, and qz: E+ —
E is a quadratic form over E. Moreover, combining [PeR 84a, Cor. 3.8] with a
result of Engelberger [E, Prop. 1.2.5], we conclude that there exists an element
v € Bt that is invertible in J and satisfies ¢z (v) = 0. Now [PeR 84a, Prop. 2.2]
yields a non-zero element a € F' such that the inclusion E' < J can be extended
to an isomorphic embedding from the étale first Tits construction J(F, «) into
J. Write J; C J for its image. Then E C J; & J(F,«), and from [PeR 84b,
Th. 3] we deduce J(E, ) = Her(K,T") with I" := diag(1, —1,1) as above. [

PROPOSITION 7.2.4. Let Jy,J| be nine-dimensional absolutely simple subalge-
bras of J. Then every isotopy J; — J; can be extended to an element of the
structure group of J.

Proof. Let ny: J; — Jj be an isotopy. Then some w € J;* makes 7 : Jl(w) —
J{ an isomorphism. On the other hand, structure theory yields a central simple
associative algebra (B, 7) of degree 3 with unitary involution over F and an
isomorphism ¢: H(B,7) — J; which, setting p := ¢~}(w) € H(B,7)*, may
be regarded as an isomorphism

¢: H(B,7)? = Jl(w).
On the other hand, following (2.7.1),
R,: H(B,7)® = H(B, ")
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is an isomorphism as well, and combining, we end up with an isomorphism
¢ =mopoRt: H(B,7™) =5 Jj.

Writing K for the centre of B and consulting 3.8, we now find a norm pair
(u, p) of (B, ) such that ¢ extends to an isomorphism

O: J(B, T u,p) — J.

Similarly, we find a norm pair (v, it’) of (B,7(®)) such that ¢’ extends to an
isomorphism
' J(B, P ) =

Next, setting u; := p*~ 1/, p1 := Np(p)~'y/, we apply Lemma 3.8.5 to obtain
an isotopy

Ry: J(B,7,u1,pn) — J(B,7® /1), wo +vj— (vop) + (p~up)j,
(7.2.5)
and combining, we end up with an isotopy
Rp_l 0®lo®: J(B,T,u,pu) — J(B,T,u1, ).
Hence [Pe04, Th. 5.2] yields an isomorphism
U: J(B,7,u, 1) — J(B,T,uy, u1)
inducing the identity on H (B, 7). Thus
n:z@'o]%po\Potl)_l: J—J

is an isotopy that fits into the diagram

‘](B7 T, U1, ,u‘l)
X
N
J(B, 7, u, ) J(B,7®) !, ')
H(é, T) —— = H(B 7))
P ® o’ o’
1, m I,
J - J

whose arrows are either inclusions or isotopies. Now, since no® = @’ oRpo\I! by
definition of 7, and Rp agrees with R, on H(B, ) by (7.2.5), simple diagram
chasing shows that n € Str(J) is an extension of 7;. O
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We can now prove Theorem B in a form reminiscent of Th. 5.2.7.

THEOREM 7.2.6. Let J be an Albert algebra over F and E a cubic étale F-
algebra. Then the pair (E,J) satisfies the weak Skolem-Noether property for
isomorphic embeddings.

Proof. Leit i,i': E — J be two isomorphic embeddings. We must show that
they are weakly equivalent and first claim that we may assume the following:
there exist a central simple associative algebra (B, T) of degree 3 with unitary
involution over F and a subalgebra Ji C J such that J, = H(B,7) and 4,4’
factor uniquely through Ji to isomorphic embeddings i1: E — Jy, 1y: E — Ji.
Indeed, replacing the isomorphic embeddings 4,7’ by strongly equivalent ones
if necessary, this is clear by Lemma 7.2.2 provided F' is infinite. On the other
hand, if F' is finite, Prop. 7.2.3 leads to absolutely simple nine-dimensional sub-
algebras Jq, J; C J that are isomorphic and have the property that 4,4’ factor
uniquely through Ji, J{ to isomorphic embeddings i1: E — Ji, i}: E — Jj,
respectively. But every isomorphism from Jj to J; extends to an automorphism
of J [KMRT, 40.15], [Pe 04, Remark 5.6(b)]. Hence we may assume J; = Ji,
as desired.

With Jy,41,1) as above, Th. 5.2.7 yields elements w € F of norm 1 and ¢ €
Str(J1) such that i;0R,, = @p10i]. Using Prop. 7.2.4, we extend ¢; to an element
¢ € Str(J) and therefore conclude that the diagram (4.1.1) commutes. O

8 OUTER AUTOMORPHISMS FOR TYPE ®D4: PROOF OF THEOREM A

In this section, we apply Theorem B to prove Theorem A.

8.1 A SUBGROUP OF Str(J)

Let E be a cubic étale subalgebra of an Albert algebra J and write H for the
subgroup of h € Str(.J) that normalize E and such that Nh = N. Note that, for
¢ € Aut(FE), the element ¢ € Str(J) provided by Theorem B to extend o R,,
to all of J belongs to H. Indeed, as ¢ € Str(J), there is a u € F* such that
N = pN, but for e € E we have N(¢(e)) = N(p(ew)) = N(p(e))N(p(w)) =
N(e).

We now describe H in the case where J is a matrix Jordan algebra as in §3.5
with I' = 13 and F is the subalgebra of diagonal matrices. We rely on some
facts that are only proved in the literature under the hypothesis char F' # 2, 3.
This hypothesis is not strictly necessary but we adopt it for now in order to ease
the writing. Fix h € H. The norm N restricts to E as N(>_ aze;;) = ajasas,
so h permutes the three singular points [e;;] in the projective variety N|g =0
in P(E). There is an embedding of the symmetric group on 3 letters, Symg, in
H acting by permuting the e;; by their indices, see [Gar 06, §3.2] for an explicit
formula, and consequently H = Hj x Syms, where Hj is the subgroup of H
of elements normalizing Fe;; for each i. For w := (w1, ws,ws) € (F*)*3 such
that wiwaws = 1, it follows that U, € H (cf. (3.2.2)) sends e;; — w?e;;.

DOCUMENTA MATHEMATICA 21 (2016) 917-954



946 SKIP GARIBALDI AND HOLGER P. PETERSSON

Assuming now that F' is algebraically closed, after multiplying h by a suitable
Uy, we may assume that h restricts to be the identity on E. The subgroup
of such elements of Str(J) is identified with the Spin(C) which acts on the
off-diagonal entries in J as a direct sum of the three inequivalent minuscule
8-dimensional representations, see [KMRT, 36.5, 38.6, 38.7] or [J71, p. 18,
Prop. 6]. Thus, we may identify H with (Rg;F(Gm) - Spin(C)) x Symg,, where
Symg acts via outer automorphisms on Spin(C) as in [Gar 06, §3] or [KMRT,
35.15].

8.2 THE TITS CLASS

Recall from §1.1 that the Dynkin diagram of a group G is endowed with an
action by the absolute Galois group of F, and elements of Aut(A)(F') act nat-
urally on H?(F, Z), for Z the scheme-theoretic center of the simply connected
cover of G.

LEMMA 8.2.1. Let G be a group of type Dy over a field F' with Dynkin diagram
A. If there is a m € Aut(A)(F) of order 3 such that n(tg) = tg, then G has
type Dy or3Dy and tg = 0.

Proof. For the first claim, if G has type 2Dy4 or 5Dy, then Aut(A)(F) = Z/2
or 1.

Now suppose that G has type ! Ds. We may assume that G is simply connected.
The center Z of G is pa X p2, with automorphism group Syms and 7 acts on Z
with order 3. The three nonzero characters x1, x2, x3: Z — Gy, are permuted
transitively by 7, so by hypothesis the element x;(tg) € H*(F,Gy,) does not
depend on i. As the yx;’s satisfy the equations x1 + x2 + x3 = 0 and 2y; =0
(compare [T, 6.2] or [KMRT, 9.14]), it follows that x;(tg) = 0 for all ¢, hence
te = 0 by [Gar 12, Prop. 7].

If G has type 3Dy, then there is a unique cyclic cubic field extension E of
F such that G x E has type 'D,. By the previous paragraph, restriction
H?*(F,Z) — H*(E, Z) kills tg. That map is injective because Z has exponent
2,s0tg =0. O

In the next result, the harder, “if” direction is the crux case of the proof of
Theorem A and is an application of Theorem B. The easier, “only if” direction
amounts to [CEKT, Th. 13.1] or [KT, Prop. 4.2]; we include it here as a
consequence of the (a priori stronger) Lemma 8.2.1.

PROPOSITION 8.2.2. Let G be a group of type Dy over a field F. The image of
a(F): Aut(G)(F) — Aut(A)(F) contains an element of order 3 if and only if
G has type ' Dy or 3Dy, G is simply connected or adjoint, and tg = 0.

Proof. “If” : We may assume that G is simply connected. If G has type 'Dy,
then G is Spin(q) for some 3-Pfister quadratic form ¢, and the famous triality
automorphisms of Spin(q) as in [SpV, 3.6.3, 3.6.4] are of order 3 and have image
in Aut(A)(F) of order 3. So assume G has type 3Dj.
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Assume for this paragraph that char F' # 2,3. There is a uniquely determined
cyclic Galois field extension E of F such that G x E has type ! D4. By hypoth-
esis, there is an Albert F-algebra J with norm form N such that £ C J and
we may identify G with the algebraic group with K-points

{geGL(J®K) | Ng= N and g|pegrx = Ideggk}

for every extension K of F'. Take now ¢ to be a non-identity F-automorphism of
E and w € F of norm 1 and ¢ € Str(J) to be the elements given by Theorem
B such that | = ¢ o Ry. As 9 normalizes F and preserves N, it follows
immediately that ¢ normalizes G as a subgroup of Str(J). (Alternatively this
is obvious from the fact that in subsection 8.1, Spin(C') is the derived subgroup
of H°.) Tracking through the description of H in subsection 8.1, we find that
conjugation by 1) is an outer automorphism of G such that 13 is inner.

In case F' has characteristic 2 or 3, one can reduce to the case of characteristic
zero as follows. Find R a complete discrete valuation ring with residue field F’
and fraction field K of characteristic zero. Lifting E to R allows us to construct
a quasi-split simply connected group scheme G? over R whose base change to
F is the quasi-split inner form G9 of G. We have maps

HY(F,G%) < H}(R,G%) — H'(K,G? x K)

where the first map is an isomorphism by Hensel and the second map is injective
by [BT]. Twisting by a well chosen G%-torsor, we obtain

HY(F,G) < H(R,G) — H'(K,G x K)

where G x K has type 2Dy and zero Tits class and G = G x F. Now in
Aut(G)(F) — Aut(A)(F) = Z/3, the inverse image of 1 is a connected com-
ponent X of Aut(G@) defined over F, a G-torsor. Lifting X to H*(K,G x K),
we discover that this G-torsor is trivial (by the characteristic zero case of the
theorem), hence X is F-trivial, i.e., has an F-point.

“Only if 7 : Let ¢ € Aut(G)(F) be such that a(¢) has order 3. In view of the
inclusion (1.1.1), Lemma 8.2.1 applies. If G has type 2Dy, then it is necessarily
simply connected or adjoint, so assume G has type 'D,4. Then ¢ lifts to an
automorphism of the simply connected cover G of G, hence acts on the center
Z of G in such a way that it preserves the kernel of the map Z — G. As Z
is isomorphic to pue X e and ¢ acts on it as an automorphism of order 3, the
kernel must be 0 or Z, hence G is simply connected or adjoint. O

8.3 DPROOF OF THEOREM A

Let G be a group of type 3Dy, so Aut(A)(F) = Z/3; put 7 for a generator. If
7(ta) # ta, then the right side of (1.1.1) is a singleton and the containment is
trivially an equality, so assume 7 (tg) = tg. Then t¢ = 0 by Lemma 8.2.1 and
the conclusion follows by Proposition 8.2.2. O

DOCUMENTA MATHEMATICA 21 (2016) 917-954



948 SKIP GARIBALDI AND HOLGER P. PETERSSON

ExXAMPLE 8.3.1. Let Fy be a field with a cubic Galois extension Ey. For the
split adjoint group PSOg of type Dy over F, a choice of pinning gives an
isomorphism of Aut(PSOg) with PSOg x Syms , such that elements of Symg
normalize the Borel subgroup appearing in the pinning. Twisting Sping by
a 1-cocycle with values in H!(Fp, Sym,) representing the class of Ey gives a
simply connected quasi-split group G? of type 3Dy. As in [GarMS, pp. 11, 12],
there exists an extension F of Fy and a versal torsor £ € H(F,GY); define
G to be G? x F twisted by . As ¢ is versal, the Rost invariant rge(§) €
H3(F,Z/6Z) has maximal order, namely 6 [GarMS, p. 149]. Moreover, the
map «(F): Aut(G)(F) — Aut(A)(F) = Z/3 is onto by Theorem A.

In case char Fy # 2,3, G is Aut(T") for some twisted composition I' in the
sense of [KMRT, §36]. As rgq(§) is not 2-torsion, by [KMRT, 40.16], " is not
Hurwitz, and by [KT], Aut(G)(F) contains no outer automorphisms of order
3. This is a newly observed phenomenon, in that in all other cases where a(F')
is known to be onto, it is also split.

9 OUTER AUTOMORPHISMS FOR TYPE A

9.1 GROUPS OF TYPE A,

We now consider Conjecture 1.1.2 and Question 1.1.3 for groups G of type A,.
If G has inner type (i.e., is isogenous to SL;(B) for a degree d central simple
F-algebra) then equality holds in (1.1.1) and the answer to Question 1.1.3 is
“yes” as in [Gar 12, p. 232].

So assume that G has outer type and in particular n > 2. The simply connected
cover of G is SU(B, 1) for B a central simple K-algebra of degree d :=n + 1,
where K is a quadratic étale F-algebra, and 7 is a unitary K/F-involution.
(This generalizes the (K, B,7) defined in §3.7 by replacing 3 by d.) As the
center Z of SU(B, 1) is the group scheme (j14)(x) of d-th roots of unity twisted
by K in the sense of [KMRT, p. 418] (i.e., is the Cartier dual of the finite étale
group scheme (Z/d)(k1), every subgroup of Z is characteristic, hence (1.1.1) is
an equality for G if and only if it is so for SU(B, 7) and similarly the answers
to Question 1.1.3 are the same for G and SU(B, 7). Therefore, we need only
treat SU(B, T) below.

The automorphism group Aut(A)(F) is Z/2 and its nonzero element 7 acts on
H?*(F,Z) as —1, hence n(tsy(p,r) = —tsu(p,~ and the right side of (1.1.1)
is a singleton (if 2tgy(p, ) # 0) or has two elements (if 2tsy(p,7) = 0). These
cases are distinguished by the following lemma.

LEMMA 9.1.1. In case d is even (resp., odd): 2tsyp. = 0 if and only if
B ®gk B (resp., B) is a matriz algebra over K.

Proof. The cocenter Z* := Hom(Z,Gy,) is (Z/d)x); put x; € Z* for the el-
ement corresponding to i € (Z/d)(k). If d = 2e for some integer e, then the
element x. is fixed by Gal(F) and 2y, = x4 = 0, regardless of B or tgy(p, ).
All other y; have stabilizer subgroup Gal(K) and x;(2tsy(s,r) € H*(K,Z)
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can be identified with the class of B®?" in the Brauer group of K, cf. [KMRT,
p. 378].

The algebra B ® ¢ B is a matrix algebra, then, if and only if x; vanishes on
2tsy(p,r) for all i. This is equivalent to 2tsy(p,r) = 0 by [Gar12, Prop. 7].
When the degree d of B is odd, B ® ¢ B is a matrix algebra if and only if B is
such. O

COROLLARY 9.1.2. If G is a group of type A, for n even, then equality holds
in (1.1.1) and the answer to Question 1.1.3 is “yes”.

Proof. We may assume that G has outer type and is SU(B, 7). If 2tgu(p,7) # 0,
then the right side of (1.1.1) is a singleton and the claim is trivial. Otherwise,
by Lemma 9.1.1, B is a matrix algebra, i.e., SU(B,7) is the special unitary
group of a K/F-hermitian form, and the claim follows. o

9.2

The algebraic group Aut(SU(B, 7)) has two connected components: the iden-
tity component, which is identified with the adjoint group of SU(B, 7), and the
other component, whose F-points are the outer automorphisms of SU(B, 7).

THEOREM 9.2.1. There is an isomorphism between the F-variety of K-linear
anti-automorphisms of B commuting with T and the non-identity component
of Aut SU(B, ), given by sending an anti-automorphism 1 to the outer auto-
morphism g+ (g)~L.

Clearly, such an anti-automorphism provides an isomorphism of B with its
opposite algebra, hence can only exist when B has exponent 2. This is a
concrete illustration of the inclusion (1.1.1).

Proof. First suppose that F' is separably closed, in which case we may iden-
tify K = F x F, B = Mg(F) x Myg(F), and 7(b1,bs) = (b%,b}). A K-
linear anti-automorphism ¢ is, by Skolem-Noether, of the form ¢ (by,bs) =
(z1bt a7t wobbay ) for some 1,75 € PGLy(F), and the assumption that
Y1 = 19 forces that zo = 7"

As Nrdp,kx ¥ = Nrdp/, it follows that ¢ is an automorphism of the variety
SU(B, 7), hence ¢ defined by ¢(g) := 1 (g)~! is an automorphism of the group.
As ¢(b) =b~! for b€ K%, i.e., ¢ acts nontrivially on the center, ¢ is an outer
automorphism.

We have shown that there is a well-defined morphism from the variety of anti-
automorphisms commuting with 7 to the outer automorphisms of SU(B, 1),
and it remains to prove that it is an isomorphism. For this, note that PGLy
acts on SU(B,7) where the group action is just function composition, that
this action is the natural action of the identity component of SU(B, 7) on its
other connected component, and that therefore the outer automorphisms are
a PGLg-torsor. Furthermore, the first paragraph of the proof showed that the
anti-automorphisms commuting with 7 also make up a PGLg4-torsor, where the

DOCUMENTA MATHEMATICA 21 (2016) 917-954



950 SKIP GARIBALDI AND HOLGER P. PETERSSON

actions are related by 3.1 = y~!.¢ for y € PGL,4. This completes the proof for
F separably closed.

For general F', we note that the map v — ¢ is F-defined and gives an isomor-
phism over Fiep, hence is an isomorphism over F'. O

9.3

We do not know how to prove or disprove existence of an anti-automorphism
commuting with 7 in general, but we can give a criterion for Question 1.1.3
that is analogous to the one given in [KT] for groups of type 3Dj.

COROLLARY 9.3.1. A group SU(B, 1) of outer type A has an F-defined outer
automorphism of order 2 if and only if there exists a central simple algebra
(Bo,T0) over F with 19 an involution of the first kind such that (B,T) is iso-
morphic to (By ® K, 70 ®t), for v the non-identity F-automorphism of K.

Proof. The bijection in Theorem 9.2.1 identifies outer automorphisms of order
2 with anti-automorphisms of order 2. If such a (By, 79) exists, then clearly 7y
provides an anti-automorphism of order 2.

Conversely, given an anti-automorphism 7y of order 2, define a semilinear auto-
morphism of B via ¢ := 197. Set By := {b € B | 1(b) = b}; it is an F-subalgebra
and 79 restricts to be an involution on By. O

EXAMPLE 9.3.2. We now exhibit a (B, 7) with B of exponent 2, but such that
SU(B, T) has no outer automorphism of order 2 over F. The paper [ART]
provides a field F' and a division F-algebra C of degree 8 and exponent 2 such
that C is not a tensor product of quaternion algebras. Moreover, it provides a
quadratic extension K/F contained in C. It follows that C ® K has index 4,
and we set B to be the underlying division algebra. As corg,r[B] = 2[C] =0
in the Brauer group, B has a unitary involution 7.

For sake of contradiction, suppose that SU(B, 7) had an outer automorphism
of order 2, hence there exists a (By,79) as in Corollary 9.3.1. Then By has
degree 4, so By is a biquaternion algebra. Moreover, C' ® By is split by K,
hence is Brauer-equivalent to a quaternion algebra (). By comparing degrees,
we deduce that C is isomorphic to By ® @, contradicting the choice of C.

9.4 TYPE %2FEg

Results entirely analogous to Theorem 9.2.1, Corollary 9.3.1, and Example 9.3.2
also hold for groups G of type 2Eg, using proofs of a similar flavor. The Dynkin
diagram of type Eg has automorphism group Z/2 = {Id,r}, and arguing as
in Lemmas 8.2.1 or 9.1.1 shows that n(tg) = tg if and only if t¢ = 0. So
for addressing Conjecture 1.1.2 and Question 1.1.3, it suffices to consider only
those groups with zero Tits class, which can be completely described in terms
of the hermitian Jordan triples introduced in [GarP, §4] or the Brown algebras
studied in [Gar01]. We leave the details to the interested reader.
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Does Conjecture 1.1.2 hold for every group of type 2Es? One might hope to
imitate the outline of the proof of Theorem A. Does an analogue of Theorem
B hold, where one replaces Albert algebras, cubic Galois extensions, and the
inclusion of root systems D, C FEg by Brown algebras or Freudenthal triple
systems, quadratic Galois extensions, and the inclusion Fg C FEr?
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