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Abstract

A 3-fold Pfister form is associated to every involution of
the second kind on a central simple algebra of degree 3. This
quadratic form is associated to the restriction of the reduced
trace quadratic form to the space of symmetric elements; it
is shown to classify involutions up to conjugation. Subfields
with dihedral Galois group in central simple algebras of ar-
bitrary odd degree with involution of the second kind are
investigated. A complete set of cohomological invariants for
algebras of degree 3 with involution of the second kind is
given.

1. Introduction. Let B be a central simple algebra over a field
K with an involution o of the second kind and let F' be the fixed
subfield of K. Let Trd be the reduced trace and Nrd the reduced
norm of B. The restriction @, of the trace form Q: (z,y) — Trd(zy)
to the F—space (B,0), of symmetric elements of B is a quadratic
form with values in F. It is an invariant of ¢ and the aim of this
paper is to study this invariant. We first describe the general form of
@, for algebras of arbitrary odd degree and then restrict our attention
to central simple algebras of degree 3.

Consider a cubic étale F-subalgebra L C (B,0). The restriction
of the trace form to L is nonsingular, hence we have an orthogonal

decomposition:
(B,o)y =L L1LV.
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We give an explicit description of the restriction of the form @, to
V', using a special case of a construction introduced by T. Springer
[19], in connection with exceptional Jordan algebras, and generalized
by Petersson-Racine [11] to algebras of degree 3. Our next goal is to
show that the trace form @), determines the involution up to isomor-
phism. As a consequence we get a parametrization of all involutions
of the second kind on a central simple algebra of degree 3 which
leave elementwise invariant a given cubic separable subalgebra. We
also associate a 3-fold Pfister form 7(B, o) to (,, which determines
o up to isomorphism, and characterize the class of involutions for
which this 3-fold Pfister form is hyperbolic. The existence of such
involutions, which we call distinguished, follows from Springer’s con-
struction, but is also related to a crossed product construction given
by A.A. Albert [2]. A distinguished involution is characterized by the
fact that the space (B, ), contains up to isomorphism every cubic
étale F-subalgebra of B.

In the last section, we use Galois cohomology and symbols to an-
alyze étale subalgebras of dihedral central simple algebras. As ap-
plications, we get on one hand different proofs of previous results of
the paper and on the other hand we show that a dihedral algebra of
degree 2n, n odd, is cyclic if a quadratic extension of F' contains a
primitive n'-root of 1 (see Corollary 30 for the precise statement).
This is due to L. Rowen and D. Saltman [15] if F' contains a prim-
itive n'"-root of 1. As a last application, we give a complete set of
cohomological invariants for algebras of degree three with involution
of the second kind.

The second author is indebted to H.P. Petersson for useful com-
ments on the subject.

2. Some General Results. Throughout the paper, B denotes a
central simple algebra over a field K of characteristic different from
2 and o denotes an involution of the second kind on B, i.e. a map
0: B — B such that

olz+y)=o(x)+oly), o) =oco(x), o'(z)=x

for all z,y € B, and o|x # Ix. We let F' denote the subfield of



K elementwise invariant under ¢ and denote by —: K — K the
restriction of o to K.

Under a scalar extension of F', the field K — hence also the algebra
B — may split into a direct product of two factors. Therefore, we
shall also allow K to be a split quadratic étale F-algebra:

K =F xF.

In that case, B = A x A’ for some central simple F-algebras A,
A’ which are exchanged under the involution . Therefore, there is
an isomorphism of K-algebras with involution (i.e. an isomorphism
which commutes with the involutions):

(B,o) ~ (A x A s)
where A°P is the opposite algebra of A and s is the switch involution:
S(alv agp) = (a27 a(l)p>‘

Abusing the terminology, we shall also consider (B, o) as a central
simple algebra with involution in this case. (It is indeed simple as an
algebra-with-involution: see Jacobson’s definition in [8, p. 208]).

We let o € F* be such that K = F(y/a) = F[X]/(X? - a). In
particular, we have a € F**if K=FxF.

Let (B, o), denote the F-vector space of o-symmetric elements:

(B,o); = {be€ B:o(b) =b}.

We denote by @, the restriction to (B, o), of the reduced trace
quadratic form:

Qo(7) = Trdg(z?) for x € (B, o).

For any u € (B,0),NB*, ¢’ = Int(u)oo is again an involution of the
second kind of B and conversely, if o, ¢’ are involutions of the second
kind of B, there exists u € (B, o) N B* such that ¢/ = Int(u) o 0.
Let (u)p be the B-hermitian form on B (as a right B-module) given
by

(u)p(z,y) = o(z)uy,
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foru € (B,0);NB* and z,y € B. A right B-module automorphism
ry: T — vx, v € BX, of Bis an isometry (u;)p — (ug)p if o(v)ugv =
uy and is a similarity if there is A € F”* such that Ao (v)ugv = u;.

LEMMA 1. Let uj,us € (B,0)y N B* and let o; = Int(u;) o 0. Then

(1) An isomorphism (B,o1) = (B, 02) induces an isometry Qqy, —

Qo

(2) (B,o1) and (B, 09) are isomorphic (as K-algebras with involu-
tion) if and only if the hermitian spaces (ui)p and (ug)p are
stmilar.

Proof. (1): If Int(v): (B,o1) = (B,02) is an isomorphism, then
nt(v)[(B, 01)+] = (B, 03) and

for z,y € (B,0)+.

(2): The automorphism Int(v) of B is an isomorphism (B,o;) —
(B, 0y), if and only if oy(vzv™) = voy(z)v! for all z € B, if and
only if uy = Avuyo(v) for some A € F*, hence (u1)p and (uz)p
are similar. Conversely any such similitude induces an isomorphism
(B,01) = (B, 09). ]

Let B = M,,(K) be split and let 7(x;;) = (z;;)", where ¢ is trans-
pose and z +— T is conjugation on K. Any u € (M,(K),7)+ is a
hermitian matrix, hence there is v € GL,(K) such that o(v)uv =
a = diag(ay,...,q,), a; € F*. Thus any involution of M,,(K) of the
second kind is isomorphic to an involution of the form o = Int(a) o7
with a = diag(ay, -+, ay),q; € F*.

Let h, = (aq,...,a,)k be the hermitian form on K™ determined
by diag(aq, -+, ay), i.e. he(r,y) =X Ty = Tlay, x,y € K™. Any
isometry h, — hq of the K-space K™ can be viewed as an isometry
(a)m, (k) = (a')m, (k) of the M, (K)-space M, (K).

For oy, ..., € F*, we denote by (g, ..., a,) the quadratic form
on F™ determined by diag(aq,---,ay,), and by (a1, ..., a,)) the n-
fold Pfister form:

(a1, ...,an)y =1, —aq) -+ - {1, —ay).
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The next proposition follows by straightforward computation.

PROPOSITION 2. Let K = F(y/a). For a = diag(ay, - -,a,) €
M, (K) and o = Int(a) o T we have

o =n(l) L(2) - () - (Licicjcn (i)

In order to get a similar result for arbitrary central simple algebras
of odd degree, we first prove:

LEMMA 3. Let L/F be a field extension of odd degree and let q be a
quadratic form over F. Let also qr denote the quadratic form over
L derived from q by extending scalars to L, and let « € F* ~ F*2.
If qr, ~ (&) - h for some quadratic form h over L, of determinant 1,
then there is a quadratic form t of determinant 1 over F' such that

q =~ (o)) - .

Proof. Let K = F(y/a) and E = L - K = L(y/a). Let also ¢ay
denote an anisotropic form over F' which is Witt-equivalent to gq.
The form (gan) g is Witt-equivalent to the form ({(«)) - h)g, hence it is
hyperbolic. Since the field extension £/K has odd degree, Springer’s
theorem on the behaviour of quadratic forms under field extensions
of odd degree [16, Theorem 2.5.3] shows that (g..)x is hyperbolic,
hence, by [16, Remark 2.5.11],

Gan = (@) - to

for some quadratic form ¢y over F'. Let dim ¢ = 2d, so that dim h = d,
and let w denote the Witt index of ¢, so that

g~ wH L {a) - to, (1)
where H is the hyperbolic plane. We then have dim ¢y = d — w, hence
detq = (1) (=) . F** ¢ F*/F**,

On the other hand, the relation qr, ~ («)) - h yields:

det g, = (—a)*- L** € L*/L**.
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Therefore, a® € F* becomes a square in L; since the degree of
L/F is odd, this implies that o € FXZ, hence w is even. Letting
t; = §H L to, we then derive from (1):

q = {a) -t

It remains to prove that we may modify ¢; so as to satisfy the deter-
minant condition. Since dimt¢; = d, we have modulo the square I?F
of the fundamental ideal of the Witt ring of F'

b= {((=1)Ud=1/2det t,)) if d is even
S ((—1)UD2 desty) if d s odd.

We may use these relations to compute the Clifford algebra of ¢ ~
() - t; (up to Brauer-equivalence): in both cases we get the same
quaternion algebra:

C(q) ~ (a, (=1)" V2 det t1) p,
On the other hand, since det h = 1 we derive from q;, ~ (@) - h:
Clgz) ~ (a, (=1)M072),

Therefore, the quaternion algebra (o, dett;)r is split, since it splits
over the extension L/F of odd degree. Therefore, if 6 € F* is a
representative of dett; € F*/F*? we have

§ € ngyp(K7).

Let 3 € F* be a represented value of 7, so that
ti =ty L (B)

for some quadratic form ¢y over F', and let
t=ty L (60).

Then
dett =6 -dett; = 1.
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On the other hand, since § is a norm from the extension K/F we

have
{a) - (08) = () - (B),

hence

PROPOSITION 4. Let B be a central simple K -algebra of odd degree
n = 2m — 1 with an involution o of the second kind. There is a
quadratic form q, of dimension n(n — 1)/2 and determinant 1 over

F such that
Qo ~n (1) L (2) (a) - ¢

Proof. Suppose first K = F x F. We may then assume (B,0) =
(A x A° s), where s is the switch involution. In that case

(B,o)y ={(a,a®®):a € A} ~ A,

and @), is isometric to the reduced trace quadratic form on A. Since
ael Xz, we have to show that this quadratic form is Witt-equivalent
to n(1). By Springer’s theorem, it suffices to prove this relation over
an odd-degree field extension. Since the degree of A is odd, we may
therefore assume A is split: A = M,,(F). In that case, the relation
is easy to check. (Observe that the upper-triangular matrices with
zero diagonal form a totally isotropic subspace).

For the rest of the proof, we may thus assume K is a field. Let D
be a division K-algebra Brauer-equivalent to B and let 7: D — D be
an involution of the second kind on D. Let also L be a field contained
in (D, 7), and maximal for this property. The field F = L- K is then
a maximal subfield of D, otherwise the centralizer CpFE contains a
symmetric element outside F, contradicting the maximality of L. We
have [L : F] = [E : K| = deg D, hence the degree of L/F'is odd, since
D is Brauer-equivalent to the algebra B of odd degree. Moreover,
the algebra

B®rL=B®gFE



splits, since E is a maximal subfield of D. By Proposition 2 the
quadratic form [Q, | obtained from @, by scalar extension to L has
the form

[Qolr = n (1) L(2)-(a)) - h (2)

where h =1,<;<j<, (o) for some ay,...,a, € L*. Therefore, the
Witt index of the form [Q,]r L n(—1) is at least n:

w([Qs]r L n(=1)) > n.

By Springer’s theorem the Witt index of a form does not change
under an odd-degree scalar extension. Therefore,

w(Q, L n{-1)) >n,
and it follows that @, contains a subform isometric to n (1). Let
Qe ~n(l) Lgq

for some quadratic form ¢ over F'. Relation (2) shows that

(@) ~ (2) - () - h.

Since det h = 1, we may apply Lemma 3 to the quadratic form (2) - ¢
and get a quadratic form ¢, over F', of determinant 1, such that

(2) ¢ = () - 4o,
hence
Qo = n(l) L (2) - (&) - ¢o-

We conclude with a result which will be used in the next section
for algebras of degree 3.

LEMMA 5. Let L C (B,0)y be étale of dimension n over F' and let
R=L®rL®pr K. Then B is a free R-module of rank one via left
and right multiplication; the action is equivariant with respect to the
involution o on B and the action o: R — R given by c(AQ u® ) =
PR ARZ. In particular we have an induced action of R on (B,o),
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Proof. We may assume that F is separably closed, that
B =M, (F) x M,,(F)°,
o is the switch involution, and
L ={(d,d®): d is diagonal}.
Let L’ be the set of diagonal matrices in M,,(F'). We have

M,(F)=L &zl &---@a" 'L,

with  a permutation matrix of order n. In this case E =1+ x--- +
2" 1 is a free generator of M,,(F) as a L' ® L’-module. Thus (&, £°P)
is a free generator of B as L ® L-module. The last claim follows by
a direct verification. [ |

3. A Construction of Springer. In this section, we restrict
attention to central simple algebras of degree 3 over a field of char-
acteristic different from 2,3. We use the same notation as in the
preceding section; in particular, we denote by B a central simple
K-algebra with involution o of the second kind. Consider a cubic
étale F-subalgebra L C (B,o); and denote by tr/p: L — F and
nr/r: L — F' the trace, resp. the norm of L. The restriction of the
trace form to L is nonsingular, hence we have an orthogonal decom-
position:

(B,o)y =L 1LV.

For v € V let

N(v) = %TrdB('UZ) —pr(v?) e L,
where pr: (B,0); — L denotes the orthogonal projection. We define
an L-action on V such that (V, N) is a nonsingular quadratic space
of rank 2 over L. We give two descriptions of the action of L on
V. The first was introduced by T. Springer [19] in connection with
exceptional Jordan algebras and generalized by Petersson-Racine [11]
to Jordan algebras of degree 3. The second uses Lemma 5 and is
specific to central simple algebras of degree 3.
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LEMMA 6. (SPRINGER'S CONSTRUCTION) The space V' is a free L-
module of rank 2 through the operation

(l,v) = Lov=typ(llv—Ltv—vleV

and N:'V — L is a nonsingular quadratic form for this structure.
Moreover, for allv eV,

Qo(v) = 2t1/p(N(v)).
If v € V is invertible in B, then
Trdg(v"¢) = — Nrdg(v) 'trr(N(v)0)
for all ¢ € L.

Proof. Extending scalars from F to an algebraic closure, we may
assume that B is of the form M3(F) x M3(F)°, o is the switch
involution, and L = {(d, d°?): d is diagonal}. In this case the lemma
follows by explicit computation. [ |

We now describe the second construction: Let D = F(v/9) be the
discriminant algebra of L, i.e. ¢ is the determinant of the trace form
trp(2?) = Qo|r(x). There exists a decomposition

L@pL=LxL®pD, (3)

such that the twist o of L @ L restricts on D to a — a. Note that
there are three natural imbeddings L. — L ®r D. Two of them are
given by A — pr(A® 1) and A — pr(1 ® \), respectively (pr is the
projection L @ L — L ®p D) and L — L ®p D, A — A® 1, is the
third one, which is o-invariant. We have an induced decomposition

The o-action on R (see Lemma 5) restricts on L ®p D @ K to
A®d®ar— \A®d® a, so the fixed subalgebra is

R°=LxL®pH,
where H = F(Vad).
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LEMMA 7. The decomposition of the R-module B induced by the de-
composition (4) reduces to the decomposition

B=L®r K 1V ®rK

over K. In particular R = L x L ®p H acts on (B,o)y =L LV
componentwise and V' is a free L @ H-module of rank one. Moreover
the action given by the restriction L C L ® H coincide with the
Springer action, hence N: V. — L is a nonsingular quadratic form
on the free L-module V' of rank 2. We have N(hv) = ng/p(h)N(v)
for h € H, so that N extends to a hermitian form on the L ®p H -
space V' of rank one.

Proof. As for Lemma 6 it suffices to check the split case, where the
claims follow by explicit computations. [ |

Let, as above, 0 denote the discriminant of L. We recall that
§ € F*?* if and only if L is cyclic and that

QO’|L = <17 27 25)7

this is easy to check if L is not a field, since then L = F' x F(+/§). The
general case follows by extending scalars from F' to L and applying
Springer’s theorem. Combining this result with Lemma 6, we get

QO’ = <1a2a25> 1 <2> 'tL/F(N)> (5)
where t;/p(N) denotes the Scharlau transfer of V.

PROPOSITION 8. Let K = F(y/a). The following conditions are
equivalent:

(a) N is hyperbolic.
(b) 6 =a in F*/F**.

(¢) LK is a cyclic extension of K and is Galois with Galois group
Sz over F.
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Moreover, if these conditions hold, then B is a crossed product:
B=LK® LKz ® LKx*
for some x such that x3 € F and o(z) = x.

Proof. (a) < (b): follows immediately from Lemma 7. Alternatively,
if we only want to use Springer’s Construction (Lemma 6), we get
(a) = (b) as follows: If N is hyperbolic, equation (5) yields:

det Q, = —.

On the other hand, Proposition 4 shows that det ), = —a. There-
fore, (b) follows.

(b) = (c): If § = v, then the discriminant of L becomes a square
in K, hence LK/K is cyclic. Let p denote a generator of the Galois
group Gal(LK/K). The restriction of o to LK is an automorphism
of order 2 of LK over F| hence o|x and p generate a group of
automorphisms of order at least 6 of LK /K which shows that LK /F
is Galois.

If @ # 1, then L/F is not cyclic, hence the group generated by p
and 0|k is not cyclic. It is therefore isomorphic to Ss.

Ifa=§d=1, then B~ A x A° and o is isomorphic to the switch
involution. Moreover, LK ~ Lyx Lg” for some cyclic extension Lg/F.
If ~ is a generator of the Galois group Gal(Ly/F), then we choose for
p the automorphism of L given by:

Pl 657) = (4(€1), 7" (£2)).

Thus, o and p do not commute; they generate a group isomorphic to
83.

Our next goal is to show that B contains an invertible element x
such that o(x) = 2 and xf = p(¢)x for all £ € LK. These relations
imply that 23 centralizes LK, is o-symmetric and commutes with z,
hence 23 € F. Let

S={re (B,o):al=p{l)x forall { € LK};
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this is a vector space over F' in which the invertible elements form
a Zariski open set. In order to prove that this set is non-empty, we
may extend scalars from F' to an algebraic closure, and assume

B = Mg(F) X Mg(F)Op,
o is the switch involution, and
L ={(d,d®): d is diagonal}.

We may further assume that p maps

d d, >
do , d,
ds d,
ds d, >
dl ) dé’) )
ds d,
we may then choose
001 00 1\%
T = 100,100 € SN BX,
010 010

proving the claim. It follows that B is a crossed product, as required.

(c) = (a): For every element z as above, we have x,2? € V (as is
easily seen by scalar extension to an algebraic closure of F'), hence
N(x) = 0, proving that N is isotropic, hence hyperbolic since its
dimension over L is 2. [ |

Remark. Proposition 8 can also be deduced from the Corollary of
[12, Theorem 1] in relation with [11, Proposition 2.2].

In order to give an explicit description of the form N for general
L, we need the following lemmas:

LEMMA 9. Let py: (B,0)y — V denote the orthogonal projection.
For allv eV,

nL/F<N(pV<U2))) = nL/F(N<U))2~
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Proof. The lemma follows by explicit computation after extending
scalars from F' to an algebraic closure. ]

LEMMA 10. For any A € L™ such that ny/p(X\) € F*?_ the quadratic
form

(o) - [tr/r((N) L (=1)]
1s hyperbolic.

Proof. By Springer’s theorem, it suffices to prove that the quadratic
form above is hyperbolic after extending scalars from F' to L. We
may thus assume L = F x F' where F' = F(\/§). Let A = (Ao, \1)
with \g € F' and \; € F’; then

trr((A) = (Xo) Ltp p((A)). (6)

By [16, p. 50], the image of the transfer map from the Witt ring W F”
to WF is killed by ((d)), hence

(o) -tr/p((M)) =0 in WE. (7)
On the other hand,
nrr(N) = Xonpyr(h) € F*2
hence ) is a norm from F’ to F', and therefore
(6) - (Mo, —1) =0 in WF. (8)
The lemma follows from (7) and (8), in view of the decomposi-

tion (6). [

PrOPOSITION 11. The quadratic form N has a diagonalization

{(@d)) - (N

for some A € L* such that ng p(\) € F**. Consequently,

Qo = (1,2,20) L (2) - {ad)) - trr({(N)
(1,1,1) L (20) - {a)) - tr/r((A))

for some A € L™ such that ng p(\) € 2.
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Proof. Let v € V be such that N(v) is invertible in L. Lemma 9 shows
that N (py(v?)) also is invertible. The element py (v?) is a basis of V'
as a L ® H-module, so that by Lemma 7, letting A = N(py(v?)), we
get

N = {ad) - (N

as wanted. Alternatively, without using Lemma 7, and letting \ =
N(py(v?)) as above, we have

N=(\\N)
for some N € L*, and ny/p(X) = np/r(N(v))* € F** by Lemma 9.
On the other hand, Proposition 8 shows that N becomes hyperbolic
over L(vad), so det N = —ad, and therefore
N = (ad)) - (A).

The first formula for @, then follows from (5) by Frobenius reci-
procity. Since

(@) = (o)) - (0) + (o)  In WE,
the following relation in W F' follows:
Qo = (1,2,20) + (20) - () - tL/r({(N) + (2) - (0)) - tryr((A))-

Lemma 10 shows that the last term on the right-hand side is equal
to (2) - ((0)). Since

(20) + (2) - (o) = (2) and (1,2,2) = (1,1,1),
we get
Qo = (1,1,1) + (26) - (@) - trp((X))  in WE.

Since both sides have the same dimension, these two quadratic forms
are isometric, proving the second formula for Q.. [ ]
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COROLLARY 12. The form q, defined in Proposition 4 may be chosen
as

Go = () - tryr((N)
for some A € L* such that ng p(\) € F*2.
Proof. According to [16, p. 51|, we have

det(tr/p((A)) = dnp/r(A).
[

So far, the involution ¢ has been fixed, as well as the étale subalge-
bra L C (B,o),. In the last proposition, we compare the quadratic
forms @), and @), associated to two involutions of the second kind
which leave L elementwise invariant. We denote by

qg:- L — L
the quadratic map such that ¢g(¢) = np/p(¢) for all £ € L.
PROPOSITION 13. Let 0,0’ be two involutions on B such that ol =
O'/|L = IL N
o' =Int(z) oo

for some z € L*. If \ € L™ is such that

Qo = (1,2,26) L (2) - (ad)) - tr;r((N)),
then
Qo = (1,2,20) L (2) - {ad)) - tr/r((a(2)A)).
Proof. The map b — zb is an isomorphism (B, 0), — (B, 0’); which
maps L to L; therefore, it also maps the orthogonal V of L in (B, o),

to the orthogonal V' of L in (B,0’),. Let N': V' — L denote the
quadratic form

N'(v') = L Trd(v?) — pl(v"?) for o' € V',
where p): (B,0’)y — L denotes the orthogonal projection. An ex-
plicit computation, after extending scalars to an algebraic closure of

F', shows that
N'(zv) = q(2)N(v)  forallveV.

Therefore, multiplication by z defines a similarity N = N’ with
similarity factor ¢(z). ]

16



Proposition 13 leads to the following converse of Proposition 11:

COROLLARY 14. Let L be an arbitrary cubic étale F-subalgebra in
B. For every A € L* such that ng p(\) € F*? | there is an involution
o on B leaving L elementwise tnvariant such that

Qs = (1,2,20) L (2)- (ad) - tr/r({N)
= (L1L1) L(20) - (@) - tryr((A)-

Proof. By a theorem of Albert [1, p. 157], there is an involution 7
leaving L elementwise invariant. Let

Qr = (1,2,20) L (2) - {ad)) - trr({1))

for some p € L* such that ny/p(u) € F>**. If X € L* is such that
nrr(A) € F*? let £ € F* be such that

nor(A\t) = €2,

Since ny/p(Apt) = Au~tg(An?), the preceding equality yields:

Mt =g =g ).

Therefore, the preceding proposition shows that o = Int(EX™ ) o 7
satisfies the required properties. [ ]

4. A Classification of Involutions in Degree 3. In this section
we continue to assume that B has degree 3 and that F' has charac-
teristic different from 2,3. By Proposition 4, the trace form of any
involution ¢ of the second kind has the form

Q. = <1a L, 1> 1 <2> ’ <<Oé>> ’ <_b> -G, bC>

where K = F(y/a) and b, ¢ € F. Our goal is to show that the 3-fold
Pfister form {(«, b, ¢)) determines the involution o up to isomorphism
and to characterize the involutions for which this 3-fold Pfister form
is hyperbolic.
For any Pfister form {(ai,...,a,)), we let {(ay,...,a,)* = (1)*, so
that
(b, ) = (=b, —c, bc).
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THEOREM 15. Let 0,0’ be involutions of the second kind on a central
simple K —algebra B of degree 3. Let

Qo = (1,1,1) L (2) - () - (b, )
and
QU’ = <17 L 1> 1 <2> ’ <<a>> ' <<b/’ C,>>ﬁ'

The following conditions are equivalent:

(a) The involutions o and o’ are isomorphic.
(b) The quadratic forms Q, and Q. are isometric.

(c) The quadratic forms {a)) - {(b,c)* and {a)) - (¥, ) are iso-

metric.

(d) Either K = F x F or the K-hermitian forms (—b, —c, bc)x and
(=, =, b )k are isometric.

(e) The quadratic forms (o, b,c) and (o, b, ') are isometric.

Proof. (a) = (b) is already in Lemma 1, and (b) <= (¢) <=
(e) follows by Witt cancellation. Moreover, (¢) = (d) is a theorem
of Jacobson [7] if K is a field, and is clear if K = F x F. We
finally check that (d) = (a). If K = F x F, all involutions on
B ~ A x A° are isomorphic to the switch involution, so (a) holds
trivially. Thus we are reduced to the case K a field. Assume next that
B = M;3(K) is split. Up to automorphisms of (B, o), resp. (B, o’), we
have o = Int(a)o7, resp. ¢’ = Int(a’)or with a = diag(a;, as, a3) and
a' = diag(af, af, af). We may assume that ajasas = 1 = ofabhas.
By Proposition 2, we have

QJ = <1’ L, 1> 1 <2> ' «a» ’ <042043_1,Oé3a1_1,(1/1042_1>

and



Since
(agapaiz) - (042CY§1,043041_17061042_1>K ~ (aq, o, 03) k¢,

we get isometries hq ~ hy or (a)v, (k) ~ (@')my k) and (M3(K), o) is
isomorphic to (M3(K),c’) by Lemma 1.

If B is not split and if o’ = Int(u) oo, we have to check by Lemma 1
that the hermitian spaces (u)p and (1)p are similar. Replacing u by
u - Nrd(u), we may assume that Nrd(u) € F**. Let L = F(x) with
x € (B,0)y,x ¢ F,sothat L is afield extension of F of degree 3. The
algebra B ®p L is split over K @ L* and there is v € GL3(K ®p L)
such that

u®1l=X\(c®1))

Thus, denoting by 7: K — K the non-trivial automorphism of K/F,
Nrd(u ® 1) = A* Nrd(v/)Nrd(v') = p®

with g € F, since Nrd(u) € F**, and we can write

A= (uA'Nrd(v) ™ H) (pA-1 Nrd(v') 1) = v

It follows that v ® 1 = v(oc ® 1)(v) with v = vv', so (u)per =~
(1)pgr. By the Bayer—Lenstra [4] generalization of Springer’s the-

orem to hermitian spaces, we have (u)p ~ (1)p and, by Lemma 1,
(B,o) ~ (B,d"). ]

In view of the equivalence (@) <= (e) in Theorem 15, the Pfister
form («, b, ¢)) classifies involutions o on B. We denote it by (B, o).
Note that m(B, o) is isometric to the norm of the octonion algebra
Oct A associated in [14] to any simple Jordan algebra A of degree 3
and dimension 9, if A = (B, o). Let

(B,0)S. = {z € (B,0);: Trd(z) =0} =1 C (B,0),.
Since @ (1) = 3, the restriction QF of @, to (B, 0)3 is given by
Q5 = (2,6) L (2) - (o) - (b, ) =~ (2) - ((1,3) L (@) - (b, ch?).
In the Witt ring W F', we have

() - (b, ) = (o b)) = (e
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therefore,
Qo =(2) - ((3,a) + {a, b,c)) in WF.

Comparing dimensions on both sides, we see that the Witt indices of
both sides are related by:

w(@g) = w((3,a) L {o,b,c))) — 1. (9)
Isotropic elements of Q2 are elements u € (B, o), such that Trd(u) =
Trd(u?) = 0. Since the reduced characteristic polynomial of any

a € B has the form
X? — Trd(a)X? + & [Trd(a)? — Trd(a?)] X — Nrd(a) - 1,
it follows that u is isotropic if and only if u* = Nrd(u) € F.
THEOREM 16. The following conditions are equivalent:
(a) (B, o) is hyperbolic;
(b) Fither K = F x F or (=b,—c,bc) ~ (1,—1, —1)g;
(c) w(Q3) = 2;

(¢’) (B,o)s contains a subspace U of dimension 2 whose elements
satisfy: u® = Nrd(u);

(d) w(Qg) = 3;

(d’) (B,o) contains a subspace U of dimension 3 whose elements
satisfy: u® = Nrd(u);

(e) (B,o)s contains an étale cubic F-algebra L of discriminant .
(f) B is a crossed product:
B=Mo&Mxd M a?

where M (D K ) is a Galois extension of F' with Galois group
S3, the involution o preserves M and leaves x invariant.
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Proof. (a) = (b) is a straightforward consequence of Theorem 15,
and (¢) <= (¢’), (d) <= (d’) follow from the preceding observations
on isotropic elements in Q5. Moreover, (a) = (d) follows from (9),
(e) <= (f) from Proposition 8, and (d) = (c) is clear. We now show
(c) = (a): if the Witt index of Q2 is at least 2, then (9) shows that
(3,a) L (o, b, c)) contains isotropic subspaces of dimension 3. There-
fore, ((cv, b, ¢)) is isotropic, hence hyperbolic, proving (a). Assuming
(e), the formula for @), in Proposition 11 shows that w(Q2) > 3,
hence (e) = (d). To complete the proof, we show (¢’) = (e), using
results from [6]. We first consider the easy special case where B is
not a division algebra. If @ = 1 in F*/F*”  then we may assume

B=Ax A®

for some central simple F-algebra A of degree 3, and ¢ is the switch
involution. A theorem of Wedderburn [1] shows that A contains a
cyclic extension L of F. We may then choose

M ={(6,e): (€ LY.

If B is split, then since (¢’) = (b), it follows that o is the adjoint

involution with respect to an isotropic hermitian form. We may thus
1 00

assume B = M3(K) and 0 = Int(u) o7, whereu =] 0 0 1 |. We
010

may then choose

f o
M = 0 k feF, ke K
0 0

T o O

For the rest of the proof of (¢’) = (e), we now assume that B is a
division algebra. Let U C (B, o), be a subspace of dimension 2 such
that ©* = Nrd(u) for all w € U. According to Lemma 2 of [6], one
can find a basis (wy,wsy) of U such that

Trd(wy  wy) = 0.
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Following [6], we let
91 = IUI_I’I,UQ, 92 = wl_lé’lwl, 63 = wflégwl.

Note 0y = wy?(wiwywr), so a(fy) = Bo. We let also E = K (65 '0s) if
05105 ¢ K and E = K(0,) if 0,03 € K. Theorem 3 of [6] shows that
E/K is cyclic and E/F is Galois with Galois group Ss. Moreover,
one of the order 2 automorphisms of F/F is the restriction of the
involution

o' =Int(6;") o 0.

Let L' C E denote the subfield of ¢’-invariant elements. Since L' K =
FE is cyclic over K and Galois over F with group &3, Proposition 8
shows that the discriminant of L'/F is .

Observe now that

0> = wiPwy® (wiw3) (wiw),

hence 05" = \vo(v) for A = wiw] and v = wy 'wy 2, so that

Int(v): (B,o) = (B,d’)

is an isomorphism of algebras with involution. Pulling L' C (B, 0’),
back gives the wanted extension L C (B, o). [

Remark. Theorem 16 gives a positive answer to a question about
Tits constructions asked in [14, (2.12)].

An involution o satisfying the equivalent conditions of Theorem 16
is called distinguished. By Theorem 15, two distinguished involu-
tions on B are isomorphic. The existence of distinguished involutions
is clear if B ~ M3(K) is split: the adjoint involution with respect to
any isotropic hermitian form on K? is distinguished. If K = F x F,
the switch involution on B ~ A x A°P is distinguished: in fact we
have oo = 1, so that («)) = (1,—1) and Q2 has Witt index at least
3. The existence in general of distinguished involutions for algebras
of degree 3 is shown next.

PROPOSITION 17. For every cubic étale F-algebra L C B, there is
a distinguished involution o such that L C (B,0),.
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Proof. Let A\g € L* be such that t;,z(A\) = 0, and let
A= )\O/nL/F(/\O);

then TLL/F(A) = nL/F()\Q)_Q € Fx2 and tL/F(/\) = 0. Corollary 14
shows that there is an involution ¢ on B such that L C (B,o) and

ch = <17 L, 1> 1 <25> ’ <<a» : tL/F(<>‘>)7

hence

Q7 = (2) - ((1,3) L (0) - (@) - tyr((N)).
Since t7/p(\) = 0, the form ¢;,p((\)) is isotropic, hence the Witt
index of () - tr/r((\)) is at least 2. Therefore, condition (c¢) of
Theorem 16 holds. u

Alternative proof. Pick an involution oy such that L C (B, 0¢)+
and denote by V' the orthogonal of L with respect to Q),,, as in
the preceding section. By Zariski density, we may find an invertible
element v € V such that ny/p(N(v)) # 0, where N: V' — L is the
quadratic form defined in section 3. Lemma 6 shows:

Trd(v™'¢) = — Nrd(v) 'tz (N (v)0)

for all £ € L. Since N(v) is invertible in L, we may, again by Zariski
density, find ¢ € L* such that

Trd(v='¢) = 0.
Following [6, Proposition 1], the vector space
U =v"1'LNkerTrd

is at least 2-dimensional over F' and satisfies: u® = Nrd(u) for all
u € U. We then have v~ € U for £ € L as above. Let

o =TInt({™) o ay.

Since L C (B,00)+ and ¢ € L*, it follows that L C (B,o).. We
claim that o is distinguished. Let y = ¢~'v € B*, then

yU =("'(wU)C L C (B,o),

23



and
o(y) =Cog(y)l = ol =y,

hence (B,o), contains y*Uy = y(yU)y. Since v~ ¢ € U, we have
y~! € U, hence y> = Nrd(y) € F*. For u € U, we have u® =
Nrd(u) € F, hence

(WPuy)® = yPuy-yPuy - yPuy = y*u’y Nid(y)®
= Nrd(u) Nrd(y)* = Nrd(y*uy).

Therefore, y*Uy C (B,0), is a subspace of dimension > 2 whose
elements satisfy 2° = Nrd(x), hence o is distinguished. [

A third proof of the existence of distinguished involutions is given
in Proposition 31.

COROLLARY 18. The space (B,0)y contains an isomorphic copy of
every cubic étale F'-subalgebra L of B if and only if o is distinguished.

Proof. Since all the distinguished involutions on a central simple
algebra B are isomorphic, the if direction follows from Proposition 17.
Conversely, by Theorem 16, (e), the only involutions which leave
elementwise invariant étale cubic F-subalgebras of discriminant o
are the distinguished involutions. ]

The fact that the only involutions which leave elementwise invari-
ant étale cubic F-subalgebras of discriminant « are the distinguished
involutions also follows from the following general result:

PROPOSITION 19. Let o be an involution on B and let L be a cubic
étale F-algebra such that L C (B,o);. Let § € F* represent the
discriminant of L/F. The Pfister form w(B, o) has a factorization:

m(B, o) = (a)) - ¢

where @ is a 2-fold Pfister form whose pure subform satisfies:

o = tre((0))
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for some £ € L* such that
TLL/F(E) c 0 - FXQ.

In particular,

p- (o) =0.

Proof. Proposition 11 shows that
Qo = (L,1,1) L (2)- () - tr/r({6A))

where A € L* is such that ng,p(\) € F*?. Letting ¢ = 6\, we get
ngp(l) €6 - F** and tryr({€)) is a 3-dimensional form of determi-
nant 1. Comparing with the form of ), in Theorem 15, we obtain:

m(B,0) = () - ((1) Lt/p((6))).

The relation ((1) L t,p((d)))) - ((8)) = 0 follows from Lemma 10,
using the fact that (—¢) - () = (9)). [

The condition ¢ - ((§)) = 0 in the proposition above yields some
restriction on the discriminants of cubic F-algebras L which lie in
(B,0)4. It does not yield any information on cyclic extensions how-
ever, since in this case ((0)) = 0. Nevertheless, there are examples
where (B, o), does not contain any cyclic cubic extension of F'. Con-
sider for instance the “symbol algebra” A,(s,t) generated over the
iterated powerseries field C((s))((¢)) by two indeterminates 4, j sub-
ject to the relations:

P=s, =t ji=uwij
where w is a primitive cube root of unity. This algebra carries an
involution ¢ extending conjugation on C such that

The subfield consisting of the o-invariant elements in the center
C((s))((t)) is R((s))((t)), which does not have any non-trivial cyclic
extension of odd degree. Therefore, the space of symmetric elements
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(Au(s,t),0), does not contain any cyclic extension of F' of degree 3.
We are indebted to H.P. Petersson (see [13]) for suggesting this ex-
ample.

Let L be an arbitrary cubic étale F-subalgebra in B. Let X(B, L)
be the pointed set of isomorphism classes of involutions ¢ of B such
that o|, = I, the point being given by the class of distinguished
involutions.

COROLLARY 20. The map p € L™ — o, where o, is the involution
determined up to isomorphism by the trace form

Qo, = (L1, 1) L (20) - () - tr/p((a(p))L),

induces a surjective map of pointed sets
LX/TLLK/L<LKX) CF = E(B, L)

If L/F is cyclic, the map is well-defined on the set of orbits of the
group Gal(L/F) in
LX/TZLK/L(LKX) - B

Proof. The proof of Corollary 14 shows that the elements A € L such
that np/p(\) € F*? are exactly the elements of the form ¢(u) for
p € L*. Thus, by Corollary 14, (5, is the trace form of an involution
0y Elements p, 1 € L* such that ' = Enpg)r(n)p forn € LK™ and
¢ € F* give isomorphic involutions in view of Theorem 15, (d), since
q(1) = €2 q(n) q(p) q(n) implies that the hermitian forms (q(u)) Lk
and (q(u)) Lk are isomorphic. ]

5. Cohomology and Symbols. Let F' be a field of characteristic
different from 2; let F, denote a separable closure of F' and I' =
Gal(F,/F). For any integer n relatively prime to the characteristic
of F', let

pn = {x € Fs: 2" =1}

denote the I'-module of n-th roots of 1. The Kummer exact sequence
1=, — FX 5 F—1
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and Hilbert’s Theorem 90 yield canonical isomorphisms:
HYT,pp) = F*/F*™  and  H*(T,p,) = .Br(F),

where ,Br(F’) denotes the subgroup killed by n in the Brauer group
Br(F'). Since the action of I" on s is trivial, we also have

H*(T, pg) = Hom(T, {#1}).

For any o € F*, let ¢,: I' — {£1} be the (continuous) homomor-
phism corresponding to « - F** under the identification: F* / F*? =
Hom(T', {£1}); it is explicitly defined by:

+1 if v leaves invariant
Qba( ) - { 7

1 if 4 permutes }the square roots of « in Fj.

We then define a I'-module Z(«) by twisting the trivial action of T’
on z: for v € T and z € Z, we let v - z = ¢, (7)z. Multiplication in z
yields a canonical isomorphism:

z(e) @, 2(B) = z(aB)  for a,f € F*,

since ¢a(1)05(7) = Gas(y) for all 7 € T
For any Imodule M, we define a twisted module M («) by:

M(a) = M @, 7(«a).
The Galois cohomology groups H(I', M) are also denoted H*(F, M).

PROPOSITION 21. Let K = F(y/a) be a quadratic field extension
of F. For all ¢ > 1 and all I'-modules M on which multiplication
by 2 is invertible, the following sequence is split exact:

0 — HY(F, M(a)) = H(K,M) =% H(F,M) — 0

where res (resp. cor) is the restriction (resp. the corestriction) map.

The restriction map identifies HY(F, M(«)) with the subgroup of
HY(K, M) consisting of the classes of cocycles which are cohomolo-
gous to the negative of their conjugate under the action of Gal(K/F):

HYF,M(a)) = {p € H(K,M): ¢ +7 = 0}.
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Proof. From the definition of M(«), it is clear that M = M(«)
as modules over Gal(F,/K). Let G = Gal(K/F) = {1,:} and let
IG = 7-(1 — ) denote the augmentation ideal in the group ring z G.
Denote by ¥ the augmentation map:

: 727G — 7

and define I'-module homomorphisms s: Zz — z2zG and t: zG — IG
by:

s(z) = z(1+4), t(x)=(1—v)z forzez, ze€zdG.

These maps fit into a commutative diagram:

0 «— IG <« 722G < 7 « 0

[

0 - IG — 727G = 7 — 0

Observe that IG ~ 7(«); therefore, tensoring the diagram above with
M, we get the following commutative diagram:

t

0 « M(a) «— M®,zG < M

A T

M(a) -5 M®,2G = M — 0

and since multiplication by 2 is invertible on M, it follows that the
sequence ‘
0— M) -5 M®,2G =M —0

is split exact. It yields a split exact sequence in cohomology:
0 — HY(F,M(a)) > H(F,M © 2G) == H'(F, M) — 0.

By the lemma of Eckmann-Faddeev—Shapiro, there is an isomor-
phism
Y HY(F,M @ 2.G) = H'(K, M)

such that ¥, = coro and v o7, = res. This proves the first part.
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Let res’: HY(F, M) — H*(K, M) denote the restriction map. For
o € HY(K, M), we have:

res’ ocor(p) = ¢ + @, (10)

hence ¢+ = 0 if cor(¢) = 0. Conversely, applying cor to both sides
of (10), we get:
2 cor(p) = cor(p + ),

since corores’ = 2. Since multiplication by 2 is invertible on M,
it follows that cor(¢) = 0 if ¢ + @ = 0. Therefore, the image of
HYF,M(c)) in H*(K, M) can be indifferently described as the kernel
of the corestriction map or as the kernel of the map o — o +. =

Remark. If multiplication by 2 is not invertible on M, the restric-
tion and corestriction maps fit into a long exact sequence described
by Arason and Elman in [3, Appendix].

We shall apply this proposition to the special cases where M =
Z /nz (n odd) with trivial action and M = p,, = {z € F,: 2" = 1}
(assuming n odd and relatively prime to the characteristic of F'). We
first review how, for an arbitrary finite group G, the first cohomology
set H'(F,G), where the Galois action on G is trivial, is related to
Galois extensions of F' with Galois group G. We recall that, in this
case,

H'(F,G) = Hom(I',G)/ ~,
where Hom(I', G) is the set of continous homomorphisms I' — G and
X ~ x if X'(v) = gx(v)g! for some g € G. In particular we have
H'(F,G) = Hom(T', G) if G is abelian.
Let L be a finite-dimensional commutative algebra over F' and let

denote the set of F-algebra homomorphisms L — F,. Let G be
an arbitrary finite group acting on L by F-algebra automorphisms
¢ — gx (. We call L a Galois G-algebra if L is étale of dimension
n = |G| over I and the action of G on X (L) is simply transitive.
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Now, assume L is a Galois G-algebra and fix some £ € X (L). For
every v € I, there is a unique x¢(7y) € G such that

(€)= E(xe(y) x€)  forall £ € L.

The map x¢: I' — G is a continuous homomorphism:
Xe € Hom(T', G).

If L, I are Galois G-algebras over F' and £ € X (L), ¢ € X(L'), an
isomorphism : (L,&) = (L',¢') is an isomorphism of algebras over
F which commutes with the action of G and such that £ o = &.
An isomorphism of Galois G-algebras 1: L = L’ is an isomorphism
of algebras over F' which commutes with the action of G.

PROPOSITION 22. The map (L,&) — x¢ defines a 1-1 correspon-
dence between the set of isomorphism classes of couples (L, &), where
L is a Galois G-algebra and & € X (L), and the set Hom(I', G). More-
over L — x¢ induces a 1-1 correspondence between the set of isomor-
phism classes of Galois G-algebras and the set H*(F,G).

Proof. This proposition is presumably well-known (see for example
[17]), but we include a sketch of proof for the reader’s convenience.
For x € Hom(I',G), we define an action of I' on the algebra (G, Fj)
of maps G — F; by:

(yo @) =v(f(x(1)'z)) foryel, zed.

Let §, denote the algebra of invariant elements under this action:

Sy =1/G = Far(f(x) = f(x(v)x) for y € T, z € G}

This algebra carries a natural G-action defined by:

(9% f)(x) = f(zg) forz,geg, €37
Moreover, for g € G, there is an F-algebra homomorphism

€g: Ty — I
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defined by:
eg(f) =flg)  for f €3y,
and X (§,) = {&,: g € G}. It is then straightforward to check that §,
is a Galois G-algebra, and that y., = x.
For any Galois G-algebra L and any & € X(L), there exists a
unique isomorphism (L, §) = (., €1): this isomorphism maps £ € L
to fr € §, defined by:

filg) =¢&(g*t) forgegd.

Let now &, € X(L). By definition of Galois algebra, there is a
unique element g € G such that n(¢) = (g = ¢) for all £ € L. Then,
foryeTl and ¢ € L,

(€)= (&g * 0) = E(xe(1)g * £) = E(g * (97 xe(7)g * 1)),
hence
Xa(7) = 9 xe(0)g-
This implies the last claim of Proposition 22. |
We now consider the particular case where G is dihedral: let D,
be the group generated by two elements 7, s subject to the relations:
r't =1, s2=1 and rsr = s,

and let Z,, denote the cyclic (normal) subgroup of D,, generated by
r. The group D, is the semidirect product D, = Z, x us and we
have a split exact sequence

1— 2, =D, % py — 1. (11)
PROPOSITION 23. Let L be a Galois D,,-algebra over F' and let
Ly={le Lir«l=1{}, Ly={le L:sxl="{}.

Then Ly ~ F(y/a) for some o € F*. For all £ € X(L), the
homomorphism p o xe € Hom(I', py) corresponds to « - F** under
the identification Hom(T, jup) = HY(F,ps) = F*/F**. Moreover,
if nois odd, « - F** s the discriminant of L/F, so that the map
HY(F,D,) — H'(F, us), induced in cohomology by p, associates to L
the discriminant of L. The discriminant of Li1/F is 1 if n = 1 mod
4 and o - F*? if n = 3 mod 4.
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Proof. The first statement is clear, since Galois theory shows Ly is
a quadratic étale algebra over F. Since the action of Z, on Lg is
trivial, the action of D,, factors through py: we may set

plg)xl=gx/l for g € D,, and ¢ € L.

For all £ € X(L), we then have

() =&(poxe(y)*¢)  foryel and £ € Lo,

proving that poxe € H'(F, o) is the homomorphism corresponding
to the Galois po-algebra Lo/ F.

For the rest of the proof, assume n is odd. The discriminant of
L/ F is represented by the determinant

det(trr, /r(eie;))i<ij<n

where (€;)1<i<yn is a basis of Ly over F. Since, for ¢ € L,

n

trp, r(0) = Zf(rz * (),

i=1
we have
(trr,/r(eie;))i<ijon = m' - m

where '

m = (f(?”z * ej))lgi’jgn.
Therefore, if §; = detm € &(L), the discriminant of L;/F is repre-
sented in F* /F** by 62. For v € T, we have

Y(61) = §(det()(§(7)ri * ej)lgi,jgn) = f(det(Xg(W)TiS * ej)lgi,jgn)'

If x¢(y) € Z,, multiplication by x¢(7) is an even permutation of Z,,
hence

det(X§<”)/)7"i * €5)1<ij<n = det(ri * €5)1<i j<ns

and therefore v(01) = 1. If x¢(v) € Z,, the map z — xe(7)zs is a
permutation of Z, of signature (—1)™~1/2 hence

Y(81) = (=1)" D724,
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Therefore, if n = 1 mod 4 we have §; € F, hence the discriminant of
Ly/F is trivial. If n = 3 mod 4, we have

Y(01) = po xe(v) du,

hence the discriminant of L;/F corresponds to p o x¢ € H(F, u2),
hence it is o - F*2.

The discriminant of L/F is calculated in a similar way: multiplica-
tion by g € D,, defines on D,, a permutation of signature p(g), hence
the discriminant of L/F corresponds to p o x¢ € H(F, uz). [

Suppose now K = F(y/a) is a quadratic field extension of F' con-
tained in Fy;. We denote by 'k the Galois group I'x = Gal(Fs/K)
of Fy over K.

PROPOSITION 24. Suppose n is odd. The group H*(F, Z,(a)) clas-
sifies the Galois Z,-algebras L over K which can be endowed with a
Galois D,,-algebra structure over F' extending the action of Z,.

Proof. Let 0 € I' <\ I'. Proposition 21 shows that

Hl(Fv Zn(a)) - {X € HI(K’ Zn): XX = 1}
= {x € Hom(T'k, Z,): xx = 1},

where Y is defined by:

X(v) = x(oyo™)  fory € Tk.

Let L be a Galois Z,-algebra over K which also has a Galois D,-
algebra structure over F' extending the action of Z,. Let £ € X(L).
We may assume € is a K-algebra homomorphism; the restriction to
Ik of the associated homomorphism x¢: I' — D, is then the element
Xelre € HY(K, Z,) associated to L, viewed as a Galois Z,-algebra
over K.

If x¢(o0) € Z,, then p maps the image of x¢ to 1 € puo, hence
Proposition 23 shows that the subalgebra Lg of invariant elements
under r splits as F' x F. This is a contradiction since Ly = K.
Therefore, x¢(0) & Z,, hence, for v € Ik,

Xelri (070 71) = xe(0)xe (V) xelo) ™ = Xelr (1)
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This shows that x¢|r Xelrx = 1, hence x¢|r, € H(F, Z,(a)).
Conversely, to every x € H'(F, Z,(a)) we associate the Galois
Z,-algebra over K:

Sy =f €3(Zn, Fo):7(f(2)) = f(x()z) for all x € Z,}.

Since xX = 1, we may extend the Z,,-action on §, to an action of D,
by letting:

(s* f)(x) =o(f(z™h)) for f €y, v € 2Z,.

Remark. Another proof of the proposition above can be obtained
by defining a twisted action of I' on D,, extending the action on Z,.
There is an exact sequence corresponding to (11):

1 — Z,(a) = Dypla) — pg — 1,
and the associated cohomology sequence:
1 — HYF, Z,(a)) — H'(F,D,(a)) — H'(F, ji3)

yields an alternative (equivalent) description of H(F, Z,(«)).

As observed in the proof, all Galois Z,-algebras L over K which
can be endowed with a Galois D,,-algebra structure over F' extending
the Z,-action have discriminant o - F x2 Tt is also clear from the
proof that the D,,-algebra structure on L is not uniquely determined,
since it depends on the choice of 0. However, the subalgebra L; of
invariant elements under the element s of D,, does not depend on the
choice of the D,,-algebra structure up to F-isomorphism. Therefore,
for x € H'(F, Z,(a)), we may denote by F, an F-algebra which is
isomorphic to the subalgebra of s-invariant elements in the algebra L
corresponding to y under the correspondence of Proposition 24. Ac-
cording to Proposition 23, the discriminant of F is 1 if n = 1 mod 4
and a - F** if n = 3 mod 4.

Any x € HY(F, Z,) defines a Galois Z,-algebra over F which we
will also denote by F). The discriminant of this extension is 1.

34



We now turn to the Galois module p,, of n-th roots of unity, assum-
ing that n is relatively prime to the characteristic of F'. As above,
we denote

,Un(a> = pn @z Z(a)'

PROPOSITION 25. Let K = F(\/a) be a quadratic field extension of
F. For any odd integer n relatively prime to the characteristic of I,

HY(F, () = {o- K*" € K*/K*": x7 = 1}

and H?*(F, u,(«)) classifies up to Brauer-equivalence central simple
K-algebras of exponent n which admit involutions of the second kind
leaving F' elementwise invariant.

Proof. Applying Proposition 21 with M = pu, and ¢ =1 yields:
HY(F, pp(a)) = {z- K*" € K*/K*": 27 € F*"}.
If v € K* is such that 27 = A" with \ € F'*, then
z' = gAY/ 2 hyn

represents the same element of K*/K*™ and satisfies: 2’2’ = 1. This
proves the first claim.
For ¢ = 2, Proposition 21 yields a split exact sequence:

1 — H*(F, jp(a)) — ,Br(K) =% ,Br(F) — 1.

The proposition follows, since by the theorem of Albert—Riehm-—
Scharlau [16] a central simple K-algebra admits an involution of the
second kind leaving F' elementwise invariant if and only if its core-
striction is trivial. [ |

For a € K* with aa = 1, we denote the class of a in H'(F, u,(a))
by [a] and we define a commutative étale F-algebra F, of dimension
n as follows: on the K-algebra K(y) where y is an indeterminate
subject to y" = a, define an F-automorphism 6 extending ~ on K by
letting O(y) = y~!. Then F, is the F-subalgebra K (y)? of invariant
elements under 6. It is easily seen that F, ~ F, if [a] = [d] €
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HY(F, (). For [a] € H'(F,pu,) = F*/F*", a € F*, we also
denote by F, the F-algebra F(y) where y" = a.
We now relate by cup-product the special cases Z,, and pu, con-

sidered above. There is a canonical isomorphism: Z, ®;, p, = iy
defined by: r* @ ¢ + (*. Therefore, for 6,0, € F',

Zn((sl) ®Z ,Un<52) = Zn ® Hn & Z(51) ® Z((SQ) = Mn(51(52)
Thus the cup-product defines a map:
HY(F,2,(01)) x H'(F, 112(82)) — H*(F, p1n(6102)).

PROPOSITION 26. Let K = F(y/a) be a quadratic field extension of
F and let 61,00 € F* be such that 6102 = « mod F*? Let X €
HY(F,Z,(61)) and a € F(\/02)* such that np(az)r(a) = 1, with
cohomology class [a] € H'(F, ju,(02)). There exists a central simple
K-algebra B(x,a) of degree n such that

(1) [B(x,a)] = x U la] € H*(F, pin(a));

(2) B(x,a) admits an involution o of the second kind such that
(B(x,a),0)+ contains subalgebras isomorphic to F\, and to F,.

Proof. We first consider the special cases where §; € F X2 or §y € F*2,
If 6, € F**, we have xy € H(F, 2,) and [a] € H'(F, pn(a)) with
a € K* such that aa = 1. The algebra F) is a Galois Z,-algebra
over F. The central simple algebra B(x, a) is the crossed product:

n—1
B(x,a) = P(F @r K)2',
i=0
where the indeterminate z is subject to the relations:
2(l@k) = [(r+xl)@k]z forleF,, ke K, and 2" =a.
An involution of the second kind ¢ on B(x,a) is defined by:

c(l®@k) = (ek forleF, ke K, and o(z)=2z"
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Clearly, (B, o) contains F) and the subalgebra F, C K(z).

If 6, € F**, then y € H'(F, Z,(a)) and a € F*, [a] € H'(F, j1,,).
Let L be a Galois Z,-algebra over K corresponding to y. According
to Proposition 24, we may also choose a Galois D,,-algebra structure
on L, viewed as an algebra over F. The algebra B(y,a) is the crossed
product:

B(x,a) = nﬂ_}l Lz
=0
where the indeterminate z is subject to the relations:
20 = (rxl)z forle L, and 2" =a.
An involution of the second kind o on B(y,a) is defined by:
o) = sxl forle L, and o(z)=z.

By definition, it is clear that F, = F(z) C (B,0); and that the
subalgebra L; C L of invariant elements under s, which is isomorphic
to F), lies in (B, o).

Suppose now 0y,0, € F**. Let F' = F(y/3,) and K’ = K(\/3;).
Let L be a Galois Z,-algebra over F’ which corresponds to y €
HY(F, Z,(6,)); according to Proposition 24, we may endow it with
a Galois D,-algebra structure over F'. Since ;0o = a mod F 2 we
may identify F(y/d5) with a subfield of K’. Consider the following
crossed product algebra over K

n—1
B =P(Ler K) 2
=0
where z is subject to:
2(l@k) = [(r«l)®k]z forle L, ke K and 2" =a.

This algebra represents the restriction res(x U [a]) € H'(F', i, ().
We define an involution ¢’ on B’ by:

d(l@k) = (sxl)®@k fortel, ke K, and o'(2) = 2.

37



On the other hand, we define a K-algebra automorphism 6 on B’ by:
0l@k) = (sx0)®@k forde€ L, ke K, and 0(z) =z"".

The restriction of 6 to the center K’ is the non-trivial automorphism
over K, and 6% = I; therefore, the subalgebra B = B’ % of invariant
elements under 6 is a central simple K-algebra such that

B'=B®g K'.

Since the restriction map res: H%(F, ju, (o)) — H*(F', pip(0)) is in-
jective (since n is odd), it follows that B represents the cup product
xUla] € H*(F, () and we define B(x, a) = B. Moreover, 6 and o’
commute, hence the restriction of ¢’ to B(x, a) defines an involution
o of the second kind. The subalgebra L; of L elementwise invari-
ant under s and the subalgebra K'(z)? invariant under 6 both lie in
(B(x,a),0)4; the involution o thus satisfies the required properties,
since Ly ~ F, and K'(2)? ~ F,. m

PROPOSITION 27. Let B be a central simple K-algebra of degree n
(odd) which admits involutions of the second kind leaving F' elemen-
twise invariant, and let 6 € F*. If B contains a subfield isomor-
phic to Fy, for some x € H'(F, Z,(0)), then B ~ B(x,a) for some
a € F(Vad)* such that np/z5 p(a) = 1.

Proof. Suppose first § € F**. Then F, ® K is a maximal subfield of
B which is cyclic over K, hence B is a cyclic algebra:

[B] = resg/r(x) U [b] € H*(K, pin) (12)

for some b € K* (so that [b] € H'(K, u,)), where [B] denotes the
image of B in H*(K, p1,,). Since B admits involutions of the second
kind over F', we have corg,/p(B) = 0; therefore,

xUcorgr([b]) =0 in H*(F, ). (13)
Since n is odd, we may find m € z such that 2m = 1 mod n. Then

b=0b"" = (bb ) "ngp(b)™ mod K*";
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therefore, letting a = (bg_l)m, we have [a] € H'(F, p,(a)) and
[b] = [a] + m resg/pocorg p([b]) in H' (K, wy,).
Substituting in equation (12), we get:
[B] = resx;r(x) U la] +m resy/r(x U corr,r([b])),

hence B ~ B(x,a), in view of (13). Suppose next § ¢ F** and let
F' = F(\/6). Since § € F' XQ, the case already considered yields:

[B® F'] =resp/r(x) U[d]

for some [a'] € H'(F', u,(ad)). Applying the corestriction map to
both sides of this equation, we get by the projection formula:

Q[B] =X U COI’F//F([CL/]).
Therefore, if 2m = 1 mod n,
[B] = m x U corp/p(la']),

hence B ~ B(x, a) for [a] = m corpp([d']) € H'(F, pn(ad)). ]

In a different direction, we have the following result on the Galois
cohomology of the twisted modules p,,(«):

PROPOSITION 28. Let 81,00 € F*. In H*(F, n%%(6,02)), we have:
H(F, 1, (61)) U H'Y(F, p1(02)) C H'(F, p1) U H'(F, 1 (6102)),
where the left-hand side is
{rUy:x € H'(F, pn(61)), y € H'(F, 1n(2))}.
Proof. Assume first that d;,0,,0:00 &€ F*2. For i = 1,2, let F; =

F(\/6;) C F, and let a; € F)* be such that ng/r(a;) = 1, so that
la;] € HY(F, pun(6;)). If a; € F*™, then [a;] = 0, hence [a1] U [as] =
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0 € HY(F, pu,) U HY(F, 11,(6162)). For the rest of the proof, we may
thus assume a; # +1 for 1 = 1,2. Let

ap — 1 as + 1
= € F[ d v= e FJ,
“ a; +1 poane v as — 1 2
so that
14+u v+ 1
a, = and ag = .
1—wu v—1

Since np,/p(a;) = 1, it follows that u and v have trace zero. Therefore,
u? v? € F* and wv™! € F(y/6,62)*. Let

1—0? “n
b= = FX" € H' ()
and . L
+ uv~ xm
[C] = 1_71“)71 - F (\/@) € Hl(F7 “n(5152))

We claim that
] U fas] = [B] U [e] in H?(F, j157%(6102)).

Let M = F(/61,1/02) C Fj. Since the degree of the extension M/F
is relatively prime to n, the restriction map

respyr - HQ(Fa M®2(5152)) - H2(M7 M®2(5152)) = HQ(M, M%Q)

n n

is injective; therefore, it suffices to prove the claim over M. The

identity
{l—i—u.v—i—l}_ 1—v* 1+uv™!
l—uwov—1) |1—=w21—w |’

holds for symbols {a,b} in Milnor’s K5, a proof is given in the fol-
lowing Lemma 29.

Applying the norm residue homomorphism KoM — H?*(M, u%?)
to both sides, we get

[a1] Ufao] = D] U [¢] in H*(M, p5?) = H*(M, p5?(6162)),

completing the proof in the case where 01,95, 5102 & X2 0f 01 or
09 € Fx2, the proposition is obvious. If §16y € Fx2, we may use
the same arguments as above, substituting F' for F'(1/8,05), except if
u = 4v. In this case however, we have a; = —a3", hence [a1] = [as]™
and therefore [a;] U [as] = 0. ]
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LEMMA 29. For u,v # £1 € F*, u # +wv, the relation

{1+u'v+1}_ 1—7)2.1+uv_1
1—uwov—1) |1—u2'1—uvt

holds in KyF.

Proof. We have {1 —u;1+uv '} + {1 —u;v} = {1 —w;u+0v}. On
the other hand the basic relation {a;b} = {a;b — a} + {a — b;b} in
K (see for example [9, p. 75]) implies that
{l-—wu+v} = {I1-wl4+v}—{-u—v;l1+0v}
= {1—wl+v}+{l+v;—u—v}.

Subtracting 0 = {1 + v; —v} we get
I—wl+uw '} -{1+vl+uw '} ={1-ul+v}—{1—wuov}

Replacing u, v by +u, +v, we get four expressions which adds to the
wanted relation. Another proof is to check the formula in the function
field F'(u,v) by using the exact sequence of Milnor for KyF(t) (see
[10]) to show that

{1+u'v+1} 1—v* 14+uv™!
l—uw v—1 1—u?’ 1 —wuvt
lies in Ky F(u), KoF and then to show that it is 0 by specialization
at some places. m

Remark. The Galois module p,, plays a special role in the preceding
proposition. Suppose that d1, d9, €1, €9 € F* are such that

,un(51> ® :un(52> = Nn(gl) ® :un<52)a

and that the sets {1, (1), pn(92)} and {un(e1), n(e2)} are disjoint
(up to isomorphism). If p,(e1) and p,(e) are different from py,
then there is an extension F' of I’ such that

H1<F7:un<51)) U Hl(ﬁvun(52>> gZ H1<Fuun<€1>> U Hl(ﬁnun(g?))
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Indeed, after a biquadratic extension of F' we may assume that

61,0, € F**. Let then F be the iterated powerseries extension
F((s))((t)). Then

s-FX"Ut- F*" e HY(F, ) U HY(F, j1y,)
has non-trivial residue. On the other hand,
O(H (P, 1a(€))) € HO(F, Z,(e)) = 0

for nontrivial €, hence s FXnyt. [ cannot be a sum of cup-products
of elements of H'(F, pi,(g1)) and H'(F, ju,(e2)).

COROLLARY 30. Letn be an odd integer and let F' be a field of char-
acteristic relatively prime to n. Assume that p, = Z,(¢) for some
e € F*; then every central simple F'-algebra split by a Galois exten-
sion of degree 2n with dihedral Galois group is cyclic.

Proof. Let A be a central simple F-algebra split by a Galois extension
L/F with dihedral Galois group of order 2n. The index of A then
divides 2n. Since n is odd, we may decompose the Brauer class of A:

[A] = + (67))

where a; has index 1 or 2 and as has index dividing n. The element
aq is split by an cyclic extension C/F of degree 1 or 2. If we show
that 2[A] is split by a cyclic extension Cy/F of degree dividing n,
then ay is also split by C5, hence A is split by the cyclic extension
C, ® Cy/F. Therefore, it suffices to show that A®? is cyclic. Let
0 € F’* be a representative of the discriminant of L. Proposition 23
shows that L is a cyclic extension of F(v/8). Choosing a Galois Z,-
algebra structure of L over F(1/0), we may associate to L an element
x € H'(F, Z,(8)) by Proposition 24. Since A ® F(+/9) is split by L,
we have

[A@p F(VO)] = resp5,-(x) Ulal in H*(F(V5), 1)

for some [a] € HY(F(V/3), pin) = H'(F(V/9), ptn(0)). Taking the core-
striction of both sides, we get

2(4] = x Ula’] in H*(F, pn), (14)
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where [a] = corp 5 ,p([a]) € HY(F, u,(5)). Since p, = Z,(g), we
have Z,,(9) = pn(€d), hence relation (14) yields:

20A] € H'(F, j1a(6)) U H'(F. ja(0)).
From Proposition 28, it follows that
2[A] = [b] U [¢]

for some [b] € H'(F, u,) and some [c] € H'(F, u,(¢)) = H'(F, Z,).
The element [¢] then defines a cyclic extension of F which splits
A%, n

We conclude by discussing the special features of the case where
n = 3 (assuming that the characteristic of F' is not 2 nor 3). Every
cubic field extension L of Fis of the form F) and also of the form Fy:
more precisely, if the discriminant of L/F is represented by o € F'*,
then the field L @ F(y/a) is cyclic over F'(y/a), hence L = F), for
any x € H'(F, Z3(«a)) representing L& F(y/a). Since uz = Z3(—3),
we may also view L = F, for [a] = x € H'(F, uz(—3a)).

PROPOSITION 31. Let K = F(y/a) be a quadratic field extension of
F and let B be a central division K -algebra of degree 3 which admits
involutions of the second kind leaving F' elementwise invariant. Let
also L be a cubic field extension of F with discriminant § and let
x € H'(F,Z5(0)) be such that L = F,. The algebra B contains
an isomorphic image of L if and only if B ~ B(x,a) (i.e. [B] =
xUla] in H*(F, us(a))) for some [a] € H'(F, us(ad)). The algebra B
then contains a cubic field extension L' = F, of discriminant —3ad.
Moreover, there exists an involution o such that L, L' C (B,0)..
The algebra B always contains cubic field extensions L, L. of

discriminant —3, « respectively, and carries an involution o, such
that L., L, C (B,04)+.

Proof. The first part follows from Propositions 26 and 27. In order

to prove that B always contains extensions L,, L/ as stated, we use
Proposition 28: let L be any cubic field extension of F' contained in
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B; then, letting 6 € F* denote a representative of the discriminant
of L/F, we have
B~ B(x,a)

for some y € H'(F,Z3(5)) and some [a] € H'(F, uz(ad)). Since
Z3(0) = pz(—39), it follows that

[B] € H'(F, 113(—38)) U H' (F\ ps(a0)),

hence Proposition 28 shows that B ~ B(y.,a.) for some x, €
HY(F,u3) = H'Y(F,23(-3)) and some [a.] € H'(F,u3(—3a)) =
HY(F, Z5(«)). We then let L, = F,. and L = F,_. ]

Note that, according to condition (e) of Theorem 16, the involution
o, is distinguished; the proposition above thus yields another proof
of the existence of distinguished involutions.

Note also that the pair (—3,«) is the only pair of discriminants
that occurs for every central division F'(y/a)-algebra of degree 3
which admits involutions of the second kind: given a pair (ey,¢e2)
with €162 € (—3a) - F*? the remark following Proposition 25 to-
gether with Proposition 27 shows that there is an algebra B over
some extension of F' which does not contain any cubic separable ex-
tension of discriminant e; or 5. For example, there are algebras B
which do not contain a cyclic cubic field extension, i.e. a cubic field
extension of discriminant 1, as already observed in the example at
the end of section 4.

Since 3-fold Pfister forms are classified up to isometry by their
Arason invariant:

Ar({a,b,e)) = (a- F**) U (b- F**) U (c- F*?) € H3(F, ),

(see [5]), Theorem 15 (together with Proposition 25) yields a clas-
sification of central simple algebras of degree 3 with involution by
cohomological invariants:

COROLLARY 32. Triples (K, B, o) where K = F(\/a) is a quadratic
¢tale F'-algebra, B is a central simple K -algebra of degree 3 and o is

44



an involution of the second kind on B leaving F' elementwise invari-
ant, are classified over F by the three cohomological invariants:

fi(K,B,o) = a-F**e HY(F, ),
92(K7Bva) = [B] € Hz(Fa /13((1)),
f3(K,B,0) = Ar(n(B,0)) € H3(F, us).

Proof.
Indeed we have seen that f; determines K, go determines B and
f3 determines the involution o. [ |

Remark. Let Ky/Fy be a separable quadratic field extension and
let By be a central division Ky-algebra of degree 3 which admits an
involution of the second kind. Let F = Fy((t)), K = Ky((t)) and
B = By((t)). Let ¢ be any involution on B, not necessarily defined
over By. We claim that the second residue ¢'(Q,) is always trivial,
i.e. ), is induced from Fj. A cubic étale F-subalgebra L of B is either
unramified or totally ramified, i.e. L = F[X]/(X?® — ut) for u € Fy.
Thus in both cases the discriminant of L is a class defined over Fj.
On the other hand, an element A € L such that ny/p(A) is a square
in F* must be a unit in Fp[[t]]. This, together with Proposition 11,
implies that ¢*(Q,) = 0. It follows that the invariant f3(B, o) cannot
in general be arbitrary. In particular the three invariants f;, go and
f3 are not independent. A corresponding question for invariants of
exceptional Jordan algebras is discussed in [18].
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