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AZUMAYA ALGEBRAS AND OBSTRUCTIONS TO QUADRATIC
PAIRS OVER A SCHEME

PHILIPPE GILLE, ERHARD NEHER, AND CAMERON RUETHER

ABSTRACT. We investigate quadratic pairs for Azumaya algebras with involu-
tions over a base scheme S as defined by Calmes and Fasel, generalizing the
case of quadratic pairs on central simple algebras over a field (Knus, Merkur-
jev, Rost, Tignol). We describe a cohomological obstruction for an Azumaya
algebra over S with orthogonal involution to admit a quadratic pair and pro-
vide a classification of all quadratic pairs it admits. When S is affine this
obstruction vanishes, however it is non-trivial in general. In particular, we
construct explicit examples with non-trivial obstructions.

INTRODUCTION

In this paper we study orthogonal involutions on Azumaya algebras over an
arbitrary base scheme, in particular we use characteristic independent methods
focusing on quadratic pairs, defined below. In this setting, all simply connected
(resp. adjoint) semisimple groups of type D,,, n > 5, are, up to isomorphism, the
spin (resp. projective orthogonal group) of an Azumaya algebra with a quadratic
pair, [CE| 8.4.0.62, 8.4.0.63).

Our work includes the commonly excluded case of fields of characteristic 2, and
more: it also includes the cases when 2 is neither invertible nor 0. To illustrate some
complications which this causes, let us consider the special case A = Endg(M),
where M is a locally free R—module of constant even rank, equipped with a reg-
ular quadratic form ¢, and let o be the associated adjoint involution, see 21 for
explanation. The Dickson homomorphism associates with (M, ¢) a quadratic étale
R-algebra. This assignment is highly non-injective. Hence, one cannot expect the
theory of regular quadratic forms to be any simpler than that of quadratic étale
R—algebras. But already the theory of quadratic étale algebras over arbitrary R is
quite involved. They are classified by the étale cohomology set H}, (R,Z/27Z). If
2 is invertible, one can use Kummer theory to describe this group, while if 2 = 0
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one needs Artin-Schreier theory to describe it. Both cases are subsumed by Water-
house’s intricate theory for general R, developed in [W]. Another instance covered
by our setting is that of quadratic forms over the integers.

We will use the following conventions as in [CF] which differ from those in
[KMRT]. An involution on a central simple algebra is orthogonal if after exten-
sion to a splitting field it is adjoint to regular symmetric bilinear form, it is called
weakly-symplectic if the bilinear form is skew-symmetric, and called symplectic if
the bilinear form is alternating. Note that in characteristic 2 any involution is
simultaneously orthogonal and weakly-symplectic.

Previously, working over fields of arbitrary characteristic, all semisimple groups
of type D,, with n # 4 have been constructed by Tits in [Ti] using a more general
notion of quadratic form. His approach was generalized by the authors of The Book
of Involutions [KMRT] who introduced the more flexible concept of a quadratic pair.

Let A be a central simple F-algebra. A quadratic pair on A is a pair (o, f) where
o is an orthogonal involution and f is a linear function f: Sym(A4, o) — F, called
a semi-trace, on the symmetric elements of A (those a € A satisfying o(a) = a),
such that f(a + o(a)) = Trda(a) for all @ € A. Here Trd4 denotes the reduced
trace of A, a notation we will also use later for Azumaya algebras over a scheme.
For example, any ¢ € A satisfying £ + o(¢) = 1 gives rise to a quadratic pair (o, f)
by putting f = Trda(¢_)|sym(a,s). Conversely, any quadratic pair (o, f) is of this
type by [KMRT, 5.7]. Note that if one works in a context where 2 is invertible,
then such an f exists and is unique, in particular f = %Trd al_).

The notion of quadratic pairs was extended by Calmes and Fasel [CE] from the
setting of central simple algebras over a field, to the setting of Azumaya algebras
over a scheme S. Their notion of a quadratic pair, and its resulting properties,
is parallel to the concept over fields. In this generalized setting, objects such as
algebras, groups, bilinear forms, etc., are sheaves or maps of sheaves on the (big)
fppt site Gehg. Modules and algebras will be with respect to the global sections
functor O: Gehg — Ab sending T € Sehg to T'(T, Or).

In this work, we address the following natural questions which were not asked
in [CF].

(i) Given an Azumaya O-algebra with orthogonal involution (A, o) over the
base scheme S, does there exist a quadratic pair (o, f) on A?

(ii) If there is such a pair involving o, how many are there? In particular, is
there a classification of such pairs?

The answer to these questions goes as follows. We denote by Symd, , the sheaf-
theoretic image of Id+0: A — A and we denote by Alt4 , the sheaf-theoretic
image of Id—o: A — A. The map Id+o then descends to a well-defined map
£ A/ Alta o — Symdy . Lemma [3T4 shows that a necessary condition for o to be
in a quadratic pair is that 14 € Symd A,U(S ). We call o a locally quadratic involution
when this is satisfied. We then give the following classification in Theorem B.I8

Theorem A. Let (A, o) be an Azumaya O—algebra with locally quadratic involu-
tion. Then, there is a bijection

{ f such that (o, f) is } & €(8)7 (1),

a quadratic pair on A
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This answers question Question |(i)| we answer with cohomological obstruc-
tions. We consider the diagram with exact rows

0 ——— Skewa» A 4t Symd g , — 0

| | H

0 —— Skewu o /Altay — AJAllg, — Syndy, — 0

where Skew4 ., is the kernel of Id +o0: A — A. Taking a portion of the long exact
cohomology sequence we have connecting morphisms into Cech cohomology

WA,U(S) —6> HI(S’ Skew.A,U)

| !

Symd,y ,(S) —Xs HY(S, Skewa o/ Al 4.)

For a locally quadratic involution we define the weak obstruction §'(14) = w(A, o) €
HY(S, Skewy 5/ Alty ), and the strong obstruction §(14) = Q(A,0) €
H*(S, Skewy ). We show in Theorem

Theorem B. Let (A,0) be an Azumaya O—algebra with a locally quadratic invo-
lution.

(i) There ezists a linear map f: A — O such that (o, flsm, ) is a quadratic
pair on A if and only if Q(A,0) = 0. In this case f = Trd4(¢_) for an
element ¢ € A(S) with £+ o(f) = 1.

(ii) There exists a linear map f: Symy , — O such that (o, f) is a quadratic
pair on A if and only if w(A, o) = 0.

This result is independent of any characteristic assumptions, however these ob-
structions are both trivial if 2 is invertible. Therefore, the interest of this theory is
when one works without that assumption. Furthermore, these obstructions capture
global phenomenon, since locally, for instance over an affine scheme, both obstruc-
tions are zero. We prove in Section [] that these obstructions are non-trivial in
general.

In the sequel to this paper, [GNR], we will use the results of this paper to establish
an equivalence between the groupoids of adjoint semisimple groups of type A; x Ay
and of type Dy over a scheme S, extending [KMRT), 15.7].

Contents. In Section [l we review the technicalities of our sheaf point of view.
Section Rlreviews the notion of bilinear and quadratic forms on O—modules, in par-
ticular introducing the adjoint anti-automorphism associated with a regular bilinear
form. Such adjoint anti-automorphisms are actually involutions when the bilinear
form is suitably symmetric.

Section [3] defines quadratic pairs, gives examples, and describes procedures for
constructing quadratic pairs. In the case when ¢ is adjoint to a regular symmet-
ric bilinear form b, Proposition [B4] connects the existence of a quadratic pair on
(Endp(M), o) to the existence of a quadratic form whose polar form is b. The
second half of Section [3] contains the proof of Theorem [Al

Section Mlis the generalization of [KMRT] 5.18, 5.20], which deals with quadratic
pairs on tensor products of algebras with involution.
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Section [G] introduces the strong and weak obstructions and culminates in the
proof of Theorem [Bl

Finally, Section [6] contains various examples of Azumaya algebras with locally
quadratic involutions such that their obstructions are non-trivial. In Section [G.]
we construct an Azumaya algebra with quadratic pair, and therefore trivial weak
obstruction, which we show in Lemma has non-trivial strong obstruction. Ad-
ditionally, in Section [6.4] we construct a quaternion algebra with orthogonal invo-
lution which by Lemma has non-trivial weak obstruction, and therefore also
non-trivial strong obstruction. The two previous examples are constructed over a
field of characteristic 2. In Section we construct an example of a locally qua-
dratic quaternion algebra and show in Lemmas [6.8 and that both obstructions
are non-trivial while the obstructions of the base change to Spec(Fz) are both triv-
ial. This demonstrates that considering schemes where 2 is neither invertible nor
zero is an important part of the theory.

1. PRELIMINARIES

Throughout this paper S is a scheme with structure sheaf Og. Following the
style of [CF], we consider “objects over S” as sheaves on the category of schemes
over S equipped with the fppf topology. Below, we explain this viewpoint for the
notions that are most important for this paper.

1.1. The site Gchg. Let Schg be the big fppf site of S as in [SGA3| Exposé IV].
Recall that its objects are schemes with structure morphism 7' — S and a cover
of some T € Gcehg is a family {T; — T}ier of flat morphisms which are locally of
finite presentation and are jointly surjective. When considering a cover, we will use
the notation T;; = T; x¢ Tj for 4,5 € I. When a scheme is affine we will usually
denote it by U, and so an affine cover will usually be written {U; — T};e; with
Uij = U; xg Uj for i,5 € I. We warn that U;; may not be affine since 7" need not
be separated.

Remark 1.2. In [Stl, Tag 021S], the Stacks project authors introduce “a” big fppf
site of S, instead of “the”. They do so because of set theoretic nuances avoided in
[SGA3| through the use of universes. We also avoid such difficulties and work with
“the” big fppf site.

If F is any sheaf on Gchg and T € Schg, we denote by F|p the restriction of
the sheaf to the site Schg/T = Scehy. We use the same notation for the restriction
of elements, namely if f: V — T is a morphism in Schg and ¢t € F(T'), then we
write t|y = F(f)(t). If we have multiple morphisms between V' and T, we may
write t|; for F(f)(¢). This overlap of notation is borrowed from [St]. Since these
operations apply only to sheaves or sections respectively, the meaning of restriction
will be clear from the context.

1.3. Cohomologies. We will make use of the first non-abelian cohomology set
for sheaves of groups on Gchg. However, there are various relevant cohomology
theories whose H! are isomorphic. We clarify this now.
First, recall from the discussion before [M| II1.4.5] that for a sheaf of groups
G: Gchg — &rp and T € Gchg, the first Cech cohomology is
HYT,G)= colim H U,G),
U={T;—-T

i€l
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where the colimit is over fppf covers of T'. The Cech cohomology relative to a cover
is

H'U,G) ={(9i)ijer € T[] 9(Ts) | @islr,)(Gilr,) = (Ginlr,0) 3 ~,
ijel
where the equivalence relation ~ says that cocycles (gij)ijer and (gi;)ijer
are cohomologous if there exists (hx) € [[,c;G(Tk) such that we have g, =

(hil,,)9i5(hjlm, )t This is a pointed set with distinguished element [(1); jes].
Lemma [[4] describes the connecting morphism for this cohomology.

Lemma 1.4 (M) I11.4.5]). Let 1 — G' — G = G” — 1 be an eract sequence of
sheaves of groups on Schg. Then, there is an exact sequence of pointed sets

1= G/(S) = G(S) = G"(S) & (S, ') — H'(S,G) — H(S,6"),

where 5(g") = I:((gi|Tij)71(gj|Tij))ijeI:I for a section ¢g" € G"(S) and any cover
U ={T; — S}icr and elements g; € G(T;) such that 7(g;) = g"

T+

When this is applievd to an exact sequence of abelian sheaves 0 — F' — F —
F" = 0 we will write o(f") = [(f;lr, — filn,)ijer]-

Second, we have the non-abelian cohomology of Giraud. Definition [Girl IT1.2.4.2]
interpreted in our setting defines H'(S,G) to be the set of isomorphism classes of
G-torsors for the fppf site on Gchg. It is also a pointed set with base point given
by the class of the trivial torsor. There is similarly a connecting morphism for this
cohomology.

Lemma 1.5 ([Gir, I11.3.1.3, IT1.3.3.1)). Let 1 — G — G 5 G” — 1 be an ezact
sequence of sheaves of groups on Gchg. Then, there is an exact sequence of
pointed sets

15 G'(S) = G(S) = G"(S) & HY(S,¢') — H (S,G) — H'(S,G"),

where 6(g") = [7=1(g")] for any ¢" € G"(S). Here, by 7~ '(g") we mean the
subsheaf of G given by

7 (g"): Gehg i Gets,
T = m(T)" (g |7).

Since m~1(g") is a coset of the subgroup G’ in the group G, there is a natural
simply transitive action of G’ on 7~ 1(g”). By surjectivity of G — G”, there will
be a cover over which 771(g”) is non-empty. Therefore, it is in fact a G'~torsor
and so its isomorphism class is in H'(S,G’) as claimed. The maps between the
cohomology sets are induced from the corresponding map between groups via the
contracted product construction of [Gir, II1.1.3].

Despite not being a long exact cohomology sequence in the true sense since the
groups may be non-abelian, we will nonetheless refer to the exact sequences in
Lemmas [[.4 and as long exact sequences.

By [Girl I11.3.6.4, I11.3.6.5] (or by [M, II1.4.6] where the inverse map is con-
structed) there is an isomorphism of pointed sets H'(S,G) —» H'(S,G), and it
is easy to see that this isomorphism is compatible with the connecting morphisms

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



7204 P. GILLE, E. NEHER, AND C. RUETHER

described above. In particular the diagram

g"(S) —— H'(S,9)

H L

G"(S) —— H(S,0)

commutes. Because of this, we will simply use § to denote both connecting mor-
phisms.

Finally, we note that when dealing with an abelian sheaf 7: Gchg — b, there is
also the derived functor cohomology as in [St, 01FT], which we denote H{ (S, F).

By [M, IIT, 2.10], there is an isomorphism Hg, (T, F) = H\(T, F).

1.6. O—modules. By [St| Tag 03DU], the contravariant functor

O: Gchg — Rings,
T +— OT(T),

where fRings is the category of commutative rings, is an fppf-sheaf on Gchg, making
(Gchg, O) aringed site in the sense of [St, Tag 03AD]. We call O the structure sheaf.
If T — S is an open immersion, then O(T) = Og(T). From [Stl Tag 03CW], an
O-module is then an fppf-sheaf M: Gchg — Ab together with a map of sheaves

OxM-—->M

such that for each T' € Gch g, the map O(T) x M(T) — M(T) makes M(T') a usual
O(T)—module. Given two O-modules M and N, their internal homomorphism
functor

Homo (M, N): Gehg — 2Ab,
T +— Homoy, (M|7,N|r)

is another O—module by [Stl, 03EM].

We refer to [Stl Tags 03DE, 03DL] for definitions of various properties of O—
modules. In particular, we will make use of modules which are locally free and/or
of finite type, therefore we present these definitions for the convenience of the reader.

An O-module M is called locally free if for all T' € Gchg, there is a covering
{T; — T}ier such that for each ¢ € I, the restriction M|r, is a free O|p,—module.
Explicitly, M|r, = ¢, Olr, for some index set J;. If all J; have the same
cardinality then M has constant rank | J;|. A locally free O—module of constant rank
1 is called a line bundle. Isomorphism classes of line bundles form a group under
tensor product, denoted Pic(S). Since the category of line bundles is equivalent
to the category of G,,~torsors over S [CF| prop. 2.4.3.1], the group Pic(S5) is
isomorphic to the group H'(S, G,,). It is also isomorphic to the group H}, (S, G,,)
because G,,,—torsors are locally trivial for the Zariski topology.

An O-module M is called of finite type if for all T' € Gchg, there is a covering
{T; = T}ier such that for each ¢ € I, the restriction M|z, is an O], —module which
is generated by finitely many global sections. That is, there exists a surjection of
O|r,~modules 09" — M for some n; € N.

An O-module M is called of finite presentation if for all T' € Gchg, there
is a covering {T; — T}ier such that for each i € I, the restriction M|, is an
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O|r,~module which has a finite global presentation. That is, there exists an exact
sequence of O|r,—modules

B ol - P Olr, » ¢

Ti—>0

for some finite index sets J; and Kj;.

We will use the terminology finite locally free to mean locally free and of finite
type. Since S € Gchyg is a final object, [Stl, Tag 03DN] applies and it suffices for
us to check local conditions, such as the three detailed above or quasi-coherence
detailed below, for an fppf-covering of S.

We call an O—submodule N' C M a direct summand of M if there exists another
O-module N’ such that M = N ®N’. We say that N is locally a direct summand
if there exists a cover {T; — S};es such that each N|r, is a direct summand of
M|, .

We associate with an endomorphism o of an O-module M satisfying o2 = Id
the following O—-modules:

Sympy , = Ker(Id —o)  (symmetric elements),
Alipg o =Im(Id —o) (alternating elements),
Skewp o = Ker(Id+0)  (skew-symmetric elements),
Symdpg , = Im(Id +0) (symmetrized elements),
where Im(__) is the image fppf-sheaf. Since Altr1, C Skewa s, the map Id+o

descends to a well-defined map &: M/ Allyg o — Symdy, ,. We then have a large
diagram with exact rows and columns which we reference later in Sections Bl and

0 0
1 1
0 —— AELLMJ e A&M,U —— 0
l Lo l
(1.6.1) 00— Skewpro M =7 Symdyy , — 0

| | H

0 — Shewps, o/ Albary —> M/ Abtng, — Symdy, , — 0

! ! !

0 0 0

1.7. Quasi-coherent modules. From [Stl Tag 03DK], an O—module £ is called
quasi-coherent if for all T € Schg there is a covering {T; — T'}ier such that for
each i € I, &|r, has a global presentation. That is there is an exact sequence of

O|r,—modules
B ol - P Olr, ¢

JjEJi kEK;

for some index sets J; and K;. Thanks to [Stl Tag 030J], in our context the
classical notion of a quasi-coherent sheaf on S and the notion of a quasi-coherent
O-module are essentially equivalent. Given an O-module M we denote by Mgpman
its restriction to the small Zariski site of S, which gives a classical Og—module
on the open subsets of S. If £ is a quasi-coherent O—module, then &y is a

Ti—>0
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classical quasi-coherent Og—module. Conversely, given a classical quasi-coherent
Og—module E on the small Zariski site, we define

Efppf: Gch — le,
(f: T —8)— fH(ENT)

which is a quasi-coherent O—module on the big fppf site. By [Stl, Tag 03DX] (where
they use the notation E® for Eyppe), this provides an equivalence of categories
between the category of classical quasi-coherent Og—modules and the category of
quasi-coherent O-modules. However, we warn that this equivalence does not extend
to the categories of all modules. In particular, there exists O-modules M which
are not quasi-coherent but for which Mgy is quasi-coherent. Of course then
(Meman) fppt Z M. Some examples are mentioned in Example

We also consider the dual of a quasi-coherent O-module £, defined to be &Y =
Homo(E,0). The functor £V is represented by the affine S—scheme V(&) =
Spec(Sym® (Esman)) by [SGA3| 1, 4.6.3.1]. If Egman is of finite type, then V(&)
is of finite type as an S—scheme, [EGA-I, I, 9.4.11].

If € is finite locally free, then so is &nd(€) = Homp(E,€) = €Y Qp €. As
in [EGA-T, 1, 9.6.2], we view its associated scheme V(End(£)) as an S—scheme of
unital associative algebras. Moreover, the functor

GL(&): Gchg — Grp,
T — AutO‘T(8|T)
is representable by an open S—subscheme of V (€nd(€)), denoted GL(E) [EGA-T, I,
9.6.4].

A convenient property of quasi-coherent O—modules and kernels of morphisms
between such modules is that their cohomology vanishes on affine schemes.
Lemma 1.8. Let M be a quasi-coherent O-module and U € Gchg an affine
scheme. Let ¢ > 0.

(i) We have H{, (U,M)=0.
(ii) Let ¢: M — M’ be a morphism between two O—modules and let IC be its
kernel. If M' is also quasi-coherent, then H{, (U, K) = 0.

Proof. Since quasi-coherence is a local property, M|y is also quasi-coherent, and

therefore corresponds to a small quasi-coherent module (M|y)sman on U. Then,

since ((M|v)smar) — M|y we may apply [St, Tag 03P2] which says that
Hipot (U, M|y) = H (U, (M|t )sman),

where the right hand side is the usual sheaf cohomology. However, since U is affine,
[Stl, Tag 01XB] says that the right hand side is zero, and therefore

Hfippf(Ua M) = Hfippf(UyM|U) =0

fppf

as claimed.

Since we may first restrict to the affine scheme U, we may assume S is affine. By
definition, for a scheme T € Gchg, we have that IC(T) is the kernel of p(T): M(T)
— M/(T). In particular, Kgpman is the kernel of the related morphism @gman : Mgman
— M. .1 between small quasi-coherent Og-modules. Therefore, as is well-known,
for example by [GW] 7.19(1)], Ksman is a quasi-coherent Og—module also. Going
back up to the big fppf site, we obtain a quasi-coherent O—module K’ = (Kgman) ppt-
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Here, we briefly use the small flat site over S, denoted by Ggype. It is the site
whose underlying category consists of schemes over S whose structure morphism is
flat and locally of finite presentation, morphisms are also flat and locally of finite
presentation, and where the covers are fppf covers as usual. Note, this subcategory
Geppt C Schyg satisfies the assumption of [M), II1.3.1]. Asin [M], we have a morphism
of sites f: Gchg — Spppr induced by the identity on S, alternatively, induced by
the inclusion functor Sg,pr — Schg of the underlying categories. One can compute
that for a sheaf F on &chg the pushforward f.(F) is simply the restriction of the
sheaf to objects in Ggpypt.

We claim that there is an isomorphism f,(K) — f.(K’), i.e., that these sheaves
are isomorphic on the small flat site. For a flat morphism g: " — S, as a spe-
cial case of [GW], (7.18.1)], we know that the pullback functor g*: Q€oh(Og) —
NCoh(Og-) is exact. Therefore, the small quasi-coherent Og—module g*(Kgman) is
the kernel of the morphism g*(Mgman) = ¢* (MY, ;). However, the global sections
of this morphism are canonically isomorphic to the morphism M(S') — M’(S’),
and therefore

K'(8") = g (Ksman)(S") - K(S")
as claimed.

Now we apply [M| I11.3.1]. Denoting cohomology on the small flat site by Hsifppf7
we have

ngpf(S,IC) L Hsifppf(Sa f*(IC)) (L Hsifppf(s’ f*(IC/)) L> Hfippf(Sa ,C/)v

where the middle isomorphism follows from the paragraph above. But now K’ is
a quasi-coherent O—module and we have assumed S is affine, so all these sets are
zero by Hence, going back to the original affine U € Gchg, we conclude that
H{, (U, K) = 0 as desired. O

Remark 1.9. In the classical situation, the inclusion functor Q€oh(Og) — Mod(Og)
from small quasi-coherent sheaves into Og—modules is exact and thus preserves ker-
nels. However, on the fppf site the inclusion functor Q€oh, — Mode from quasi-
coherent O-modules into all O—-modules is no longer exact. Of course, QC€ol, is
an abelian category because it is equivalent to Q€oh(Og) by [Stl Tag 03DX]. Given
a morphism ¢: M; — My in QCob,, the kernel with respect to the abelian cate-
gory structure will be Kg,ps where K = Ker(@sman: (M1)sman —= (M2)sman) is the
kernel of the morphism between the classical quasi-coherent modules in Q€oh(Og).
However, the kernel of ¢ computed just as a morphism of O-modules may differ
from Kgpe. In particular, there are examples where the module kernel of a mor-
phism between two quasi-coherent O—modules is not quasi-coherent, see Example
[LI0 This motivates our wording in Lemma,

Given a quasi-coherent O-module M and o € Endp(M) of order 2, we will
apply Lemma [[8 to the O-modules Sym, , and Skewaq,,, which are kernels of
a morphism M — M. They are not quasi-coherent in general, as Example [[.T0]
shows.

Example 1.10. Let S = Spec(Z) and consider the split quaternion algebra Mz (O).
We equip this with the orthogonal involution o given by

(=1

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



7208 P. GILLE, E. NEHER, AND C. RUETHER

Then, the submodule Skewr,(0),» is the kernel of the morphism Id +o: M(O) —
M3 (O) between quasi-coherent O-modules, however for T' € Gehg

Skewnr, (0,0 (T) = { {z _ba] | a,b,ce O(T) and 2b = 2¢c = 0} .

If Skewnr, (0),0 Were quasi-coherent, then by first using the equivalence of categories
[Stl Tag 0GZU] to restrict to the category of affine schemes over S and then applying
[Stl Tag 0GZV (1) < (7)], we would have an isomorphism

Skewnr, (0),0 (Spec(Z)) @z Fo = Skewnr, (0,0 (Spec(Fa))

coming from the morphism Spec(F2) — Spec(Z). However, the left hand side is a
1-dimensional Fy—vector space, while the right hand side is a 3—-dimensional Fo—
vector space, so this cannot happen. Hence, Skewn,(0),, is not a quasi-coherent
O-module on Gchg. Using the notation of Remark [L9 with ¢ = Id 40, in this case
we would have

Kippt(T) = { {3 _Oa} la€ (’)(T)}.

1.11. O-algebras. An O-module B: Gchg — nc—Rings from Schg to the cate-
gory of all (not necessarily commutative) rings such that each B(T') is an O(T)—
algebra will be called an O-algebra. We call it unital, associative, commutative,
etc., if each B(T') is so. If B is a unital associative O—algebra which is finite locally
free, then the functor of invertible elements

GL; 5: Gchg — Brp,
T — B(T)*

is representable by an affine S-group scheme [CF| 2.4.2.1]. A section u € GL1 5(S)
induces an inner automorphism of B, denoted Inn(w) which is given on B(T) by
b ulp - b-ulpt. If Bis a separable O-algebra which is locally free of finite type,
then GL; 5 is a reductive S—group scheme [CE), 3.1.0.50]. We also use the notation
GLL@ = OX = Gm

1.12. Azumaya algebras. A key object of our interest is an Azumaya O—-algebra.
First, we recall that over a commutative ring R, an Azumaya R-algebra is a central
separable R—algebra. Equivalently, the sandwich map

Sand: A ®gr A°® — Endg(A),

a®b— (x+— azb)
is an isomorphism. For separable and Azumaya algebras over rings (equivalently,
over affine schemes) we refer to [Fo] or [Knul IIT §5]. Following [Grol 5.1], we

consider an Azumaya O-algebra, or simply an Azumaya algebra, to be a finite
locally free O—algebra A such that the sandwich morphism

Sand: A®p A% — Endo(A)

is an isomorphism. This is equivalent to the definition of [CF], 2.5.3.4], which asks
that A be finite locally free and that for all affine schemes U € Gchg, we have that
A(U) is an Azumaya O(U)-algebra.

By [CF} 2.5.3.6], the rank, viewed as a locally constant integer valued function,
of an Azumaya algebra is always square. Following [CF| 2.5.3.7] we call the square
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root of an Azumaya algebra’s rank the degree of the algebra. It is a locally constant
integer valued function.

Azumaya algebras of the form Endp (M), where M is a locally free O—module
of finite positive rank, will be called neutral algebras.

Given any Azumaya algebra A, it is locally isomorphic to matrix algebras, cf.
[CF, 2.5.3.8]. Furthermore, it has a unique linear map Trds: A — O, called
the reduced trace of A, which agrees with the usual trace locally wherever A is
isomorphic to a matrix algebra, see [CFl 2.5.3.15].

2. AZUMAYA ALGEBRAS WITH INVOLUTIONS

2.1. Basic concepts of bilinear forms. We recall some concepts from [CFl 2.6].
A bilinear form is a pair (M,b) consisting of a finite locally free O—module M
and a bilinear morphism b: M x M — O of O—modules, equivalently, a morphism
M — MY of O-modules. Given b, the associated map ¢p: M — MY is defined
over T € &chg on m € M(T) to be the map which is

dp(m): M(V) = O(V),

m’ — b(m|y,m)

over V € &chp. We summarize this by writing ¢p(m) = b(m,__). A bilinear form
(M, b) is called regular if ¢y is an isomorphism. If for all T € Gchg and all sections
z,y € M(T) we have b(z,y) = b(y, z) we call b symmetric, if b(x,y) = —b(y, x) we
call b skew-symmetric, and if b(x,x) = 0 we call b alternating.

We associate with a regular bilinear form (M, b) the so-called adjoint anti-
automorphism ny: Endo (M) — Endo (M), defined on a € Endp (M)(T) by

_ | v v el
m(a) == o7t 0a o gulr: Mlr 25 MY | 2o MY |p s My,

where a¥ is the dual endomorphism of a. Thus, on sections my,ms € M(V) for
V € &chp and a € Endo(M)(T) we have

(2.1.1) b(m(a)(my), ma) = b(m1,a(ms)).

If M is locally free of finite positive rank, 7, is an involution if and only if there
exists € € p2(S) such that b(my,me) = e|r - b(mg,my) for all T € Schg and
my,mo € M(T). In this case, € is unique and we call it the type of 7.

Let (M, b) be a regular bilinear form. Since M ®p M = Endp (M) we have an
O-module isomorphism

(2.1.2) oy M@0 M =5 Endo(M),

defined by m; @ mo — (m — my |y -b(malv, m)) for sections mq, mg over T € Gchg
and m over V € Gchp. If 1y is an involution of type e, its pullback to M ®» M is
the “e-switch”:

(2.1.3) m (gp(m1 ® m2)) = |7 - pp(me @ my).

A quadratic form is a pair (M, q) where M is a finite locally free O-module,
q: M — O is quadratic with respect to scalar multiplication, and the associated
polar form by: M x M — O, defined on sections by by(m1, m2) = g(m1 + ma) —
g(m1) — g(ma), is bilinear. We say that (M, q) is regular if (M, b,) is so.
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Let b: M x M — O be a bilinear form. For a submodule N' C M, its orthogonal
complement is another O—submodule of M, denoted N+ : Gchg — 2Ab, given over
T € Gchg by

NEH(T) = {a € M(T) | bla]y,m) =0, VV € Schp, Vm € M(V)}.

Lemma 2.2. Let M be a finite locally free O-module and let b: M x M — O be
a reqular bilinear form. Let N C M be an O-submodule which is locally a direct
summand of M. Then, the orthogonal complement N'* is also locally a direct
summand of M. In particular, it is finite locally free. In addition,

rank(M) = rank(N) + rank(N1).

Proof. This is the global version of [Knel 1,§2 Prop. 1]. We include a proof for the
convenience of the reader.

First, choose a cover {T; — S}, . =N|r, ®P; for some O|r,—
modules P;. Being direct summands of a finite locally free O|r,—module, both Nz,
and P; are also finite locally free. Thus, by refining our cover if necessary, we may
assume that all modules involved are free. Let {n1,...,n;} be a free basis of M|z,
and let {p1,...,p¢} be a free basis of P;. Let {n},...,n},pi,...,p;} be a dual basis
of M|7.. Since b is a regular bilinear form, each p} = b(p}, __) for some p; € M(T5).
It is then clear from the properties of a dual basis that

(Ml7,)* = Spang ({p}, - - - i })-
In particular, (N|z,)* = ¢, ' (Spaney ({p},---,p}})), and thus
Mz, = ¢ (Spanp({ni, ..., ni})) & (N|r) ™.

Since (N1)|r, = (M|r,)+, this shows that A’ is also locally a direct summand of
M, as claimed.

Regarding the claim about ranks, it is clear from the discussion above that locally
we have rank((M=)|r,) = rank(P;) and therefore

rank(M|r,) = rank(N|7,) + rank((N1)|7,).

Since this holds locally, it holds globally as well. This finishes the proof. ]

A particularly useful example of a regular bilinear form on a finite locally free
O-module is the trace form of an Azumaya algebra. If A is an Azumaya O-algebra,
then the trace form

Ax A— O,
(a,b) — Trd 4(ab)

is a regular bilinear form by [CE) 2.5.3.16] (the statement in [CE] is only for even
degree algebras, but the proof holds for algebras of any degree).

2.3. Involutions of Azumaya algebras. We use the conventions of [CF], which
are slightly different from those of [KMRT] in the case of base fields. The advantage
of Calmes-Fasel’s definitions are that they behave well under arbitrary base change.

Let A be an Azumaya O-algebra. An involution of the first kind is an anti-
isomorphism o: A — A of Azumaya algebras which satisfies 02 = Id4. We say
that two involutions o and ¢’ are conjugate if there exists ¢ € Auto(A) such that
o' = ¢pooo¢ ! In that case we have Symy 5 = d(Symy ) and similarly for
the other O-modules All 4., Skews , and Symd, ,. The reduced trace of A is
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invariant under any involution by [CF] 2.7.0.28], i.e., Trd 4(c(a)) = Trd a(a) for
any involution ¢ on A and all sections a € A.

An Azumaya algebra with involution of the first kind (A, o) is étale-locally iso-
morphic to (Endo(M),n,) for some regular bilinear form (M,b) [CE, 2.7.0.25].
Thus, since the localization of o is still an involution, the bilinear form b is e—
symmetric for some ¢ € p,(S). It is known that € only depends on o. Following
[CE| 2.7.0.26] (and not [KMRT]), we call o orthogonal if € =1 (so b is symmetric),
we call it weakly symplectic if ¢ = —1 (so b is skew-symmetric), and we call it
symplectic if ¢ = —1 and b is alternating. These notions are well-defined, stable
under base change, and are local for the fppf topology on Gchg.

Let (A, o) be an Azumaya O-algebra with orthogonal involution. We mention
some basic facts about the submodules of A related to o.

Lemma 2.4. Let (A, o) be an Azumaya O-algebra with orthogonal involution o.

(i) If S is affine, then Symy , and Alty, are direct summands of A. In
particular, Sym 4 ,(S) and Alts(S) are direct summands of A(S) and
hence are finite projective O(S)-modules.

(ii) Syma, and Alty , are locally direct summands of A and hence are finite
locally free O—modules.

(ili) If A is locally free of constant rank n® € N, then Sym 4 , and Alty , have
rank n(n+1)/2 and n(n — 1)/2 respectively.

Proof. Over an affine scheme we are considering the case of an Azumaya algebra
with orthogonal involution (A,o) over a ring R. Being finite projective can be
checked after a faithfully flat extension, and by [EGA-I, 0, 6.7.5] this is also true for
the property of being a direct summand. Therefore, by [CF| 2.7.0.25] we can assume
that (A,0) & (Endr(M),n») where M is free of finite rank and b: M x M — R
is a regular symmetric bilinear form. Thus, as R-modules with involution we have
(A, 0) = (M®2% 1) where 7 is the switch. Let {m1,...,m,} be a basis of M. Then
m;; = m; @ m; is a basis of M®2, Tt follows that

is a basis of Sym(M®?2, 1), while

is a basis for Alt(M®? 7). Now, observe that Sym(M®? 7) is complemented by
Spang({m;; | 1 <i < j <n}), while Al¢(M®?, 1) is complemented by

Spanp({my; |1 <i<n}U{m; |1<i<j<n}),

and so both are direct summands of A.

(i1)| This follows from (i) by considering an affine cover of S.

If A is of constant rank n?, then locally we are in the case of the proof of
above where the basis {mi,...,m,} of M has n elements. Therefore, the basis
given for Sym(A, o) has n(n + 1)/2 elements, and the basis given for Alt(A, o) has
n(n —1)/2 elements. Thus the ranks of Sym, , and Alt4 , are as claimed. O

Some of the results of Lemma [Z4] are proved in [CF| 2.7.0.29(1), (2)] under the
assumption that the bilinear form b appearing in the proof is the polar of a regular
quadratic form, an assumption that is not needed for the result above.
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In particular, since Lemma 2.4 tells us they are finite locally free, Sym, , and
Alty , are represented by vector group schemes. The reader will have noticed that
the proof of Lemma 24 works for an involution of any type € € u,(.5). For example,
when o is weakly symplectic and € = —1, the regular bilinear form b: M x M — R
will be skew symmetric and induce an isomorphism (A4,0) = (M®?% —71) of R
modules with involution. In this case, the same roles are played by Skewa,, and

Symd 4 , instead.

Corollary 2.5. Let (A, o) be an Azumaya O—algebra with weakly symplectic in-
volution o.

(i) If S is affine, then Skewa,, and Symd, , are direct summands of A. In
particular, Skewa - (S) and Symdy ,(S) are direct summands of A(S) and
hence are finite projective O(S)-modules.

(ii) Skewa,o and Symd, , are locally direct summands of A and hence are finite
locally free O—modules.

(iii) If A 4s locally free of constant rank n? € Ny, then Skews , and Symd 4,
have rank n(n+1)/2 and n(n — 1)/2 respectively.

These submodule pairs, Sym 4 , and Al 4, when o is orthogonal, and Skewa, o
and Symd 4 , when o is weakly symplectic, enjoy convenient orthogonality properties
with respect to the trace form.

Lemma 2.6. Let A be an Azumaya O—-algebra. Then the following hold.
(i) Let o be an involution of the first kind on A. Then,

Trda(Syma,, - Altas) =0, and
Trd a4(Skewa,o - Symd,y ;) = 0,

by which we mean, for T € &chg and sections x € Symy ,(T), y €
Alt 4 - (T) we have Trd a(zy) = 0, and similarly for the second statement.
(ii) If o is an orthogonal involution on A, then

Symjﬁ = Alts, and Aﬁtja = Symy -

(iii) If o is a weakly symplectic involution on A, then
Symdjﬂ = Skewa , and Skewjﬁ = SymdA,U.

Proof. Let T' € &chg and consider z € Symy ,(T) and y € Alta o (T). After
passing to a cover of T if needed, we may assume y = a — o(a) for some a € A(T).
Thus, we have

Trd4(z(a — o(a)) = Trda(za) — Trd4(zo(a)) = Trd a(za) — Trd4(ac(x))
= Trd4(za) — Trd 4 (azx) = 0.
The second statement is seen similarly.
The first statement is [CF}, 2.7.0.29(3)], and because of a symmetric argu-

ment produces the second statement.
iii)|In the case when o is weakly symplectic, Skew 4 , and are locally direct
y symplectic, Skewa, Ao y

summands of A by Corollary 2Z:5(ii), which also means that Slcewjp and Symdjﬁ
are finite locally free by Lemma Therefore, we may argue as done in [CF] for
the case above. From [(i)| we have that

‘SyrndA,a < Skewj,o"
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Over residue fields this will be an equality for dimension reasons because the di-
mensions of Skew , and Symd 4 , will be the same as the ranks given in Corollary
2Hiii)l Thus by Nakayama’s lemma, we will have equality over local rings, and
thus

S/erLd_AJ = Sk&ﬂj\,a
globally. A symmetric argument shows the second claim. ]

The trace can also be used to define pairings on Symd 4 , and Aflt4 , by extending
a construction provided by the exercise [KMRT], II, exercise 15].

Lemma 2.7. Let (A, o) be an Azumaya O-algebra with orthogonal involution.

(i) There is a unique symmetric bilinear form by : Symdy , x Symd s , — O
such that for each affine scheme U € Schg and x,y € A(U), we have

by ((z +o(2)), (y +0(y)) = Trda((z + o(2))y).

(ii) There is a unique symmetric bilinear form b_: Alts , X Altg . — O such
that for each affine scheme U € Schg and z,y € A(U), we have

b—((z = o(@)), (y — o(y))) = Trda((z — o ())y).

In addition, this bilinear form is reqular.

Proof. We observe first that for each affine scheme U over S and z,y € A(U),
we have Trd4((z + o(x))y) = Trda(z(y + o(y))) since Trd 4 is invariant under o.
This implies that b, is well-defined and also that it is symmetric.

(ii)] The fact that b_ is well-defined and symmetric is similar to[(i)} To see that it is
regular, we have to show that the induced map Al 4 , — A&,\QJ is an isomorphism.
Since Aflt4 . is locally free of finite rank, the Nakayama lemma reduces us to the
field case. For all z € Alt(A4,0) and y € A, we have b_(z, (y — o (y))) = Trda(zy).
Since Trd 4 is regular, the kernel of b_ is zero. Thus b_ is regular. O

Remark 2.8. The proof of does not apply in case because Symd, , is not
locally free of finite rank. However, b, is regular over fields.

3. QUADRATIC PAIRS

Definition 3.1 (Quadratic pairs). Let (A, o) be an Azumaya O-algebra with or-
thogonal involution. Following [KMRT, §5B] and [CF| 2.7.0.30], we call (o, f) a
quadratic pair if f: Symy , — O is a linear form satisfying

(3.1.1) fla+o(a)) = Trda(a)

for all T € Gcehg and every a € A(T). The linear form f is called a semi-trace and
we call (A, o, f) a quadratic triple.

Two quadratic triples (A, o, f) and (A’,0', f') are called isomorphic if there
exists an isomorphism ¢: A — A’ of O-algebras such that ¢/ = ¢ oo o ¢! and
f''= fo¢! (this is well-defined since Symy, ,» = ¢(Symy,)). The notion of a
quadratic triple is stable under arbitrary base change.

Remark 3.2. If (A, o0, f) is a quadratic triple and U € Gchg is an affine scheme,
then f(U) # 0. This follows from [Fol 11.1.6], which states that since A(U) is an
Azumaya O(U)-algebra, there exists a section a € A(U) with Trd 4(a) =1 € O(U).
Then,

fla+o(a)) = Trda(a) # 0.
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Example 3.3. Let (A, o) be an Azumaya O-algebra with orthogonal involution.
(a) If (o, f) is a quadratic pair, then for all T € Gchg and s € Symy (1) we have
that

2f(s) = f(s+o(s)) = Trda(s).
Therefore, when 2 € O* there exists a unique f such that (o, f) is a quadratic pair,
namely f(s) = 3 Trda(s).
(b) Suppose S = Spec(R) where R is an integral domain whose field of fractions
K has characteristic different from 2. If (A, o) is an Azumaya O-algebra with
orthogonal involution, then there exists at most one linear form f making (o, f) a
quadratic pair on A. Indeed, this follows from uniqueness in @ after base change
from S to Spec(K).
(c) Given an element ¢ € A(S) with £+ o(f) = 1, we define f: Symy , — O over
T € Gchg as

f(T): Symy o (T) = O(T),
s+ Trda(l)r - 9).
This map is clearly linear, and for an element a + o(a) € A(T) we obtain
fla+o(a)) =Trda(llr - (a+o(a))) = Trda((f|r + o(f|7)) - a) = Trd 4(a),

and so (A, g, f) is a quadratic triple. By Lemma[2.6{ii)| the function f is determined
by ¢ up to the addition of an element from Alt4 ,(S5), ie., {1 — by € Alty o (S5) if
and only if Trd 4(¢;_) agrees with Trd 4({2__) on Sym 4 .

More examples will be discussed in Examples and 3171

The existence of quadratic pairs is related to quadratic forms. We describe
this in Proposition B4l for the neutral Azumaya algebra Endo(M), generalizing
[KMRT] 5.11] for S = Spec(R) where R is a field. Part of B4l is stated in
[CE, 2.7.0.31].

Proposition 3.4. Let M be a locally faithfully projective O—module with a reqular
symmetric bilinear form b: M x M — O. Thus, Endp(M) is an Azumaya O—
algebra with orthogonal adjoint involution n, by Section Bl One knows that

0p: M@0 M = Endo (M),
defined on sections by mi; ® mgy +—> (m — my b(mg,m)), is an isomorphism of
O-modules.

(i) Assume b = b, for a regular quadratic form q. Then, there exists a unique
linear form fq: Symg,q, (amy,n, — O such that

(3.4.1) (fq 0 @p)(m @m) = q(m)

holds for all T € Gchg and sections m € M(T). The pair (m, fy) s a quadratic
pair.

(ii) Assume (my, f) is a quadratic pair for some f. Then, there exists a unique
quadratic form q5: M — O, defined over T € Schg on sections m € M(T) by

(3.4.2) qr(m) = (f o pp)(m@m),

whose polar form is b.
(iii) The involution n, is part of a quadratic pair on Endo(M) if and only if b is
the polar form of a regular quadratic form.
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Proof. Since in each statement a global function is given, it suffices to check the
claims locally. It is therefore no harm to assume S = Spec(R) and to prove the
lemma in the setting of a faithfully projective R—module M with a regular sym-
metric bilinear form b: M x M — R.

We assume that b = b, for a regular quadratic form ¢: M — R and need to
prove that there exists a unique linear form f,: Sym(Endg(M),n,) — R satisfying

B41)

The formula 7, (¢s(m1 ® m2)) = ¢@p(me @ my) is immediate from the defi-
nitions. Hence ¢ induces an isomorphism between the symmetric elements of
(Endg(M),ny) and those of (M®2 1) where 7 is the “switch”. We claim

(3.4.3) {reM®@rM|7(x)=2}=Spang{m@m | m e M}.

Indeed, it is obvious that the right-hand side is contained in the left-hand side.
Thus, to prove equality we may localize in a maximal ideal, equivalently, we may
assume that R is a local ring and so M is free. This allows us to consider a free basis
{m1,...,my} and express ¥ € M®* as x =Y _[';_| c;ym; @ m; for some coefficients
¢ij € R. If 7(x) = x then we must have that ¢;; = ¢j;, and so we may write

n n
x = Zc”ml ®m; + Z ¢ij(m; @ myj +mj ® my).
i=1 i1
We see this belongs to the right side of the equality above by noting that
m; @ mj +m; @m; = (mi +m;) @ (mi +m;) — (m; @ my) — (m; © my).
We are now left with proving the existence of a linear form
f: Spanp{m@m |me M} = R, m®m — q(m).

If f exists as a set map, it is linear and unique by ([B43]). Thus, the point is to
prove that f is well-defined, i.e.,

To show ([B44) we can again argue by localization and therefore assume that M
is free. But if M is free, we can use the argument in the proof of [KMRT 5.11]
establishing the existence of f over fields.

We assume that (n, f) is a quadratic pair for the Azumaya R-algebra Endg (M)
and must show that then ¢y: M — R, defined by ([8:4.2)) is a quadratic form whose
polar form is b. To do so, we can use the proof of [KMRT) 5.11], which carries over
without any change.

This summarizes |(i)| and (]
Example 3.5. We give some further examples. In particular we outline the split
examples in all degrees.

(a) In the setting of Proposition B4 a quadratic pair (m, f) forces b = b, for a
regular quadratic form ¢g. Hence, if M has odd rank, then necessarily 2 € O*.

(b) Let (Mg, q0) = (O, qp) where qq is the split hyperbolic form on O?" defined
on sections by

n
QO(Ila”-vxZn) = E X2;—1T24-
i=1
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It is regular. We let 19 be the associated orthogonal involution of Ay = Endp (M) =
Mz, (0), and denote by fo the unique linear form on Sym 4, ., satisfying BZI). Ttis
computed explicitly in the example after [CEl 2.7.0.31]. We will refer to (Ao, 1o, fo)
as the split example (in degree 2n). We point out that there may be many different
linear forms f making (Ag, no, f) a quadratic triple.

(c) Assume 2 € O* and let (Mg, qo) = (0?1 qo) where g is the split form on
0?1 defined on sections by

n
qo(z1,..., Tont1) = (Z I21—1$2i> + I§n+1-

i=1
It is regular since 2 is invertible. We let 7y be the associated orthogonal involution
of Ay = Endo (M) = May,11(O). It has a unique linear form on Symy ., namely
fo= %Trd 4, by Example such that (Ap, 0o, fo) is a quadratic triple. We
also refer to this as the split example (in degree 2n + 1).
(d) Other examples are given in [KMRT) 5.12 and 5.13].

Corollary 3.6 ([CFEl, 2.7.0.32]). Every quadratic triple (A, o, f) is split étale-
locally.

Proof. By first considering the cover by connected components, we may assume
that A is of constant degree n. If n is odd, then by Example and Example
we must have 2 € O* and f = %Trd A,o- Then there exists an étale cover
over which ¢ and 7y are isomorphic, which is sufficient since those isomorphisms
will identify f and fy due to uniqueness.

Now assume n is even. We have already started with [CF, 2.7.0.25]: every qua-
dratic triple is étale-locally of the form (Endn (M), np, f) considered in Proposition
B4 By Proposition the regular bilinear form of that lemma is the polar
form of a regular quadratic form ¢: M — O, given by [B.42). By [CF| 2.6.1.13],
after a second étale extension, we can then assume that (M, q) = (Mg, qo) as in
Example and that the linear form is the one of Proposition i.e., that
the quadratic triple is split. (Il

Remark 3.7. Corollary shows that, if one wishes, it is sufficient to work with
the étale topology on the category Gchg. In this paper, our arguments do not
use particular properties of the fppf topology which are not shared with the étale
topology, and so our results still hold in that setting.

Corollary 3.8. Let (A, o, f) be a quadratic triple. Assume A is of constant rank
n? € N. Then, we have

F1a) = 5 € O(S).

Proof. Since A is of constant rank, there will exist a cover {T; — S};cr such that
Alr, = M, (O|r,) for all i € I. Evaluating locally, where 14|z, is the identity
matrix, we have that 2f|r, (1a|r,) = Trdwn, (0|1, )(1alT;) = n, and hence

2f(1a) =n € O(S)

globally as well. If n is odd then 2 € O* and so f(14) = § makes sense. If n = 2m
is even, we need to argue that f(14) = m. We may assume by Corollary 3.6 that in
the above argument, the cover was chosen such that it splits the quadratic triple,
and so our local evaluation may be done on the split example. In the calculations

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



QUADRATIC PAIRS 7217

of fo following [CF| 2.7.0.31] the authors show that fo(E;; + Fit1,4+1) = 1, and
therefore it follows immediately that fo(1) = m. O

Example 3.9. In contrast to Example if 2 ¢ O, then not every orthogonal
o is part of a quadratic pair. For example, this is so for S = Spec(R) with 2R =
0 # R, and the Azumaya O-algebra A = M,,(O) equipped with 7 = the transpose
involution. Indeed, we would need that

f(B1 +7(EB1)) = Trdy, 0y (E11) = 1,

however F11 + 7(F11) = 2E1; = 0 and so this cannot happen. Another example
where no f exists is given in Example 7]

3.10. Classification of quadratic triples. In light of Example B9, we seek to
characterize which orthogonal involutions can participate in a quadratic pair. Fur-
thermore, for a given Azumaya O-algebra with orthogonal involution (A,o), we
wish to classify all possible such f which make (A, o, f) a quadratic triple. We first
provide this classification over affine schemes, beginning with the following.

Given a quadratic triple (A, o, f), it is of the form of Example exactly
when f can be extended to a linear form on all of A.

Lemma 3.11. Let (A, o, f) be a quadratic triple. Then, the following are equiv-
alent.

(i) There exists a linear form f': A — O such that f'|sgm, , = f,
(ii) There exists £ € A(S) with £ + o(£) = 1 such that for all T € Schg and
5 € Symy ,(T), we have

f(s) =Trda(£]7 - 5).

Proof. |(ii)=1(i)f This implication is clear, see Example

(i)=1(ii)f We follow the second half of the proof of [CE] 4.2.0.12]. The map f’ is
of the form f' = Trd4(¢_) for some ¢ € A(S) due to regularity of the trace form
by Lemma Then, for any a € A(S) we have Trd 4(¢o(a)) = Trda(ac(¥)) =
Trd 4(o(£)a) and so

Trd4(a) = f'(a+ o(a)) = Trda(l(a + o(a))) = Trd4((£ + o(£))a).

Hence, ¢+ o(¢) = 1, once again by regularity of the trace form. O

When S is affine, the construction of Example B.3(c)| produces all quadratic
triples and we have the following classification.

Proposition 3.12 (Affine classification). Let S be an affine scheme and let (A, o)
be an Azumaya O-algebra with orthogonal involution. Consider {: A/ Alta, —

Symd g, from (LE.T)).

(i) Suppose (A, o, f) is a quadratic triple. Then there exists £ € A(S) such
that £y +o(lf) = 14, and for all T € &chg and s € Symy ,(T'), we have

f(s) =Teda(ly|r - s).

In particular, £y + o(ly) = 14 means that 14 € Symdy ,(S).
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(i) Assume that 14 € Symdy ,(S). Then, £(S)~'(14) is a non-empty subset
of (A/Alt4 5)(S) and the map of sets

{f such that (A, o, f)} S E(S) " (1),

is a quadratic triple
%7

is a bijection. In particular, for a given f the element {; is uniquely
determined up to addition by an element of Alta »(S).

(iii) The condition 14 € Symd 4 ,(S) is necessary and sufficient for there to be
a quadratic triple extending (A, o).

Proof. Since S is affine, by Lemma [Z4] we know Sym 4 , is a direct summand of
A. Therefore, for any quadratic triple (A, o, f), the function f may be extended to
A. The result then follows from Lemma BTl

First we show £(S)71(14) is non-empty. We have a short exact sequence

O%Sk&uA,g—)AHSymdA’U%O

with associated long exact sequence
0 — Skawa,o(S) = A(S) = Symd 4 ,(S) — Hp,pi (S, Skewao) — - ...

Since S is affine and Skew4,, is the kernel of a morphism of quasi-coherent O—
modules, applying Lemma [[.§] gives that Hflppf(S, Skewa,,) = 0 and so A(S) —
Symd 4 ,(S) is surjective. Hence £(S) ™! (1) # O.

Next we show that the map is bijective as claimed. Lemma [[.8] similarly shows
that HY (S, Alta,) = 0 and so there is a surjection A(S) — (A/Altaq)(S) =
A(S) [ Altao(S).

Let (A, o0, f1) and (A, o, f2) be two quadratic triples. By [(i)| we have elements
lp, by, € A(S) defining the linear forms. If ¢y = £, then £y, — {y, € Altg (S),
and so by Lemma 2.0(ii)| the maps Trd 4 (¢, __) and Trd4(¢s,_) agree on Symy ,,
i.e., fi = fo and so the map in question is injective.

Since A(S) — (A/Alta ,)(S) is surjective and by the commutativity of (LG.),
every element of £(S)71(14) is of the form ¢ for some ¢ € A(S) with £+ o(¢) = 1.
We may then use Example[Z(c)] to see that f = Trda(€_)|sym, , extends (A, o) to
a quadratic triple. The process in |(i)| then produces a possibly different £; € A(S)
such that f = Trda(€s_)|sm, , also. Since this is the same function on Symy ,,
we use Lemma again to see that £ — ¢y € Alty ,(S) and so £ = £;. Therefore
the map in question is surjective and we are done.

This follows from |(i)| and O

Remark 3.13. When S = Spec(R) is an affine scheme we are dealing with an
Azumaya R-algebra A = A(S) and an orthogonal involution (S) on A, which by
abuse of notation we also denote 0. Then, Sym(A, o) = Sym 4 ,(S) and a quadratic
triple is given by an R-linear map f: Sym(A4,0) — R satisfying f(a + o(a)) =
Trda(a) for all a € A. By Lemma implying that H'(S, Symy ,) = 0 and
H'(S,Skewa,s) = 0, we know that A(S) — Alt4 ,(S) and A(S) — Symd 4 ,(S) are
surjective, thus

Alt(A,0) = Alty »(S) ={a—o(a) | a € A},
Symd(A, o) = Symdy ,(S) = {a+o(a) | a € A}.
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Furthermore, since o is orthogonal, Al 4 , is finite locally free by Lemma
and hence is quasi-coherent, meaning H'(S, Alt4 ,) = 0 as well. This means that
A(S) = (AJAlta,)(S) is surjective and so (A/Alta,)(S) = A/ Alt(A4,0). The
map & of (LG behaves over S as

& A/ AlL(A,0) — Symd(A4, o),
a—a+o(a)

which is a well-defined linear map. Then Proposition says that any quadratic
triple (A4, 0, f) is of the form f = Trda(¢_) for some £ € A with £+ o(¢) = 1.
Furthermore, having 1 € Symd(A, o) is sufficient to extend (A, o) to a quadratic
triple since the preimage ¢ ~1(1) is non-empty. In this case, all such linear forms
extending (A, o) are classified by £¢71(1) C A/ Alt(A4, ). Over fields this recovers
the classification (for fixed o) given in 85].

By considering an affine open cover, Proposition recovers [CEl 4.2.0.12],
which states that Zariski locally a quadratic triple is of the form in Example B.3|(c)|

Given an Azumaya O-algebra with orthogonal involution (A, o), Proposition
states that when S is affine, the condition 14 € Symd, ,(S) is necessary
and sufficient for there to be a quadratic triple extending (A, o). We show now
that this condition is necessary in general, however Lemma shows that it is no
longer sufficient.

Lemma 3.14. Let (A, 0, f) be a quadratic triple. Then, 14 € Symdy ,(S).

Proof. We know by Proposition BIX(1)] that for an affine cover {U; — S}ier of S
we have that

flo, = Trda(ti_)
for some ¢; € A(U;) with £; + o (¢;) = 1 4w,y In particular, 1 4(v,) € Symdy ,(U;).
Since the elements 1 4.y, clearly agree on overlaps of the cover {U; — S}ier and
Symd 4 , is a sheaf, we obtain that 14 € Symd 4 ,(S5). O

Lemma 3.15. Let (A, o) be an Azumaya O-algebra with orthogonal involution.
Then the following are equivalent.
(1) 14 € Symdo o (S)
(ii) For all affine U € Gchg, there exists fu: Symy, o), — Olu such that
(Aly,olu, fu) s a quadratic triple.
(iii) For all affine open subschemes U C S, there exists fu : Sym g,
such that (Alv,olu, fu) is a quadratic triple.
(iv) There exists an fppf cover {T; — S}ier such that for each i € I, there ex-
ists fi: Syma|,. ol = O|\r, such that (A|r,,olr,, fi) is a quadratic triple.
(v) There exists an fppf cover {T; — S}ticr and regular quadratic forms
(M, q;) over O|r, such that for each i € I,

(‘A Ti) = (‘c”ndo\:r1 (Mi)ﬂ7q)7

where n, is the adjoint involution of the polar bilinear form of q.

Proof. We argue that |(i)=|(ii (1)} and then that |(iv)k(v)
()F{(1)f Assume 14 € Symdy ,(S). Then, for an affine U € &chg, by restriction
we have that 14y € Symdy ,(U). Hence Proposition guarantees that

— O‘U

O’lU

T;,0
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there is at least one semi-trace fy: Symy),,
a quadratic triple.

]i[ is obvious, and [(iii)={(iv)| by taking an affine open cover of S.

(iv){(i)F Let such a cover be given. By Lemma 3.1l we have 1 41,y € Symd 4 ,(T7)
for all 7 € I. These agree on overlaps and so 14 € Symd 4 ,(S) by the sheaf property.
(iv)=1(v); Since (A, o) is locally isomorphic to a neutral algebra, we may assume by
refining the given cover that (A|r,, olr,, fi) = (Endo(M,), olr,, fi) for some O|r,—
modules M;. There are then quadratic forms ¢;: M; — O|y, whose polar bilinear
form has adjoint involution o|r, by Proposition [B.4)ii)|

(ME[v)} This is Proposition B4|1)} O

Definition 3.16 (Locally quadratic involution). We call an orthogonal involution
on an Azumaya O-algebra locally quadratic if it satisfies the equivalent conditions
of Lemma

— Oly such that (Aly,olu, fu) is

olu

We now give two more examples of constructions which produce quadratic triples.

Example 3.17. Let (A, o) be an Azumaya O-algebra with orthogonal involution.
(a) Given an fppf cover {T; — S}iecr and elements ¢; € A(T;) satisfying ¢;+o0(¢;) =
Land 4|1, — 4|1, € Altao(Ti;) foralli, j € I, we can construct a unique quadratic
triple (A, o, f) such that f|7, = Trd(¢;__) holds for all i € I. To do so, locally
define maps fi: Symy .|, — Ol|r, by restricting the linear forms Trd4(¢;_) to
Symy ,|1,- By assumption and Lemma mﬂ, these local maps agree on overlaps
of the cover {T; — S}ic; and therefore glue together to define a global linear form
[+ 8my , — O. The fact that (A, o, f) is a quadratic triple can be checked locally
on the T;, where it follows from Example

(b) Let o be a locally quadratic involution. Let {: A/Altq, — Symd, , be the
map of (L6I). Given an element A € £(S)7*(14) C (A/Alts,)(S), we define a
quadratic triple (A, o, f)) as follows. There will exist a cover {T; — S}ier and
elements ¢; € A(T;) such that ¢; = A z,. By the commutativity of (LG.1) and
the fact that {(A|7;) = 1, each ¢; will satisty ¢; + o(¢;) = 1. Since (A|1)|r,, =
(Al1;)| 1, we will have that ¢;|7,, — ;|1,, € Alta - (T;;) and hence [(a)]above applies
to construct fy. Since we can always compare over a common refinement, it is clear
that fy is independent of which cover was chosen.

We are now able to show that all quadratic triples arise from the construction of
Example This gives a classification of all quadratic triples which extend a
given locally quadratic involution. In contrast to Proposition in Theorem
the set £(S)71(14) may be empty, see Lemma

Theorem 3.18 (Classification). Let (A, o) be an Azumaya O—algebra with locally
quadratic involution. Let &: A/ Alty, — Symdy , be the map of (LG.T]).

(i) Suppose (A, o, f) is a quadratic triple. Then, there exists Ay € £(S)71(14)
such that f is the linear form fx, of Ezample .
(ii) The map of sets

{f such that (A, o, f)

is a quadratic triple

} L E(S) 7 (L),
f (g )\f

is a bijection.
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Proof. Both claims follow from Proposition and the fact that the functor

EH1,): Gehg — Gets,

T &T)" (Lalr)

is a subsheaf of A/ Al 4 . In detail:
Let (A, o, f) be a quadratic triple. Let {U; — S}ier be an affine cover of
S. Then (A|y,,olu,, flu,) is a quadratic triple over an affine scheme, and so by
Proposition there exists an ¢; € A(U;) such that ¢; € £€-1(14)(U;) is the
unique element corresponding to f|u,. Since (f|v,)|lv,; = (flu;)|v,, we have that
lilu,, — 4lu, € Altas(Usj) and so 4]y, = €jlu,,. Therefore, these sections glue
together into an element Ay € £7'(14)(S). It is then clear that f = fy, since
flu, = Trda(Aflu, - ) = fa,lu, for all i € I by construction.

Bijectivity is clear from the proof of |(i)|since the correspondence f|y, — Af|u,
will be bijective over each U; in the chosen affine cover. (]

Remark 3.19. We may equivalently view Theorem B.I8 as saying that there is an
isomorphism of sheaves between

F: Gchg — Gets,
. { f such that (A|r, |7, f) }

is a quadratic triple over T

and the sheaf £ 1(14). Taking part of (L6.]), we have an exact sequence
0 — Shewa o/ All g o — AJAllg 5 <> Symd 4, — 0

with corresponding long exact sequence

o (Af Al ) (S) 2 Symdy (S) s H(S, Shewa o [ Abtas) — ...

By LemmalllH 6" (14) € H'(S, Skewa,,/ Alt 4 ») is the isomorphism class of €71(1.4).
In Definition [5.I] we call this element the weak obstruction.

4. QUADRATIC PAIRS ON TENSOR PRODUCTS

Given two Azumaya O-algebras A; and As, their tensor product A; ®p As
is again an Azumaya O-algebra. If in addition these algebras are equipped with
involutions o1 and oy respectively, then (A; ®p Az,01 ® 02) is an algebra with
involution. Throughout this section we will use the notation

(A 0) = (A1 ®o Az,01 ® 03).

Let 1,62 € py(S) be the types of o1 and o9. Since the type of an involution can be
determined locally, we may apply [Knul, 8.1.3(1)] which applies over affine schemes,
to see that the type of 01 ® o2 will be the product £165. For our purposes we
want 01 ® oo to be orthogonal, so we will focus on two cases: when o; are both
orthogonal (¢; = 1), and when they are both symplectic (in which case ¢; = —1).
In preparation, we generalize [KMRT), 5.17] to our setting. We use the notation F*
to denote the fppf sheafification of a presheaf F as in [St) Tag 03NS].

Lemma 4.1. Let (Ay,01) and (Asz,02) be two Azumaya O-algebras with involu-
tion. If o; are both orthogonal, then

(i) Syma, = (Symdy + (Syma, o, ©0 Syma, o)
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If instead o; are both weakly symplectic, then
.. #
(11) Sy'nA,cr = (Synd.A,cr + (SkewAhUl ®o SkewAzﬁ’z)) .

Proof. If there exists an fppf cover over which the restrictions of each sheaf
are equal, then the sheaves are equal globally. Since A4; and A are Azumaya O—
algebras, there exists a sufficiently fine cover {T; — S},cr such that (Ay,01)|7, =
(M1 ®0 My, 1) and (Asz, 02)|1, = (M2 ®0 Ma, 1) for free O|r,~modules of finite
rank M; and My with the switch involution 7 by (Z.1.2)). Now, focusing on one of
the Tj, let U € &chy, be an affine scheme. Letting 4; = A;(U) with Ay = A, we
know that

Sma, o (U) = {a € A; | o3(a) = a} = Sym(As, )

and, arguing as in Remark BI3] we have that
Symdy, ,.(U) ={a+oi(a) | a € A} = Symd(A;, 0;).
Certainly
Symd(A, o) + (Sym(Ay, 01) ®o(w) Sym(Az, 02))
#

g('syrnd/l,a' + (SynAl,crl o M.Ag,a’g)) (U)

C Sym(4,0),
so we are left to show that the reverse inclusion holds. Because we have localized
sufficiently so that (A1, 01)|7, = (M1 ®0 M, 7) and (Asg, 02)|1, = (M2®@0 Ma,T),

it is sufficient to consider the case of M7 and M being free modules of finite rank
over a ring R, and prove that

Sym (M1 ®@g My) ®r (Ma ®p Ma), 7 ® 7)
= Symd ((M; ®p M) @r (M2 ®r M), 7@ T)

+ Sym (M ®p My, 7) ®p Sym (My @r Ma, 7).
Clearly the second module is included in the first. Now, let {mg,...,m,} and
{ni,...,np} be free bases of M; and My respectively. Then the module
Sym ((M; @g M) @ (M2 ®g Ms), 7 @ 7) has a basis consisting of the elements

(m; ® mi) ® (nk ® ny),
(m; @ mj) @ (n @ ny) + (my; @ m;) @ (N @ ny)
fori,j € {1,...,a}, k,l € {1,...,b} with either ¢ # j or k # [. The first type of
basis element is contained in Sym (M1 ®pr My, 7) ®g Sym (M2 ®p Mo, 7), and the
second type is contained in Symd ((M1 ®r M) @ (M2 ®p M), T®7’), so therefore
the converse inclusion holds as well.
Hence, we have shown that

Sy |7, (U) = (Symd g o + (Syma, o, ©0 Symig, ,)) 1, (U)

for all affine schemes U € &chy,. By applying [Stl Tag 021V], this means that these
sheaves are equal over T; and thus we are done.

Since o; are now weakly symplectic, i.e., of type —1, we will have that (A;, o;)|v,
= (M;®oM,;,—T) for j =1,2. Accounting for the facts that (—7)®(—7) =7®T,

Skew(M; ®g M;,—7) = Sym(M,; g M;,T), and
Alt(M; ®@p Mj, —7) = Symd(M; ®@p Mj, 7),
all other details are the same as in O
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Remark 4.2. With the same methods as above one can also generalize [KMRT),
5.16]: If o; are both orthogonal, then

Sym'd-AJ N (Sym’Al,Ul ®o SyrnAzﬂz)
= ((Sym'dAhUl ®o Syrn-Az,Uz) + (Sym’Al,Ul ®o WAQ,UQ))n ’

and if o; are both weakly symplectic, then
() SymdA,U n (Skew_Ahgl Ko Skew_A%g,z)
ii
— ((Aft_Al’gl 2J0) Skew_Az’gz) + (SkewAl,gl Ro AftAQ,UQ))ﬁ .
We warn that the naive generalization of 5.15], which states that for central
simple algebras (A1, 01) and (Az, 02) with involutions of the first kind over a field
F of characteristic 2 we have

()

Symd(Al, 01) RF Symd(Ag, 02)
:( Symd(A;,01) ®r Sym(As, 02)) N (Sym(Al, o1) ®p Symd(A,, 02)),
does not hold in our generality. It fails when 2 is neither invertible nor zero. For

example, take S = Spec(Z) and consider the Azumaya algebra A4 = My(O) with
the split orthogonal involution 7y in degree 2 from Example In particular,

w(e )1

Considering just the Z-module with involution (A4, 1ny) = (Ma(Z),n9), we have

Sym(A4, o) —{[Z Z]} and Symd(A, 7o) —{[2@0 2ab }
Therefore,
a 2b 2c 4d
Symd (A, 70) @z Symd(A,no) = 32 4(2 4af gg
4i 29 2 a
while

(Symd(A,n0) ®z Sym(A,n0)) N (Sym(A, 7o) @z Symd(A, no))
a 2b 2c¢c 2d
2¢ a 2f 2c
2g 2h a 2b
2i 29 2 a

and so these modules are not equal.

Lemma E.T] will be used similarly to how 5.16, 5.17] are used to prove
uniqueness claims about quadratic pairs on tensor products. If the algebra with
involution (A4, 0) extends to a quadratic triple with some linear form f, then the
behaviour of f is prescribed on Symd, ,. Therefore, by Lemma Tl such f will be
uniquely determined by its behaviour on Sym 4, ,, ®o Symy, ,,. We use this in the
next two propositions, generalizing [KMRT), 5.18, 5.20].
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Proposition 4.3. Let (A1, 01, f1) be a quadratic triple and let (Asg, 02) be an Azu-
maya O—algebra with orthogonal involution. Then there exists a unique quadratic
triple (A, 0, f1«) such that, for sections s; € Sym y, ,, we have

(4.3.1) fre(s1® s2) = fi(s1) Trda, (s2)-

Proof. Consider an affine cover {U; — S};cr of S. We know by Proposition m
that each f|y, is described by an ¢; € Ay (U;) with ¢; + 01(¢;) = 1. Then

and since |y, — 4j|u,, € Alta, o, (Ui;), we also have that

(él ® 1)‘Uij - (ej ® 1)‘Uij = (€i|Uij - £j|Uu) ®1le A&A1®0A2701®02 (U'LJ)

Therefore, we may use the construction of Example with the elements ¢; ®
1 € A(U;) to define a global fi,. It remains to show that this fi, behaves as claimed
in (Z3.1) on sections s; € Symy, ,,(T') for some T € Schg. Consider such sections
s1 and so. With respect to the cover {T; := U; xg T — T'};c1, our new linear form
f1x will be locally described by the elements (¢; ® 1)|7,. So, locally we have

Jr1ei((51 @ 52)|1,) = Trda,@ea, (4@ 1)|7, (51 © s2)|1,)
=Trd 4,904, ((ZZ|T1 - s1|1,) ® SQ‘Ti)
= Trd 4, (&-\Ti . 81|Ti) Trd 4, (82|T)
=f 7,) Trda, (s2|1,)

and hence gluing yields f1.(s1 ® s2) = f1(s1) Trd 4, (s2) as desired. O

Ti(Sl

Example 4.4. Here we generalize [KMRT], Example 5.19]. On one hand, let
(M1, ¢q1) be a regular quadratic form and let (Endp (M), 01, f,) be the quadratic
pair defined in Proposition IBE@ On the other hand, let (Ma,bs) be a regular
symmetric bilinear form on a locally free O—module of finite positive rank Ms. We
consider the tensor product quadratic form ¢ on M = M; ®0» My as defined by
Sah [Sal Thm. 1] in the ring case. This ¢ is regular, and so we consider the attached
quadratic pair (Endp(M, o, f;). The proof of [KMRT| Example 5.19] shows that
there is an isomorphism

(EndO(Ml)v 01, f(h) ® (EndO(MQ)a sz) = (EndO(M)a g, fq)v
where the tensor product stands for the construction of Proposition

Turning our attention to the weakly symplectic case, it turns out that two weakly
symplectic involutions may not have a quadratic triple structure on their tensor
product, see Example @77l To obtain a result analogous to [KMRT] 5.20] we will
assume we have two symplectic involutions, i.e., where the types are ¢; = —1 and
the local bilinear forms are alternating. This is due in part to Lemma

Lemma 4.5. Let (A, o) be an Azumaya O—algebra with a weakly symplectic in-
volution. Then, the following are equivalent.

(i) o is symplectic.
(if) Trda(s) =0 for all sections s € Skewa .-
(iff) 1a € Symdy ,(S).
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Proof. Since (A, o) is weakly symplectic, there exists an fppf cover {T; — S}icrs
over which

(M, Qo M, =) = (577d0|T1. (Mi),m) = (A, 0)]r,,

where 7 is the switch involution and ¢} is the isomorphism (ZI2) for a regular
skew-symmetric bilinear form b.

(i)k=1(ii); For any T € Gehg and a section s € Skewy (1), we may compute locally
with respect to the cover {T; xg T — T}ier where the section will be a linear

combination of elements of the form
op(m @ m)
p(m @ n) —ny(ps(m @ n))

for m,n € M;(T; x5 T). Since we have
Trd&LdOITi (My) (‘Pb(m ® n)) = b(ma n)a

the trace of the second type of element is clearly 0, while the trace vanishes for all
elements of the first type if and only if b is alternating. Hence, Trd 4(s) = 0 for
all sections s € Skew 4, if and only if the underlying bilinear forms are alternating,
i.e., o is symplectic.

(iDl={ii)} By Lemma EZH(iii)| we know Skewj’g = Symd 4 , and Symdj,g = Skewa o,

from which the equivalence is immediate. ([l

Similar to the orthogonal case, having 14 € Symd 4 , will grant us local ¢; with
¢; + o(¢;) = 1 from which we can build a quadratic triple. The following result

generalizes [KMRT), 5.20].

Proposition 4.6. Let (A1,01) and (Az2,02) be two Azumaya O-algebras with
symplectic involutions. Then there exists a unique quadratic triple (A1 Q0 Az, 01®
o9, fe) such that, for sections s; € Skewa, », we have

f®(81 (39 82) =0.
Proof. We first establish uniqueness. Let f, f': Sym 4 , — O be two solutions. Then

[ — f' vanishes on Symd, , and on Skewa, s, ® Skews, s, According to Lemma
Symd 4, and Skew, 5, @ Skewa, 5, generate Symdy , so that f' = f.

We now establish existence. Since (A;, o) is symplectic we have 14, € Symd 4, ,,
by Lemma 5] and so there is an fppf cover {T; — S};cr such that for each i € T
there exists ¢; € Ay (T;) with ¢; + 01(¢;) = 1. Then we will have

@)+ (o1 ®02)l;@1) =1,
so to use the construction of Example B.TT(a)| we need to check that (¢; @ 1)|z,, —
(t; ®1)|1,; € Altao,(Ti;). By Lemma 2Z8(ii)| and Lemma it is sufficient to
show that these elements are orthogonal to sections of the form a + o(a) for any
a € Alr,;, and s1 ® sy for sections s; € Skew(A;, 0;)|1,;. For the first type, we have
Trd-A((él ® 1) Tij ((l + 0'((1))) = TrdAl@OAQ (a‘) = Trd-A((gj ® 1) T (a’ + U(a)))

and so

Trda((4 @ 1z, — € © 1z,,)(a + o(a))) = 0.
For the second type, we have

Trd 4 ((fz & 1) Ty (81 ® 82)) = TI“d_A1 (fl

Tl.jsl) TI'd_A2 (82) =0
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since TrdA2(32) = 0 by LemmaBH(ii)|] Similarly Trd4 ((¢;®1)|r,, (s1®s2)) = 0 and
so (6;®@1)|7, —(¢;®@1)|r,, is orthogonal to 1 ®82 as well. Thus there exists a global
Jo: Symy . —> @ constructed as in Example B The above local calculations
also imply that fg(s1 ® s2) = 0 for sections s; € gS'/cewAl,g1 and sy € Skewa,,q,, and
so we have constructed the unique quadratic triple we desired. O

Note that both (A1, 01) and (As, 02) were required to be symplectic in Propo-
sition We needed (A, 01) to be symplectic to have 14, € Symdy, ,,, and
(A3, 02) to be symplectic to have Trd4,(s2) = 0. If (Az,02) were only weakly
symplectic, then we could construct the local maps fg ; just the same, but it is not
clear if the elements (¢; ® 1)|7,, — (¢; ® 1)|r,, belong to Aft4 ,(Tj;), and so there
may be examples with no quadratic triple on the tensor product.

If both involutions are only weakly symplectic there is almost no hope, even over
affine schemes as in Example 71

Example 4.7. Let S = Spec(Z/2Z). Since we are over an affine scheme we may
simply work with Azumaya algebras over R = Z/27. Consider the Azumaya algebra
Ma(R) with involution o(B) = v~ BT v for

Y 1 1
|10
This is weakly symplectic since u? = —u, but not symplectic (for example by

Lemma FL5]). Note that

5= B (1)} € Skew(My(R), o)

is a skew-symmetric element. If there were a quadratic triple (M3 (R)®gM2(R), 0 ®
o, f), then necessarily

2f(5 ® S) = Trsz(R)®RM2(R)(S ® S) = TI‘dMZ(R)(S)2 = 12 = 1,
however there is no @ € Z/2Z such that 2z = 1. Therefore no such f exists. Since
we are over an affine scheme this means that o ® o fails to even be locally quadratic.
5. OBSTRUCTIONS TO QUADRATIC PAIRS

In this section we introduce cohomological obstructions which prevent an Azu-
maya O-algebra with locally quadratic involution (A, o) from being extended to
a quadratic triple, either outright or where the triple has certain properties. We
begin by considering portions of various long exact cohomology sequences arising
from (6]). In particular we have the following diagram

A(S) —2H7 s Symd g, (S) —— H'(S, Skewa )

| | !

(5.0.1) (A Altg o) (S) = L6, Symd 4 (S )Lﬁl(S,SkewA,g/AﬁA,a)

HY(S, Alt 4.,

with exact left column and exact rows.
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Definition 5.1 (Strong and weak obstructions). Let (A, o) be an Azumaya O-
algebra with locally quadratic involution. Then 14 € Symd A,U(S) and we call
Q(A,0) = 6(14) the strong obstruction and call w(A,o) = §'(14) the weak ob-
struction.

The strong and weak obstructions prevent the existence of a quadratic triple
involving ¢ in the following way.

Theorem 5.2. Let (A,0) be an Azumaya O-algebra with a locally quadratic
involution. Then,

(i) There exists a linear map f: A — O such that (A, 0, flsm, ) is a qua-
dratic triple if and only if Q(A,0) = 0. In this case f = Trda(¢_) for an
element ¢ € A(S) with £+ o(£) = 1.

(ii) There exists a linear map f: Sym 4 , — O such that (A, o, f) is a quadratic
triple if and only if w(A,o) = 0.

Proof. Assume we have f: A — O such that (A, o, f|&JmA,a) is a quadratic triple.
Then trivially f|sm ., can be extended to A, and so by Lemma B.TT] there exists an
¢ € A(S) such that £+0(£) = 1 4. Thus 14 is in the image of A(S) — Symd 4 ,(S) in
the long exact cohomology sequence, and so (A, o) = 0. Conversely, if Q(A,0) =0
then 1 4 is in the same image and so we obtain such an ¢. Using Example B3(c)| we
can construct f: A — O with the desired property.

Since the rows in (G.0.I) are exact, w(A, o) = 0 if and only if £(5)7(14) is
non-empty. By Theorem BI8] this means w(A, o) = 0 if and only if (A,0) can be
extended to a quadratic triple. O

By Remark 319 w(A, o) is the isomorphism class of the Skew 4,/ Al 4,o—torsor
€71(14). Another view of Theorem is that w(A, o) = 0 if and only if this
Skew 4,5 | Alt 4 o—torsor is trivial. A torsor is trivial if and only if it has a global
section and global sections of £71(1 4) correspond to forms f which make (A, o, f)
a quadratic triple.

For examples of locally quadratic involutions with non-trivial strong or weak
obstructions, see Section [Gl

Remark 5.3. Since 24 = 14+ 0(14) is always in the image of A(S) — Symd 4 ,(S5),
it follows that §(2,4) = 2Q(A, ) = 0 so that 2w(A,0) = 0 also. In particular, if 2
is invertible over S we recover the fact that (A, o) always extends to a quadratic
triple.

Lemma [5.4] describes a special case in which we know the strong obstruction is
non-trivial. An example where this occurs is given in Section [6.1] in particular see
Lemma

Lemma 5.4. Assume S is non-empty. Let (A, o) be an Azumaya O—algebra with
locally quadratic orthogonal involution such that O(S) — A(S) and 20(S) = 0.
Then, the strong obstruction (A, o) is non-trivial.

Proof. The exact sequence
0— Skews,e = A— Symdy , — 0

gives rise to the long exact cohomology sequence

(5.4.1) 0 — Skewa o (S) = A(S) = Symd g ,(S) 2 H'(S, Skewa o).
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Since S is non-empty and (A, o) is locally quadratic, we have 0 # 1 € Symd 4 ,(5).
We recall that Q(A, o) = §(1) by Definition Bl Since A(S) = O(S) and o(95) is
O(5)-linear, all elements of A(S) are symmetric, and since 20(S) = 0, all elements
of A(S) are also skew-symmetric. Hence, Skewa »(S) = O(S) also. Therefore, the
sequence (54T is of the form

0— O(S) % O(8) — Symd 4 ,(S) % H(S, Skewa )

and we obtain that Q(A,0) = §(1) # 0 because O(S) — Symd, ,(S) is the zero
map in view of surjectivity of Id: O(S) — O(S), and so ¢ is injective. O

We will make use of the following description in order to perform computations
with Q(A4, o).

Lemma 5.5. Let (A, o) be an Azumaya O-algebra with locally quadratic involu-
tion. The strong obstruction takes the form

Q(.A7 O') = [(6] T — fl TiA)i’jGI} S EII(S, S]%lUA’U)
for any cover {T; — S}ier and elements ¢; € A(T;) such that ¢; + o(¢;) = 1.

Proof. This follows immediately from Lemma [[4l a

Remark 5.6. We note the following two points.

(a) By Lemma B.IH if we wish we may represent (A, o) as in Lemma B35 with an
affine open cover {U; — S}ier.

(b) Since the weak obstruction w(.A, o) is simply an image of the strong obstruction,
it will be represented similarly by the class

(fj Ti-)i,jel} S ﬁl(S,Sk@u}A’g/A&A’g)

for a cover {T; — St}icr and elements ¢; € A(T;) with £; + o(¢;) = 1, where the
overline denotes the image in (Skew,,/Alta o )(T;;). This cover can of course also
be taken to be an affine open cover if desired.

1, — i

5.7. Alternate obstructions to extend a form. Let (A, o, f) be a quadratic
triple. Lemma [B.1T] states that f extends from Sym, , to A if and only if f arises
from some ¢ € A(S) satisfying ¢ + o(¢) = 1. Since o is orthogonal, Al , is
finite locally free by Lemma and hence is quasi-coherent. The cohomology
theory of quasi-coherent sheaves provides an obstruction to such an extension, in
particular an obstruction ¢(f) € H'(S, Alt4,) as follows. By Theorem BI8, the
form f corresponds to an element Ay € (A/Al4,)(S), and we may consider its
image under the map ¢ in (EOI). We set ¢(f) = ¢(\f) € HY(S, Alty ). Clearly
this obstruction prevents Ay = ¢ for some ¢ € A(S), which would be the case exactly
when f can be extended to all of A.

Consider an affine covering {U; — S}ier of S. By Proposition each
restriction f|y, will be of the form Trdy), (¢;_) for an ¢; € A(U;) with l; =
Aflv,. Lemma [ then tells us that the 1-cocycle (£;
the cohomological obstruction c(f).

However, we also obtain another obstruction in the following way. We have an
exact sequence of sheaves

0—8my, + A= Allg, —0

v, — Yilu,, )i jer represents
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which, since the sheaves are finite locally free, we may dualize to obtain another
exact sequence,

0— Alty , - AV — Symy , — 0.
A portion of the long exact cohomology sequence associated with this exact se-
quence is
o= AY = Sy, — HY(S Al ) —

Since f € SymY ,(S), we then get a class ¢/(f) € H(S, Alt} ,) which is the ob-
struction to extend f to A. Not surprisingly, we can compare the two obstructions.

Lemma 5.8. Let (A, 0, f) be a quadratic triple, and let b_: Alty, . — Alt) , be
the isomorphism associated to the regular bilinear form b_ provided by Lemma

. Then,

(i) () = B (e())- V V

(ii) The image of c(f) under the map H (S, Alts ) — H (S, Skewa,,) induced

by the inclusion Ally , — Skewa o, is Q(A,0).
Proof. Take an affine open covering {U; — S}ier of S. Then fly,(s) =
Trd 4(¢;s) for some ¢; € A(U;) satisfying ¢; + o(¢;) = 1 by Proposition m
By definition c(f) is the class of the 1-cocycle ¢;; = 5]y, — 4ilu,, with values in
Altg . We define f;(a) = Trd4(£;a) on Aly, for i € 1.
On the other hand, ¢/(f) is the class of the 1-cocycle ¢;; = (fj)

with values in AL} .

Uij — (ﬁ)

Ui,j

We need to check that c}; = l;:(cij) for all 4,7 € I, or equivalently that c}; =
b_(cij,__) over U;;. Up to localization to an affine open subset V' C U;;, we can
deal with elements of the form =z = 2’ — o(z’) for some 2’ € A(V). It follows that

¢ij(@) = (f)lv,, (@' — o (@) = (£i)
= Trda (¢;|v, (z' — o(a’)) — Trd.4(¢;
= Trda((4lv,; — lilv,) (=" — o(z))
=b_ (cij,x)

Uij (xl - U('TI))

Uij (J?l - 0’(1)/))

as desired.

We have that 1 4(y,) = £; +0(¢;) for each i. By Lemma[5.5] the strong obstruc-
tion (A, o) is represented by the 1-cocycle £;|y,, — £i|u,; with values in Skew4 o -
We conclude that the image of ¢(f) by the map H'(S, Alt4 ,) — H'(S, Skewa ,) is
Q(A, o). O

5.9. Obstructions for tensor products. Consider Azumaya algebras (Aj,o1)
and (Ag, 02) either both with orthogonal or both with symplectic involutions. Their
tensor product (A, o) = (A1 ®n Az, 01 ®02) is an Azumaya algebra with orthogonal
involution. There is a natural map

.Al X .AQ — .A,
(a1,a2) — a1 @ as
which restricts to a morphism

Skew s, oy % SymAz’(,2 — Skew Ao
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which in turn induces a morphism
(SkewAhgl /.AftAhUl) X SymAz’U2 — Ske’wAyU/AftAyU.

We will make use of these tensor morphisms throughout this section to investigate
the strong and weak obstructions for (A, o). When o; are both orthogonal we will
assume o is locally quadratic and we will relate Q(A, o) to Q(A1,01). When o;
are both symplectic we also have 14, € Symd 4, ,, by Lemma and a connecting
morphism §; : Symdy, ., (S) — H'(S, Skew, o, ). In this case we will relate Q(A, o)
to 01(1.4,), which is only technically a strong obstruction when 2 = 0 € O and so
o1 would be simultaneously locally quadratic as well as symplectic.

Lemma 5.10. Let (A;,01) and (Asg, 02) be two Azumaya O-algebra with orthogo-
nal involution. Let (A, o) be their tensor product. Assume that (A1, 01) is locally
quadratic. Then, we have the following.

(i) (A, o) is locally quadratic.
(ii) We have
Q(A,0) = QA1 01) Uly, € HY(S, Skewa.,),
where 14, € Symy, ,,(S) = HO(S,Symy, ,,) and the cup-product arises
from the morphism

Skew s, o, X SYym g, 5, — SkewA -

(iii) We have w(A,0) = w(Ay,01) Ula, € HY(S, Skewao/Altas) where the
cup-product arises from the morphism

(Skewa, o, [/ AltA, o)) X S!/'n_AQ,oQ — Skews,o | Al Ao
Proof. The statement is local and follows then from the construction of tensor
products in Proposition
The map ®14,: A1 = A, a1 — a1 ®14,, restricts to both Skew4, 5, — Skew »
and Symd 4, ,, — Symd 4 ,. Therefore, we have a diagram

1401
0 —>S/€€IUA1,[;1 —>.A1 —>SymdAhUl —0.

l@lAz l®1A2 \L®1A2

00— Skews o A—2% Symd,y , —= 0.

whose rows are exact sequences of O-modules. We claim this diagram commutes.
Commutativity of the left square is clear, so we check commutativity of the right
square with a computation. Let a € A;(T) be a section for some T € Schg, then

(140)0 (BL4)(a) = (1 40) (a8 L) = a® Lay + (00 ®02) (0 ® 1a,)
=a® 1.A2 + Ul(a) ® 1A2 = (a + Ul(a)) ® 1-»42 = (®1A2) © (1 + 0'1)(@).

Thus, we get another commutative diagram involving boundary maps,

Symd g, 5, (S) —2 H(S, Skewa, o)

J/®1A2 J/UlAg

Symd o (S) —2— H'(S, Shewa,s ).
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Since 14 = 14, ® 14,, the commutativity of the diagram implies that §(14) =
01(14,) U114, whence the desired formula

Q(A,0) = Q(A1,01) U1, € H' (S, Skewa,o).
This follows from and the commutativity of the square

Skeu}-AlaUl X SymA27<T2 SkaUA7a

lmxld lﬂ'

(Skeu}-AhO'l /*A&Al,ﬂl) X &Urn.Az,az - SkewA,U/A&A,U7

where the horizontal maps are the tensor morphisms. O

Remark 5.11. Lemma [5I0(iii)| shows that if (A;,01) is extendable to a quadratic
pair, then so is (A4,0). We actually already knew this from Proposition We
shall see later in Proposition that the converse is false.

A consequence of Proposition is the following.

Corollary 5.12. Let (Ay,01) and (A, 02) be two Azumaya O—algebras with sym-
plectic involutions. Let (A; ®o Az,01 ® 02) be the corresponding Azumaya O—
algebra with orthogonal involution. Then w(A, o) =0.

Remark 5.13. In the setting of Corollary B.12] Remark [6.3] provides an explicit
example such that Q(A, o) # 0.

The case of the strong obstruction resulting from two symplectic involutions is
similar to Lemma BI0Ki1)

Lemma 5.14. Let (A1,01) and (Asg, 02) be two Azumaya O-algebras with sym-
plectic involutions. Let (A,0) = (A1 ®o Az2,01 ® 02) be the tensor Azumaya
O-algebra with orthogonal involution. According to Lemma B0, we have 14, €
Symd 4, ,,(S). Consider the boundary map 61: Symdy, ,, (S) — HY(S, Skewa, o, )
arising from the ezact sequence of O-modules 0 — Skewa, o, — A1 — Symdy, .,
— 0. Then we have

Q(A,U) = 51(1_,41) U 1.A27

where 14, € Symy, ,,(S) = H°(S,Symy, ,,) and the cup-product arises from the
tensor morphism Skewa, 5, X Symy, ,, — Skews s -

Proof. Since 14, € Symdy, ,, (S), there is an fppf cover {T; — S}ier such that for
each i € I there exists ¢; € A;(T;) with ¢; + 01(¢;) = 1. Then we will have

(61‘ ® 1) + (01 ® Ug)(fi X 1) =14.
According to Lemma [5.5] (A, o) is represented by the 1—cocycle

(l; ®1)

Tij — (ZJ ® 1)

iy S SkEZU_AJ(ﬂj)

which also represents the class Q(A;,01) U 14,. O
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6. EXAMPLES OF NON-TRIVIAL OBSTRUCTIONS

The common point between the examples discussed in this section arises from
a classical construction of torsors built from finite subgroups of algebraic groups.
Let k be a field, let G be an affine k—algebraic group, and let H C G be a finite
k—subgroup (for example étale or constant). Given an H-torsor f : Y — X between
k—schemes, we can consider its extension to G defined by the contracted product
Y AH G, which is a G—torsor. This kind of torsor occurs in the theory of essential
dimension (Reichstein-Youssin [RY] §7]), in infinite dimensional Lie theory (Gille-
Pianzola loop torsors [GPl §3]), and also in Brion’s theory of homogeneous torsors
over abelian varieties (|[Brl,Br2lBr3], which extends that of Mukai in [Mu] for
vector bundles). In this last case we deal with an isogeny f : Y — X of abelian
varieties such that ker(f) = H, a special case of which is an isogeny of elliptic
curves. More precisely, in the first example we use the multiplication by 2 map on
an elliptic curve E over a field k of characteristic 2 and we embed its kernel E[2]
in PGL2, see the map (6LT)) later in the text.

6.1. Non-trivial strong obstruction. All concepts not defined below can be
found in a standard textbook on elliptic curves, such as [KM]. Let k be a field of
characteristic 2 and let our base scheme be an ordinary elliptic curve E over k.
Since F is ordinary, the 2-torsion points are E[2] & puy X Z /27, where here Z /27
denotes the constant group scheme associated to the abstract group of two elements.
We identify the Hopf k—algebra H representing the group scheme p, Xy Z/27Z. It
is

H

ko] @ k[Z/2Z]
= (k[a]/(2* = 1)) @ (k x k)
(k[z]/(z* — 1)) x (k[z]/(z* — 1)).

For a scheme Y € G&chg, we have the standard fact that (py x Z/2Z)(Y) =
Homgings(H, O(Y)), for example by [St, Tag 0111].

We set E' = E and consider the fppf cover {E’ — E} arising from multiplication
by 2. This is an fppf cover by [KM] 2.3]. As a first step, we will identify a Cech
1-cocycle with values in py X1 Z/27 over this cover. To do so, we identify the global
sections of ' xg E' and of E' xg E’ Xxg E’, keeping in mind that O(F’) = k.

Let Y € &cbh,, be any scheme. The set E'(Y) = Homy (Y, E’) is a group, inherit-
ing its group structure from E’. From the universal property of the fiber product,
we have that

12

(E' xp E')(Y) = {(a,b) € E'(Y) x E'(Y) | 2a = 2b}.

Hence, for any pair (a,b) € (B’ xg E')(Y) they differ by the element b — a €
E'21(Y) = (py Xk Z/2Z)(Y) in the kernel of the multiplication by 2 map £’ — E.
So, we may write

(B xp E)(Y)={(a,a+s)|acE(Y),s€ (ny xx Z/2Z)(Y)}
~ E'(Y) x (py X Z/27)(Y).
Since this holds for all Y, we see that we have an isomorphism

E' XE E'~=F X ([LQ X Z/2Z)
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To remove some notational clutter, we abuse both notation and the Yoneda lemma
by omitting Y and simply writing

E' xp E' ={(a,a+3s)|a€FE s¢epyxZ/2L}
and the isomorphism as
E'xp B =5 E' x4, (py x1. Z/27),
(a,a+s) — (a,s).

We will continue using this abuse for computations throughout this section as well
as in Section Due to the isomorphism above, we have

O(E/ X B El) = O(E/ Xk ([J,2 Xk Z/QZ)) =k®yH=H,

where the second equality follows from [L, 5.2.3, Cor. 2.27], which is about the flat
base change of a scheme over a ring. Likewise, we may write

E'xgE' xg E' ={(a,a+s,a+ (s+1))|a€ E' st € py, xy Z/2Z}
and so we have an isomorphism
E' xg E' xg E' = E' X (g x5 Z)27) X3, (g X1 Z./27,),
(a,a+s,a+ (s+1t)) — (a,s,t).
In turn, this means that
O(E' xg E' xg E') = O(E" Xi, (py Xk Z/27) X1 (py Xx Z/27)) = H @y, H.

Note that “the u, x Z/27Z part” is all that occurs in the global sections. We now
need to identify how the three projections, p;;: E' xg E' xg E' — E' x g E' where
the i*" and j*" factors are preserved, appear on global sections. We have

pro: B' xg E' xg B - F' xg E',
(a,a+ s,a+ (s+1t)) — (a,a+ s),
which alternatively appears as
P2t B X (g X Z/2Z) Xy (By X1 Z/2Z) — B X, (g i Z/2Z),
(a,s,t) — (a,s),

after using the above isomorphisms. On the p, X Z/2Z part this is simply the first
projection (s,t) — s, and hence on global sections we obtain the map

pre =1d®1l: H— H ®y H.

When we consider pog, it appears as (a,a+s,a+(s+t)) — (a+s,a+(s+t)), which
alternatively becomes (a, s,t) — (a + s,t). Thus, the p, X Z/27Z part is simply the
second projection (s,t) — ¢ and we get that

P =1®1d: H— H®; H.

Finally, applying the same procedure to p3, we start with (a,a+s,a+ (s +1t)) —
(a,a + (s +t)), which we rewrite as (a,s,t) — (a,s + t), and then extract the
o X Z/2Z part, which is the addition map (s,t) — s+ t. Therefore, we see that
we obtain the comultiplication

p3=A:H— H®,H
of the Hopf algebra H.

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



7234 P. GILLE, E. NEHER, AND C. RUETHER

Now, a Cech 1-cocycle for p, x Z/2Z with respect to the cover {E’ — E} consists
of an element y € (u, x Z/2Z)(E’ x g E’) such that
y‘P12 'y‘pzs = y|p13’

where yl|,,. = (g X Z/2Z)(pi;)(y) is the restriction along p;;. Since the group
o X Z/27 is represented by Spec(H), we have that

(ll'2 X Z/2Z)(El XE El) = Hommmgs(H, O(EI XE E/))
= Homgings (H, H)

We claim that Id € Homgings(H, H) is a 1-cocycle. Indeed, for each projection we
have that

Id|p1ij :%OId:ﬁi}
as an element in Homwgings (H, H ®p H) = (o X Z/2Z)(E’ x g E' x g E'). Therefore,
using the fact that the group structure of p, x Z/27 comes from the Hopf algebra
structure of H, the product pis - pa3 is the composition

P12®p23 mult

H S Hep H2Z22 (H ey H) @ (Ho H) 2 H oy H,
which is easily checked to be
P12 P2z = A =pi3

and so Id € Homgings(H, H) = (py X Z/2Z)(E’ xg E') is a 1-cocycle.
Now, we will transport this cocycle to PGLy. We have an embedding of group
schemes i: py Xy, Z/27Z — PGLy defined over Y € Sl by

(6.1.1) @ — Inn (Lﬁgg: (1)§ ggé:%])

for ¢ € Homgings (H, O(Y)). Intuitively, this is the map

cooton [y ) eni o ([7 )

for e € puy and 1 € Z/27Z. The image i(Id) € PGLy(E’ xg E') is a 1-cocycle since
Id € (py X Z/2Z)(E' xg E') is a 1-cocycle. We denote i(Id) = ¢ and of course

have that
o= ([08) &0,

The cocycle condition means that this ¢ is a gluing datum as in [Stl, Tag 04TP].
Therefore, we may twist Ms(O) by gluing two copies of Ma(O)|gs using ¢ as in
[Stl, Tag 04TR], to obtain a quaternion O-algebra Q. For T' € Gchp, we have

QT) ={B € Ma(O(T x5 E)) | §(Blrxprxpxs) = Blrxppxpxp}-

Since k has characteristic 2, the canonical quaternion involution on My(O) is the
split orthogonal involution in degree 2 of Example B.3(b)|

)

The canonical involution on Q, denoted by 8, is the descent of 1y and hence (Q, 0)
is a quaternion algebra with orthogonal involution.
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Let n be a positive integer and now work over the abelian k—variety S = E™.
We define the Azumaya algebra

A=pi(Q) ®o  ®o pp(Q),

where p;: E™ — E is the i*® projection and p} the pullback of quaternion algebras.
It comes with the tensor product involution ¢ = p}(0) ® --- ® p*(0), which is
orthogonal. Alternatively, A may be viewed as the following twist of Man (O). Set
S’ = S and view it as a scheme over S with respect to the multiplication by 2 map
where each factor is multiplied by 2. This makes S" — S a (uy Xy Z/2Z)"torsor
and {S" — S} an fppf cover. Since we are looking for a cocycle in PGLan (S’ x g 5")
we note that O(S) = k, and since S’ xg S’ = (E' xg E')"™ we have

O(S" x5 8) = ((kle)/(=* = 1))*)"",
where the tensor product is over k. Using the decomposition
Man (8" x5 8") = Ma((k[z]/(a® = 1))%) @y ... @k Ma((k[2]/(2® - 1))?),

we have ¢ ®...®¢ € PGLan (S' xgS5’), and this is our desired cocycle. In this view,
the tensor product involution on A is the descent of the involution 1’ = 79 ®...Qn

on Man (O(S")) = (M2(O(S5")))®™, where O(S’) = k.
Lemma 6.2. Consider the Azumaya algebra with involution (A, o) defined above.

(i) (A, o) can be extended to a quadratic triple. In particular, (A, o) is locally
quadratic with trivial weak obstruction.
(i) A(S) = k.

(iii) The strong obstruction Q(A, o) is non-trivial.

Proof. Throughout the proof we will use the following computation. For a matrix
of the form

(b1,b1) (b2, bs)
o) G € al(blal a2 - 1y

with b; € k, we have

o[ Grm]) = Loty ey’

We begin by considering the linear form

f/: Sym’Mzn (0),02n -0,

1
B TI‘szn(O) <<|:0 8:| ®12n1) B) s

where Isn—1 denotes the 277! x 277! identity matrix. This is an instance of the
construction of Example and so (Man (O), oan, f') is a quadratic triple. The
form f’|s: will descend to a suitable linear form on Sym 4 , if f'|s/x s5/0(¢®. ..®¢) =
I'lsxss- We verify this with the following computation, which uses the fact that
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¢ — 1d.
1,1) 0
Ty o ([0 O @) 000 010)

~ Trdy,. () ((qs@ . ®d) ([(161) 8] ®Izn1) ._)

([ ] o))

Then, because

(137 om) ([ o] em) =[5 o

which is an element of Allyr,, (0),n (S" X5 S'), we know by Example that

Flsixss o (@0®@...®¢) = flsixgs
Therefore f'|s/ descends, and there exists a linear form f: Symy, , — O such that
(A, o, f) is a quadratic triple.
By construction we have that

A(S) ={B € M2 (0(5)) | (¢ @ ... ® §)(Blsrxss) = Blsrxss'}

where O(S’) = k and so we work with B € Man (k) below. Given B € A(S), we
may write B uniquely as

1 0 0 1 0 0 0 0
B=lg olemt|y ofomt|] ojomsf) on

with B; € Myn-1(k), and then setting B|s:x .5/ = B we have

5 |LY 0]®B—1+{0 (1’1)]@@3_2

L0 0 0 0
0 0 = |0 0 -

Now we apply ¢ @ ... ® ¢, setting ¢ = ¢¥" 1,
wo . oo @ =" (1?0)] ® 8(Bn) + [(fo) (Obx)} ® 3(Ba)

[0 (2,0)] - — (1,0) 0 S
+ 0, 2) 0 ]@(]5(33)-1-[ 0 (071)}@)(;5(34).

Since this is equal to B, linear independence then requires that

B, = 5(3_4) =By= E(B_l)a and

By = B3 = ¢(B2) = ¢(B3) =0
and so we can conclude that B = I, ® B’ for some B’ € Myn1(k) such that
(p®...®¢)(B’) = B', now with only n — 1 tensor factors. Hence, by induction we
need only address the case of 2 x 2 matrices. There we have that

=\ (b,b) (bfx,bx) B (b,b) (b,b) =
9B = | b baz) (b1, by) } - [(bi,bb <bi,bi)] =B
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Since b; € k, this can only happen when B = alj for some a € k. Therefore, overall
A(S) ={In-1 ®@als | a € k} 2 k.

Part above shows that A(S) = O(S) = k, and since k is characteristic 2 we
also have that 20(S) = 0. Therefore applying Lemma B4 yields that Q(A, o) # 0
as claimed. |

Remark 6.3. Note that for n = 2, (A,0) is a tensor product of two Azumaya
algebras with symplectic involutions, and so Corollary provides another proof
that the weak obstruction is zero in Lemma However, the important point
is that the strong obstruction does not vanish.

6.4. Non-trivial weak obstruction. We continue working over an algebraically
closed base field k of characteristic 2. According to a result by Serre [Sel, prop. 15],
for each finite group T' there exists a Galois I'—cover Y — S as in [St, Tag 03SF]
such that S and Y are connected smooth projective k—varieties. We use Serre’s
results with the group I' = PGL2(F,) to obtain a I'cover 7: ¥ — S. We take S to
be our base scheme. We denote by I'y, the constant group scheme associated to I'.
It is affine and represented by k!Tl with componentwise multiplication. We write
this algebra as

kT = {(cg)ger | cq € k}.

The map Y — S is then a I'y—torsor and {Y — S} is an fppf cover. Since I'j, embeds
in PGLsy, which we view as a group scheme over k, we can define the PGLy—torsor
P =Y AU PGLy over S. The twist of My(O) by P is a quaternion O-algebra Q,
which of course is not the same Q as in Section[G.Il Here as well we may describe Q
explicitly using cocycles. As before, we first describe the global sections of Y xgY
and Y xgY xgY. We know that O(Y') = k, and since Y — S is a Galois extension
with Galois group I', we have isomorphisms

Y xgVY =5 Y %, T,
(v y9) = (v, 9)
and
Y xgY xgY =55 Y %, Ty x5 T,
(y,y9,yh) = (y,9,h)

which we use to identify

OY xgY) =kl and

OY xsY xgY) 2kl @ kTl = TxTI,

where we write (dg.p)g.ner for an element in ETXTI - As in Example 61, the Hopf
algebra structure on k!"l representing T'; plays a role in describing the three re-

striction maps pi;: O(Y xgY) — O(Y x5Y x5Y) as maps k'l — kI'<T1 The
canonical projection pi12: Y XgY XgY =Y XgY can be written as

(Y, y9,yh) = (y,9)
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which corresponds to the first projection I'y X I'y — 'y, sending (g, h) — g. There-
fore, on global sections, this is represented by the algebra map

Z;TQ =Id®1: klm — klm Ok k\F\ o~ k|I‘><F\,
(Cg)geF — (Cg)geF @ (1)per = (Cg)g,hel‘

since 1 = (1)pep in the second factor kI'l. Here (c,)q ner is the element (dg 4)g ner
€ kXTI with dgn = c¢g. Similarly, the projection pi3 appears as (y,yg,yh) —
(y, yh) which corresponds to the second projection I'y xx I'y — T'g, and thus

pis = ld®@1: kT o kTl @, kT o 0T
(Cg)gEF — (1)g€F ® (Ch)hel“ o~ (Ch)g,her‘-

The remaining projection, pog sends (y,yg,yh) — (yg,yh), which after applying
the isomorphisms above becomes

(y,9.h) — (yg,9~"h)

and thus it corresponds to the map T’y xj 'y — 'y which sends (g, h) — g~ 'h.
This is represented by the algebra map

Pz = (i®Id) o A: kTl — gI"<T1
(cg)ger = (Cg=11n)g,ner;
where i: (¢g)ger + (¢4-1)ger is the antipode and
A (cg)ger = (Cgn)g,ner

is the comultiplication of the Hopf algebra k'l representing T'.
Now, we search for a 1-cocycle in PGLa(Y x5 Y). We have that

PGLy(Y xgY) = PGLy (k') = PGLy (k)T
and likewise PGLy(Y x5 Y xgY) = PGLy(k)T*Tl. We reuse the notation
pij: PGL2(Y xsY) = PGLy(Y xgY xgY) for the restriction maps since they
appear similar to the ones above, namely
pi2: (Spg)gel“ > (¢g)g,her
P13t (¢g)ger — (Pn)g,ner,
P23 (Sﬁg)gel“ = (‘Pg*lh)g,hel“a

where now each ¢, € PGLy(k). Identifying I';, with its embedding in PGLy, we
have the element

(9)ger € PGL2(Y x5Y)
which we claim is a 1—cocycle. Indeed,
pi2((9)ger) - P23((9)ger) = (9)g.ner - (97 h)g ner
= (99~ "h)gher
= (h)g.ner
= p13((9)ger).

Thus, again by [Stl Tag 04TR] the quaternion O-algebra Q is described over T €
Schg by
QT)={BeM;(O(T xsY))|g(B)=B, VgeT}.
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Or, more concisely, Q(T) = Mz(O(T xg Y))!' are the fixed points. The canoni-
cal involution 79 on M2(O) of Example is orthogonal and descends to an
orthogonal involution # on @, which is the canonical involution on Q.

Lemma 6.5. (Q,0) is locally quadratic, but cannot be extended to a quadratic
triple. Thus, w(Q,0) # 0 € ﬁl(S, Skews o/ Altas), i.e., the weak obstruction is
non-trivial.

Proof. Since (9, 0) is a twisted form of My (O) which splits over {Y — S}, we have
that

(Q.0)ly = (M2(0),m0)]y-
Since we have the split quadratic triple (Mz(O),no, fo)|y of Example and
{Y — S} is an fppf cover, we obtain that (Q,0) is locally quadratic by Lemma

BI0(V))

Now, assume that we can extend (Q,#) to a quadratic triple (Q, 0, f) over S.
The linear map f then fits into the following diagram where the rows are exact
sequences coming from the sheaf equalizer diagrams for Symg 4 and O respectively
and which commutes since f is a morphism of sheaves.

Symg,a(s) — Sy'an(O),no (Y)? s SymMQ(O),no (Y xsY)
[ [rosen Jrorxen)

k————————— kxk ik kT

where 71 (B, B2) = (g(B1) — Ba)ger and ma(c1, ¢2) = (¢1 — ¢2)ger. Commutativity
of the diagram then enforces that

F¥ xsY)((9(B1) = Ba)ger) = (f(Y)(B1) = f(Y)(Bz2))ger

which is equivalent to

(F(¥)(g(B1)))ger = (f(Y)(B1))ger

and hence f(Y) must be I'-equivariant. We now argue that this means f(Y") must
be zero. Certainly, f(Y) is of the form

f({z Z]) =au+bv + cw

for some u,v,w € k = O(Y). By '-equivariance we obtain

e (W)= (Bal o B al) (o ol) =+

as well as

et () = (o B el o) =l al) e

which implies that u + v = 0, i.e., u = v. Therefore we must have u = v = w.
Finally, consider 0,1 # X € Fy. We also have

e-s(0 §-r(F 46 2-o( 3)-

and so u = v = w = 0, meaning f(Y) = 0. However, by Corollary B8 since Q is a
degree 2 algebra we have that f(1g) = 2 # 0 (since S is not the empty scheme).
This is a contradiction, therefore no such f extending (Q,6) can exist. O
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Unlike in Section [6.I], where we first constructed a quaternion algebra with non-
trivial strong obstruction and then used tensor products to construct (A,o) of
degree 2™ which also has non-trivial strong obstruction, we cannot apply the same
tensor product construction to the example of [6.4] to produce examples of larger
degree which have non-trivial weak obstruction. Proposition makes this precise.

Proposition 6.6. Let n > 1 and define on the k-variety S™ the following Azu-
maya algebra with orthogonal involution of degree 2"

(A’Vﬂ Un) = pT(Q) 9) ®O‘sn T ®O|sn p:,(Q7 9)’

where p;: S™ — S is the i projection and p} is the pullback of O-algebras. Then
(An,op) is locally quadratic for any n > 1, and (A,,0,) can be extended to a
quadratic triple if and only if n > 2. Equivalently, w(A,,0,) # 0 if and only if
n=1.

Proof. Lemma is the case n = 1 and shows in particular that (Q,#) is locally
quadratic. Since k is characteristic 2, this means by Lemma that 6 is also
symplectic. Therefore pf(Q, ) have symplectic involutions and so when n = 2,
Proposition shows that pi(Q,0) ® p3(Q,0) can be extended to a quadratic
triple. Then Proposition .3 handles the cases of n > 3. ]

6.7. Non-trivial obstructions which become trivial in characteristic 2.
Here we provide an example of an Azumaya O—algebra with locally quadratic invo-
lution such that both the strong and weak obstructions are non-trivial, but where
base changing to S’ = S Xgpec(z) Spec(F2), ie. reducing modulo 2, causes both
obstructions to be trivial.

To start, we build the base scheme by gluing the two affine schemes U; =
Spec(Z[z]/({4z)) and Uz = Spec(Z[1]/(2)). Notice that the localization (Z[z]/(4z)),
>~ 7,/AZ[z, 1], and since U; = Us, this is also the localization of Z[1]/(2) at 1.
Hence we set Uyo = Uay = Spec(Z/4Z[x, %}) and then glue Uy and Us together along
U2 to produce the base scheme S. We note that S is not flat as a Spec(Z)—scheme,
since, for example, the map Uj2 — Spec(Z) corresponds to the map Z — Z/4Z|x, %]
which is not a flat map of rings. The global sections of S can be computed as the
equalizer in the diagram

O(S) —— Z[z]/(4z) x Z[Z]/(3) == Z/4Z]x, ;]

and this yields that O(S) = {(a,b) € Z?> | a = b (mod 4)}. Interestingly, 2 =
(2,2) € O(S) is not a zero divisor even though 2 is a zero divisor on both U; and
Us.

Next, we define a locally free O—module of constant rank 2 by twisting the free
module O?. Considering the natural (Zariski) cover {U; — S}i—1.2, we are in the
setting of gluing sheaves on a topological space as in [Stl Tag 00AK], and so it is
sufficient to choose any automorphism

a1zt (Z/4Z]z, L)) = (Z/4Z[z, 1])?

in order to specify gluing data, i.e., a cocycle, since then as; = ale and o; = Id

0 1
module by £. The endomorphism algebra Q = &ndn(€) is a neutral Azumaya

are required. We choose the automorphism a9 = [1 2] and denote the twisted
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O-algebra which is the twist of M2(O) over the same cover and along the inner
automorphism

Inn(ai2): Ma(Z/4Z[x, 1]) =5 My (Z/AZ]z, 1]).

x

If we equip Mo (O) with the hyperbolic orthogonal involution
a b d b
e -1 d)
then o will descend to an involution 6 on Q since Inn(aj2) o 0 = o o Inn(a;a).
Notice that o is locally quadratic since it can be extended to a quadratic triple using

t= [(1) 8} € M3(O(9)) as in Example Therefore, (Q,0) is an Azumaya

O-algebra with locally quadratic involution since 6 is isomorphic to ¢ on U; and
Us,.

Lemma 6.8. Consider the quaternion O-algebra (Q,0) with locally quadratic
involution constructed above. The weak obstruction w(Q,0) is non-trivial and
hence the strong obstruction Q(Q, 8) is non-trivial as well.

Proof. Assume there exists a quadratic triple (Q,6, f). The restrictions of this
quadratic triple to U; and Us is then a quadratic triple on an affine scheme, and so
by Proposition BIJ(i)] they are described by elements ¢; € Q(Uy) and £y € Q(Us)
respectively. Since Q(Uy) = My(Z[z]/(4x)) and ¢; + o(¢1) = 1, we can compute
that ¢; must be of the form
0 — [a—l— g 2h }
Y"1 2k 1—a—g|’

where a € Z and g, h, k € Z/4Z]x] with no constant terms. Since ¢; is only deter-
mined up to an alternating element, we may assume a + g = 1. Similarly, {5 may
be taken to be of the form
/= [ 1 2h’}
T2k 0

where h/,k' € Z/AZ[L] with no constant terms. However, the maps f|y, and
flu, must agree on the overlap Ujs. Since we glued together Q using Inn(aqz) =

Inn( B ﬂ ), this is equivalent to requiring that

Inn(onz)(01) — lo € Altg 9(Ur2) = Alt(Ma(Z/4Z[x, 1), 0)).
We compute the following, keeping in mind that 2 = —2 in Z/4Z[x, %]

Inn(ai2)(l1) — b2 = (1) ﬂ [21/’@ 2(?} [(1) ﬂ - HC/ 23/]

_[1 2+2h}_[1 2h’]

T2k 0 2K 0
[ o0 —2h +2+2h
T2k + 2k 0 '

However, we have that

A2/l 1.0 = {8

} |y € Z/AZ]x, %]}
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and therefore aj2(¢1) — £ cannot be an alternating element since —2h' +2+2h # 0
because h' and h have no constant terms. This is a contradiction, and therefore no
such f making (Q, 0, f) a quadratic triple exists. Thus w(Q, 6) # 0, and therefore
also Q(9,0) # 0, as claimed. O

Now we will consider the base change diagram

S'=9 XSpec(Z) SpeC(Fg) — S

! |

Spec(Fy) ———  Spec(Z)

Lemma 6.9. The pullback S’ = S Xgpec(z) Spec(F2) is isomorphic to projective
space IP’]}Q. Furthermore, the restriction E|s: is isomorphic to O|%,, meaning that
(Q,0)|s: = (My(O|sr),0) and therefore has trivial strong and weak obstructions.

Proof. The scheme S’ is glued together from the affine schemes
Ui Xspec(z) Spec(lF2) = Spec(Z[x]/(4x) ®z Fa) = Spec(Fz[z]), and
Uz Xgpec(z) Spec(Fa) = Spec(Z[%]/(%) ®z Fy) = Spec(Fg[%})

along the open subset Uya Xgpec(z) Spec(F2) = Spec(F[z, %]) in the standard con-
struction of projective space, and therefore S’ & P]}z.

The restriction of our quaternion algebra, Qlss is the twist of M2(O|g/) along
the automorphism

IIIII(OZQ) ®1: M2(]F2[x7 %]) AN MQ(]FQ[:E7 %])

However, since Inn(ai2) = Inn( L 2]), then Inn(ai2) ® 1 will be its reduction

0 1
modulo 2 which is simply the identity. Therefore Q|gs = M2(O|g/) and also |s =
o is the standard hyperbolic orthogonal involution. As noted above, ¢ can be

extended to a quadratic triple using ¢ = L O] € M2(O|g/) which satisfies £ +

0 0
o(¢) =1 and therefore Q(M3(O|s/), o) = 0, hence also w(Mz(O|s/), o) = 0, so both
obstructions are trivial as claimed. ([l

This example demonstrates two interesting facts. First, that obstructions may
be non-trivial even for neutral Azumaya algebras. Second, examples of non-trivial
obstructions are not confined to the setting of characteristic 2 and allowing 2 to
be neither invertible nor zero provides examples of non-trivial obstructions of a
different nature than those which occur in characteristic 2.

Remark 6.10. Working over the same scheme S constructed in Section [6.7], a neu-
tral Azumaya O-algebra of any even degree with non-trivial obstructions can be
constructed in a similar way. Twisting the O—module ©?" along the same open
cover using the automorphism

Q12 =
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will produce a locally free O-module of rank 2n. Twisting (M2, (O), o) by Inn(a;2),
where o is the hyperbolic orthogonal involution which reflects across the second di-
agonal, will produce (Endp (), ) which is locally quadratic but has w(&Endo (£), 0) #
0 and hence Q(Endp(£),0) # 0.

Constructing higher degree examples of non-trivial obstructions using tensor
products does not work, as Lemma [6.11] shows.

Lemma 6.11. Let (Q,0) be the quaternion O-algebra with locally quadratic in-
volution constructed in Section 67 Let (A,0') = (Q,0) ®o ... ®o (Q,0) be the
tensor product of n > 2 copies of (Q,6). Then Q(A,0") =0 and thus w(A,0) =0

also.

Proof. First, (A, #') is indeed locally quadratic by Lemma IEEEE We show that
Q(A,0") = 0 when n = 2, and then the claim for n > 3 follows from Lemma
Over the cover {U; — S}i=1,2, the algebra (A,0") = (Q,0) @0 (Q, 0) is the twist

of My(O) by the automorphism ¢ = Inn( [é ﬂ ® {(1) ﬂ ). We choose elements

a=|o felo o) @M.
[1 0 2 0

L=10 o 0 ol €MEE/E).
0 00 O

These both satisfy ¢;+ (c ®c)(¢;) = 1. Since the involution §’ = § ® 6 is isomorphic
to o ® o over Ui, and furthermore

¢(€1|U12) = £2|U12’

these ¢; glue into a global section ¢ € (A, 0") with £+ 6'(¢) = 1. Hence Q(A,0") =0
as claimed. 0
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