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1. Introduction

Over a commutative ring containing %, all quaternion algebras in the sense of Petersson [4], which
are the separable quaternion algebras in the sense of Knus [1], are known since the work of Pumpliin
[6] to arise from ternary symmetric bilinear spaces by means of their polar decomposition. The
reader is referred to subsection 3.3 below for details. Our aim in this paper will be to present a
more general construction that does not require anymore the presence of % in the base ring. For
a quaternion algebra to arise from this construction it is necessary and sufficient that it contain
invertible elements of trace 1, which it does automatically not only if % exists but also over fields
of characteristic two. Along more technical lines, the ternary bilinear spaces connected with our
new type of polar decomposition are in general not symmetric. Our approach is reminiscent of, but
actually much simpler than, the one adopted by Loos [2] for considerably more general purposes.

Throughout this paper, we let £ be an arbitrary commutative associative ring of scalars.

2. Non-symmetric bilinear spaces

2.1. Our aim in this section will be to collect a few elementary observations about bilinear forms.

2.2. Bilinear modules. A bilinear module over k is a pair (M, f) consisting of a k-module M and
a bilinear form f : M x M — k, not necessarily symmetric. A homomorphism ¢ : (M, f) — (M', f)
of bilinear modules over k is a k-linear map ¢ : M — M’ that respects the forms: f'o(p X p) = f.
Injective homomorphisms of bilinear modules are called isometries. A bilinear submodule of (M, f)
has the from (N, f|yxn) for some submodule N C M.

2.3. Examples: Matrices. Examples of bilinear modules are (k™, (S)) for n € N, .S € Mat,, (k),
where the bilinear form (S) on k" is given by

(2.3.1) (S) k" x K" — k, (z,y) — (S)(z,y) := 2'Sy;

up to isomorphism, they exhaust all bilinear modules over & whose underlying k-module is free of
rank n.



2.4. Exterior powers and determinants. Recall that the n-th exterior power (n € N) of a
bilinear module (M, f) over k is

n n n

A, 1) = (A\M N1,

where A" f: (A" M) x (A" M) — k is defined by

(2.4.1) (/\f)(:nl/\'--/\xn,yl/\---/\yn) := det (f(xi,yj)). (i, yj € Myi,j e Ny)

Given a k-linear bijection A : A" M = k (which may not exist, but if it does is unique up to a
factor in £*), 2.3 yields a unique element deta f € k, making

AN\ f) = (A\M, N\ )= (k, (deta f))
a bijective isometry. By (2.3.1), (2.4.1), this amounts to
(2.4.2) (deta f)A(x1 A Axzp)A(yr A+ Ayy) = det (f(mi,yj)) . (i yj € M,i,j €Ny)

The following observation is an immediate consequence of the definitions.

2.5. Fact. Notations and assumptions being as in 2.4, deta f is bi-homogeneous of bi-degree
(=2,n) in (A, f). O

2.6. Determinants for a module. Let M be a finitely generated projective k-module of constant
rank n € N. Then a determinant for M is a k-linear isomorphism A" M = k.

2.7. Examples: Matrices revisited. Denoting by (eq,...,e,) the basis of unit vectors in k"
(n € N) and by A" the determinant for k™ sending e; A --- A ey, to 1, (2.3.1) and (2.4.2) yield

(2.7.1) detan (S) =det S. (S € Maty,(k))

2.8. Non-singularity. The dual module of a k-module M will be denoted by M* = Homy (M, k).
A bilinear module (M, f) over k is said to be non-singular if the linear maps

fQO M—>M*,$'—>f($,—),g0fM—>M*,y'—>f(—,y)
are both bijective. For n € N, S € Mat,,(k), we clearly have
(K™, (S)) is non-singular <= S € GL, (k).

A(n n-ary) bilinear space over k is a bilinear module (M, f) with M finitely generated projective
(of constant rank n) and f non-singular. A bilinear subspace is a bilinear submodule in the sense
of 2.2 which is a bilinear space at the same time.



2.9. Proposition. Let (M, f) be a bilinear module over k and suppose M 1is finitely generated
projective. Then the following statements are equivalent.

(i) (M, f) is a bilinear space.

(ii) fp : M — M* is bijective.

(iii) pp: M = M* is bijective.
In this case, there exists a unique map 0y : M — M satisfying the relation
(2.9.1) fly,x) = f(05(2),y) (z,y € M)

and 0y is a linear isomorphism.

Proof. The equivalence of (i), (ii), (iii) may be checked locally, allowing us to assume (M, f) =
(k™,(S)),n € N,S € Mat, (k). Then both (ii) and (iii) are equivalent to S € GL,(k), and the
assertion follows. As to the final part, the only map satisfying (2.9.1) is 05 = (y¢) "L o (¢y). O

2.10. Ternary bilinear spaces and the associated vector product. Let (M, f) be a ternary
(i.e., 3-ary) bilinear space over k and suppose we are given a determinant A for M. By non-
singularity, there is a unique map

xfa M x M — M, (2,y) — ¢ x50,
called the vector product associated with f, A, such that
(2.10.1) flxxpay,z)=A@AyNz). (x,y,z€ M)

Notice the analogy to the hermitian vector product discussed in [5]. The vector product is clearly
bilinear and alternating; it also satisfies the obvious relations

(2.10.2) flxxpay,z)=flyxsazx), (x,y,z € M)
(2.10.3) flxxsay2)=0. (@,y,2 € M,[{z,y, 2}| < 2)

Finally, we observe
(2.10.4) xxaf,ﬁAy:a_lﬂ(x XA Y), (a,ﬂekx,:c,yGM)

which follows immediately from (2.10.1).

2.11. Examples: 3-by-3 matrices. a) We write 2 x y for the ordinary vector product in 3-space,
which is determined by the condition

(2.11.1) (z x )tz =det(z,y,2) = A3z Ay Az), (z,y,2 € k%)

A3 being understood in the sense of 2.7. Given @ € GL3(k), we also obtain the relation
(2.11.2) (Q) x (Qy) = (Q")'(z x y),

which was established, e.g., in [5, (7.10.6]. Finally, we recall the classical Grassmann identity

(2.11.3) (x xy) x z = (2'2)y — (Z'y)z. (z,y,2 € k%)



b) Now let S € GL3(k) and put f = (S), A = A3. Identifying Endy (k%) = Matg(k) canonically, we
claim

(2.11.4) 0; = (S")71S,
(2.11.5) zxpay= (S z xy) = (det S)_l((Saz) x (Sy)) . (z,y,2 € k%)
Indeed, for all =, vy, z € k3,
fly,z) =y' Sz (by (2.3.1))

= 'Sty = ((St)_lS:c)tSy

= f((8") 7" 8z,y),
which gives (2.11.4) by (2.9.1), and

(zxy)lz=A@AyAz2) (by (2.11.1))

= f(z xsaY,2) (by (2.10.1))
= (z x50 9)"' Sz,

which implies
zxpay=(8)"(wxy) = (det )" (5" (z x y)
= (det S) 7' ((Sz) x (Sy)) , (by (2.11.2))

hence (2.11.5) as well.

2.12. Proposition. Let (M, f) be a ternary bilinear space over k and A a determinant for M.
Then the Grassmann identity

(212.1) (2 x5,8) X782 = (deta ) [F(2)05 () — F(z9)05()]
holds for all z,y,z € M.
Proof. By 2.5 and (2.10.4), the validity of the Grassmann identity does not depend on the

choice of A. Being also local on k, we may assume (M, f) = (k3,(S)) for some S € GL3(k), and
A = A3, Setting T' = S* and adopting the notations of 2.11, we then obtain

(X ay) xpaz=(detS) [S(x xs ay) xSzl (by (2.11.5))
= (det S)7'[ST 1(95 X y) x Sz] (by (2.11.5))
= (det S)~M[((T19) ) (x x y) x Sz] (since det (T718) = 1,T = S?)
= (det S)'((T7'Sz) x (T~'Sy)) x Sz] (by (2.11.2))
= (det S) M [(Z'STT1S2) (T~ Sy) — (2'S'T~1Sy)(T~'Sx)] (by (2.11.3))
= (deta )7 [f(z,2)05(y) — f(2,9)0;(x)]. (by (2.7.1), (2.3.1), (2.11.4))

We close this section with two easy technicalities that turn out to be useful later on.



2.13. Lemma. Let M be a finitely generated projective k-module of constant rank 3 and A a
determinant for M. Given an alternating bilinear form g : M x M — k, there is a unique element
v € M satisfying

(2.13.1) gz, y) =AwAzAy). (x,y e M)

Proof. We write Alt(M) = Homy(A? M, k) for the k-module of alternating bilinear forms on
M, which is finitely generated projective of constant rank (2’) = 3. Clearly, the right-hand side of
(2.13.1) defines an element A, € Alt(M), and it suffices to show that the assignment v — A, gives
a k-linear bijection M = Alt(M). This is a local question, and since M and Alt(M) both have
the same finite rank, we may in fact assume that k is a field. But then any 0 # v € M extends to
a basis v, z,y of M, which implies A,(z,y) = A(v Az Ay) # 0, so v — A, is injective, and the
assertion follows. O

2.14. Lemma. Let (M, f) be a ternary bilinear space over k and suppose k is a local ring. Then
(M, f) contains a binary bilinear subspace.

Proof. Writing & for the residue field of k, (M, f) ® k is a ternary bilinear space over x, which
cannot be alternating. We therefore find an element e € M such that f(e,e) € k*. Then

N:={ze M|f(e,z) =0} C M

is a free submodule of rank 2 satisfying M = ke @ N. We claim that the bilinear submodule
(N, fInxn) of (M, f) is non-singular. It suffices to check this over x, so we may assume from the
outset that k itself is a field. If y € N satisfies f(N,y) = {0}, we may combine this with f(e,y) =0
to conclude f(M,y) = {0}, hence y = 0, and the proof is complete. O

3. Distinguished complements of 1 and ternary bilinear spaces.

3.1. Distinguished complements of 1 are shown in this section to form the key notion for genera-
lizing the classical polar decomposition of quaternion algebras containing %, which we briefly recall
in 3.3 below, to arbitrary base rings. They will also be seen to determine canonically a base point as
well as a ternary bilinear space together with a determinant from which the multiplicative structure
of the ambient quaternion algebra can be completely recovered.

3.2. Quaternion algebras. Throughout this section, we fix a quaternion algebra C over k in the
sense of [4, 1.4 — 1.8]. Thus C' is associative and finitely generated projective of constant rank 4 as
a k-module, contains a unit element and carries a quadratic form N¢ : C — k uniquely determined
by the following properties: N¢ permits composition, so No(xy) = Ne(x)Ne(y) for all z,y € C,
and N¢ is non-singular, so its bilinearization, also denoted by

Nog:CxC—k, (z,y) — Nc(z,y) = Ne(z +y) — No(x) — Ne(y),

canonically determines an isomorphism from the k-module C onto its dual C* = Homy(C, k).
Calling N¢ the norm of C, we also write 1 = 1¢ for the unit element, Tc = No(1,—) : C — k for
the trace and

(3.2.1) 1:C—C,zr—(z) =T =Tc(x)l —z,



for the conjugation of C', which is an algebra involution in the usual sense; it relates to the norm
by the formula

(3.2.2) Ne(y, Tz) = No(zy,z) = No(z,27) . (x,y,z € C)

Other standard properties of quaternions will be used here without further comment. We only
mention explicitly that quaternion algebras are unitally faithful in the sense of McCrimmon [3, p.
85], so the map a — al from k to C' is injective. Indeed, we are allowed to check this locally and
hence may assume that & is a local ring, with maximal ideal m. But then 1o ¢ mC extends to a
basis of ', and the assertion follows.

3.3. The standard polar decomposition. For the time being, let us assume % € k. Then we
write M = C° = ker T C C for the k-submodule of pure quaternions and obtain the orthogonal
splitting

(3.3.1) C=kloM

relative to N¢. Hence, setting f := %NC\MxM : M x M — k, (M, f) is a ternary symmetric
bilinear space over k, and following [6, Proposition 2.7], there is a unique determinant A for M
such that the multiplication of C' may be recovered from f and the vector product associated with
f, A by the formula

(332) (al+2)(Bl+y) = (af— flz,y) 1+ (ay+Br+axsay) (a,f €k zye M)

We call (3.3.1) together with the rule (3.3.2) the standard polar decomposition of C. It is canonical
in the sense that it will be preserved by isomorphisms of quaternion algebras.

3.4. Complements of 1. Returning to the case of an arbitrary base ring, we continue to work
with a quaternion algebra C over k. By a complement of 1 in C we mean a submodule M C C
that is complementary to 1:

(3.4.1) C=klaoM.

Notice, however, that this decomposition can never be orthogonal relative to N¢ unless % € k. On
the other hand, C being unitally faithful by 3.2, we always obtain unique linear maps A\ys : C' — k,

ay:C— M

such that © = Ay(x)1 + 7y (z) (x € C). But N¢ is non-singular, so there is a unique element
ey € C satisfying A\yy = Ne(epr, —), and we end up with the relation

(3.4.2) x = Ne(eyr, )1 + mar(x) . (x € C)

Comparing with (3.4.1), we conclude that ey € C has trace 1 and M = e;;. Conversely, let
e € C have trace 1 and put M, = e*. Then (3.4.1) holds, so M, is a complement of 1 in C, and
Ay, = Ne(e, —). Summing up, we have established M +— ejr, e — M, as inverse bijections between
the complements of 1 in C' and the elements of C having trace 1.



3.5. Polar decompositions. Let M be a complement of 1 in C. We wish to describe the algebra
structure of C' in terms of the decomposition (3.4.1). To this end, we observe that M is finitely
generated projective of constant rank 3 and let e = ej; € C be the element of trace 1 corresponding
to M by 3.4. We then define bilinear maps

i MxM—k, Xy MxM—M
by
(3.5.1) fu(z,y) == —Nel(e,zy), x xpry = (xy) — Tar(y)x . (x,y € M, Trr :=Te|m)
Combining (3.5.1) with (3.4.2) for zy in place of z, we conclude

(3.5.2) (el +z)(B1+y) = (af — fu(z,y))1+
(ay+ B+ Tz +x X y). (o, B € k,x,y e M)

We call (3.4.1) together with the rule (3.5.2) the polar decomposition of C relative to M. It differs
from the standard polar decomposition 3.3 by the additive term Tj/(y)x in the multiplication
rule and is no longer canonical since it is not preserved in general by isomorphisms of quaternion
algebras. On the positive side, (3.5.1) combines with (3.2.2) to yield

(3.5.3) fu(z,y) = —Neo(Te,y) = —Ne(ey,x). (x,y e M)
Also, setting a = = 0,2 = y in (3.5.2), we obtain

2 = —far(z,2)1 + To(x)z + 2 xp 2,
while we always have 22 = To(z)z — No(z)1. Hence

(3.5.4) fu(z,z) = No(z), x xprx=0. (x e M)

3.6. Distinguished complements of 1 and base points. Let M C C be a complement of 1
in C. We say that M is distinguished if e = ejps is an invertible element of C'. In this case, we put

(3.6.1) v:=wvp =2 1c — No(e) te

and obtain Ng(e,v) = 2T¢(e) — No(e) ' Neo(e, e) = 0, so v belongs to et = M. We call v the base
point of M. Hence
e =2N¢(e)lg — Ne(e)v

is the representation of e in the polar decomposition of C relative to M. The equation

fu(v,v) = Ne(v) (by (3.5.4))
= N¢(2- 1 — Ne(e) te) (by (3.6.1))
=4 — 2Nc(6)71T0(6) + Nc(e)szc(e)
=4 — Nc(e)_l
implies
(3.6.2) 4 — far(v,v) = No(e) ™t € k<.



3.7. Example. For % € k, the pure quaternions M = C° C C as in 3.3 form a distinguished
complement of 1 (since ey = %1(; € C*) whose base point is vas = 0, by (3.6.1).

3.8. Proposition. a) A complement M of 1 in C is distinguished if and only if (M, far) is a
ternary bilinear space.

b) For distinguished complements of 1 in C to exist it is necessary and sufficient that C' contain
invertible elements of trace 1.

Proof. a) Assume first that M is distinguished, so e = ej; € C*. The question of fj; being non-
singular is local on k£ and we may in fact suppose that k is a field. If z € M satisfies fys(z,y) = 0 for
ally € M, then (3.5.3) implies No(Ze, M) = {0}, while we always have No(Ze,1¢) = Ne(e,z) =0
since M = e*. Thus N¢(Ze,C) = {0}, which implies z = 0 since e is invertible, forcing (M, fir)
to be a ternary bilinear space. Conversely, let this be so and assume that e is not invertible in C.
Then some p € Spec R contains N¢(e), and after changing scalars to k(p) we are reduced to the
case Ngo(e) = 0. But then e € et = M and, for all y € M,

fu(e,y) = —Nc(ee,y) (by (3.5.3))
= —Nc(e)Te(y) =0,

a contradiction. This completes the proof of a).
b) is an immediate consequence of the definition combined with 3.4. g

3.9. Proposition. Let M be a distinguished complement of 1 in C. Then there exists a unique
determinant Ay for M such that X = X g, Ay, 15 the vector product associated with fur, Any:

(3.9.1) fvu(x xary,2) =Ap(x Ay Az). (x,y,z € M)
Furthermore, writing v = vys for the base point of M, the relations

(3.9.2) fu(v,z) =Ty(x) = fu(z,v),

(3.9.3) fu(zy) = fu(y,2) =Tz xmy) = Ap(v Az Ay)

hold for all z,y € M.

Proof. C being an associative algebra, we may compute mod M and compare

zy? = To(y)ry — No(y)x = —To(y) far(z,y)1 mod M (by (3.5.2))
with

(zy)y = Tar(y)zy + (x xpr y)y mod M
= —[Te)fu(z,y) + fu(r X y,y)]1 mod M

to conclude far(x Xpry,y) = 0 from unital faithfulness. In conjunction with (3.5.4), this shows
that the 3-linear expression fys(z X a9y, 2) is alternating in x,y, z € M. Hence there exists a unique
linear map A = Ay : A* M — k satisfying (3.9.1). We claim that A is bijective. This assertion
being local on k, we may assume that k£ is a local ring and, after reducing modulo its maximal
ideal, even that k is a field. Then our assertion reduces to proving A # 0. Assume the contrary.
Since fjs is non-singular by Proposition 3.8 a), this implies z xp;y = 0 for all ,y € M, and (3.5.2)
for & = 0 reads

z(Bl+y) = —fu(x,y)1 + [+ Tu(y)lx,



so the left multiplication by any € M has rank at most 2. Thus M, consisting entirely of
non-invertible elements, must be a three-dimensional totally isotropic space relative to Ng. This
contradiction proves our assertion, and it remains to establish (3.9.2), (3.9.3). To this end, we
compute

fu(v,x) = —=Ng(ve, x) (by (3.5.3))
= —2Nc(e,x) + No(e) ' Ne(ee, ) (by (3.6.1))
=Tec(x) (since M = et by 3.4)
=Ty(z), (by (3.5.1))

giving the first equation of (3.9.2), while the second one follows analogously. To establish (3.9.3),
we again compute mod M and compare

Ty = —fu(@,y)1 + [Ta(y)z + 2 Xar y] (by (3.5.2))
= (= fu(z,y) + Tar (@) Tar(y) + T (@ X2z y))1 mod M (by (3.2.1
with
77 = (Te(y)l - y) (Te(x)1 - z) (by (3.2.1))

= Ty ()T (y)1l + yxr mod M
= (— fu(y,z) + Ta(z)Tar(y))1 mod M .

The conjugation being an algebra involution, this yields the first equation of (3.9.3). The second
one follows from (3.9.1), (3.9.2) since

Tyv(z xnmy) = fu(@ Xy y,v) =Al@AyAv)=Av Az Ay).

4. Ternary bilinear spaces and algebras of degree two.

4.1. We now reverse the point of view adopted in the previous section by starting from a ternary
bilinear space with determinant to construct a k-algebra of degree two in the sense of McCrimmon
[3]. We then proceed to derive conditions that are necessary and sufficient for this algebra to be
quaternion. Combined with the results obtained before, this will complete the characterization of
those quaternion algebras that allow a polar decomposition in the sense of 3.5.

4.2. Algebras of degree two. Following the terminology of McCrimmon [3, p. 86| for the con-
cepts introduced in [4, 1.1], a non-associative algebra C over k is said to be of degree two if it is
finitely-generated projective as a k-module, contains a unit element, and admits a quadratic form
N¢ : C — k satisfying No(1¢) = 1 and

2? — To(x)z + No(x)le =0 (Te = Ne(le, —))

for all x € C. By [4, Lemma 1.1], N¢ is unique, allowing us to call N¢ (resp. T¢) the norm (resp.
trace) of C', and as in (3.2.1), we have the conjugation

(4.2.1) 1:C—C,xr—(z) =T =Tc(x)lc —x.

Contrary to 3.2, however, ¢ need not be an algebra involution of C.



4.3. The basic construction. Let (M, f) be a ternary bilinear space over k and A a determinant
for M. The expression f(z,y) — f(y,z) being alternating bilinear in z,y € M, we may play the
game of (3.9.3) and apply Lemma 2.13 to obtain a unique element

v=v(M,f,A)e M
satisfying
(4.3.1) f(@,y) = fly,x) = Alv Az Ay), (z,y € M)
which in addition gives rise to a linear form
(4.3.2) T -M—k,z+— T(z):= f(z,v) = f(v,2)

as in (3.9.2). Taking (3.5.2) as a guide, we now use the vector product associated with f, A (cf.
2.10) to define a non-associative algebra structure on the k-module

keM={a®zxlack,zecM}
by the multiplication
(433) (c@x)(Boy) = (af — f(z,9) ® (cy + [+ T(y)z + 2z xfay). (a,8€kz,yeM)

The resulting k-algebra will be denoted by C'(M, f,A). Clearly, C(M, f,A) is finitely generated
projective of constant rank 4 as a k-module. Whenever convenient, we will identify M C C(M, f, A)
as a submodule through the second summand.

4.4. Proposition. Notations and assumptions being as in 4.3, C = C(M, f,A) is a k-algebra of
degree two, with unit element, norm, polarized norm, trace, conjugation given by the formulae

(4.4.1) le=180,

(4.4.2) Ne(a®z) =ao® +aT(z) + f(x, 1),

(4.4.3) Ne(a@z,8®y) =208+ aT(y) + AT (x) + f(z,y) + f(y, ),
(4.4.4) To(a®z) =2a+T(z),

(4.4.5) a®z)=adz=(a+T(z))d(—z)

foralla,pek,xz,yeC.

Proof. An inspection of (4.3.3) shows that 1¢ = 1 @ 0 is the unit element of C'. Similarly,
setting o = 3, = y in (4.3.3) and observing that the vector product is alternating, we obtain

(a® )= (a® - f(z,2)) ® (2a + T(z))z
=(2a+T(z))(adz)— (a2 +aT(z) + f(z,2))(1®0).

Hence (4.4.2) — (4.4.4) hold, while (4.4.5) follows immediately from (4.2.1). O

4.5. Example. Let C be a quaternion algebra over k and M C C a distinguished complement of
1. Defining fas by (3.5.1), Ay by Proposition 3.9, we may combine (3.5.2) with Propositions 3.8,
3.9 to find a canonical isomorphism

C=C(M, fu,An) -
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4.6. Some useful identities. Notations and assumptions being as in 4.3, we wish to derive
conditions that are necessary and sufficient for C(M, f, A) to be a quaternion algebra. To this
end, we need to understand more fully the two parameters deta f, 6y involved in the Grassmann
identity (2.12.1) and begin by deriving a number of useful identities. Setting

6 := (deta f)~' € kX,

we claim, for all x,y € M,

(4.6.1) f(z,y) — (y, x) =T(x xpay),
(4.6.2) (x) T+T XAV,
(4.6.3) f@,x xpay)=0[T(x)f(z,y) —T(y)f(z,2)],
(4.6.4) fl@xpay, e xpay)=06f(z,2)f(y,y) — flx.y)f(y,z)].
Since
T(z xpay)=f(zxfay,0) (by (4.3.2))
=A(x ANy Av) (by (2.10.1))
=A(vAzAy),

(4.6.1) follows from (4.3.1). But now

fy,x) = f(z,y) + T(y xg,a 7) (by (4.6.1))
= flz,y) + fly xp,a ®,0) (by (4.3.2))
= f(z,y) + f(x xp A v,y) (by (2.10.2))
=flx+xxfa0,9),

which combines with (2.9.1) to yield (4.6.2). Furthermore, applying (2.10.3), we obtain

flx,z xpay) = flz,x x5 ay) — fz xXpay,x)

= T(x XfA (x XfA y)) (by (4.6.1))
:f(yfox foxv) (by (4.3.2))
— F (0L )65(2) — 2By ()], ) (by (2.12.1))
= 80 f (0 ) F,2) (0, 9)] (by (2.9.1)
=0[T(x)f(z,y) = T(y)f(z,z)],
and this is (4.6.3). Similarly,
flaxpay,expay)=fyxpa(@xsay)z) (by (2.10.2))
=f((y xpaz)xXp Ay, )
=f(f(y, )0 (x) = fy.2)0(y), z)
= 5[f(yay)f($7x) - f(y7l')f(l‘a y)] )
giving (4.6.4), as claimed. O
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4.7. Proposition. Let notations and assumptions be as in 4.3.
a) If deta f =1, then No permits composition:

(4.7.1) Ne((e®z)(B®y)) = Ne(a®z)Ne(Bay). (v, B € k,x,y e M)
b) If N¢ permits composition on M, so

(4.7.2) Nc(zy) = Ne(x)Ne(y) (z,y € M)

and C' is flexible mod M, so

(4.7.3) (zy)z = x(yz) mod M , (x,y € M)

then deta f = 1.

Proof. As in 4.6, we put § = (deta f)~!. Given x,5y € M, we obtain

No(zy) = No([=f(z,9)] @ [T(y)z + = x5, a y]) (by (4.3.3))
= f(2,y)> = T(@)T(y) f(z,y) — T(x x5 2 y)f(2,9)+
T(y)?f(z,z) + T(y)f(z,2 x50 y)+
Ty f(xxpay.x)+ f(@ XAy, XpaY) (by (4.4.2))
= f(z,9)* = T(@)T(y) f(z,y) = T(x x5 ay)f(z,y)+
T(y)*f(x,x) + 0[T(2)T(y) f(z,y) — T(y)* f(z, 2)+
flx.2) f(y,y) — f(z,y) f(y,2)] (by (2.10.3) (4.6.3), (4.6.4))
=6f(z,z)f(y, y)+

(L= Of (. 9)f(y, 2) = T(@)T(y) f(,y) + T(y)*f(2,2)]. (by (4.6.1))
Observing the relation No(z)Neo(y) = f(z,x)f(y,y) by (4.4.2), we thus conclude
(4.7.4) Nc(z)Ne(y) — No(zy) =
(1= 0)[f (@, 2)f(y,y) — F@,y)f(y, 2) + TW)(T(2) f (2, y) — T(y)f(2,2))]
for all x,y € M. We can now prove a). Comparing
Ne((a@z)(B@y)) = No(afl + ay + fz + zy)
=’ + o*BTo(y) + af*Te(x) + o* No(y)+

af[To(zy) + No(z,y)] + 2 No(z)+
aNc(y, zy) + BNe(z,zy) + No(xy)

with
Ne(a @ z)Ne (B ®y) = (o + aTe(x) + Ne(@)) (8% + BTc(y) + No(y))
=3 + o’ BTo(y) + of*To(x)+

o’ Ne(y) + oBTo(z)Te(y) + B2 Ne(z)+
aTc(z)Ne(y) + BNe(z)Te(y) + Ne(z)Ne(y)
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we see that, in order to establish (4.7.1), it suffices to prove the relations

(4.7.5) To(ry) + Ne(z,y) = Te(z)To(y)
(4.7.6) Ne(y,zy) = Te(z)Ne(y)
(4.7.7) Nc(z,zy) = To(y)Ne(z),
(4.7.8) Nc(zy) = Ne(x)Ne(y)

for all z,y € M. Since § = 1, (4.7.8) follows immediately from (4.7.4). For the remaining relations,
we compute

Te(zy) + No(x,y)

=To([—flz, ] @ [Tz +x xgay]) + f(z,y) + fly,z)  (by (4.3.3), (4.4.3))

(
(

= 2f(z,y) + T(@)T(y) + T(x xp,ay) + f(x,y) + f(y,x)  (by (4.4.4))
=To(x)Tc(y) + f(y, ) — f(z,y) + f(z,y) — f(y, ) (by (4.6.1))
=To(x)Te(y),

which gives (4.7.5),

Ne(y,zy) =Ne(y, [ f(@,9)] @ [T(y)z + z X7, y]) (by (4.3.3))
= —Te) f(z,y) + T(W)f(y,2) + T(y) f(x,y)+
f,z xpay)+ f@Xpayy) (by (4.4.3))
=TW)f(y.z) —T(W)f(y,x) +T(x)f(y,y) (by (4.6.3), (2.10.3))
=Te(x)Ne(y)

which gives (4.7.6), and, similarly,

Ne(@,xy) = Ne(z, [- f(@,9)] @ [T(y)z + = x 1,4 9))
= —To(x)f(z,y) + 2T (y)Ne(2) + f(z, 2 xp,ay) + f(@ X7,0 ¥, 2)
= —T(2)f(z,y) +2T(y)Ne(z) + T(z) f(z,y) — T(y) f(z, z)
= Tce(y)Ne(z)

which gives (4.7.7) and completes the proof of a).
To establish b), we first note that (4.7.2) and (4.7.4) imply

(4.7.9) (1= 0)[f(z,2)f(y,y) = f(z.9) f(y,2) + T(W)(T(2) f(2,y) — T(y) f(z,2))] = 0.
On the other hand,

(zy)ae = —f(z,y)z + T(y)z® + (x XA y)z (by (4.3.3))
= _[T()f(5,2) + f(z x7.5 9,2)] mod M
= —T(y)f(z,z) mod M, (by (2.10.3))

whereas
z(yz) = —f(y,x)z + T(x)ry + 2(y xr A @)

—[T(x)f(z,y) — f(z,z X7 A y)] mod M
—[T(z)f(z,y) — 0T () f(x,y) + 0T (y) f(z, )] mod M, (by (4.6.3))
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and (4.7.3) amounts to

(4.7.10) (1= 0)(T(@)f(z,y) - T(y)f(z,2)) = 0. (z,y € M)
By (4.7.10), the factor of T'(y) in the bracket on the left of (4.7.9) vanishes, forcing

The assertion § = 1 being local on k, we may assume that k is a local ring. But then, thanks to
Lemma 2.14, (M, f) contains a binary bilinear subspace, with basis vectors z,y, say, and since the
bracket on the left of (4.7.11) is the determinant of f restricted to that subspace, it must be a unit
in k. This implies 6 = 1, as desired. .

4.8. Proposition. Let (M, f) be a ternary bilinear space over k and A a determinant for M.
Setting C = C(M, f,A),v =v(M, f,A) as in 4.3 and assuming

(4.8.1) 4(deta f) — f(v,v) € B™,

N¢ is a non-singular quadratic form on all of C; if, in addition, % € k, then N¢ is non-singular
on M.

Proof. Since the hypothesis (4.8.1) is stable under base change, the assertion is not only local

on k, but we may in fact assume that k is a field. Let a®x (o € k,z € M) be an arbitrary element
of C.
a) By (4.4.3), a & x is orthogonal to 1¢ (relative to N¢) if and only if

(4.8.2) 2a+T(x) =0;
b) Again by (4.4.3), o @ z is orthogonal to M if and only if, for all y € M,

0= aT(y) + f(x,y) + f(y,:c)

= f(av+z +05(z),y) (by (2.9.1), (4.3.2))
=flav+2z+z x5 A0,y), (by (4.6.2))
i.e., if and only if
(4.8.3) T XAV =—av—21.
Since
T(xxpav) = f(z,v) = f(v,) (by (4.6.1))
=0, (by (4.3.2))
this implies
(4.8.4) aT(v) = —2T(z) .

On the other hand, (4.8.3) also implies

(x szAv) Xf,A/U: _2(3}’ Xf7A ’U) :20{1}_}_41:7
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while (2.12.1) gives, setting § = (deta f)71,

(@ xf,av) xfav="0[f(v,2)0f(v) — f(v,0)0f(x)]
— ST (@) — T(v)r — T(v)(@ X7, 2 V) (by (4.3.2), (4.6.2))
=0[T(z)v — T(v)x + T (v)v + 2T (v)x] (by (4.8.3))
=0T (v)x + T(x)v — 2T (z)v] (by (4.8.4))
=0[T(v)x — T(x)v].
Comparing these expressions, we conclude
(4.8.5) (4 =0T (v))z = — (2 + T(z))v

¢) We can now prove the first part of the proposition. If a @ z is orthogonal to all of C, then a),b)
yield (4.8.2), (4.8.5), which combine to imply (4 — d7'(v))z = 0, hence 2 = 0 by (4.8.1). But then
av =0 by (4.8.3) and 2o = 0 by (4.8.2), forcing

(4(deta f) — f(v,v))e = da(detn f) — T(av) =0,

hence a = 0, and we have shown that N¢ is indeed non-singular.
d) Finally, assume 5 € k. If z € M is orthogonal to all of M, then b) shows that (4.8.4), (4.8.5)
hold with a = 0, which again implies x = 0, and the proof is complete. O

We can now establish the main result of the paper.

4.9. Theorem. Let (M, f) be a ternary bilinear space over k and A a determinant for M. Setting
v=v(M, f,A) asin 4.3, C = C(M, f,A) is a quaternion algebra over k if and only if deta f =1
and 4 — f(v,v) is a unit in k. In this case, M C C' is a distinguished complement of 1 with base
point v.

Proof. Assume first that C' is a quaternion algebra. Then Proposition 4.7 b) implies deta f = 1,
and M is a complement of 1 in C'. Also, by (4.4.4), T is the restriction of T¢ to M, which implies T' =
Ty in the sense of (3.5.1). Comparing now (3.5.2) with (4.3.3), we conclude f = far, X A = Xas.
In particular, M must be distinguished by Proposition 3.8 a), and (3.9.1) yields Ay, = A. But then
v is the base point of M, by (3.9.3), (4.3.1) and Lemma 2.13. Now (3.6.2) yields 4 — f(v,v) € k*.
Conversely, suppose deta f =1 and 4— f(v,v) € k*. Then N¢ permits composition by Proposition
4.7 a) and is non-singular by Proposition 4.8, forcing C' to be a quaternion algebra. O

4.10. Corollary. Assume % € k, let C be a quaternion algebra over k and suppose M C C is a
distinguished complement of 1. Then N¢ is non-singular on M.

Proof. This follows immediately from Example 4.5, Proposition 4.8 and Theorem 4.9. 0
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4.11. Polar decompositions and quadratic étale subalgebras. Given M, f, A as in 4.3 and
abbreviating v = v(M, f, A), the relation

Nc(1,1) Ne(Lv) _ 2Nc(1)  Te(v)
det (Now, 1) Ncw,v)) —det ( Te(v) 2Nc<v>>

(2 T
—d t< Tw) 2o U)> (by (4.4.2),(4.4.4))

= 4f(v,v) = f(v,0)° (by (4.3.2))
= f(v v)(4 f(v,v) )

shows that k[v], the unital subalgebra of C'= C'(M, f, A) generated by v, is quadratic étale if and
only if f(v,v) and 4 — f(v,v) are both units in k. Hence, for C' to become a quaternion algebra
not arising from the generalized Cayley-Dickson doubling process [4, 2.5], it will be necessary that
4 — f(v,v) is a unit in k but f(v,v) is not. Trivial instances for this kind of situation are discussed
in the following example.

4.12. Example. a) Consider the ternary bilinear space (k3,(S)), S € GL3(k), and put v =
v(k3, (S), A3) in the sense of 2.7 and 4.3. Adopting the notations of 2.11 as well, we obtain

(4.12.1) (S —SHYe=xxv (x € k%)
by comparing
(S)(z,y) — (S)(y,2) = 2' Sy — 'Sz = 2" Sy — 2" S'y
=2'(S =Sy =[($' - 9]’y
with
A3(w Az Ay) =det(v,z,y) = (v x z)ly (by (2.11.1))

for all z,y € k3.

b) It should be obvious that every bilinear space (V, f) over a field can be triangularized in the

sense that there is a basis of V' with respect to which the matrix of f has upper triangular form.
With this in mind, we return to our arbitrary base ring k£ and specialize S in a) to

& o
(4.12.2) S=10 & |,
0 0 &

where £1,82,&3,, 0,7 € k satisfy £1£283 = 1. Then deta3(S) = 1 by (2.7.1), and we have to
determine

UV = (1e1 + (g€ + (3es (Oéi ek,i€e N3)

from (4.12.1), i.e., from the relation

0 a 0
(S—Shr=|-a 0 ~|lz=2x0v. (x € k%)
-8 =y 0
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In particular,

—aey — ez = (S — Sey =ep x v
= age3 — agey,

aep —yez = (S — SMey = ey x v

= —oe3 + oger,
and we conclude a1 = v, = — 3, a3 = «, hence
(4.12.3) v =0k (S), A%) = ye; — Bes + ae3.
This implies
& oa B v

f(v,v):vtSv:vt 0 & v -0
0 0 {3 «

&1y
= (77 _ﬁ) Oé) _526 + ary
&a
and we conclude
(4.12.4) fo,v) = &9 + &B° + &a® — afy.

¢) In b) we specialize the base ring k to
k :Z/6Z =, dFg

and the matrix S to
1 30
S=10 1 0] € GLs(k).
0 01

Then (4.12.4) implies f(v,v) = 9 ¢ k*, while 4 — f(v,v) = =5 € k*, and we have realized the
special case alluded to in 4.11. Notice that

(by (4.12.3))

<
Il
w o o

vanishes over 3, so the polar decomposition of C = C(k3, (S), A?) induced by S becomes standard
over [F3, while it cannot be standard over [Fo, the latter field having characteristic two. Incidentally,
since all quaternion algebras over a finite field are split, and since Speck is a set of two points
carrying the discrete (Zariski) topology, it is clear that C' = Maty(k) splits over k as well.

4.13. Scaling. Theorem 4.9 above has exhibited two conditions for C(M, f, A) as defined in 4.3
to be a quaternion algebra. One of these, namely,

(4.13.1) deta f =1,
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can be fulfilled quite easily by scaling. Indeed, given «, 8 € k™, Fact 2.5 gives

(4.13.2) deton (Bf) = a~*B*(deta f),

and by setting @ = 3 = deta f, we may always assume that (4.13.1) holds. This is the reason why
the construction around [6, Proposition 2.7] does not require any determinant conditions.

On the other hand, once the normalization (4.13.1) has been carried out, controlling the second
condition of Theorem 4.9, namely,

(4.13.3) 4— f(v,v) € k™, (v=0v(M, f,A))

becomes a much more delicate task. At least, scaling alone won’t do. For one thing, (4.13.1),
(4.13.2) imply, for all «, 5 € k™, that the following statements are equivalent.

(i) detan (Bf) =1.
(ii) o723 = 1.
(iii) Some vy € k> has a =73, 3 = 72 (necessarily, v = af~!).

For another, according to (4.3.1), replacing A by A’ = oA, f by f' = ff amounts to replacing v =
v(M, f,A) by v' = v(M, f',A") = a~!pv, whence (ii) above yields f’(v',v’) = f(v,v). Therefore,
in the presence of (4.13.1), if (4.13.3) holds for (M, f, A), so it does for (M, ', A’) and conversely.

4.14. Concluding remarks. Theorem 4.9 may be the final result of the paper, but most likely
is not the final word on the subject. From a purely technical point of view, the most important
hypothesis that, beginning with 4.3, keeps our approach going, is the non-singularity of f. How-
ever, this hypothesis, which by Proposition 3.8 ties up with distinguished rather than arbitrary
complements of 1 in quaternion algebras, seems to be rather unnatural since what really counts is,
instead, the non-singularity of N¢ on all of C' = C(M, f,A). Unfortunately, if f is singular, the
vector product associated with f and A, with all the nice properties needed to carry on, has to be
defined by different means. Whether this is really possible, remains an open question up to now.
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