CHARACTERIZING QUATERNION RINGS OVER AN
ARBITRARY BASE

JOHN VOIGHT

ABSTRACT. We consider the class of algebras of rank 4 equipped with a stan-
dard involution over an arbitrary base ring. In particular, we characterize
quaternion rings, those algebras defined by the construction of the even Clif-
ford algebra.

A quaternion algebra is a central simple algebra of dimension 4 over a field F.
Generalizations of the notion of quaternion algebra to other commutative base rings
R have been considered by Kanzaki [10], Hahn [7], Knus [13], and most recently
Gross and Lucianovic [6]. In this article, we pursue these generalizations further.

Let R be a commutative ring (with 1). Let B be an algebra over R, an associative
ring with 1 equipped with an embedding R < B of rings (mapping 1 € Rto 1 € B)
whose image lies in the center of B; we identify R with this image in B. Assume
further that B is a finitely generated, (faithfully) projective R-module of constant
rank.

A standard involution on B is an R-linear (anti-)involution = : B — B such
that 2T € R for all z € B. Given an algebra B with a standard involution,
we define the reduced trace trd : B — R by x — = + T and the reduced norm
nrd : B — R by z + zx. Then every element x € B satisfies the polynomial
w(x; T) = T? — trd(z)T + nrd(z).

A free quaternion ring B over a PID or local ring R is an R-algebra of rank 4
with a standard involution such that the characteristic polynomial x(x;7") of left
multiplication by z on B is equal to p(z;T)? = (T? — trd(z)T + nrd(z))?. The
result of Gross and Lucianovic is as follows.

Proposition ([6, Proposition 4.1]). Let R be a PID or local ring. Then there is
a bijection between the space of ternary quadratic forms over R under a twisted
action of GL3(R) and isomorphism classes of free quaternion rings over R.

In this correspondence, one associates to a ternary quadratic form ¢ the even
Clifford algebra C°(q). (Here, the usual action of GL3(R) on quadratic forms is
twisted by the determinant; see Proposition 3.1 for more details.) In this article,
we generalize this result and treat an arbitrary commutative base ring R.

A ternary quadratic module is a triple (M, I, q) where M is a faithfully projective
R-module of rank 3, I is an invertible R-module (faithfully projective of rank 1),
and ¢ : M — I is a quadratic map. To a ternary quadratic module (M, I, q), one
can associate the even Clifford algebra C°(M,1,q), an R-algebra of rank 4 with
standard involution. A quaternion ring is an R-algebra B such that there exists a
ternary quadratic module (M, I,q) with B = C°(M,I,q).
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Conversely, to an R-algebra B of rank 4 with a standard involution, we associate
the quadratic map

¢ : \'(B/R) — \'B

which is uniquely characterized by the formula
opxANy)=1ANxAyAxy

for z,y € B. We call ¢ the canonical exterior form; it can be found in a footnote
of Gross and Lucianovic [6] and is inspired by the case of commutative quartic
rings, investigated by Bhargava [3].

An exceptional ring is an R-algebra B (of rank 4) with the property that there
is a left ideal M C B with B = R @ M such that the left multiplication map
M — Endgr(M) factors through a linear map ¢t : M — R, i.e. zy = t(x)y for
x,y € M. The map x — ¢(z) —x for x € M extends to a standard involution on B.

Our first main result is as follows.

Theorem A. Let B be an R-algebra of rank 4 with a standard involution. Then
the following are equivalent.

(i) B is a quaternion ring, i.e., there exists a ternary quadratic module (M, 1, q)
such that B = C°(M,1,q);
(ii) For all x € B, the characteristic polynomial of left (or right) multiplication
by x on B is equal to u(x;T)?;
(iii) For all x € B, the trace of left (or right) multiplication by x on B is equal
to 2trd(z).

If R is reduced and 2 is a nonzerodivisor in R, then these are further equivalent to
the following.

(iv) For all maximal ideals m of R, the reduction of the canonical exterior form
$pm: N (B/R)@r R/m - \"B@ R/m

is zero if and only if B ® R/m is commutative.

B is an exceptional ring if and only if the canonical exterior form ¢g is identi-
cally zero.

Moreover, there exists a unique decomposition Spec Rg U Spec R — Spec R
such that the restriction Br, = B ®r Rq 1is a quaternion ring, Br, is an ex-
ceptional ring, and Spec Rg and Spec R are the largest (closed) subschemes with
these properties. If R is reduced, then the map R — Rg X Rg is surjective.

For any prime p € Spec RoNSpec R, we have BQ R/p = (R/p)li, j, k]/ (i, j, k).

Our second main result addresses the following issue: although by definition the
association (M, 1I,q) — C°(M,1,q) yields all isomorphism classes of quaternion
rings, it does not yield a bijection over a general commutative ring R. However, we
may recover a bijection by rigidifying the situation as follows. A parity factorization
of an invertible R-module N is an R-module isomorphism

p:P?Q 5 N

where P, Q) are invertible R-modules. Our second main result is the following (The-
orem 3.13).
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Theorem B. There is a discriminant-preserving bijection

Similarity classes of ternary Isomorphism classes of quaternion
quadratic modules (M, I,q) ¢ < § Tings B over R equipped with a parity
over R factorization p: P2 @ Q = \*B

which is functorial with respect to the base ring R. In this bijection, the simi-
larity class of a quadratic module (M, I,q) maps to the isomorphism class of the
quaternion ring C°(M, I, q) equipped with the parity factorization

(N°M @ (IV)#)®2 @ I = N'CO(M, 1, q).

Theorem B globalizes the result of Gross and Lucianovic (see Remark 3.19). This
result also compares to work of Balaji [2], who takes an alternative perspective. (For
the definition of discriminant, see section 3.

The notion of parity factorization can also be replaced by remembering more
simply a class in Pic(R) (suggested by Bjorn Poonen). That is to say, there is a
bijection

Isomorphism classes of quaternion Isomorphism classes of
rings B over R equipped with a parity » <— { quaternion rings B over R
factorization p : P2 ® Q = A\'B equipped with [P] € Pic(R)

which is functorial with respect to the base ring R: to a quaternion ring B equipped
with a parity factorization p : P#2@Q <> \*B, we associate the class [P] € Pic(R),
and conversely given B with [P] we take the parity factorization

p: P22 (N'B® (PY)®2) = A*B.

This article is organized as follows. We begin (§1) by very briefly reviewing some
preliminary material concerning algebras with standard involution and exceptional
rings as well as ternary quadratic modules and Clifford algebras. We then define
the canonical exterior form (§2). Using this form, we prove the equivalence in
Theorem B (§3). We then prove Theorem A (§4) and conclude by discussing some
consequences.

The author would like to thank Asher Auel, Manjul Bhargava, Brian Conrad,
Noam Elkies, Jordan Ellenberg, Jon Hanke, Hendrik Lenstra, and Raman Parimala
for their suggestions and comments which helped to shape this research. We are
particularly indebted to Melanie Wood who made many helpful remarks and cor-
rections. This project was partially supported by the National Science Foundation
under Grant No. DMS-0901971.

1. INVOLUTIONS AND EXCEPTIONAL RINGS

Throughout this article, let R be a commutative ring and let B be an algebra
over R, which as in the introduction is defined to be an associative ring with 1
equipped with an embedding R — B of rings. We assume further that B is finitely
generated, projective R-module of constant rank. (Since R < B, in fact B is
faithfully projective.) For a prime p of R, we denote by R, the localization of R at
p; we abbreviate B, = B ®@g Ry, and for x € B we write z, =2 ® 1 € By.

Remark 1.1. We choose to work over base rings, but one could extend our results
to an arbitrary (separated) base scheme by the usual patching arguments when one
restricts to algebras which are locally free over the base.
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In this section, we give a summary of the results we will use concerning rings
with a standard involution [20] and the construction of the Clifford algebra.

Definition 1.2. An involution (of the first kind) = : B — B is an R-linear map
which satisfies:
() T=1,
(ii) ~ is an anti-automorphism, i.e., Ty = YT for all x,y € B, and
(iii) T == for all z € B.
An involution ~ is standard if 2T € R for all x € B.

Let = : B — B be a standard involution on B. We define the reduced trace
trd : B — R by trd(z) = z + 7 and the reduced norm nrd : B — R by nrd(z) = ZTx
for x € B. We have 2% — trd(z)z + nrd(z) = 0 for all x € B. For z,y € B we have

(1.3) xy + yr = trd(y)z + trd(z)y + nrd(z + y) — nrd(z) — nrd(y).

A quadratic (rank 2) R-algebra has a unique standard involution, and conse-
quently if B has a standard involution, then this involution is unique.

Definition 1.4. An R-algebra B is an exceptional ring if there is a left ideal M C
B such that B= R® M and the map M — Endgr(M) given by left multiplication
factors through a linear map t : M — R.

The map ~—: M — M by x — t(x) — = defines a standard involution on B and
by uniqueness t = trd on M.

Lemma 1.5. If B is an exceptional ring and rk(B) > 2, then the splitting B =
R® M which realizes B as an exceptional ring is unique. Moreover, B is exceptional
if and only if By is exceptional for all primes p of R.

We now turn to a discussion of Clifford algebras. Let M, N be faithfully pro-
jective, finitely generated R-modules. A quadratic map is a map ¢ : M — N
satisfying:

(i) q(rz) = r?q(x) for all r € R and x € M; and
(ii) The map T : M x M — N defined by

T(z,y) = q(z +y) —q(x) = a(y)
is R-bilinear.
Condition (ii) is equivalent to

(1.6) qr+y+2)=q@+y)+ql@+2)+aely+2) —ql@) —qy) —az)

for all z,y,z € M. A quadratic map ¢ : M — N is equivalently a section of
Sym? MY ® N; see Wood [21, Chapter 2] for further discussion. Note that T(z,z) =
2¢q(zx) so if 2 is a nonzerodivisor in R we may recover ¢ from T'.

A quadratic module over R is a triple (M, I, q) where M, I are faithfully projective
R-modules with rk(/) =1 and ¢ : M — [ is a quadratic map. A similarity between
quadratic modules (M, I,q) and (M’,I',¢’) is a pair of R-module isomorphisms
f:M = M and g: I = I’ such that ¢'(f(z)) = g(q(x)) for all z € M, i.e., such
that the diagram

M—F7I
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commutes.

We now construct the Clifford algebra associated to a quadratic module, follow-
ing Bichsel and Knus [4, §3]. (For a detailed treatment of the Clifford algebra when
N = R see also Knus [11, Chapter IV].) Let (M, I, q) be a quadratic module over
R. Let IV = Hom(I, R) be the dual of the invertible R-module I, and abbrevi-
ate ' =R, [ =I®---®1 for d € Zwg, and =% = (IV)®? for d € Z.y. The

—_——

d
R-module
LI =pre?
d€Z
with multiplication given by the tensor product and the canonical isomorphism
I®lY =R
@ fr f(z)

has the structure of a (commutative) R-algebra. We call L[I] the Rees algebra of
I
Let

Ten(M) = @ Me?
d=0

be the tensor algebra of M. Let J(q) denote the two-sided ideal of Ten(M) ® L[I]
generated by elements

(1.7) 1201 —1®q)

for x € M.

The algebra Ten(M) has a natural Zso-grading (with §(z) = 1 for z € M);
doubling the natural grading on L[I], so that d(a) = 2 for a € I, we find that J(q)
has a Z-grading. Thus, the algebra

C(M,1,q) = (Ten(M) © L[I)/J(q)

is also Z-graded; we call C(M,I,q) the Clifford algebra of (M,I,q).

Let C°(M,I,q) denote the R-subalgebra of C(M,I,q) consisting of elements in
degree 0; we call C°(M, I, q) the even Clifford algebra of (M,I,q). The R-algebra
C°(M, I,q) has rank 2"~! where n = rk M [4, Proposition 3.5]. Indeed, if I is free
over R, generated by a, then we have a natural isomorphism

C%(M,1,q) = C°(M,R, foq)

where f = a¥ € IV = Hom(I, R) is the dual element to a. If further M is free
over R with basis ey,...,e,, then C%(M,I,q) is a free R-algebra generated by
€iy ®€i2®"'®€i2m®fm with 1 <1 <o < -+ <oy <N

We write ejes - --eq for the image of 1 ® e2 ® - ®eg ® 1 in C(M,I,q), for
e; € M. A standard computation gives
(1.8) xy—i—yx:T(a?,y) € C(M,1I,q)

for all x,y € M, where T is the bilinear form associated to q.
The reversal map defined by

T =e1ey €T =¢€qg - €e€]

is an involution on C'(M, I, q) which restricts to an involution on C°(M, I, q).
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Remark 1.9. The reversal map ~: C(M, I,q) — C(M,I,q) has the property that
xT € R for all pure tensors r = ejes - - - eq, so in particular for all x € M; in fact,
however, in general it defines a standard involution on C(M,I,q) if and only if
rk(M) < 2. Indeed, for any z,y,z € M, applying (1.8) we have
(z +y2)(x +y2) = (x +yz)(x + 2y) = q(z) + yzz + v2y + q(y)q(2)
=q(z) +q(y)a(z) — T(z,y)z + T(z,2)y + T(y, 2)z.
Suppose that — : C(M,I,q) — C(M,1,q) is a standard involution and rk(M) >
3. If z,y,z are R-linearly independent, then we must have T'(z,y) = T(x,2) =
T(y,z) = 0. Moreover, the fact that (x +1)(z +1) = q(z) + 1 + 2z for all z € M
implies that 2 = 0 € R. In other words, the reversal map is a standard involution
on the full Clifford algebra C'(M,1,q) if and only if 2 =0 in R and C(M,I,q) is

commutative.

Now let (M, I,q) be a ternary quadratic module, so that M has rank 3. Then
by the above, the even Clifford algebra C°(M,I,q) is an R-algebra of rank 4.
Explicitly, we have
Re(MeoMeIY)

J(q)
where J°(q) is the R-module generated by elements of the form
rRr® f-1® f(q(x))

for x € M and f € IY. The reversal map resticts to a standard involution on
C°(M,I,q) (proved using similar calculations as in Remark 1.9, or see Example
1.11). The association (M, I,q) — C°(M, I, q) is functorial with respect to similar-
ities of quadratic modules and so we refer to it as the Clifford functor.

1%

(1.10) C°(M,I,q)

Ezample 1.11. Given the free module M = R3 = Re; @ Res @ Res equipped with
the quadratic form ¢ : M — R by
(1.12)  q(zer +yea + ze3) = q(z,y, 2) = ax® + by* + c2® + uyz + vez + wary,
with a, b, c,u,v,w € R, we compute directly that the Clifford algebra of M is given
by
C°(M,q) = R® Reses @ Reze; @ Rees
and the map
B 5 C%(M, I,
(1.13) . M, L,g)
i,J, k — ezes, ezeq, erez
gives an isomorphism to the algebra B where the following multiplication laws hold.
2

i ﬁ:—vw+ai+wj+vk

ﬁz—uw—!—wi—kbj—kuk;

= ui — be jk = ai = a(u — 1) kj

Q) j*=wvj—ac ki=1bj =0b(v—j) ik
B =wk—ab ij=ck=clw—k) ji=1i]=—uv+uvi+tuj+ck

This construction has been attributed to Eichler and appears in Brzezinski [5] in
the case R = Z. In this association, the reversal map corresponds to the standard
involution ~ on B.

Such a free quaternion ring is commutative [20, §3] if and only if either

B = Rli,j,k]/(i, j,k)?
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or
B 2 R[i, j, k]/(i* + bc, §° + ac, k* + ab, jk + ai, ki + bj, ij + ck)
with a, b, c € R satisfying 2a = 2b = 2¢ = 0.

Definition 1.14. A quaternion ring over R is an R-algebra B such that B =
C°(M,1,q) with (M,I,q) a ternary quadratic module over R.

Note that if R — S is any ring homomorphism and B is a quaternion ring,
then Bs = B®pg S is also a quaternion ring by functoriality of the Clifford algebra
construction.

2. THE CANONICAL EXTERIOR FORM

We have seen in the previous section that the even Clifford functor associates to
a ternary quadratic module an R-algebra of rank 4 with a standard involution. In
this section, we show how to do the converse; we will then show in Section 3 that
this indeed furnishes an inverse to the Clifford functor on its image. Throughout
this section, let B be an R-algebra of rank 4 with a standard involution.

Following Bhargava [3] (who considered the case of commutative rings of rank
4) and a footnote of Gross and Lucianovic [6, Footnote 2], we define the following
quadratic map.

First, we note that R is a direct summand of B, so B/R is a (faithfully) projective
R-module [20, Lemma 1.3] (the proof carries through even though R is assumed to
be noetherian). It follows that A*B = A*(B/R) canonically.

Lemma 2.1. There exists a unique quadratic map
65 : N*(B/R) = \'B
with the property that
gz ANy)=1ANxAyAxy
for all x,y € B.

Proof. We first define the map on sets ¢ : Bx B — /\4 Bby (x,y) = 1AxAyAzy,
where B x B denotes the Cartesian product. This map descends to a map from
B/R x B/R. We have p(az,y) = ¢(z, ay) for all z,y € B and a € R. Furthermore,
we have p(z,z) = 0 for all z € B and by (1.3) we have

(22) ey,z)=1AyAzAyz=-1AzAYyA(—zy) = p(2,y) = (2, —Y)
for all z,y € B. Finally, the map ¢ when restricted to each variable x, y separately
yields a quadratic map B/R — /\4 B.

We now prove the existence and uniqueness of the map ¢ = ¢p when B is free.
Let i, j, k € B form a basis for B/R. Then i A j,j Ak, k Ai is a basis for \*(B/R).
It follows from (1.6) that to define a quadratic map ¢ : M — N on a free module

M is equivalent to choosing elements ¢(z),q(z +y) € N for z,y in any basis for M.
We thereby define

¢: N(B/R) = \'B
(2.3) P(i Nj) = (i, j)
PN +iNk) =i =k j) =0k —1i)
together with the cyclic permutations of (2.3). By construction, the map ¢ is
quadratic.
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Now we need to show that in fact ¢(zAy) = p(z,y) for all z,y € B. By definition
and (2.2), we have that this is true if z,y € {i,j, k}. For any y € {4, j, k}, consider
the maps

@y, 0y : B/R— N\'B
z = o(x Ay), oz Ay)

restricted to the first variable. Note that each of these maps are quadratic and they
agree on the values 1, j, k,i — k,j — i,k — 7, so they are equal. The same argument
on the other variable, where now we may restrict ¢, ¢ with any = € B, gives the
result.

To conclude, for any R-algebra B there exists a finite cover of standard open
sets {Spec Rs}; of Spec R with f € R such that each localization By is free. By
the above constructions, we have a map on each By and by uniqueness these maps
agree on overlaps, so by gluing we obtain a unique map ¢. O

Remark 2.4. We used in (2.3) that B has rank 4; indeed, if rk(B) > 4, there will
be many ways to define such a map ¢.

We call the map ¢p : A>(B/R) — A'B in Lemma 2.1 the canonical exterior
form of B.

Ezample 2.5. Let B be a free quaternion ring with basis ¢, j, £ and multiplication
laws as in (@) in Example 1.11. We compute the canonical exterior form

¢=dp: N(B/R) > \'B
directly. We have isomorphisms /\4B — Rby1NiAjAk— —1 and
AN’ (B/R) = R(j Ak) @ R(k Ai) @ R(i Aj) = Rey @ Rey & Res.
With these identifications, the canonical exterior form ¢ : R? — R has
pler) =p(GAk)=1ANJAENjE=1ANFANEA(—ai) — a
and
dler + e2) — der) — dlez) = ¢(k A (i — j)) — ¢(G A k) — (kA1)
=—-1ANEANFANEi—1ANENIAK]
=—w(IANENINJ)— w.
In this way, we see directly that ¢(z(j Ak)+y(kAi)+2z(iAJ)) = q(zer +yea + ze3)
is identified with the form in (1.12).
FEzample 2.6. Suppose that R is a Dedekind domain with field of fractions F'. Then

we can write
(2.7) B=R®ai®bjdck

with a,b,¢c C F fractional R-ideals and i,j,k € B. By the same reasoning as in
the free case, we may assume that 1,14, 7, k satisfy the multiplication rules (@), and
then we say that the decomposition (2.7) is a good pseudobasis, and the canonical
exterior form of B is, analogously as in Example 2.5, given by

(,253 : bce1 @ aces D abeg — abc

under the identification /\4B =5 abc induced by 1 AiAj Ak —1; here, ¢pp(ze; +
yeg + zeg) is given as in (1.12) but now with x,y, z in their respective coefficient
ideals.
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FEzample 2.8. Let B be a free exceptional ring B = R® M where M has basis ¢, j, k.
Then by definition we have the following multiplication laws in B:

i? =i jk = vk kj =wj
(E) §% =wvj ki = wi ik = uk
k* = wk ij = uj ji = wi.

We then compute as in the previous example that the canonical form ¢p is identi-
cally zero.

Comparing (Q) to (E), we see that a ring B is both a quaternion ring and an
exceptional ring if and only if B = R[i, j, k]/(i, j, k)?; if 2 is a nonzerodivisor in R,
then this holds if and only if B is commutative.

Remark 2.9. From the above example, we see directly that there exists a bijection
between the set of orbits of GL(R?) on R? and the set of isomorphism classes of
free exceptional rings of rank 4, where we associate to the triple (u,v,w) € R* the
algebra with multiplication laws as in (E).

Lucianovic [15, Proposition 1.8.1] instead associates to (u,v,w) € R® the skew-

0 W —v
symmetric matrix M = | —w 0 wu |, and g € GL3(R) acts on M by M —
v —u 0

(det g)(tg)"1Mg~!. This more complicated (but essentially equivalent) association
gives a bijection to the set of orbits of GL(N) on A\ NY @ A* N.

Using the canonical exterior form, we can distinguish quaternion rings and ex-
ceptional rings in the class of algebras of rank 4 with a standard involution in the
final section.

3. A BIJECTION

In this section, we prove Theorem B, generalizing the following result of Gross
and Lucianovic.

Proposition 3.1 (Gross-Lucianovic). Let M be a free module of rank 3. Then
there is a bijection between the set of orbits GL(M) on Sym?(MY) @ \* M and the
set of isomorphism classes of free quaternion rings over R.

In this bijection, a quadratic form g(z,y, z) as in (1.12) is associated to the even
Clifford algebra C°(R3, q) as in Example 1.11.

The bijection of Proposition 3.1 is discriminant-preserving, as follows. We define
the (half-)discriminant of a quadratic form ¢(z,y, z) as in (1.12) by
(3.2) D(q) = 4abc + uwvw — au® — bv* — cw?.

On the other hand, we define the (reduced) discriminant D(B) of an algebra B of
rank 4 with standard involution to be the ideal of R generated by all values

(3-3) {z,y,2} = trd([z,y]2) = trd((zy — yz)Z)

with x,y,z € B. If 1,4, 4, k is a good basis for B (see §4), a direct calculation verifies
that already

{i7j7 k} = _D(Q)
so the map preserves discriminants. In particular, every exceptional ring B with
good basis i, 7, k has {i,7,k} = 0 so that D(B) = 0, so if one restricts to R-algebras
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B with D(B) # 0 one will never see an exceptional ring, and it is perhaps for this
reason that they fail to appear in more classical treatments.

We warn the reader that although the even Clifford algebra construction which
gives rise to the bijection in Proposition 3.1 is functorial with respect to similarities
and isomorphisms, respectively, it is not always functorial with respect to other
morphisms.

Example 3.4. Consider the sum of squares form q(x,y,z) = 2% + y? + 22 over
R = 7Z. The associated quaternion ring B is generated over Z by the elements
i,7,k subject to i = j%2 = k? = —1 and ijk = —1 and has discriminant 4. The
ring B is an order inside the quaternion algebra of discriminant 2 over Q which
gives rise to the Hamiltonian ring over R, and B is contained in the maximal
order Bpax (of discriminant 2) obtained by adjoining the element (1 + 4+ j +
k)/2 to B. Indeed, the ring Bax is obtained from the Clifford algebra associated
to the form quax(7,y,2) = 22 + y? + 22 + zy + 2z of discriminant 2. However,
the lattice associated to the form ¢ is maximal in Q3, so there is no inclusion
of quadratic modules which gives rise to the inclusion B < Bya.x of these two
quaternion orders. Of course, if we consider the correspondence over Q (or even
Z[1/2] then the inclusion becomes an isomorphism, which shows that the lattice
associated to each of the quadratic forms ¢ and ¢na.x are contained in the same
quadratic space over Q, and the change of basis from one to the other is defined
over GL3(Q) (but not GL3(Z)).

Remark 3.5. There is an alternative association between forms and algebras which
we call the trace zero method and describe for the sake of comparison (see also
Lucianovic [15, Remark, pp. 28-29]). Let B be a free R-algebra of rank 4 with a
standard involution and let B® = {z € B : trd(z) = 0} be the elements of reduced
trace zero in B. Then (B nrd |go) is a ternary quadratic module.

Starting with a quadratic form (R3,q), considering the free quaternion algebra
B = C°(R3,q) with good basis as in (1.13), the trace zero module (BY nrd) has
basis jk — kj, ki — ik,ij — 712 and we compute that

nrd(x(jk — ki) +y(ki — ik) + 2(ij — ji)) = D(g)q(=,y, 2).

In particular, if D(q) = D(B) € R*, in which case ¢ is said to be semiregular,
we can instead associate to B the quadratic module (B°, —D(B)~! nrd) to give an
honest bijection. One can use this together with localization to prove a result for
an arbitrary quadratic module (M, q), as exihibited by Knus [13, §V.3]. This point
of view works very well, for example, in the classical case of quaternion algebras
over a field. When the discriminant of (M, q) is principal and R is a domain, one
can similarly adjust the maps to obtain a bijection [5]. However, in general it is not
clear how to generalize this method to quadratic forms which are not semiregular.

It is perhaps tempting to think that we will simply find a functorial bijection
between similarity classes of ternary quadratic modules over R and isomorphism
classes of quaternion rings over R; however, we notice one obstruction which does
not appear in the free case.

Let (M,I,q) be a ternary quadratic module. Recall the definition of the even
Clifford algebra C°(M, I, q) from Section 1. By definition, as an R-module, we have

(3.6) COM,I,q)/R= N M.

To analyze this isomorphism, we note the following lemma.
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Lemma 3.7. Let M be a faithfully projective R-module of rank 3. Then there are
canonical isomorphisms
(3.8) A (N*M) =5 (A°M)P2
and
(3.9) N (N*M) = Mo \°M.
Proof. We exhibit first the isomorphism (3.8). We define the map
s M®S 5 (A*M)®?
17 YRy @202 = (@A ANY)R(YAZAZ)
— (@A ANy @Y A2AZ)

with z,2",y,vy/, 2,2’ € M.

It is casy to see that s descends to (A>M)®3; we show that s in fact descends to
A (AM). We observe that

s(xnd @yAy @2A2)=0
whenever © = y and 2’ = y’ (with similar statements for z, z and y, z). To finish,
we show that
(3.10) s((zAhz)@WAY)R(EAZ) =—s(yAy)@ (zAD)® (2 A2)).

To prove (3.10) we may do so locally and hence assume that M is free with basis
e1, €2, ez; by linearity, it is enough to note that

s((ex Nea) ® (ea Ne3)® (esANep)) = (eg ANea Aeg) ® (ea Aeg Aey)

=(eaNesNer)®(ea Nes Aey)
=—s((e2Ne3) ® (e1 ANe2) ® (es Aer)).

It follows then also that s is an isomorphism, since it maps the generator

(e1 Aea) A ez Aes) Ales Aer) € AX(N*M)
to the generator (e; A ey Aes) ® (ea Aes Aey) € (N M)®2,
The second isomorphism (3.9) arises from the map
M® 5 Mo \N°M
1R yey m '@ @AyANY) -z (@ AyAY)
and can be proved in a similar way. O

By (3.8) and (3.6), we find that
(3.12)

N'COM, 1,q) = N (CO(M, 1,q)/R) = N (N°M @ 1Y) = (N°M)** @ (1),
(Compare this with Kable et al. [8], who considers the Steinitz class of a central
simple algebra over a number field, and Peters [17] who works over a Dedekind
domain.)

Cognizant of (3.12), we make the following definition. Let N be an invertible
R-module. A parity factorization of N is an R-module isomorphism

p: P@Q SN
where P, (@ are invertible R-modules. Note that N always has the trivial parity
factorization R®? ® N = N. An isomorphism between two parity factorizations

(3.11)
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p:P2?2®Q 5 Nandp : P2 @Q = N'is given by isomorphism P = P/,
Q = Q', N = N’ which commute with p,p’.

We extend the notion of discriminant in the natural way from the free case (3.2).
We define the (half-)discriminant D(M,I,q) of a quadratic module (M, I,q) to be
ideal of R generated by D(q¢|n) for all free (ternary) submodules N C M.

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

Theorem 3.13. There is a discriminant-preserving bijection

Similarity classes of ternary Isomorphism classes of quaternion
quadratic modules (M, I,q) ¢ +— § rings B over R equipped with a parity
over R factorization p: P2 @ Q = \'B

which is functorial with respect to the base ring R. In this bijection, the simi-
larity class of a quadratic module (M, I,q) maps to the isomorphism class of the
quaternion ring C°(M, I, q) equipped with the parity factorization

(3.14) (N°M @ (IV)®2)®2 o T = N*CO(M, I, q).

In other words, there is a functor (the even Clifford algebra functor) which asso-
ciates to each ternary quadratic module over R a quaternion ring over R equipped
with a parity factorization, and given a ring homomorphism R — S there is a
natural transformation between the two functors restricted to objects over R and
S, respectively. This functor gives a bijection over R when one looks at the corre-
sponding set of isomorphism classes on each side.

Proof. Given a ternary quadratic module (M,1,q), we associate to it the even
Clifford algebra B = C°(M, I, q) with the parity factorization (3.14) as in (3.12).
The algebra B is a quaternion ring by definition.

In the other direction, we use the canonical exterior form ¢p : A*(B/R) —
/\4B as defined in (2.1). Let B be a quaternion ring with parity factorization
p: P2 QS /\4B. Then by dualizing, the map p gives an isomorphism

p* (P2 5 (N'B)Y © Q.

Note that p* defines a quadratic map P¥Y — (A*B)Y ® Q by z — p*(z ® z). We
associate then to the pair (B,p) the ternary quadratic module associated to the
quadratic map

(3.15) ¢op@p  N*(B/R)@ P = N'Be (N'B)Y Q) = Q.

We need to show that these associations are indeed inverse to each other. First,
given the algebra C(M,I,q) with parity factorization p as in (3.14), we have by
the above association the ternary quadratic module

(3.16) p@p*: N2(COUM,I,q)/R) @ (N°M)Y @ 192 — I.
From (3.6) and (3.9) we obtain
A (CO(M,1,q)/R) = N (N°M 1Y) = NN M) @ (1Y) = Mo \*Me (1Y)

hence the ternary quadratic module ¢®p* (3.16) has domain canonically isomorphic
to

(M e AMe(IV)%%) @ (N°M)Y @ I8 = M
and so yields a quadratic map ¢ ® p* : M — I.
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To show that ¢ is similar to ¢ ®p* via the above canonical isomorphisms, we may
do so locally and therefore assume that M, I are free so that ¢ : R? — R is given as
in (1.12). Then the Clifford algebra B = C°(R3?, q) is a quaternion ring defined by
the multiplication rules (Q). By Example 2.5, we indeed have a similarity between
¢p and ¢, as desired.

The other direction is proved similarly. Beginning with an R-algebra B with a
parity factorization p : P®2@Q = /\4 B, we associate the quadratic map ¢ Rp* as
in (3.15); to this, we associate the Clifford algebra C°(A*(B/R)® PV, Q, ¢p @p*),
which we abbreviate simply C°(B), with parity factorization

(3.17) A'CO(B) = (AY(N(B/R)© P¥) ® (Q¥)%*)%? ® Q.
From (3.8) we obtain the canonical isomorphism
N (N(B/R)@ P¥) = N*(N*(B/R)) ® (PY)®*
= (N(B/R)™ o (P = (\'B)** & (P)
But now applying the original parity factorization p : P®? @ Q = /\4B , we obtain
(/\4B)®2 ® (PV)®3 = (P2 g Q)%2 @ (PV)®3 = p
so putting these together, the parity factorization (3.17) becomes simply
A'CO(B) =~ P®2 g Q.

Similarly, putting together (3.6), (3.9), and the dual isomorphism p“ to p, we
have

C°(B)/R=C*(\*(B/R) @ PV,Q,¢5 ®p*)/R
=~ A*(N*(B/R)® P¥) @ Q"
= \*(A\*(B/R)) @ (PV)%2 @ Q"
~ B/R® N (B/R)® (\'B)” = B/R.

(3.18)

We now show that there is a unique isomorphism C°(B) = B of R-algebras which
lifts the map in (3.18). It suffices to show this locally; the map is well-defined up
to addition of scalars, so we may assume that B is free with good basis 1,4, j, k
(and that P,Q = R). But then with this basis it follows that the map (1.13) is the
already the unique map which identifies C°(B) = B, and the result follows.

In this way, we have exhibited a functorial bijection between ternary quadratic
modules up to similarity and quaternion rings B over R equipped with a parity
factorization p up to isomorphism. This association is discriminant-preserving since
D(M,1,q), = D(C°(M,1,q)), as the bijection preserves discriminants in the local
(free) case. O

Remark 3.19. We recover the bijection of Gross-Lucianovic (Proposition 3.1) from
Theorem 3.13 as follows. Let R be a PID or a local ring and let M be an R-
module of rank 3. An element of Sym*(M") ® /\3 M corresponds to a quadratic
map q : M — /\3 M, and a similarity between two such forms is specified by an
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element g € GL(M) acting as

M—5 N\ M

ngl Zl/\sg
a 43
M— N\ M.
The quaternion algebra B = CO(M, A\* M, q) is then equipped with the parity
factorization

APMY = (NPMY)®2 @ APM =5 ACO(M, NP M, q) = \*B.

Conversely, given a quaternion ring B over R equipped with an isomorphism
B/R =~ (\* M)Y, composing with the canonical exterior form then yields

AN (B/R) @ N*M — \'B = A M.

Therefore GL(M) acts as isomorphisms on B via the isomorphism B/R = A\*M
(A*M)V, which recovers the result of Gross and Lucianovic (see also Lucianovic
[15, §1.7]) who identified this action by considering the corresponding action on
good bases (see §4 below).

If one wishes only to understand isomorphism classes of quaternion rings, one
can consider the functor which forgets the parity factorization. In this way, certain
ternary quadratic modules will be identified. We define a twisted discriminant
module (not to be confused with the discriminant of a quadratic form or quaternion
ring) to be a quadratic module (P, Q,d) where P,Q are invertible R-modules, or
equivalently an R-linear map d : P ® P — Q. A twisted similarity between two
quadratic modules (M, I,q) and (M',I',q’) is a similarity between (M ® P, I ®
Q,q®d) and (M',I',q") for some twisted discriminant module (P,Q,d). (For a
reference, see Knus [13, §II1.3] or Balaji [2].)

Corollary 3.20. There is a functorial bijection

ternary quadratic modules

Twisted similarity classes of
=1
(M,I,q) over R

Isomorphism classes of
quaternion rings B over R |~

Proof. Given a quaternion ring B over R, from the trivial parity factorization we
obtain the ternary quadratic module ¢ : A*(B/R) — A"'B. By (3.16), we sce that
the choice of an (isomorphism class of) parity factorization p : P®? ® Q — /\4B
corresponds to twisting ¢ by (PV, (/\43)v ® Q,p*), and the result follows. O

4. CHARACTERIZING QUATERNION RINGS

In this section, we consider two consequences of Theorem B. We prove Theorem
A which compares quaternion rings to exceptional rings and then turn to other
certain special cases of Theorem B which appear in the literature.

Let B be an R-algebra of rank 4 with a standard involution. One can compute
the ‘universal’ free such algebra B, following Gross and Lucianovic [6] as follows.
We say a basis 1,4, j,k for B is good if the coefficient of j (resp. k, i) in jk (resp.
ki, ij) is zero. One can add suitable elements of R to any basis to turn it into a
good basis.
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Proposition 4.1. If B is free R-algebra of rank 4 with a standard involution with
good basis 1,1, 7, k, then

i? = ui — be gk =ai +v'k
(U) 2 =vj —ac ki=1bj +w'i
k? = wk — ab ij =ck+u'j
with a,b, c,u,v,w,u v, w € R which satisfy
a u —u
(4.2) b (u' v w’) =0 and v —w (u’ v w’) =0.
¢ w' —w

Conversely, any algebra defined by laws (U) subject to (4.2) is an algebra of rank 4
with standard involution equipped with the good basis 1,1, 7, k.

Proof. The result follows by a direct calculation, considering the consequences of
the associative laws like j(kk) = (jk)k and (ij)k = i(jk), the others being obtained
by symmetry. For details, see Lucianovic [15, Proposition 1.6.2]. |

Remark 4.3. f « = v = w’ = 0 in (U), then B is a quaternion ring over R by
the multiplication laws (@) in Example 1.11, and if a = b = ¢ = 0 and (u,v,w) =
(u,v';w'), then B is an exceptional ring over R by the rules (F) in Example 2.8.

Consequently, if R is a domain then the equations (4.2) hold if and only if one of
the cases (Q) or (F) holds, so a free R-algebra of rank 4 with a standard involution
over a domain R is either a quaternion ring or an exceptional ring [15, Proposition
1.6.2).

Proposition 4.4. The set of primes p such that B® R/p = B/pB is a quaternion
(resp. exceptional) ring is closed in Spec R.

Given an algebra of rank 4 over R with standard involution, there exists a decom-
position Spec Rg USpec Rp — Spec R such that the restriction Br, = B®g Rq is
a quaternion ring, Br, is an exceptional ring, and Spec Rg and Spec Rg are the
largest (closed) subschemes with these properties.

Proof. Covering Spec R by (basic) open sets we may assume that B is free over
R and so has a good basis as in (U). Define Spec Rg = Spec R/(v/,v’,w’) and
Spec Rp = SpecR/(a,b,c,u’ — u,v" —v,w’ — w). Then By = B ®gr R is a
quaternion ring over R and it is the largest such subscheme, and similarly Bg is
an exceptional ring over Rp. ([

FEzample 4.5. By gluing an exceptional ring to a quaternion ring, we see is indeed
possible for the set in Corollary 4.4 to be a proper subset of Spec R: for example,
for k a field we can take R = k[z,y]/(zy) and in (U) leta=b=c=z, v/ =0 =
w=y,andu=v=w=1x+y.

Ezample 4.6. Let k be a field and let R = k[e]/(€?). Consider the algebra B with
multiplication laws in (U) witha=b=c=u" =v =w =eandu=v =w =0.
Then B is neither a quaternion ring nor an exceptional ring; indeed, we have
SpecR={(¢)} and Rg = Rg = R/(¢) = k.

Lemma 4.7. Suppose R is reduced. Then in the decomposition Spec RqUSpec R —
Spec R the map R — Rg x Rg is surjective.
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Proof. For each p € Spec R, the ring B/pB is either quaternion ring or an excep-
tional ring (or both) by Remark 4.3. Consequently, we have

ker(R — Rg x Rg) C(]p = (0)
p
so R — Rg — Rp is surjective. O

Remark 4.8. Note that if Spec Ror = Spec RgNSpec Rg, then Bg,,,, is everywhere
locally isomorphic to Ry[i, j, k]/(i, j, k)? for p a prime of Rgp.

We continue in the direction of proving Theorem A with the following proposi-
tion.

Proposition 4.9. Let B be an R-algebra of rank 4 with a standard involution.
Then B is an exceptional ring if and only if the canonical exterior form ¢p of B
is identically zero.

Proof. If B is an exceptional ring, then the canonical exterior form ¢g is zero since
it is zero locally by Example 2.8.

Conversely, suppose that the canonical exterior form ¢p is zero. Since being an
exceptional ring is a local property (Lemma 1.5), we may assume that B is free
over R with multiplication laws (U). Applying the standard involution, we have

(u—i)(w—k)=ik="Fki=0bj +w'i=>bj+w(u—1)
SO
ik = u(w —w) — (W' —w)i+ bj + uk.
and similarly we have the products j¢ and kj.

We again identify /\4B = Rby 1AiAjAk — —1. We compute that IAIAjALj =
¢ =0 and by symmetry a = b = 0. Similarly, we have

iNG—kN)=—=1AiAEANij—1ANIANjANik=—u +u=0.
P(i A (j J J

Thus v’ = u, and by symmetry v' = v and w’ = w. It follows then that B = R® M
is an exceptional ring with M = Ri ® Rj & Rk. (Il

For z € B, let xr(x;T) (resp. xr(z;T)) denote the characteristic polynomial of
left (resp. right) multiplication by = and Trp(x) (resp. Trr(z)) denotes the trace
of left (resp. right) multiplication by x. These are defined locally given a choice of
basis, but then are unique and so can be defined globally; see [20, Lemma 1.4]. Let
w(x; T) = T? — trd(z)T + nrd(z).

Proposition 4.10. Let B be a free R-algebra of rank 4 with a standard involution.
Then the following are equivalent:
(i) B is a quaternion ring;

(iiz) xr(z;T) = pu(x;T)? for all x € B;

(iir) xr(2;T) = p(x;T)? for all w € B;

(iiiy) 2trd(x) = Trr(x) for all x € B;

(ilig) 2trd(z) = Trr(x) for all x € B;
If 2 is a nonzerodivisor in R, then these are further equivalent to

(iv) xo(z;T) = xr(x;T) for all x € B.
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Proof. As in the proof of Proposition 4.4, we may assume that B is free with a
good basis, in which case B is a quaternion ring if and only if v’ =v" = w’ = 0.
Let £ =xi+yj + 2k € B®g R[z,y, z]. Then we compute that

W(ET) = T2 — (uz + vy + w2)T + n(z,y, 2)
where
—n(z,y, 2) = bex® + (wv — cw)zy + (uw — bv)zz + acy® + (vw — au)yz + abz?,
and moreover
Xp(§T) = p(&T)(ET) — (u'e + 0"y +w'2)T)
Xr(&T) = (& T)(ET) + (o + 'y +w'2)T).
Each of the equivalences now follow easily. O

This general characterization allows us to distinguish quaternion rings and ex-
ceptional rings as follows.
We now put the pieces together and prove Theorem A.

Proof of Theorem A. We combine Proposition 4.10, Corollary 4.4, Lemma 4.7, and
Proposition 4.9. To prove the equivalence (iv), we recall that the only free algebra
which is both a quaternion ring and an exceptional ring is commutative, so to prove
that R = R it suffices to note that Spec R C Spec Rq if and only if for every
maximal ideal m € Spec Rg we have that B ® R/m is commutative. O

We now conclude this paper by relating our notion of quaternion ring to two
common interpretations in the literature.

First, we consider Azumaya algebras. An R-algebra B is Azumaya if B is central
and R-simple (or ideal, as in Rao [18]), that is to say every two-sided ideal I of B is
of the form aB with a = I N R, or equivalently that any R-algebra homomorphism
B — B’ is either the zero map or injective. Equivalently, B is Azumaya if and
only if B/mB is a central simple algebra over the field R/m for all maximal ideals
m of R, or if the map B = B®g B° — Endg B by @ y — (2 — xzy) is an
isomorphism, where B° is the opposite algebra. (For a proof of these equivalences,
see Auslander and Goldman [1] or Milne [16, §IV.1].)

Suppose that B is an R-algebra of rank 4 with a standard involution. Then
if B is Azumaya then in particular B is a quaternion ring. A quaternion ring is
Azumaya if and only if D(B) = R, or equivalently if the twisted similarity class of
ternary quadratic modules associated to B is semiregular (i.e. D(M,1,q) = R).

Next, we consider crossed products; we compare our notion of quaternion ring
to that of Kanzaki [9, 10].

Let S be a quadratic R-algebra, let J be an S-module which is faithfully projec-
tive of rank 2 as an R-module and let h : J x J — S be a Hermitian form on J, an

S-bilinear form which satisfies h(x,y) = h(y, x) for all 2,y € J, where ~ is the stan-

dard involution on S. With this data, we define the R-algebra (kg’;’h) =S®J

with the multiplication rules xy = h(z,y) for z,y € J and zu = Tz for u € S and

x € J. In particular, we note that #2 = h(x,z) € R for all z € J. One can verify in

S, J,h
a straightforward way that (’R’) is indeed an (associative) R-algebra equipped

with a standard involution given by z — —x on J.
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Remark 4.11. If B = S & J is an R-algebra of rank 4 with a standard involution
such that S is a quadratic R-algebra and J an S-module, then it is not necessarily
true that J? C S as in the example above. Indeed, the free R-algebra B = R @®
Ri® Rj® Rij with S = R® Ri and J = Sj = Rj ® Rij subject to i2 =1, j2 = j,
and ij + ji =i+ j has j2 = j(ij) =j & S.

The S-module J is traceable if S and J give the same trace map Tr : S — R,
i.e., if the trace of the R-linear endomorphism given by (left) multiplication on S

and on J are equal. An R-algebra B which is of the form B = (S,;,h) where J

is traceable is called a crossed product.
S,J,h

Every crossed product B = ) is a quaternion ring. Indeed, by hypoth-

esis, we have Tr(z) = 2trd(z) for all z € S and Tr(z) =0 = 2trd(z) for all € J,
so B is a quaternion ring by Theorem A. This is also easy to see if J is faithfully
projective over S: then there exists u € S and x € J such that x, ux are R-linearly

independent, hence ¢p(uAx) = 1 AuAz Aux # 0, and making this argument locally
S, J,h
R

we conclude by Proposition 4.9 that B = is nowhere locally isomorphic

to an exceptional ring, and in particular B is a quaternion ring.

Proposition 4.12. A quaternion ring B is a crossed product if and only if it
corresponds (in the bijection of Theorem B) to a ternary quadratic module (M, I,q)
such that M can be written as an orthogonal direct sum M = @Q & N where Q, N
are of ranks 1,2.

Proof. We first compute the canonical exterior form ¢ corresponding to a crossed

h
product B = <S’é’) We find that the domain of ¢ is

N (B/R)= N*(S/R& J) = (S/R@r J)® \*J
and we claim that in fact the summands S/R ®p J and /\2J are orthogonal under
¢. It is enough to prove this locally, in which case we can write S = R ® Ri and
J=(R®Ri)j = Rj® Rk with i,j € Band k =1ij. Then iAj,kAi,jAkis a basis
for A*(B/R), and we compute that
PGN(k—1)—d(iNj)—d(JANE)=1AFAENIG—TAFANIAjE=0
so that ¢ A j is orthogonal to k A 7, and similarly that ¢ A j is orthogonal to j A k.
Conversely, suppose that the ternary quadratic module (M, I, q) has M = Q& N
an orthogonal direct sum. From the expression (1.10) we compute that that
R (N@N®IY)
J%(q|n)

as R-modules, where J%(g|N) is the R-module generated by elements of the form
rRr®f -1 f(q(r))

for x € N and f € IV. To verify that J is a traceable S-module and that the
multiplication map on J gives a Hermitian form h : J x J — S, it suffices to
prove this locally, whence we may assume that N = Re; & Res and Q = Res as in
Example 1.11, so that

1%

C%(M,I,q) B(NeQ)=SaJ

q(zer +yes + ze3) = q(z,y, 2) = ax? + by® + c2® + wzry
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where by orthogonality we have u = v = 0. Then in the above we have 1,k a basis
for S and 4, j a basis for J as an R-module. Thus, the multiplication laws (@) read

i2 = —pe jk = ai = —ai kj = ai +wj
f:fw ki =0bj = —bj itk = wi+ bj
k? = wk — ab ij =ck =cw—ck ji = ck.

This verifies that SJ C J, so J is an S-module, that J is traceable, and that the
multiplication map on J yields a Hermitian form on J, e.g. ik = ki and jk = kj,
and ij = ck = ck = ji. O

Remark 4.13. Wood [21, Chapter 2] has shown that there is a bijection between
similarity classes of binary quadratic modules and isomorphism classes of pairs
(S, J) where S is a quadratic R-algebra and J is a traceable S-module.

There is a natural map from binary quadratic modules to ternary quadratic
modules, where we associated to a binary quadratic module g : N — I the ternary
quadratic module ¢ ® (1) : N @ R — I where (¢ ® (1))(z,7) = q(x) + r? for
x € N and r € R. This associated ternary quadratic module then gives rise in

S,J,h
the correspondence of Theorem B to the crossed product B = ( : R’ > and the

parity factorization (A* N @ (IV)®2)®2 @ I = A* B, where (S, J) is as associated
by Wood. The Hermitian form h : J x J — S is defined locally as above with ¢ = 1.
In these associations, the similarity class of the binary quadratic module determines
that of the ternary quadratic module and correspondingly the isomorphism classes
of the traceable module as well as the quaternion ring (equipped with its specified
parity factorization).

This correspondence was worked out partially by Wood (private communication).
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