Outer Fractions in Quadratic Jordan Algebras

James Bowling
Department of Mathematics and Computer Science
Bridgewater College, Bridgewater, Virginia
jbowling@bridgewater.edu*
Kevin McCrimmon
Department of Mathematics
University of Virginia, Charlottesville, Virginia
kmm4m@virginia.edu

Abstract

Using new techniques of Zel’'manov, C. Martinez improved on work of Jacobson, McCrim-
mon, and Parvathi to give a necessary and sufficient Ore-type condition for an arbitrary linear
Jordan algebra (with no 2- or 3-torsion) to have an algebra of fractions. In this paper we extend
to quadratic algebras the concept of algebras of outer fractions with respect to an Ore monad,
and describe necessary and sufficient Ore-type conditions for the imbedding in such an algebra
of fractions. The details of the actual imbedding will appear in a subsequent paper.

In the early years of quadratic Jordan algebras it was natural to look for an Ore-like theory
of Jordan fractions. In those pre-Zel’'manov days it was still possible to hope for a non-Albert
exceptional Jordan division algebra. In 1978 Jacobson, McCrimmon, and Parvathi [6] obtained an
imbedding of a Jordan algebra J with set S of Ore denominators in an algebra Jg of outer Jordan
S-fractions, in the sense that (1) every element of S is invertible in Jg, (2) every element ¢ € Jg
is an outer S-fraction ¢ = U, a for some s € S and a € J. However, to make the product U,r be
quadratic in the variable ¢ they had to impose an unnatural extra condition.

In 2001 Consuelo Martinez [8] discovered a beautiful way to construct an algebra of fractions
Jg from a linear Jordan algebra over scalars ¢ > é by imbedding it in a Tits-Kantor-Koecher Lie
algebra via a — Ad,, constructed as a Lie algebra of germs of derivations (just as in associative ring
theory algebras of right quotients as~! are constructed as germs of right R-module homomorphisms
Lys—: sR— R).

Since the impetus came from imbedding a Jordan algebra in a division algebra, the map J — Jg
was to be injective, and hence the elements of S were injective in the sense that their U-operators
were injective. In this paper we will keep the same focus, and not discuss the more general question
of localization at an arbitrary S. Much work has been done recently by Anquela, Garcia, Gomez
Lozano, Montaner, and others [1, 4, 5] on Jordan algebras of quotients with respect to denominators
which are dense or essential ideals or inner ideals, not necessarily containing injective elements.
Much of this work makes use of the structure theory of Jordan systems, whereas the original work of
Jacobson, McCrimmon, Parvathi and Martinez gave intrinsic constructions of algebras of fractions.

The extension to quadratic Jordan algebras over arbitrary rings of scalars (for example, Jordan
rings over Z) of Martinez’s results is much more involved technically. In this paper, the first of a
two-part program, we will develop the general theory of Jordan algebras of outer fractions. We will
define what it means for an element ¢ of an over-algebra @@ D J to be an outer S-fraction from J,

*This paper consists of part of the Ph.D. dissertation of the first author. The second author has contributed the
material on generic denominators.



a fraction U 'a with numerator a € J and outer denominator s € S for a suitable denominator
set S. We discuss various possible “denominators”. One of the crucial steps in Martinez’ work [§]
is to demand that a denominator s do more than just map ¢ into J (Us¢ = a € J as in [6]), it
should annihilate ¢ mod J in the sense of the Zelmanov annihilator ({s, g, J } C J), in particular
{s,q} = {s,q,1} € J. We will use a quadratic version of the annihilator. §1 recalls the notation for
the rest of the paper, §2 introduces inner ideals of denominators. §3 discusses generic denominators.
84 discusses Ore monads S and the Ore Condition on J relative to S, and in §5 we relate this to
movability of operators, showing that the Ore condition is equivalent to a two-sided Ore condition in
the universal multiplication envelope. In §6 we show that the Ore condition (as well as an Unwelcome
Condition) must hold if an algebra of fractions is to exist. §7 derives Martinez’s lovely result that
whenever we can find a home where fractions live, the set of all fractions forms a subalgebra which
is an algebra of fractions. We expect these results to have analogues for Jordan triples and pairs,
where creation of inverses will be possible only for systems which already imbed in Jordan algebras.

1 Introduction

We begin by recalling some basic concepts for associative algebras, quadratic Jordan algebras, Lie
algebras, and Jordan pairs. Throughout the paper we will consider algebras over a fixed unital,
commutative associative ring of scalars ®. Let R be an associative ®-algebra and let S C R be
an Ore monoid, a subset of regular elements (injective elements in the sense that their right and
left multiplications are injective maps) which is closed under multiplication. An overalgebra @ 2 R
is called an algebra of right S-fractions for R if the following two conditions hold: (i) each s € §
becomes invertible in @, (ii) each ¢ € @ has the form of a right S-fraction ¢ = as~! for some
a € R,s € S. Ore found a necessary and sufficient condition on R, S (now known as the the right
Ore condition) for the existence of such an algebra of right fractions [14]: for each a € R and s € S
there exists ' € R and s’ € S such that as’ = sa’. Intuitively, this says that every “left S-fraction”
can be rewritten as a right S-fraction, s~ 'a = a’s’ "'

A unital quadratic Jordan algebra J = (J,U, 1) over an arbitrary ring of scalars ®, is a ®-module
J containing a distinguished element 1, and having a quadratic map U : J — Endg(J) such that

QI U, =1d, (QI2)U,Vyo=VooyUs=Up,yz (QI3) Uy,y =UU,U,

hold strictly in the sense that they continue to hold in all scalar extensions, equivalently, if all
their linearizations hold in J. Here U, . := U,1,. — U, — U, is the linearization of the U-operator,
and V, 4(2) == {x,y,2} := U, .(y). A quadratic Jordan algebra is just a subspace J = (J,U,?)
of some unital quadratic Jordan algebra, closed under the U-operator and squaring 22 = U,l,
equivalently, the free unital hull J := ®1 & J becomes a unital quadratic Jordan algebra under
Ustez(B1®y) = a?B @ (a®y + 2afz + ofz,y} + B2 + Uyy) where Voy := {z,y} := U, 41 denotes
the linearization of the square. The operator V, , = V.V, — U, , is generated by the U- and V-
operators U,, V,. Unless otherwise stated, we will deal with non-unital quadratic Jordan algebras, but
we will always make use of the unital hull. The linear map U, : y — U,y is outer multiplication
by z, and is a quadratic function of x; turning this on its head, the quadratic map N, : y — Uy is
inner multiplication by x, and is a linear function of x. Outer and inner multiplications play the
role in Jordan theory that left and right multiplications do in associative theory. The archetypal
example of a Jordan algebra is AT for an associative algebra, with U,y = zyz, V2 = {z,y,2} =
ryz + zyx, ¥2 = xw, Voy = {x,y} = zy + yx; an algebra is special if it can be imbedded in an
algebra AT.

We will use [9] as reference for all formulas (especially the Fundamental Formulas FF on p. 202);
remember that for a Jordan operator identity in two variables it suffices by Macdonald’s Principle
[9, p. 466] to verify it in associative algebras. The following are used frequently enough in the paper
for us to display them:



(]-]-]-) V:r,yUz + Usz,a: = U{Ly,z},za [Vz,ya Vz,wl = V{z,y,z},w - Vz,{y,z,w}a
(1.1.2) Vu,y = Vz,{y,m} — Vi, Viz = Vi o, V{x,y} =Vey+Vyz,
(1.1.3)  Ugayy — {Us, Uy} = Vo Vo — Viroye = VaUy Vi — Unry

(114)  Ugyyey = UbUyUs = UsUyUs — Uprtry 2z + Uggay 2 Voo — UV 11y,
(115) Vx,Uy;E = VUzy,ya Vm,Uyz = V{z,y,z},y - Vz7ny = Vw,sz,y Uw,zUya
(116) VUyz,x = Vy,{zty,x} - VUy;z,z = Vy,sz,x - UyUz,xa

(117) Uny,z = Uz,zvy,z - ‘/z,yUz = Vx,yUx - Ux%,za

(1.1.8)  Unestr,y = BawyUs = UsBays (Bawy = 021+ aVy, + UsU,),
(119) UxBoc,y,UIz = Ba,UIy,zUz> UwaiUIz = VUzy,zUav

For a subalgebra K C J, the unital multiplication algebra of K on J is denoted by M(K|J); it
is generated over ® by the identity operator 1 and all operators of the form V,, U, for a € K; when
K = J we get the full multiplication algebra M(J). The universal gadget for multiplications is the

universal multiplication envelope UME(J) [12, 10] generated by 1 and all Va,Uq for a e J

if K is a subalgebra of J, we denote by UME(K|J) the subalgebra generated by 1 and all Va,Ua
for a € K. We will consistently use =~ to denote generic multiplication operators. The universal
multiplication envelope satisfies all Jordan operator identities, in particular, (QJ1-3) and (1.1.1-9).
In UME(K|J) we have

(1.2) Ve & Vi, Vk.Vir) SV, V slN/j,Usj-

S

v, 5,7Us =

since for z,w € I all of [by (1.1.2)] IZ/UZU, = \z/zy{w,z} — \z/zz,w, \%/22 = \Z/Z)Z, \z/{zyw} = X%/Z)w + \z/w,z, [by
(11)] [Var Vo] = Viwsyw — Ve fow) lie in F/KK, by (1.1.9)] Vi.s40s = UsVau.g-

Whenever J C Q (for example when Q J is the unital hull), we have a natural epimorphism
UME(T) — M(J|Q) sending 1 Vs Ua,Va y — 1 Va,Ua,Va » € End(Q). In particular, QQ becomes
a left U ME(J)-module, and we can form M( ) for any Me UME(J) and any q € Q.

A crucial feature of the univerbal envelope is the universal reversal involution M — M* deter-
mined on the generators by Va, Ua, Va b — Va,Udg, Vb o~ This provides duality among Jordan operator
identities: if M vanishes identically in all Jordan algebras so does its dual M* . [Caution: this does

not induce an involution on each M(J|Q): we can have M — W =0 but M* — W* £ 0. ]

2 Denominators
We begin by describing various denominators for fractions. Throughout this section, let K C J C @
be a subalgebra of a quadratic Jordan algebra which is in turn a subalgebra of @, with x € K, q € Q.

Denominator Definition 2.1 A K-prenominator (= pre-denominator) for q € Q is an element
r € K whose V and U operators push q into K,

(Prenl) V,q€ K, (Pren2) U,q € K.

The set of K -prenominators for g will be denoted by Preng(q). Note that U-operator pushing holds
automatically when q € J by innerness of K.
An element x € K will be called o K-denominator for q if
(D1) UwqekK, (DS2) UUKCK, (D3) {x,¢K}CK,
(1) UmxeK, (DS2) UUKCK, (D3) {¢z, K}CK.

An element x € K will be called a strong K-denominator for q if

(SD1) U,g€UxK, (SD2) U, UK CUkK, (SD3) {,¢,K}CUKK,
(SD1) U,z eUxK, (SD2) U, UK CUxK, (SD3) {qz K}CUKK.
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The set of K-denominators and strong denominators for q will be denoted by Deng(q), SDengk(q)
respectively.

More generally, let L <1 K be an ideal of K, and LDenk(q) denote the L, K-denominators for
q, the elements x € K which satisfy the product conditions

(LD1) UpqeL, (LD2) UUKCL, (LD3) {x,q,K}CL,
(LD1) Uz €L, (LD2) UU.KCL, (LD3) {qz,K}CL.

where (LD3) implies the analogue of (Prenl),
(LDO) {z,q} € L.

LDenk(q) is just the quadratic Zelmanov annihilator Zanng,1,(q) of ¢ from K into L. Here L = K
corresponds to ordinary K-denominators (D), L = UKIA( corresponds to strong K-denominators
(SD). |

We remark that (LD3) <= (LD3)’, and in the presence of either of these (LD2) < (LD2)".
Indeed, (3) < (3)’ since {q¢,z, [?} + {=, q,IA(} = {{q,2},K} C {L,K} C L by (1.1.2) since both
(3) and (3) imply {q,z} = {¢,z,1} = {x ¢, 1} fall in L. When these hold, (2) <= (2)’ because by
(1.1.3) we have (U U, +U,Uy— U{I7Q}) ( Vu, U, 14+ Ve qVq x) ( VU Uyl -l-Vq,xVx,q)f? where
{z,q} € L by (0)); UU,1 € UU,K or UU,1 € UU,K falls in L [by (2) or (2)']); VaoVyeK +
VqTVTqIA( C L [by (3),(3)']. Thus a plain, strong, or L-denominator needs only to satisfy 4 conditions
(1), (1), (2), (3), not all 6.

At times we will need to find more and stronger denominators. The following result shows how
to get more denominators of the same kind.

Innerness Lemma 2.2 For any ideal L in the subalgebra K, the demominators LDenk(q) =
Zanng,(q) always form an inner ideal in K (not of J!).

PROOF: It is well known that the Zelmanov Annhilator produces inner ideals in contexts where
annihilation is modulo an ideal (the original archetype being the case L = 0). We first must show
that LDengk (q) is a linear subspace of K. Consider z,y € LDenk(q); clearly ax € LDeng(q) for
a € . We claim that  + y € LDenk(q) because it satisfies (LD1), (LD1)’, (LD2), (LD3). For
(LD1) we have Uy4y(q) = Uyq+Uyq+U, y(q) € L+ L+{z,q, K} C L [by (LD1) for z,y and (LD3)
for z]. For (LD1)" we have Uy(z +y) = Uyz + Uyy € K [by (LDl) for x,y]. For (LD2) we see from
(1.1.5) that Uzﬂ,UqI? = Uz,quI?—k U, U, K+ U,U, K= VaqVy, qK Veu yK—i— U, U, K+ U,U, K,
where all 4 terms fall in L: (1) VquVyqu/(\' C V,¢K C L [by (LD3) for y,z], (2) Vz’quK C VK’LK
[by (LD1) for y] C L [by L <1 K|, (3,4) U,U,K + U,U,K C L [by (LD2) for z,y]. For (LD3) we
have {z —&—y,q,f(} = {x,q,[?}—i—{y,q,l?} C L+ L C L [by (LD3) for x,y]. Thus x+y € LDenk(q)
as desired, and LDeng (q) is indeed a linear subspace.

To show innerness of LDeng(q) in K, we will show that y := Uya € LDeng(q) for any x €
LDeng(q),a € K by showing that it satisfies (LD1), (LD1)’, (LD2), (LD3). It lies in the subalgebra
K by UgK C K. It satisfies (LD1) since Uy(q) = UzUq(Uzq) € L [because Uyq € L by (LD1) and
z € K,a € K]. Tt satisfies (LD1)’ since Uy =U,Uza € L [by (LD2) for z]. Tt satisfies (LD2) since
U,U, K = U,U,U, (U, K) C UU,L [by (LD?) for a:] C L [by z,a € K]. It satisfies (LD3) since from
(1.1.6) {y,q, K} = Vi, aqK V. {qma}K VUanK C L [because z,a € K and {q,z,a},Uyq € L
by (LD3)’, (LD1) for z]. [ ]

It seems quite difficult to produce denominator inner ideals in J when K itself is inner. Notice
that in all these definitions, an element will remain a denominator or prenominator for any larger
subalgebra K’ D K. The following result shows how denominators can be made stronger by powers
instead of steroids.
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Strengthening Lemma 2.3 (I) If x € K is a K-prenominator for ¢ € Q, then x* will be a
K -denominator in Deng/(q).

() If # € K is a K-denominator for ¢ € Q, then z* will be a strong K-denominator in
SDeng(q).

Proor:  (I) We must show that 2* € Deng/(q) by showing that it satisfies conditions (D1),
(D1), (D2), (D3). Using z,{z,q},Uzq € K repeatedly, we compute (D1): U,iq = U,s(U,q) €
Uys(K) C K; (D1): Uga* = (Upq)? — {{=,q}, 2, Urq} + Uy g32® [by Macdonald’s Theorem] € K;
(D3): {z%,q, K} = {25, {2, ¢}, I?} — {22,U,q, K} [by Macdonald] C K; (D2): taking the identity

Up2Uyz = (Ugaz,qy — UgUs2 + 200, = Vi {20} Vizaay.e + V0o (w.a))? + Ula?,q),.0.4) %

[by Macdonald] for z € K gives U,2Uyz € K —UyU,2z [noting {22, ¢} = {z,{x,q}} —2U,q € K], so
multiplying by U, gives UpaUyz € Ug K — Uy (Uy,¢)Uzz C Uk K — UK(UK)UKIA( CUkKK.

(IT) We are given that # € K satisfies (D1)-(D3)" and we must show that z3 satisfies (SD1),
(SD1)’, (SD2), (SD3). We again compute (SD1): U,sq = U,U,(U,q) € UxUxK C ULK; (SD1)":
Uy = -U,Uyz — VU, U, 1+ U{w)qla: [by Macdonalc/i\] € —UgK — {K,K}j— UK [by (D1), (D2),
(D3) for 2] C UxK; (SD2): UpsU,K = U,Uy(UU,K) C UgUgK C UgK [by (D2) for «]; (SD3):
{a%,¢, K} = {w,{w,2,q}, K} = {Upq, 7, K} C {K, K, K} [by (D3)', (D1) for 2] C Ux K +{K, K} C
UK. |

3 Generic Denominators

In this section we discuss the “ultimate” K-denominators for principal inner ideals K = I, which
remain denominators for ¢ in any larger algebra Q O Q). We speak of s-denominators instead of
I;-denominators, denoting Preny, and Denj, simply by Prens and Dens.

Genominator Definition 3.1 Ifq € Q 2 J, then an element x € I is called an s-genominator
(= generic denominator) if it generically pushes multiplications by q into s-multiplications,

(G1) Upq=Usw €1, (Gl1) Ugx=Umwycl,, (G1)" U,U.q

(G2) Vaq=S€Vr ., (G3) UslUg=UNoUs, (G4) U,Vg=0,M,U,

for some elements wy,ws, w3 € J and generic multiplications 57]\70’7\}0 € UME(J|Q). Any s-
genominator x is automatically a prenominator,

(GO) {=z,q} = V;wi = Uswo, {z,q,s} = Vy 45 =Usvy € VI:,ISj; C I,.

Due to the reversal involution and the strong assumption of two-sided factors s in (G1-4), these
relations automatically imply dually that the genominator absorbs multiplications by q into multipli-
cations by I,

(GO {g, 2,5} = Ustfy, (G2)" Vgo=5" €V, (G3)" Ugly = UNUs, (G4 VU, = U MU

We denote the s-genominators of g by Geng(q). |

Hull Genominator Proposition 3.2 If z € I is an s-genominator for a € J, it is also an
s-genominator for every 4 :=al+a € Q =J.

Proor: The 6 genominator conditions hold for z,a in f = UME(J|T): (G1) Uy(ad +a) €
Ur,J C I, [by innerness]; (G1)' U,z = o’z + ofz,a} + Usz € I, [by z € I, (G0),(G1)’ for



,al; (G1)" U,i, Use = 02U + aVoUsl + UaUsd € Iy + QU MU i
G4)",(G3)" for @,a] € I + UsJ = I; (G2) ﬁmm = aVy + Voo C V7, [by @ € I, (G2) for
.a; (G3) Eﬁam =« Uz + aUIVa + U,Uq € UiU, [by @ € UgJ, (G4), (G3) for z,a]; (G4)

=200, + UaVa € UUU, [by (QJ3) and x € Iy = Uy J, (G4) for z,al. [ ]

+ U, ]?f U, [by (G1) above,

Unlike the denominators previously discussed, these genominators do not seem to form an inner
ideal: they are closed under scaling and principal inner multiplication, but not under addition.

Genominator Innerness 3.3 The s-genominators are closed under principal inner multiplication
by I : ~
x € Gens(q) = Ky 1, = Pz + U,I; C Gens(q).

PROOF: We must show that for I := I; and any @ = Usb € Geng(q), « € @, a € f, the element
y = ax + U,a satisfies the G-conditions. Thib y still lies in the inner ideal I. It satisfies (G1) since
Uy(q) = Ba.z.aUzq [by (1.1.8)] = (1 + avw a+ U,;Ua) [by (G1) for o] C I+ V, 7l +U;J CI. It
satisfies (G1)’ since Uyy = aUgx + U,Uza € I+ Uy J C I [by (G1), (G3)* for z]. It satisfies (G1)”
since U,Uyq = o?U,Urq+aU,Us 1,09+ Uqy(UrUaUy)q € OZQI+OZ(Uqu){j\, z,q}+(UUr ) Uz (Uzq) [by
(Gl)” for x] C I [by (G3) (G2)*, (G1) for z]. It satisfies (G2) since we have I%/y,q = a\z/m,q—l—\%/UImq =

W + Va (g0} = VU,gua by (116)] € aVp, + 7 P Via [by (G2),(G2)*,(G1) for & € I]
’ I, 71(a

c ﬁf,l [by a € I]. It satisfies (G3) since Ey?/q = Ea’m’&ﬁﬁq [by (1.1.8)] = 73 baﬁsﬁgs [by

(G3) for 2] = Ug(Bap,u.a M)Us [by (1.1.9)]. Similarly, it satisfies (G4) since UyVy = Ba,z,a UsVg =

U, (Emb,Usfz E)(zjs [by (G4) for x]. n

It will be important that prenominators become genominators by empowerment.

Generic Strengthening Lemma 3.4 If x € Preng(q) is an s-prenominator for ¢ € Q, then
™ € Gens(q) is an s-genominator for q for all n > 4.

PrROOF: For I = I, as usual (still allowing s = 1,7 = J), we will show that the 6 G-conditions
needed for an s-genominator are satisfied by sufficiently high powers of a prenominator x satis-
fying only {x,q},U,q € I as in (Prenl-2). In the proofs we make constant use of Macdonald’s
Principle to create operator-identities in 4 = UME(J|Q) involving only = and g. Clearly any z™
lies in I, and for (G1) Uzng = Upn-1(Uyq) € I for n > 1. For (G1)/, U™ € I forn > 4
because then Uyz" = Ugy 2" 2 + Uy,qz™* — {{z,q}, 2" 3, Usq} € Uil — {I,1,1} C I. Sim-
ilarly, for (G1)"” UgyUgzng € I for n > 4 because UUpnq = Ugg a3 Upn—2Uzq — Uy, qUpn-3Urq —
{{q,2%},Upn—s /24, Urq} + {Us UUqu”_‘l, =4 U,q} [with {q,2%} = {z,{x, q}} — 2qu € I] For
(G2), Vyny € V ; forn > 2 by Van @ = Vxn 1 fzqy — Van—2.u, @ For (G3), anUq €U, Z/{Us for
n > 4 by ﬁwn(}q = an—lU{m,q} + an72UU1,q + an—s (szﬁ(Uqu + VUI(Uzq),qu — Vﬁ,{m,q}vz,Uwq) S
UsUUs + (7‘917‘][78(?/171 +VigVr, 1) [since then x,2” 1, "2 gn3 {:1: q}, qu € I = U,J where
Ur C U040, by (QI3)] C U, U( + VIJ + VI VI J)Us [Slnce U VJI c VI Us by (1.1.9) with

x — s]. Similarly, for (G4) Umnvq € UUU, for n > 2 since Uman = Uyn- zU‘/,C(U{:,%q}’gC —VUs)

Q

by (11.1)] = Ugn2(UsU1s gy — Utrogaz) [by (QI3)] € Ur(UrU11 — Ur,r) C UU, [by (QJI3) for
I=U,J]. [ |



Martinez’s work with linear Jordan algebras uses prenominators (Pren), which we may think of
as linear denominators; for the quadratic case (as with the case of Zel’'manov annihilators), it is
important to have the full strength of the axioms (G), and the Generic Strengthening Lemma shows
that without loss of generality we may adopt the generic quadratic denominators (G) as the basic
concept.

4 Ore Monads and Denominators

Since our denominators s are destined to become invertible in @, they certainly must be injective
on J to begin with (in the sense that their U-operators are injective transformations). In order to
be able to add fractions we need to be able to find common denominators, which leads us to the
concept of an Ore monad.

Ore Monad Definition 4.1 (1) A Jordan monad of a quadratic Jordan algebra J is a nonempty
subset S of injective elements of J closed under products,

(4.1.1) s,teS = 2,UteS (ie,USCS forS:=8uU{i}).
(2) An Ore monad of J is a Jordan monad S with the Common Inner Multiple Property
(CIMP):

(4.1.2) s, t €S = Ug(S)NU(S) # 0.
The set Inng(J) := {K < J | KNS # 0} of S-inner ideals, those which contain an element of

S, form a downward-directed family of inner ideals. Since s € KNS & [ C Ks C I, CJg C
K, C K, the principal inner ideals I or J, or K, form cofinal subsets of Inng(J).

Throughout this section, let s be a fixed element in an Ore monoid S generating a principal inner
ideal in a quadratic Jordan algebra J, and ¢ an element of a larger algebra @ :

I1:=1,=U,J<JCQ>q.

We allow s = 1 € S to be an honorary member of S, in which case I is just J. We will be mostly
interested in genominators which fall in the Ore monad S. When s = 1 we write Gen J(q) in place
of Gen;(q), and call the elements J-genominators. A genominator for a € J is also a genominator
for every & € ®1 + a in the unital hull.

Ore Condition 4.2 J is said to satisfy the Ore condition with respect to an Ore monad S if for
all s € S,a € J there exists s' € U,S such that

(4.2.1) {s',a} € I.

Since automatically Usra € Ur.a C I, s is an s-prenominator for a according to definition 2.1
(Pren). Thus the Ore condition is equivalent to

(4.2.2) s€ S,aeJ= 3 € UsSN Preny(a),

and hence by Generic Strengthening 3.4 to
(4.2.3) s€S,aeJ= 35" € UsS N Geng(a).

The CIMP allows us to choose our denominators from any principal inner ideal we wish.

Choice Corollary 4.3 If g € Q D J has an s-prenominator s’ in an Ore monad S C J, then any
element in UgsSNU, SN---NUs, S for si,...,8, € S will be an s-genominator for q lying in each
Us,S C I,. If §' is already an s-genominator, we may replace s’ by s'%.
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PROOF: If ¢ has an s-prenominator s’ it has s-genominator s” := s'* € SN Geng(q) by Generic
Strengthening 3.4. Any element of Uys SNUg, SN---NUg,, S # (0 [by the CIMP] will lie in Uga (Uy S) C
Uga(Is) C Geng(q) [by Genominator Innerness 3.3] and again be an s-denominator for ¢. If s is
already an s-genominator then already Uy,2SNUs, SN - NU, S C Ug (UgrS) C U I C Geng(q).
[Note that 3.3 does not guarantee U, S falls in Gens(q), only that Us» (I N.S) does.] ]

The Ore condition is an intrinsic condition relating J and S, but it has far-reaching consequences
for denominators of elements outside J.

Genominator Inheritance 4.4 If g € Q 2 J has a J-prenominator in an Ore monad S C J, and
J satisfies the Ore condition relative to S, then q has s-genominators in UsS for each s € S.

PrOOF: Fix an arbitrary s € S, and set I := I, = U,J. By Choice Corollary 4.3 for s = 1, g has a
J-denominator so = Ust € UsSNGeny(q) C I. Then ay := {s9, ¢}, as := Us,q, a3 := {so, a1} liein J,
and by the Ore condition a3 has an s-genominator s3. We claim that s’ := U2 53 is an s-prenominator
for ¢. Tt certainly lies in Uy, S = UUU,S C U,S and by (QJ3) Ugq = U2 Us,Us,(Usoq) =
USQUUSSUSO(LLQ) € UgJ. As always, the crux is the V-operator: Vo g = V,Us, (Us,s3) = (U{q750},30 -
Uso%)(USos3) [by (1'1'1)] = Ual,so U8083 - USO({q’ U8033}) € (Uv{a],so},s?J - USan17SO)S3 - USO‘] [by
linearized (QJ3) and Us,s3 € Ugen, (q)J € Geny(q) by Genominator Innerness 3.3] C {as, s3, s2} —
Uso{ar, 83,80} — Usod C V7 I —UrJ C 1 [by 3.1 (G2)* for s3 as an s-genominator for as]. By the
Generic Strengthening Lemma 3.4, once ¢ has an s-prenominator s’ € U,S it has an s-genominator
s e U,S. [ ]

The Ore condition implies that g will have a J-genominator as soon as it is an outer S-fraction,
= U;Olno (i.e., some Us,q € J): though the other prenominator condition {sg,q} € J may not
hold for sg, the Ore condition inside J guarantees that there is another s € S with ¢ = U 'n where

{s,q} = {n,s7 '} e J.

Archetypal Example 4.5 Suppose g = US_Olno € Q 2 J for so,ng € J with sg invertible in Q,
and suppose further that ng has an invertible so-genominator tog € I,,. Then we have an alternate
formulation ¢ = U, 1n of the element q, where s := Ug,tq is a J-genominator for ¢ which dominates
the numerator n = Us,U,ng as in (1.4)(G1-4) in Q :

{g, s} = wo, Usq—n Uy g5 =W UUsqg =

ws,
(4.5.1) Vsq=25, UsU Ve —V

for some wqy, wo, w3 € J, S, 1\%/[, Ne UME(J|Q). Moreover, these relations imply that the element n
is also a genominator for q,

{qan} {w275}a nq = Usws, U n = ws, U Unq Uw2n7

4.5.2 ~ ~
( ) Vg = Vs,wy Uan = USUw2 = N2, Uan = NM, Ups~' = Ugws.

In addition we have the structural relations

>
qzz
2

2a S

(4.5.3)

22

I

*
sz I

T
We say that q is an Ore fraction if it can be written ¢ = U7 'n for s € S,n € J satisfying (4.5.1).

PrOOF: By definition 3.1 of so-genominator, in J and of := UME(J|Q) we have



(4.5.4) Unoto = Usywa2, UnoUtyno = Usyws, {no,tmso} = Usvp, {no,UtonmSo} = Us,v2,

5. Vioto €VE 15 UnoUty = UsgNoUsys  VingUta = UsgMoUs,
for some ﬁo,ﬁo c Zj, noting that by (1.1.5) {ng, Um0, S0} = {Ungto, to, S0} = {Usywa,to, S0} =
USOUQQ for Vo 1= {wg,So,to}.

For (1), since s; * exists in Q, we know that Uy, is generically invertible in U ME(Q). To establish
(G1-4) for s, 1 replacing x, s in 3.1, we compute (G1): Usq = UsoUsoUsy (U, o) = UsyUryno =n € J
[by deﬁnltlon] (G1)": Ugs = UsolUnoUs0 (Usoto) = U (Unyto) = U (Usyws) [by (4)] = wy € J;
(G : UgUsq = U Uny Uy Uy Uy Usi)a = Uy, (UnOUtOno) = U (Usyws) [by (4)] = ws € J;
(G2): Vs,q = \N/Usotmq = VUsOq to + Vg07{q7g0 to} = Vno to + VS0 v [from (1.1.6), cancelling U,
from U, {q, so,to} = {Us,q,to,50} = {no,to,s0} = Us,vo by (4)] =: S € VJ“]; [lhence (GO):
{s,q} = Vi u1 = S(1) = —{no, to} + jtso,vo = mg € J); (G3): U, U, = ([NJSOINJtOZNJSO)(ZNJSO l~]n0(7551) =

(V]

~—1 ~ ~ R ~—1 ~~ N R ~ o~
USO(UtOUnO)USO = USO(USONOUSO)USO = U, N, [by (4)] =@ N € U1uUy; and finally (G4): UV, =

VeqVs — Vg [by (1.1.6) with 2 = 1] = 5V, —
in (1).
For domination of n by s as in (1.4), we have U,, = (7sl7q(75 = NU, (hence also = U,N*), and

Q

n =: M € U;UU;. Thus q has J-genominator s as

<ZZ

lz]ms = (zJUSw = 537(158 = g(i (hence also = 585) Therefore K, ,, is an inner ideal.

For (2) for n, we note that s is invertible in @ since g, tg are with U; 'n = (U, Uy, Us, ) " Us, Uiy no
U lno = ¢, and compute directly from (1) using (QJ3) that U,s™! = U;U; U, U ts = UUys =
Uu)27 {g,n} = {U;'n,n} = {s71,U,s71} [by (1.1.5)] = {s 1, Uswa} = {wa,s}, Umn =
UUq—wg,7 Uq:UUUq:Uwg, UUq—UUUUq-UUan—UU,Qn

quz
X <
Sz

= VU 1ot [by (115) again] = Vi, st = Ve, UnlUyq = UsUgUslUy = N* =

w2 Uan = (Uqu)(Uqu) NM.

From (2) we derive (3), l?Usw2 = U,U, U, = NU, = NUsN* and dually, UU wy = UUWq =
BTy = (Krﬁs)ﬁq(&sﬁ*) = N0, BuuR = (0,0.00)0.00) = Du,0.q = Duy and dually
while for p = U;'a € Q we have SU, = \N/S,qﬁS = 5U5q,s = 1771,3 and dually, therefore SUaS +
NUq + UgN* = Us = Usx = SUUpUsS" + NUUpUs 4+ UsUpUsN* — U~ — U =
) aN Na i NS(Z) 3 Sa)f B sYp S~ sUpUs s 3(U.p) N (Uap)Uap
Un.sUpUn.s + UnUpUs + UsUpUn, — Uy, .p — Ut p..p = 0 by linearized (QJ3). |

The above example shows it is important to choose the right denominator and numerator for an
outer fraction ¢: the original ¢ = Ug, 1ng has degree —2 in s, whereas U; 'n has degree —1 in s since

n “contains an s”. If J C H(Q,*) is special n ~ sw = w*s and ¢ ~ ws~* = s~ lw* is a standard

“associative fraction” of degree —1 in s. Here N(a) = waw*, N*(a) = w*aw, S(a) = wa + aw*, n =
sw = w's, wy = W+ w, wy & wsw*, wy & wow* = wws. In fact, wy € J shows w “contains
s1/27 so n &~ sw “contains s*/2. Indeed, we can choose denominators s so that n contains s2~1/*
arbitrarily close to s2!! The reason is easily seen by considering J = ®[t], Q = ®(t), g =t ! =U;'n
for s = tF, n = 12k=1 = (k(2=1/k) — g2=1/k

5 Moving Multiplications
In a direct construction [6] of an algebra of fractions, a crucial step is to show that any element

WU a for W € M(J|Q) can be rewritten as an outer S-fraction U ,1 ', and in fact of the form
U, 1W’a independently of a: for every W, s we can find W' € M(J), s’ € S with WUt = U, 'W'.
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Thus we move W to the right past U; . This may be formulated without inverses as Uy W = W'Uj,
where a pile of s’s attack W from the left and manage to move a single U, to the right across
W. It turns out that left-movability WU, = U,W’ is even more important. This movability
will hold wniversally on all Q@ O J (equivalently, on all J-bimodules M) if it holds in the universal
multiplication envelope UME(J). The concept of movability is strictly internal to J, making no
reference to any extension Q.

Movable Definition 5.1 An ordinary multiplication W € M(J) is left-s-movable with left-s-
mover s € UyS if there exists W' € M(J) such that WUy = UW'. A universal multiplication

~ =~/
M € UME(J) is left-s-movable with left-s-mover s’ € U,S if there exist M € UME(J) such
that

(5.1.1)

Uy = UM, (hence also UgM* = M™*U,).

Szz

~ !
A universal multiplication M is s-movable with s-mover s’ € UgS if there exist M € UME(J)
and w' € J such that

(5.1.2) MUy = UM U, M(s'") = Usw' (hence also U M* = (1]\7'*&).

Q

Notice that if both M oa d M* are s-movable (in particular, if all M are movable), then we have

right-movability Ug M = U M"Us for M = M,

We say that W € M(J) is left-S-movable if it is left-s-movable for each s € S, and M€
UME(JT) is S-movable if it is s-movable for each s € S.

In fact, any left-mover s’ € U;S can be turned into a mover,
(5.1.3) if M has left-s-movers’ € U,S, it has s-mover any s € Uy S,

(M'U;Uy) = UsM"Us, and M(s") = (MU)E =

=2
<

because s’ = Uyt has MU =
(U M)E = Uy (w").

[73/ ﬁfﬁs’ =

In fact, left S-movability of V-operators is the crucial condition, implying movability of all
multiplication operators.

Ore Equivalence Theorem 5.2 The following are equivalent for an Ore monad S in a quadratic

Jordan algebra J and any algebra Q O J :
(i) Each M€ UME(T) is S-movabdle in UME(J).
i) Each Me UME(JT) is left S-movable in UME(J)).
i1i) For each a € J, Uq and V4 are S-movable in UME(T).
iv) For each a € J, Vg is left S-movable in M(J).
v) Fach a € J has an s-prenominator in UsS for each s € S.
vi) Fach a € J has an s-genominator in UsS for each s € S.

(i
(
(
(
(
(

By (v), these are equivalent ways of saying that J satisfies the Ore condition (4.2.2-3) with respect
to S.

PRrOOF: Clearly (i) = (if), (iii) and both (ii) and (iii) = (iv) since if V,Uy = U W' inUME(J)
then under the canonical homomorphism UME(J) —— M(J) we have V,Uy = Uym(W') = UW".
(iv) = (v): For a € J, s € S we know by (iv) that V, is left s-movable using some s’ € U,S:
Vo,Uy = U, W'. Then s” = Uys € UgS has Vyra = Vs = V,Ugs = UW's € I,,. Since Ugna € I
trivially, this gives (v).
(v) <> (vi) follows by (4.1.2-3) from Generic Strengthening. Now that we have followed impli-
cations down the tower, we turn around and go back up.
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(vi) = (4i1): For a € J, s € S by (vi) there exists an s-denominator s’ = Ut € UsS such that
{s a} = U b, Uys' = U .C for b,c € J. Then the V- operator is unlversally 8- left- movable by s’ since

VoUg = U{S b UgVa [by (L11) with y = 1] = Uppu.t — UyiVae = US (Ub tUs — UtUSVa) [by
(QJ3)} = UsVa7 while the U- operator is umversally left-s-movable since UaUs/ = U{S ay T U, s s —
o — VaUS/Va [by (1.1.3)] = US (UbUS + UC tUS - UtUSUa v Va) [by linearized (QJ3) and above]
=: U U But then 2 = Uy 1 € Uy S is a s-mover by (5.1.3). This holds for any s € S, so \z/a and
17 are S-movable.

(791) = (i): Let W C u = UME(J) denote the set of all “multiplications” (elements in the
associative algebra UME(J)) which are S-movable, which by (5.1.3) is equivalent to being just left-

i

Q

s-movable for each s. We will show that W Is a umtal subalgebra of 21: for any M 1, M2 € W any

a € &, and any s € S, we must show 1 M1 + MQ aMl M1 M5 are left-s-movable. Now Ml,MQ are
left-s- movable using movers s, so € S, and since S is an Ore monad, we can find a common mover

s12 € Us, SNU,, S # 0 [1\%/11‘5512 = 58]\72] by (5.1.3). (1) 1 is trivially left-s-movable by s. (2) The sum
M+ Ms is left-s-movable using s since (]\71 +A72)5g12 = 1\715912+1\72F]312 =T, (]\7’ +A7§) (3) The
scalar multiple aMy is left-s-movable using s;: (onl)Us1 = ozUle = US (aMl) (4) The product
M1M2 is left-s-movable since M1 is left-s-movable using s; and since M2 is S- movable it is also
sp-movable using some s1; € Uy S [Maly,, = USIMQ] (MlMg)US11 = M1 (U, M) = U, (M M2)

Together these facts give us that W is a subalgebra of u containing the identity and all the generators
Ua,Va by condition (ii7), so it must be all of & as in (7). [ |

Ore Remark 5.3 An associative algebra A has the right-Ore condition for a monad S if for all
a€ A, s €S wehave aSNsA # 0, equivalently a is left-s-movable (we can move an s to the left over
a): 3s' € S,a’ € A5 as' = sa’ (so s~ta can become a right fraction a’s'~'). Professor Dorfmeister

has pointed out that the Jordan Ore condition holds with respect to S in J iff the right Ore condition
holds with respect to S := Ug in A :=1U : for each a = M, 5 = Uy there is a' = M', 5" = Uy with
as' =754 . However, it is not known whether the Uy € S are universally injective in A: does UM =0

imply M =07 What can one say about the universal M that are killed on the left by Ug It is also
unknown whether there can be nonzero W € M(J) with W(UgJ) = 0. How is the associative Ore

quotient algebra Q (z) related to the universal multiplication envelope UME(Qs(J)) of a Jordan
algebra of outer S fmctzons Qs(J)? |

While we are on the subject of moving, let us observe two consequences for later use.

Movement Consequences 5.4 Let s € S, x,z’,y € J be such that {y,t,Usx} = Usz, {y,t,Usa'} =

Uz’ for some &,2' € J, and such that Ey, 5%3 are left s-movable with left movert e S :

:zz
=

Us

5,5 = By oBi = Doty
for linear operators 1\7 ]\7 eUME(T). Then
(5.4.1) (Faaars — Goalnal )i — Formratiar)Fe = 0

where W, i= V.12 — VU.Uy.e (analogously for Wi ), and
(5.4.2) (Vev.aMy + MiVy,e0 — Mi Vs +UVy:)Us = 0.

If s becomes invertible in some Q 2 J, then these operators in parentheses vanish on Q (not just

UsQ).
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PRrROOF: (1) Start by observing that if we introduce abbreviations a := Usx, b := Uya and dually
a = Uy, b := Usd, then

since (GU‘qt,i - VUSUty,m)ﬁs = ﬁs (Gt,U,;i - ‘N/U,,y.,st) [by (119)] = ﬁs (vt,{y,t,Usz} — VU, U

hypothesis on &] = Eslz/Uta,y [by linearized (1.1.5)], and dually for 2’. Then we use ]\z/[;jlzjs =
and compute

- aUUSta:,WyUS:v’)Us
=U, (Xw/b,yvb/,y — ﬁUtst,UtUsa:’ay — \N/b7USWya/) [by above, (QJ3) twice]

which vanishes by (1.1.5) with z — b,z — V.

(2) Here from MZ(NIS = ﬁtﬁy,ﬂz,xﬁs = lNJtKNJ%S we have

(Vev,aMy + MiVy,io — M Ve +UiVy:)Us

= \z/t)Usz;tﬁy + J\?fos\g}t,ysm — A?jylzfs\%/ms + 5;/%@55 [by * on hypothesis, (1.1.9), (QJ2)]
= Et (Xz/USmFJy + lzfy;t,st — ESW{N}@’S + Xi'yxli) [by (1.1.9), * on hypotheses twice]
= Ui (Ugtsatyyy — UsigVirs + VyalUs) by (1.1.1)]
= l?t (l?Umy — Es,y\z/a;,s + l%/ymf/s) [by hypothesis on Z]
which vanishes by (1.1.9). |

6 Algebras of Outer Fractions

Outer Fraction Definition 6.1 We say that a quadratic Jordan algebra @ 2 J is an algebra of
outer S-fractions of J for an Ore monad S C J if

(OFI)  Ewvery s € S is invertible in Q,
(OFII) Ewvery q € Q has a J-prenominator s € S : {s,q},Usq € J.

Notice that invertibility (OFI) of s in Q implies injectivity of s in J. Condition (OFII) that Usq =
n € J guarantees that ¢ = U;'n has the form of an outer-fraction with numerator n € J and
denominator s € S. A crucial step in Martinez’s approach is the added condition in (OFII) that
{s,q} =wp € J.

As the associative case tells us, it is not easy for an algebra J to have an algebra of S-fractions.
An immediate consequence is that everyone has s-denominators, not just J-denominators.

Ore Necessity Proposition 6.2 Let J be a Jordan algebra with Ore monad S. If J has an
algebra of S-fractions, then J must satisfy the Ore condition with respect to S: every element of J
must have an s-denominator for every s € S. Indeed, as soon as the element q .= U;'a € Q (or
q :={s,a,s"'}) has a J-prenominator in S, then a must have an s-denominator.

Proor: If ¢ := U;'a € Q has a J-prenominator, by the Choice Corollary 4.3 it has a J-
denominator s' = U,Ust € U, S. Then s” := (Ust)? is an s-prenominator for a, since in Q we
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compute {(Ust)?, a} = {Ust,Ust,Usq} = Us({t, Us(Ust), q}) [by linearized (QJ3)] € U{J,s',q} €
UsJ by (G2)* for s’ € Gen;(q)], so s” is an s-prenominator for a by 2.1 (Pren).

We could avoid the denominator strengthening in 4.3 by supposing only that ¢’ := {s7! a, s}
has a J-prenominator of the form s’ = Ust: {s',¢'} = da’ € J. Then s’ := Ut € UgS has {s”,a} :=
{USZta USq} = US{USt? 82’ q} = US ({Ust7 {323 Q}}i{USta q, US]-}) [by (112)] - US ({Sla q,}fUSUt,lUSQ)
[note that ¢’ := Us-1 ya = Us-1 ,Usq = {s%,q} by cancelling U, from UUy-1 JUs = Uy 3 = UUy 2
(which follows by linearized (QJ3) and Power-Associativity [9, 5.3.1(2),p.201] = Us(a’ — {t,a}) €
U,J, so s” is an s-prenominator for a.

The following condition on elements of J is necessary for a ring of fractions to exist, but (unfor-
tunately) does not seem to be a consequence of the Ore axioms alone.

Unwelcome Condition 6.3 ]f s,x,y € J are such that the opemtors Uy (77,, Eyw are left-s-
movable byt € S, so there are M in UME(J) with UyUt =0 My, Uy sUp = UsMy s, ZNJy,xf]t =

UsMyﬁz, then whenever s is invertible in some Jordan algebra @ O J we have

(6.3.1) (M Ugs = M Us) My = Uws o0y = My (Us oMy — Ushly )
in the envelope UME(J|Q).
ProoF: In UME(Q) we have a UV-inverse identity
Ul = Vo
because 55—1(‘7Z s—1 — 52,55371) = Uy iz UU U = =0 [by (QJZ) and hnearlzed (QJ3)]

UtUy,z, M;)S = 0,0 y,sﬁs_l = Et\z/y o1 [by V- inverse] Abrev1at1ng q := U 'z we have
(MZ sUw,s — szﬁs)ﬂy - FJW;%Uty
X ~ ~ IS ~ ~ :\\'1_1% ~ ~
= ((UtUy,sU3 Wa,s = (UUyoU)Us) (U UyUt) = U0, 01y, 00y
= Et(;y o ‘7%371 - 5%305871)5?/& - ZNJtZNJUyq,ylth [by UV-inverse for y,x, (QJ3)]
= lN]t(Vy,qu — Uu,q.) Ut [by (1.1.5)]
which vanishes by (QJ2). The second equality follows dually. [ ]

7 A Home for Fractions

Another important observation of Martinez is the surprising fact that we don’t need to construct
the algebra of fractions precisely (as in [6]), we only need to find a home where it can live, and the
algebra of fractions will materialize as the set of elements having an S-denominator.

Fraction Materialization Theorem 7.1 If J is a Jordan algebra satisfying the Ore condition with
respect to an Ore monad S, and Q is any unital Jordan algebra containing J with the property that
the elements of S are invertible in Q, then the set Q(J) of all elements in Q having a J-prenominator
in S forms an algebra of outer S-fractions for J.

PrROOF:  The set Q(J) contains J and the identity element of @ [any s € S will serve as J-
prenominator for a € J and 1, since {s,a}, Usa, {s,1} = 2s, Us1 = s? lie in J] as well as S™! [every
1 € @ has J-prenominator s2, since {s?,571} = 2s and U,2s7! = s3 lie in J]. Every q € Q(J)
has a J-prenominator in S by definition of Q(J), so the two conditions (OFI),(OFII) for an algebra
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of outer S-fractions are trivially met. The only question is whether the set Q(J) is actually an
algebra. Tt is child’s play to see that Q(J) is a linear subspace: if ¢1, g2 have J-prenominators sy, $o
then by Choice Corollary 4.3 they will share a common J-prenominator s € UgsS MU S, which will
remain a J-prenominator for any linear combination because My (g1 +aaqa) = a1 Msq1 +asMyge €
ard + agJ C J for Mg = Vi, Us, and therefore a1q1 + asgs € Q(J).

The crux is to prove that Q(J) is closed under quadratic products Uy, g2 (in particular, Uy, 1 =
¢?). Since by hypothesis ¢; has a J-prenominator in S, by Generic Strengthening 3.4 it has a
J-genominator s; € S N Geny(q1); then t1 = s1 has I} := Uy, J C Ug,J C Gy := Geny(q1) by
Genominator Innerness 3.3 (with s = 1):

(711) t € SﬂGl, I CGiCJ (G1 = GenJ(ql)).

Next, by hypothesis go also has a J-prenominator in S, so by Genominator Inheritance 4.4 it has
a ti-genominator s € SN Geny, (¢2); then any ty € Us,Up, S has Iy := Uy, J C Us, Uy, J [by (QJ3)]
CUg,It;, € Ga := Geny, (qz2) [by Generic Innerness 3.3 (with s = ¢1)]. Choosing one such, we have

(7.1.2) th€SNGa, L CGCI  (Ga:=Geny, (o))

Once again, by Genominator Inheritance 4.4 ¢; has a to-genominator s € S N Geng,(¢1), and any
ts € Us Uy, S has Is := U, JJ C Us, Uy, J [by (QJI3)] C Ug, i, € G3 := Geng,(q1) [by Innerness 3.3
(with s = t2)]. Choosing one such, we have

(713) t3 € SN G37 I3 C G3 ClLLCl (G3 = GentZ(ql)).

We will show that x = t3 is a J-prenominator in S for Uy, g2, establishing that U,, g2 € Q(J).
For U-pushing in 2.1 (Pren), U, (Uq, q2) = Uy, (Ur,Ugy ) g2 € Uy (U, M(J|Q) U, ) (g2) [by 3.1 (G3)
for t3 € Geny,(q1) by (7.1.3)] € M(J|Q)J C J since by definition 3.1 (G1) for Geny, (¢2) we have
Ut2q2 S 11 - J.

The crux, as always, is V-pushing. We have {z,U,, 2} = {t3, U, 02} = —{q2, U, 3} +{{t3, 1, 2}, @1 }
[by (1.1.5)] = —{Uq, 13, g2} + {({ts, {ts, 1}, a2} — {Us,q1,42}), 1 }. We will show that each of these 3
pieces separately falls in J. For the first piece, {Uy,t3,q2} = {U, Ut 1, g2} € {Us, M(J|Q)U¢, 1, g2}
[by 3.1 (G3)* for t3 € G35 = Geng,(q1) by (7.1.3)] C {I1,,q2} C I; [by (GO) for I C G2 = Geny, (g=)
by (7.1.2)] € J. For the second piece we have {t3,{ts,q1},q2} € {I2,I2,¢2} [by 3.1 (GO) for
tg € Gentg(ql) Q IQ by (713)] Q Vq27G2I2 Q VflJlIl [by 3.1 (GQ)* for G2 = Gentl(q2) Q Il
by (7.1.2)] C I, and similarly the third piece {U,q1,q2} € {I2,¢2} [by 3.1 (G1) for t3 € Geny,(q1)]
C I [by 3.1 (GO) for Iy C G3 = Geny,(q2) by (7.1.2)], and therefore the two pieces combined
vield {({ts,{t3, a1}, a2} — {Utsa1,42}), e} € {I1, 1} C J [by 3.1 (GO) for I; C Gy = Geny(q1) by
(7.1.1)]. Thus all the pieces fall in place, and we have closure of Q(.J). [ ]

Martinez [8] found a home for linear Jordan fractions (over scalars with &) as germs of derivations
of a TKK algebra via a — Ad,+. Finding a home for quadratic Jordan algebras is much more
complicated. Especially in characteristic 2, the Lie algebra by itself does not provide a home for the
quadratic Jordan structure. For example, if €2 is a commutative associative ring of characteristic 2,
the Jordan algebra J = Q% has trivial linear structure {J,J} = {J,J,J} = 0, only the quadratic
outer and inner multiplications U, (b) = a?b = Ny(a) survive. But then the TKK algebra £(J) =
Jy ® 0@ J_q has [at,b_] = Vo, = 0, so the Lie bracket vanishes completely and the imbedding
a — Ad, is identically zero. If Q is an imperfect field of characteristic 2, then for ® := Q2 any
subalgebra ® C J C Q is an upstanding Jordan division algebra (z~! = (22)~!z) and yet won’t
imbed in £(J). Of course, as a division algebra it is not in need of inverses, but the polynomial
algebra Q[t] is almost as respectable an algebra and is in dire need of inverses, yet they cannot be
found in £(J) either. It is also not enough to consider the derivation Ad, together with its “divided-
square” U, ~ %Adi since if @ is nilpotent of index 2 then its outer multiplication too disappears,
U, = 0, but its inner multiplication never vanishes: if a # 0 then N, # 0 since N,(s) = Usa # 0 by
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injectivity of s € S. To obtain an imbedding which includes these extremely radical elements, one
would have to further enrich the structure of £(.J).

In a subsequent paper [3] the first author will establish an imbedding (injective up to extremely
radical elements) of a Jordan algebra as divided-square derivations on a TKK algebra, and in [11]
the second author will begin an injective imbedding of the whole Jordan algebra as enriched Jordan
derivations on a TKK algebra.

8 Afterthoughts

We mention here some additional results which will not play a direct role in our subsequent work. In the setting of
the Innerness Lemma 2.2, any K-prenomnator z € Preng (q) can be strengthened to a version of (G2): y = 22 or
any y € Uy2a where a € J satisfies Uga + {z,a, K} C K (e.g., if a € K, or a € J but K is an inner ideal), will be
(7) a K-prenominator for ¢ whose multiplications Vy,q, Vg,y become pure K-multiplications in V. p = Vik x + Vi.
Indeed, when a = 1 the element y = 22 for Since {z,q},Uzq € K we have {22,q} = {z, {z,q}} — 2U.q € K and
Uy2q = UyUzq € Uz K contained in K as in (i), and for (ii) V2 ; = Vi (2,4} — VU,q € Vi, xk — Vi and dually
Vg2 € Vi g When y = Ugza then {y,q} = VqUz(Uza) = (U{q,ﬁ}@ + Vi (e — VU,q)Uza — Va{Uzq,a,z}
[by Macdonald] C (UK,K + Vi, x — VK)U;,;a — Vk{K,a,z} C K by hypothesis, and UUqu = U,2UyUy2q =
UUy,a(Uzq) € UxkUg K C K by (QJ3). Thus y = U,2a is a K-prenominator for ¢, and we have by (1.1.5) that
Vy7q = VU;ﬂa’q = VUm(Uza),q = _VUzq,Uza+Vx,{Uza,x,q} e VK,K [note that {Ux(l,l‘,q} = {Ugga, {x,q}}—Vw,a(qu) S
{Uza, K} — {x,a, K} C K by the hypotheses|, and dually V4 € Vg k.

Extending this idea, a stronger-than-strong K-denominator z in the subalgebra K would turn multiplications
with ¢ into explicit K-multiplications, satisfying (SD1), (SD1)’, (SSD2) Vi,q € Vi, Kk, (8SD3) U,U; € Moy i,

[hence automatically (SSD2)' V4. € Vi k, (SSD3) UyUr € Mg k], (SDO) {z,q} € Ui K], where Mo
M(K|Q)Ug + M(K|Q)Vk,k [with more effort we could replace this with the sharper Ux + UxUg + Ux Vg K

Vi, k + VIQ(,K}. This form guarantees these multiplications will push K down into Ux K: MQJ((I?) - UK
K, Myk(K) C UxkK < K, VUKI? C Vi, k [because for z,w € K all of Viy_,, = w2y — Va2 Va2 =
Veizs Visw) = Ve + Vaz lie in Vi i by (1.1.2)], where Vi kK = {K,K} + {K,K,K} C UxK. A standard
argument shows that SSDeng (q) is an inner ideal in K : the element y := Uza € Ug K lies in the subalgebra K;
for (SD1) Uy(q) € UxUg(Uzq) C Uk K by (QJ3), (SD1) for z; for (SD1)’ Ugy € MQ,KIA( [by (SSD3)’ for z and
(2.1.1)]; for (SSD2) when a@ = a € K by Vy,q = V; {4.2,a} = VUsq,a € Vi, x [by (1.1.6) and (SSD2)’, (SD1) for z], and
when & = 1 we have V, ;, = Vi {w,qy — VUeq € Vi + VUKI? [by (1.1.2), (SD1) for z, and (2.1.1)]; and for (SSD3)
UyUy = UpUaUsUy € UgUp My i [by (SSD3) for .

Alternately, we could require a K-denominator to satisfy (D1), (D1)’, (D2), (D2)’ and the stronger conditions
(D3-3")* UzUq,UzUq € U )¢, (D4)* Wy, € Ua i for Us i := Ux Uk + Uk spanned by U-operators alone, but
these elements don’t seem to form an inner ideal in K, since in (D3)* Uz yUq = Va,qVy,q — Vz,u,y Passes out of
Z/[27K into MQ’K. | ]

A+ i
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