NONDEGENERACY FOR LIE TRIPLE SYSTEMS AND KANTOR
PAIRS

ESTHER GARCfA, MIGUEL GOMEZ LOZANO, AND ERHARD NEHER

Dedicated to the memory of Issai Kantor (1936-2006)

ABSTRACT. We study the transfer of nondegeneracy between Lie triple systems
and their standard Lie algebra envelopes as well as between Kantor pairs,
their associated Lie triple systems and their Lie algebra envelopes. We also
show that simple Kantor pairs and Lie triple systems in characteristic 0 are
nondegenerate.

INTRODUCTION

Kantor pairs are generalizations of Jordan pairs: The symmetry of the Jordan
triple product in the outer variables is replaced by some weaker condition (1.5).
This looks like a minor generalization. It is therefore all the more surprising that
there are few general published results on Kantor pairs, despite a rather elaborate
structure theory of Jordan pairs. For example, there does not seem to exist a list
of all simple Kantor pairs.

The motivation of this paper is to initiate the structure theory of Kantor pairs.
Our reason for doing so goes beyond a pure generalization for the sake of gener-
alization. Rather, we expect that Kantor pairs will play an important réle in a
general structure theory of Lie algebras. The reason for this is the close connection
between Kantor pairs and Lie algebras.

An example of a Kantor pair is the pair V' = (L;,L_1) obtained from a Lie
algebra L with a 5-grading, i.e., a Z-grading L = L_o®L_1®Lo® L1 P Lo, together
with the triple products {...} : V7 x V77 x V7 — V7 ¢ = =+, induced by the Lie
algebra bracket {xyz} = [z, y], z]. This is in fact not really an “example”, since
any Kantor pair arises in this way from a 5-graded Lie algebra. There is a natural
choice for such a Lie algebra, the so-called standard Lie envelope Ly . Because
of this close connection between Kantor pairs and Lie algebras, it is natural to
study Kantor pairs V via their Lie envelopes Ly . Of course, this will only work if
properties like simplicity, (semi)primeness or nondegeneracy of V are reflected by
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the corresponding property of Ly. We will prove that this is indeed the case (2.5,
2.6, 2.7).

One can go from the Kantor pair V' to its standard Lie envelope Ly in two steps,
first from V to the associated polarized Lie triple system T'(V') and then from the
Lie triple system to its standard Lie envelope Lp(y):

Kantor pair «~  Lie triple system «~  Lie algebra

The transfer of properties between V' and T'(V) is straightforward (Prop. 1.9). The
heart of the matter lies in the relations between the Lie triple system T'(V) and
its standard Lie envelope Lr(y). It turns out that our methods of dealing with
this transfer are general enough to deal with Lie triple systems per se, and not
only those that arise from Kantor pairs. In particular, we show (2.4) that a Lie
triple system T is nondegenerate if and only of its standard embedding L is so.
We can even go one step further, and simply consider Zs-graded Lie algebras. The
connection to Lie triple systems is given by the fact that the standard Lie envelope
of a Lie triple system is a Zs-graded Lie algebra. We show in 2.3 that a Zs-graded
Lie algebra is graded-nondegenerate if and only if it is nondegenerate.

One of the important questions in any structure theory is that of nondegeneracy
of a simple object. Since there are prime degenerate Jordan pairs, there are of
course prime degenerate Kantor pairs. However, we are able to prove (3.1) that
this cannot happen for simple Kantor pairs as considered in this paper, namely
over a ring ® of scalars containing 1/2,1/3,1/5. The basis for this is a result
of Zelmanov [17], which says that the subalgebra generated by all absolute zero
divisors of a Lie algebra L over a ring of scalars with 1/6 is locally nilpotent. This
can be applied in our study of Kantor pairs, since it is easy to show that the
subalgebra generated by all absolute zero divisors of a simple short Z-graded Lie
algebra L=L_o® L_1® Ly ® L1 ® L is in fact an ideal.

We also consider the corresponding question for Lie triple systems: Is a simple
Lie triple system 7" nondegenerate? Our answer is yes, if T is defined over a field
of characteristic 0 (3.1). Our proof uses a result of Grishkov [9] which implies that
simple Lie algebras in characteristic zero are always nondegenerate, i.e., do not have
nonzero absolute zero divisors.

The final section of our paper contains some consequences of these results. We
obtain a nice characterization of annihilators of ideals in nondegenerate Lie triple
systems (3.2) and Kantor pairs (3.3), which easily implies the inheritance of non-
degeneracy by ideals of Lie triple systems and Kantor pairs (3.4). We also study
when Kantor pairs are Jordan pairs, and we do so by defining the biggest ideal of
a Kantor pair which is a Jordan pair. For nondegenerate Kantor pairs, this ideal
is essential if and only if the Kantor pair is in fact a Jordan pair (3.7).

1. PRELIMINARIES ON LIE TRIPLE SYSTEMS AND KANTOR PAIRS

Throughout this paper we will be dealing with Lie triple systems, Kantor pairs and
Lie algebras over a ring of scalars ® with 1/6 € ®.

1.1. We first recall some concepts for Lie algebras. An absolute zero divisor in
a Lie algebra L is an element x € L satisfying [z, [z, L]] = 0. A Lie algebra is
called nondegenerate if 0 is its only absolute zero divisor. We note that any ideal
of a nondegenerate Lie algebra is again nondegenerate, see [18, Lemma 4]. The
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annihilator of an ideal I in a Lie algebra L is defined as Anny(I) = {z € L |
[z,I] = 0}. If L is nondegenerate, one knows [5, 2.5]) that

(a) Amng,(I)={z e L| [z, [I,]] = 0}.

A Lie algebra L is called prime (respectively semiprime) if for all ideals I, J of L
we have [I[,J] =0=TI=0or J =0 (resp. [[,I] =0= 1 =0), and it is called
strongly prime if L is prime and nondegenerate.

1.2. A Lie triple system T is a ®-module with a trilinear product T'x T x T — T
satisfying

(LTS1) 0=[z,z,y],
(LTS2) 0=[z,y,2] + [y, 2, 2] + [z, 2,9],
(Lng) [.T, Y, [vavuﬂ = [[‘Ta Y, Z]awau] + [Za [x,y,w],u} + [Zawa [xaya UH

Amapd:T — T isa derwation of T if d[x,y, 2] = [dx,y, 2]+ [z, dy, 2] + [z, y, dZ]
for every z,y,z € T. We denote by Der(T’) the set of all derivations of 7', which is a
Lie subalgebra of End(T)(~). For every z,y € T, the map L(z,y) : T — T defined
by L(z,y)(z) := [z,y, 2] is an (inner) derivation of T. The subalgebra generated by
all inner derivations of T' is denoted by L(T,T).

Every Lie algebra L can be viewed as a Lie triple system if we define the product
by: [z,y, 2] := [[z,y], 2] for every x,y,z € L. Thus every submodule T of L such
that [[T,T],T] C T is an example of Lie triple system. In particular, if L is a
Zso-graded Lie algebra, L = Lo @ Ly, then L; with product [x,y, z] := [[z,y], 2] is
a Lie triple system. Note that under our assumptions on ®, a Zs-grading is the
same as the eigenspace decomposition of an automorphism of L of period 2. In
fact, T is a Lie triple system if and only if there exists a Zs-graded Lie algebra
L =Ly ® Ly with T = Ly. Indeed, if T is a Lie triple system and D is a Lie
algebra of derivations of T' such that L(T,T) C D, then D @& T with product
[d1 @1, do®as] = [dy,do]+ L(x1,22) ®(d122 —doz) is a Lie algebra. In particular,
Lp=L(T,T)®T is a Zs-graded Lie algebra which is called the standard embedding
of T, see for example [10, p. 309] or [15, IV]. The automorphism 0 of Lr defining
the Zo-grading of L is also called the main involution of L.

1.3. An ideal I of a Lie triple system T is a ®-submodule of T satistying [I,T,T] C
T (note that then [T,I,T]+ [T,T,I] C I by (LTS 1) and (LTS 2)). A Lie triple
system T is simple if it has nontrivial product and contains no nontrivial ideals. An
element in a Lie triple system T is an absolute zero divisor if [z, T,z] = 0. A Lie
triple system without nonzero absolute zero divisors is called nondegenerate. We
will say that a Lie triple system T is semiprime if [I,T, I] # 0 for every nonzero ideal
I of T, and that T is prime if every two nonzero ideals I, J of T give [I, T, J] # 0.
Note that a Lie triple system is prime if and only if it is semiprime and every pair of
nonzero ideals of T" have nonzero intersection. If I is an ideal of a Lie triple system
T we define the annihilator of I in T as Annyp(I) ={z € T | [x,I,T] = [T, 1,z] =
0} =TNAnng, ([T,I) @ I) where [T,I] & I is the ideal of L1 generated by T Tt
follows that Annp(7) is an ideal of T. Analogous to the case of Lie algebras, T is
semiprime if and only if I N Annp(I) = 0 for every ideal I of T'.

1.4. Concerning the transfer of properties between 7" and its standard embedding
L, T is (semi)prime if and only if (L7, 0) is (semi)prime as algebra with involution,
see [4, 3.1]. Tt also known [13, Th. 2.13], [15, VI, Th. 2 and Th. 3] that a Lie triple
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system is simple if and only if its standard embedding is either simple or a direct sum
of two simple Lie algebras. In particular, this implies that the standard embedding
of a prime Lie triple system need not be simple.

1.5. Recall that a Kantor pair V.= (VT,V ™) consists of two ®-modules with
trilinear products { , , }: Vo x V=7 x V7 — V7, o = +, that satisfy

(KP1> [Va:,y; Vz,w] = V{z,y,z},w - Vz,{y,z,w}a
(KP2) KKz,wx,y = Kz,wvx,y + Vy,sz,'w

where [A, B] := AB — BA, V, 4z := {z,y,2}, and Koz := {a,2,b} — {b, z,a} [1,
p-533]. Note that the opposite VP := (V~, V1) of a Kantor pair is again a Kantor
pair. Also, a Jordan pair is a Kantor pair with K,;, = 0 [14, 2.2]. Thus, Kantor
pairs are generalizations of Jordan pairs.

If L is a Z-graded Lie algebra of the form L = L_o® L_1$® Lo® L1 Lo, then the
pair of ®-modules (L1, L_1) with product {z,y, z} := [[z,y], 2], for every x, 2 € L,
y € L_,, is a Kantor pair. Conversely, it follows from [1] or [3, Th. 4.3 and Cor. 4.6]
that for any Kantor pair V = (V*+, V™) there exists a unique up to isomorphism
5-graded Lie algebra L =L_o® L_1 & Lo ® L1 & Ls with the following properties:
(i) V isomorphic to the Kantor pair (Ly,L_1), (ii) Loy = [Lo, Ls], Lo = [Lo, L—0]
for 0 = =+, and (iii) if [x_9 + xg + 22, L1 & L_1] = 0 then z_5 + z¢ + 22 = 0.
Thus, after identifying V' = (L1, L_1) the products in L are [[z,z],y] = K, .y,
[z, y], 2] = Vayz and [y, z],2] = =Vyyz for 2,2 € L,, y € L_,. We will call
this Lie algebra the standard embedding of V' and denote it Ly . In the setting of
what are now called Kantor triple systems, the construction of Ly goes back to the
fundamental papers [11] and [12] of Kantor. Notice also that V is a Jordan pair if
and only if Ly and L_5 in the above construction are both zero. In this case, Ly
is the Tits-Kantor-Koecher algebra of V.

1.6. Let V be a Kantor pair. A pair I = (I, ™) of ®-submodules of V is an ideal
of Vif {17, Vo, Vo +{Vo, I 7V} +{Vo, V7, 1°} C I’ for c = +. A Kantor
pair V is simple if it has nontrivial product and V contains no nontrivial ideals.
An element z € V7 is an absolute zero divisor of V' if {z, V=, z} = 0. A Kantor
pair without nonzero absolute zero divisors is called nondegenerate. A Kantor pair
V is semiprime if every nonzero ideal I = (I*,17) of V has {I*,V~,IT} # 0 or
{I=,V*, I~} # 0. We will say that a Kantor pair is prime if for any two ideals I
and Jof V, {I7,V=7,J%} =0, 0 = =+, implies I = 0 or J = 0. Note that a Kantor
pair is prime if and only if it is semiprime and every two nonzero ideals of V have
nonzero intersection.

Let V be a Kantor pair and I = (I, 17) and ideal of V. We define the annihi-
lator of I in V as (Anny (I)*, Anny (I)™) with

Anny(1)° = {2 € V7 | {V°, 19,2} = {I°, V7 2} = {2, ], V°}
={V %2 I 7} ={I""2,V 7} ={2,V7,17} =0}

As for Lie triple systems, we have that Anny (I) = (Anny (/)", Anny (I)7) is an
ideal of V. If 7 is the ideal of Ly generated by I, then Anny (I) =V N Anng, (7).
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1.7. By [1, Th. 7] each Kantor pair V gives rise to a Lie triple system T'(V) =
VT @V~ whose product is given by

[aF +a7,yt +y 2" +27 )=
= ({LC+, Yo, Z+} + {£C+, z er} - {y+7 z CC+} - {y+7 T, Z+}) D
D ({m_7y+az_} + {.%‘_,Z+7y_} - {y‘,z'ﬂx_} - {y_,x+7z_})
for x7 + 27, yT +y ", 2T + 27 € T(V), called the associated Lie triple system.
Moreover, if V' is a Kantor pair and T'(V) its associated Lie triple system, their
standard envelopes Ly and Lr(yy are isomorphic as Lie algebras: if Ly = L_o ®

L 1 ® Lo ® L1 ® Ly is the standard envelope of V' given in (1.5), then Ly =
(ET(V))Q ® (ET(V))I with (ET(V))Q =L o®Ly® Ly and (ET(V))I =L 1 L.

There are close relations between ideals of a Kantor pair V' and ideals of T'(V):

Lemma 1.8. Let V' be a Kantor pair and T(V') its associated Lie triple system.

(1) If I =(I",I7) is an ideal V, then IT & I~ is an ideal of T(V).

(2) If I is an ideal of T(V), then INV :== (INVH INV™) and n(I) =
(xt(I), 7 (I)) are ideals of V, where n° : V* @& V= — V7 denotes the
projection onto V7 along V7.

(3) If I = (I*,17) is an ideal V, Anngpy(IT@17) = Anny (1) @ Anny (1)~

Proof. (1) is trivial.

(2) That 7(I) is an ideal follows from the following product rules with obvious
notations: ©([z,y~7,27]) = 77 ({27, y~7, 2 y®{z 7,27,y }—{y~7,27,277}) =
{77 (x),y~ 7,27} and, similarly, 77([z7, y, 27]) = {27, 77 (y), 27 } and 77 ([z7,y 7, 2]) =
{z7,y~7,77(2)}.

(3) It is clear that Anny (I)* @ Anny (I)~ C Anngyy(IT @ I7). Moreover, by
the formulas above, if z € Annpy(IT @ I7), then 77(2) € Annppy(ItT @ 17).
Now, Annpy)(IT @ I7) NV C Anny (I)7 implies (iii). O

The last lemma allows us to relate regularity properties of a Kantor pair with
those of its associated Lie triple system T'(V'):

Proposition 1.9. Let V' be a Kantor pair and T'(V') its associated Lie triple system.
Then

(1) Ewvery absolute zero divisor of V' is an absolute zero divisor of T(V'). More-
over, if xt + a2~ € T(V) is an absolute zero diwisor of T(V'), then xt and
x~ are absolute zero divisors of V.

(2) V is nondegenerate, semiprime, prime or simple if and only if T(V) is so.

Proof. (1) On the one hand, if [z + 27, VT @&V, 2" + 2] = 0, then, for every
ace VT, 0=[z"+a a2 +a27]) = {aT,27,a} —2{a, 27, 27}) ® {27, a,27},
whence {27, VT, 27} = 0. Similarly, {7,V =, 27} = 0. On the other hand, if
{27, V=7,27} =0, then [2°, VT @& V27 = {27,V 7,27} = 0.

(2) That V is nondegenerate if and only if T'(V) is so, follows from (1). To show
that V' (semi)prime implies 7'(V) (semi)prime, let I, .J be two nonzero ideals of T'(V')
(I = J for semiprimeness) and suppose that [I,T(V),.J] = 0. Then 7 (I),n(.J) are
nonzero ideals of V such that {z(I),V=7,7°(J)} C n°[[,V=°,J] =0, 0 = =+,
contradiction.
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Conversely, suppose that T'(V') is semiprime but V' is not. We claim that there
exists a nonzero ideal I of V' such that

(a) (I° Vo 19y ={I°, I, V°} = {V°, [ 7 I°} =0, o=x+.

Indeed, by assumption there exists a nonzero ideal J of V with {J7, V=7, J7} =0,
o =+. M {V?,J 7, V?} = 0, then J satisfies (a). Otherwise, the non-zero
ideal I = ({V*,J-,VT}{V—,JT,V—}) C J of V satisfies (a), since for y € J,
a,b € V77 and x or z belonging to J° we have, by (KP1),

{l’, {aaya b}a Z} = 7{y7 a, {I, b7 Z}} + {{y,a,x}, ba Z} + {l’, ba {ya a, Z}} =0,

and so {J7,{V=, J7, VoLV } =0={Ve {V~7,J9,V~7} J9}. Let now I be
a nonzero ideal of V satisfying (a). Then It @ I~ is a nonzero ideal of T'(V) such
that [IT @I, T(V),IT®I7] =0 because [[7,Vt &V~ 17| C{I°,V 7,17} =0
and [I7, VT Vo 177 C{I°, 17,V +{Vo, I 1°}+{V~°,19,1°} =0 for
o = +. Thus T(V) semiprime implies V' semiprime. If T(V') is prime, then V is
semiprime. Hence to show that in this case V is actually prime, it suffices to prove
that every two nonzero ideals of V have nonzero intersection. But this is clear,
since it holds in T(V).

If T(V) is simple, V is simple by (1.8)(1). Conversely, let us suppose that V is
simple and let T be a nonzero ideal of T(V'). Then, by (1.8)(2), (x* (1), 7 (I)) is a
nonzero ideal of V, so it is equal to V. It now follows that 0 # {V7, V=7, V7} =
(Vo ,n=o(I),V°} = {V°,1,V°} ¢ Vo N I. The ideal I NV is therefore nonzero,

hence equal to V which implies I = T'(V'). O

2. RELATIONS WITH STANDARD LIE ENVELOPES

The main result of this paragraph is the transfer of nondegeneracy between
Lie triple systems and their standard envelopes. As a corollary we then get the
analogous result for Kantor pairs. For the sake of completeness, we also include
results about the transfer of simplicity between Kantor pairs and Lie envelopes,
which are due to Allison and Smirnov.

In the following lemma, capital letters denote adjoint maps of elements of L, i.e.,
X =ad,, A=ada, for z,a € L.

Lemma 2.1. Let L be a Lie algebra and let x,y € L absolute zero divisors of L.
Then:

(1) [z,y] and, for every a € L, [[x,al,[[z,a],a]] are absolute zero divisors of L.
(2) For every aj,as,a3 € L and o € S3 we have

[[xa al]v H:E, CLQL adH = [[xv aa(l)]v [[xv a0(2)]v a0(3)]]'

Proof. (1) That [x,y] is an absolute zero divisor follows from (XY — Y X)? =
XYXY - XYYX —-YXXY +YXYX =0. Let us consider b = [[z,a], [[z, a], a]].
Then ad] = 9XA2XA2XA2XA2X = 0 by [7, Prop. 1.7(3)], so b is an absolute
zero divisor of L.

(2) First notice that for any a1, as € L, [[z,a1], [z, az]] = 0 because

[[x7a'1]7 ['737 a2]] = [[[$>a’1]7‘7"]7 a2] - [$7 [a27 [x7a1m =0.
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Therefore [[z, a1], [z, as], as]] = [[z, a2], [z, a1], as]]. Moreover,

Hmv al]v [[xv ag], a2]] + [[:L‘7 al]ﬂ [$7 [G'?’ GBH]
Hxv al]? [[mv a3]7 a2]]'

The formulae above prove (2). O

Hx, al]? [[xv a2]7 a3”

In the following we will use a generalization of the Jordan algebras of Lie algebras
given in [6]. Let L be a Lie subalgebra of a Lie algebra L. We will say that an
element x € L' is a L-Jordan element if ad> L = 0 and [[L, 2], L] C L.

Theorem 2.2. Let L be a Lie subalgebra of a Lie algebra L' and x € L' a L-
Jordan element. Then L with the new product defined by a e b := [[a,z],b] is a
nonassociative algebra, denoted by L*), such that:

(1) kerp(z) :={a € L | [x,[z,a]] = 0} is an ideal of L®).

(2) L, := L@ /kery(x) is a Jordan algebra, with U-operator given by Ugb =
%adi adi b, for all a,b € I, where a denotes the coset of a with respect to
kery(x). This Jordan algebra is called the generalized Jordan algebra of L
at x.

(3) If L is nondegenerate or strongly prime, so is L.

Proof. The proofs of (1) and (2) are identical to [6, 2.4 (1)(2)], taking into account
that [6, 2.3] can be rewritten under the conditions of this theorem and that the

identities given there are true over L; (3) follows in the same way as [6, 2.15(1)]
and [8, 2.2]. O

We say that a Zs-graded Lie algebra L = Lo @ L1 is graded-nondegenerate if it
has no absolute zero divisors in Ly U Ly. In the following result we will show that
the notions of nondegeneracy and graded-nondegeneracy are equivalent.

Theorem 2.3. Let L = Lo & L1 be a Zo-graded Lie algebra. Then L is graded-
nondegenerate if and only if it is nondegenerate.

Proof. 1t is of course sufficient to show that a graded-nondegenerate Zo-graded Lie
algebra L cannot have nonzero absolute zero divisors. Suppose that zg + z1 is
an absolute zero divisor of L. Then, for i = 0,1, 0 = [z¢ + x1,[zo + z1, Li]] =
[zo, [0, Ls]] + [0, [x1, Li]] + [71, [z0, Ls]] + [x1, [x1, L;]]. Considering homogeneous
components,

(a) adi0 —|—adi1 =0
(b) ady, ad,, +ad,, ad,, = 0.
Therefore [xg—x1, [xo—21, L]] = [x0, [x0, L]]—[z0, [x1, L]]—[21, [0, L]]+]21, [21, L]] =
0 and @ — 1 is an absolute zero divisor of L. Now, [zg+ z1, 20 — 21] = —[z, 21] +

[z1,20] = 2[z1,20] € L1, which implies [z, 2] = 0, because, by (2.1)(1), [zo +
x1,To — x1] is an absolute zero divisor. Then ady, ad;, = ad,, ads,, and by (b)

(c) ad,, ad,, = ad,, ad;, = 0.
Finally, we have adi1 =— adfJO ad;, = 0 and for any z,t € L, using (a) and (c),
_[[:Ela [1‘17 Z”, [xht]] = [[xov [‘Toa Z]]7 [‘TlatH

= [[[CEO, [xO’ Z]]’ :Uﬂ,t} + [xla fob [$07Z]]7tﬂ
= [$1, [[$07t]7 [x()?Zm + [:61, ['T0> [[$07Z],tm =0.
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So, for y = [x1, [z1, 2]] we get [y, [x1,t]] = 0 and then
[, [y, t]] = [y, [[1, [x1, 2], 1]

(d) = [y7 Hx17t]7 [581, Z]H + [y’ [1‘1, [[:Elv Z]vt]“ =0
since [y, o1, 2] [e121]) = (@, fon, A1), on, 4] + (1, 2], (@ [, #ID)] = 0. Tf we take
any z € L;, i = 0,1, then y = [x1,[z1,2]] € L; is an absolute zero divisor of L

by (d). By hypothesis, [z1,[21,2]] = 0 for any z € Lo U Ly, so [z1, |21, L]] = 0,
which implies that 21 = 0 because L has no absolute zero divisors in L;. Then
To + 11 = To € Lg is an absolute zero divisor of L, so it must be zero. O

Now we show that nondegeneracy is an equivalent condition for a Lie triple
system and its standard envelope.

Theorem 2.4. Let T be a Lie triple system and Lr = Lo @& L1 be its standard
envelope. Then Lr is nondegenerate if and only if T is nondegenerate.

Proof. Let us suppose that L7 is nondegenerate and that there exists € Ly with
[, [z, L1]] = 0. Then, ad?(Lr) = ad?(Lo) € ad?(L;) = 0. So z is ad-nilpotent in
L of index < 3 and we can consider the Jordan algebra (Lr), of L at x as in
(2.2). By hypothesis, [z, [z, L1]] = 0 so we can assume that all elements of (L),
are of the form a + ker.,. x, with a € Ly. Now,

[z, [z, [[Lo, 2], Loll] C [, [z, La]] = 0

which implies that the Jordan algebra (Lr), has trivial (Jordan) product and, since
(L), is nondegenerate by (2.2)(3), (Lr), = 0, ie., [z, [z, Lr]] = 0. Hence z =0
because L is nondegenerate.

Conversely, suppose that T is nondegenerate and that € LyU L; is an absolute
zero divisor of L7. By nondegeneracy of T', we can suppose that x € Lg. For any
y,y" € Ly and any \ € ®, we have by (2.1)(1) that

[,y + 2], [,y + 2]y + Ay]]

is an absolute zero divisor of L contained in Lq. It is therefore zero since T is
nondegenerate. Linearizing and using (2.1)(2)

0 :[[[xv Y+ /\y/]v [[.23, Y+ Ay,]? Y+ )‘y/H = H'r7 y]’ Hl‘, Z/], ZJ” + 3/\[[33’ y]v [[.23, y]v y/]]
+ 3N ([, o), [l '), ') 4 AP, o', [l o), o))
Evaluating this for A = 1,2,3 € ®, shows 0 = [[z, 9], [[z,y],]] for any v’ € Ly,
i.e., [x,y] € T is an absolute zero divisor, whence [z,y] = 0. Now 2 = 0 follows

because the map Ly — ad Lg|Ly is injective. Thus Lr is graded-nondegenerate,
which by 2.3 is equivalent to being nondegenerate. O

Since the standard envelope of a Kantor pair V' is isomorphic as a Lie algebra
to the standard envelope of T'(V') and since by (1.9)(2) V is nondegenerate if and
only if T(V') is nondegenerate, we get:

Corollary 2.5. A Kantor pair V is nondegenerate if and only if its standard en-
velope Ly is a nondegenerate Lie algebra.

Proposition 2.6. (Allison-Smirnov [2]) Let V' be a Kantor pair and let Ly =
Lo® L1 ®Lo®L_1®L_5 beits standard envelope.
(1) For any ideal (IT,I7) of V, the ideal of Ly generated by IT U I~ is
ide, (ITUIT)=[IT, L)@ It ®(IT, L)+ Ly, [T])®I" @®[[,L_q].
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(2) Lo ® Lo ® L_o does not contain nonzero ideals of Ly .

(3) If Ly is graded-semiprime, every nonzero ideal T of Ly contains a nonzero
graded ideal. In particular, T has nonzero intersection with L1 @& L_1.

(4) Ly is (semi)prime if and only if Ly is graded-(semi)prime.

Proof. (1) and (2) can easily be checked by the reader.

(3) Let 0 #£ x € Z< Ly and write x = x9 + 21 + o + -1 + x_2 with z; € L;.
Let ip be the maximal index such that z;, # 0. The Lie algebra Ly = Ly /T
is pregraded in the sense of [16], i.e., denoting by L; C Ly the canonical images
of L; we have Ly = Z?:_z L; and [L;,L;] C L;4;. Note that ;, € B(Ly) =
22272 (Lik N>, Li). By [16, 2.1], B(Ly) is a nilpotent ideal. In particular,
idz,, (Z;,) is nilpotent in Ly, i.e., there exists m € N such that (id,, (z3,))™ C T.
Moreover, since Ly is graded-semiprime and idg,, (x;,) is graded, (idg, (2;,))™
is a nonzero graded ideal contained in Z. That Z has nonzero intersection with
L ® L_1 now follows from (1). (4) is immediate from (3). O

Proposition 2.7. Let V' be a Kantor pair and let Ly be its standard envelope.
(1) If V is semiprime, then Ly is semiprime.
(2) V is prime if and only if Ly is prime and V is semiprime.
(3) (Allison-Smirnov [2]) Ly is a simple Lie algebra if and only if V' is a simple
Kantor pair.

Proof. (1) and (2). Since by (2.6)(2) graded ideals of Ly have a nonzero intersec-
tion with V', it follows that V' (semi)prime implies £y graded-(semi)prime, hence
(semi)prime by (2.6)(3).

Conversely, if V' is semiprime, Ly is prime and [ = (I*,1") and J = (J©,J")
are nonzero ideals of V', it suffices to show that INJ # 0. Let K := [idz,, (I),idz,, (J)],
which is a nonzero graded ideal of Ly . So it has nonzero intersection with L1 G L_;.
One can check that KN Ly = (I, Ly],J |+ I, [JV,L_q]] + [IT,[J, L4]] +
(L L), JT+ (L, L), JT]+ [[J T, La],I7] C IT N JT, and similarly KN L_y C
I—nJ .

(3) If Ly is simple and (I, I7) is a nonzero ideal of V, then idz,, (ITUI~) = Ly,
so by (2.6)(1) (IT,I7) = V. Conversely, let T be a nonzero ideal of Ly. If V is
simple, then V' is semiprime, so by (1) and (2.6)(3) 0 # (ZNLy,INL_1)<V.
Simplicity of V' implies (ZN Ly,Z N L_1) = V. Since V generates Ly as algebra,
I=~Ly. O

3. SOME CONSEQUENCES

Theorem 3.1. (1) A simple Kantor pair over a ring of scalars ® containing
1/2,1/3,1/5 is nondegenerate.
(2) A simple Lie triple system over a field of characteristic zero is nondegen-
erate.

Proof. (1) The standard enveloping algebra L = Ly is simple by (2.7)(3). The
span K (L) of all absolute zero divisors of L is invariant under all automorphisms,
hence in particular under all inner automorphism expadz, = € L;, i € {£1,+2}
(note that under our assumptions on ® these maps are indeed automorphisms). It
follows that K7(L) is an ideal. Since it is locally nilpotent by [17], it must be zero,
i.e., Ly is nondegenerate, whence V' is nondegenerate by (2.5).
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(2) By (2.5) it suffices to show that the standard embedding L of a simple Lie
triple system is nondegenerate. As mentioned in (1.4) L is either simple or a direct
sum of two simple ideals. Hence, it suffices to show that a simple Lie algebra defined
over a field of characteristic 0 is nondegenerate. But this follows as in (1) since by
[9] the ideal generated by all absolute zero divisors is locally nilpotent. O

Recall from (1.1)(a) that the annihilator of an ideal I of a nondegenerate Lie
algebra L is given by Ann;(L) = {z € L | [z, ][I, z]] = 0}. The following two results
give analogs of this fact for Lie triple systems and for Kantor pairs.

Theorem 3.2. Let T be a nondegenerate Lie triple system and I an ideal of T.
Then Annp(I) ={z €T | [z,I,x] = 0}.

Proof. The inclusion from left to right being obvious, let us consider x € T satisfying
[,],2] = 0 and put Z := [T,1I] ® I, the ideal of L generated by I. Then for
y,y' € Tand t € T we have [z, [z, [z, [y, t]+y']]] = [z, [z, [z, [y, ]]] = [=, [z, [=, y], 1] -
[[z,t],9]]] € [z, [z, I]] =0, i.e., x is an Z-Jordan element in L. We can therefore
consider the generalized Jordan algebra 7, of 7 at x. Because L1 is nondegenerate
by (2.4), so is Z by (1.1). Hence Z, is a nondegenerate Jordan algebra (2.2)(3).
Moreover, since Z is a Zy-graded Lie algebra and x is homogeneous, kerz(z) = {a €
T | [z,[z,a]] = 0} is Zo-graded and so is then Z, = Z/kerz(z). By definition of
the Jordan algebra product, (Z,)o ={a | a € I} and (Z,); = {a | a € [T, I]}. But
kerz(z) NI = I by assumption, so that (Z,)o = 0. By nondegeneracy we then get
T, = 0, which says Z = kerz(x). Hence x € TN Anng,.(Z) = Annp(]). O

From (3.2) and (1.8)(3) we now get:

Corollary 3.3. Let V be a nondegenerate Kantor pair and I = (I7,17) an ideal
of V. Then Anny (I)? ={z € V? | {z,I,2} = 0}.

An easy consequence of (3.2) and (3.3) is:

Corollary 3.4. Fvery ideal of a nondegenerate Kantor pair or Lie triple system is
also mondegenerate.

The remaining two results deal with Kantor pairs. First, we show that nonzero
ideals in nondegenerate Kantor pairs cannot have a zero side:

Proposition 3.5. Let V be a nondegenerate Kantor pair and let I = (IT,17) be
an ideal of V or VOP. If I =0, then I=7 = 0. In particular, if x € V7 salisfies
{V=9,2,V=9} =0, then x = 0.

Proof. Let us suppose I = (I7,{0}). From (2.5) we know that Ly is a non-
degenerate Lie algebra. By (2.6)(1), the ideal of Ly generated by I is 7 :=
VIt @It & [V ,IT] C Ly ® Ly & Ly. Since Z is nondegenerate by (1.1
I =0andso I =0.

~—

)

O

Lemma 3.6. Let V be a Kantor pair and 1° a submodule of V7. Then I
(17,{V=2,1°,V=7}) is an ideal of V or V°P if and only if {I°, V-7, V°} 4+
{Ve,v—eo 17} C I°.

Proof. The condition {I7,V=9,V7} + {Vo, V=2, I°} C I° is obviously neces-
sary for I to be an ideal. Conversely, if it is fulfilled, it suffices to verify that
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{V=o,ve Iy + {19, Vo,V=?} C I77 and {V7,179,V?} C I°. These three
conditions are established below, where a,c,u,v € V=7, b,d € V7, and y € I?:
{CL, b7 {U, Y, U}} = {{CL, b7 U}, Y, U} - {U, {bv a, y}a U} + {U, Y, {av ba U}}
e{Vv— 1o, v}y =17,
{{U, Y, U}7 bu a} = {’LL, Y, {’U7 b7 (l}} + {’1)7 {y7 U, b}7 CL} - {/Ua b7 {u7 Y, (l}}
e{V o I°, VO +{V O VIV IV 7}}
C {Vﬁa7lg’ Vﬁa’} = Iia”
{b,{u,y,v},d} = —{y,u, {b,v,d}} + {{y, u, b}, v, d} + {b,v,{y,u,d}} € I°.
O
In the following result we characterize when Kantor pairs are Jordan pairs by
building the biggest Jordan ideal of a Kantor pair. We recall that an ideal of a
Kantor pair (or of any algebraic structure for that matter) is called essential if

it has nonzero intersection with any nonzero ideal. In a prime Kantor pair, any
non-zero ideal is essential.

Proposition 3.7. Let V' be a nondegenerate Kantor pair and define for c = + and
o=-
I9={zeV? | Kyca=0=K,pz, YceV? abecV 7}

(1) Then I := (I'",I7) is the biggest ideal of V which is a Jordan pair with
respect to the given triple product. Moreover, for 0 = + and o = —,

Io={2€eV? | K;c=0 YceVo} (a)

(2) V is a Jordan pair if and only if I is an essential ideal, in which case V = 1.
In particular, if V' # 0 is also prime, then V is a Jordan pair if and only if
I#0.

Proof. (1) We first show that (I7,{V 7,17, V~7}), 0 = &£, are ideals of V' (this
does not need the assumption that V' is nondegenerate). By (3.6) and the definition
of I7 it suffices to show that {V7,V~7, 17} C I?. Thus, let x € I?, a,d € V7 and
b,c,e € V=7, Then

{{a,b,x},¢,d} = {a,b,{x,c,d}} + {z,{b,a,c},d} —{z,c,{a,b,d}}
= {a, b, {d, G, m}} + {d’ {ba a, C}v x} - {{a’ b, d}’ = m}
={{a,b,d},c,x} — {d,{b,a,c},x} + {d,c,{a,b,x}}
+{d,{b,a,c},z} — {{a,b,d},c,z} = {d,c,{a,b,z}},
{e,{a,b,x} e} —{e,{a,b,x},c} = K Vapr = —ViaKe et + K, apr =0,
so {Vo,V=9.1°} C I°. In particular, J = (J*,J7) = (IT,{V~,IT,V"}) is an
ideal of V. By (2.6)(1),
J=U"VeJte(JHVI]+VHJ e &[J V]
is the ideal generated by JTUJ~ in Ly = L = Lo ® L_1 ® Lo ® Ly & Lo.
Now, given y € J*, 2 € VT and 2 € V~, we have [[y, z], 2] = [[y, 2], 2] — [[z, 2], y] =
K, »z = 0, which implies that 0 = [JT, V]| = m9(J) where m; denotes the canonical
projection onto the L;-component of L. Since Ly is nondegenerate by (2.4), 0 =
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T_o(J)=1[J", V7] ie, K;- y-VT = 0. Moreover, Ly C Anng, (J) by (1.1)(a)
because J is 3-graded. Hence [V, V*],J7] =0, i.e., Ky+ y+J~ = 0. Therefore,
{V=,IT,V=} =J~ C I~ which implies that I = (I*,17) is an ideal of V. Now
J CL_1®Ly® Ly, and every ideal K of V' that generates in Ly an ideal contained
in L1 & Lo & L_; necessarily has K C I. Hence (a) holds.

To prove that I is the biggest ideal which is a Jordan pair, let K = (K+, K™)
be an ideal of V such that K is a Jordan pair. Again by (2.6)(1),

K=[K"VieKto[K" V]+VI KoK &K V]

is the ideal of Ly generated by K. We know that K is a nondegenerate Lie algebra.
Applying (2.6)(1) one more time, it follows that the ideal of K generated by K TUK ™~
is
K=K K'leK"o K"K |loK @K ,K |

Now, since K’ is nondegenerate and [[K°, K?]|, K~7] = 0 (recall that K is a Jordan
pair) we have that [[K7, K?],K'] = 0. So [K?,K?] = 0 by nondegeneracy of K’,
and this implies, viewing [K?, K] as elements of Ly, that [[K7,K?], V7] =0
and K, ,b = 0 for every y,y € K? and b € V~?. Moreover, [K?,K°] = 0
implies that K’ is 3-graded and then by (1.1)(a) that [V, K?] C Anng(K'). In
particular, K, .y = 0 for every y € K7, a € V? and y’ € K. Finally, for every
ye Koy e K %, a€V?and b€ V7 we have:

{Ky’ab, y/, K%ab} = Vi b,y’Ky,ab = —KWVy/,K pb + KK?jya,y’,K pb=0

y,a y,a y,a

and, since K’ is nondegenerate, K, ,b = 0 for every y € K7, a € V? and b e V7.
Thus, by (1), K C I.

(2)Let Z=1T @ (IT,V7]+[V*T,I7])® I~ be the ideal of Ly generated by
I U, and notice that Lo UL_o C Anng,(Z) =0and Z C Ly & Lo ® L_;. Now,
I is an essential ideal of V' if and only if 7 is an essential ideal of Ly . Since the
annihilator of an essential ideal is zero, we get Lo = 0 = L_5. The converse is
obvious. (]
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