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irreducible as modules over their inner derivation algebras are the algebraic counterparts
of the isotropy irreducible homogeneous spaces.

These systems splits into three disjoint types: adjoint type, non-simple type and generic
type. The systems of the first two types were classified in a previous paper through a
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1. Introduction

Given a reductive decomposition g = h @ m of a Lie algebra g, so that § is a subalgebra of g, m a subspace, and [, m] C m,
there exist natural binary and ternary products defined in m, given by

X-yznm%x,y]),
[Xa Y, Z] = ”b([x7 y])az]’

foranyx, y, z € m, where my, and 7, denote the projections on h and m respectively, relative to the reductive decomposition
g=hHdm

The vector spaces endowed with such binary and ternary products were introduced by Yamaguti in [30] under the name
of general Lie triple systems, and were later renamed as Lie triple algebras in [ 18]. Here and in the previous paper [3] we follow
the notation in [19, Definition 5.1], and call these systems Lie-Yamaguti algebras:

(1.1)

Definition 1.1. A Lie-Yamaguti algebra (m,x-y, [x,y, z]) (LY-algebra for short) is a vector space m equipped with a bilinear
operation - : m X m — m and a trilinear operation [, , ] : m x m X m — msuch that, forallx,y, z, u, v, w € m:

(LY1) x-x =0,
[x,x,y] =0,

(LY2)
(LY3) Yy (00,214 (60 -2) =0,
(LY4) >y n[x-y,2,t1 =0,
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(LY5) x,y,u-vl=1[x,y,u]l-v+u-[x,y,v],
(LY6) [x,y, [u, v, w]] = [[x,y, ul, v, w] + [u, [x,y, v], w] + [u, v, [X, ¥, w]].

Here Z(X’y’z) means the cyclic sumonx, y, z.

The LY-algebras with x-y = 0 for any x, y are exactly the Lie triple systems, closely related with symmetric spaces, while
the LY-algebras with [x, y, z] = 0 are the Lie algebras. Less known examples can be found in [2] where a detailed analysis
on the algebraic structure of LY-algebras arising from homogeneous spaces which are quotients of the compact Lie group
G, is given.

For background and motivation on these systems one may consult [3].

Given a Lie-Yamaguti algebra (m, x - y, [x, ¥, z]) and any two elements x,y € m, the linear map D(x,y) : m — m,
z+— D(x,y)(z) = [x,y, z] is, due to (LY5) and (LY6), a derivation of both the binary and ternary products. These derivations
will be called inner derivations. Moreover, let D(m, m) denote the linear span of the inner derivations. Then D(m, m) is closed
under commutation thanks to (LY6). Consider the vector space g(m) = D(m, m) ®&m, and endow it with the anticommutative
multiplication given, for any x, y, z, t € m, by:

[D(x,y), D(z, )] = D([x, ¥, z], t) + D(z, [x, y, t]),
[D(x,¥),z] = D(x,y)(z) = [x, ¥, z], (1.2)
[z,t] =D(z,t) +z-t.

Note that the Lie algebra D(m, m) becomes a subalgebra of g(m).

Then it is straightforward [30] to check that g(m) is a Lie algebra, called the standard enveloping Lie algebra of the Lie-
Yamaguti algebra m. The binary and ternary products in m coincide with those given by (1.1), where h = D(m, m).

Given a Lie algebra g and a subalgebra b, the pair (g, h) will be said to be a reductive pair (see [27]) if there is a
complementary subspace m of h with [, m] € m. The decomposition g = h @ m will then be called a reductive decomposition
of the Lie algebra g and symmetric decomposition if the additional condition [m, m] € § holds. In the latter case, we shall
refer to the pair (g, ) as a symmetric pair. In particular, given a LY-algebra (m, x - y, [X, ¥, z]), the pair (g(m), D(m, m)) isa
reductive pair and the pair is symmetric in case x - y = 0.

Definition 1.2. A Lie-Yamaguti algebra (m, x - y, [X, y, z]) is said to be irreducible if m is an irreducible module for its Lie
algebra of inner derivations D(m, m).

The irreducible Lie-Yamaguti algebras constitute the algebraic counterpart to the isotropy irreducible homogeneous
spaces considered in [29]. Concerning these irreducible LY-algebras over algebraically closed fields of characteristic zero, it
is not difficult to prove (see [3, Proposition 1.3, Theorem 2.1]) the following basic structure results:

Theorem 1.3. Let (m, x - y, [x, y, z]) be an irreducible LY-algebra. Then D(m, m) is a semisimple and maximal subalgebra of the
standard enveloping Lie algebra g(m). Moreover, g(m) is simple in case m and D(m, m) are not isomorphic as D(m, m)-modules. O

Proposition 1.4. Let g = h @ m be a reductive decomposition of a simple Lie algebra g, with m # 0. Then g and § are isomorphic,
respectively, to the standard enveloping Lie algebra and the inner derivation algebra of the Lie-Yamaguti algebra (m, x-y, [X, Y, z])
given by (1.1). Moreover, in case b is semisimple and m is irreducible as a module for b, either  and m are isomorphic as
ad h-modules or m = b, the orthogonal complement of h relative to the Killing form of g. O

From Theorem 1.3, in [3, Section 2] it is proved that the classification of irreducible LY-algebras splits into three non-
overlapping types:

ADJOINT TYPE: m is the adjoint module for D(m, m),
NON-SIMPLE TYPE:  D(m, m) is not simple, (1.3)
GENERIC TYPE: Both g(m) and D(m, m) are simple.

The LY-algebras of Adjoint Type are just the simple Lie algebras (see [3, Theorem 2.4]) and those of Non-Simple Type
can be described through reductive decompositions modeled by a Generalized Tits Construction from [4] using quaternions,
octonions and simple Jordan algebras as basic ingredients (see [3, Theorems 4.1, 4.4]).

In the Generic Type, m and D(m, m) are not isomorphic as adg)D(m, m)-modules, so following Proposition 1.4, the
classification of the irreducible LY-algebras of this type is equivalent to the determination of the reductive decompositions
g = h @ m satisfying the following conditions:

(a) gisasimple Lie algebra,
(b) b isasimple subalgebra of g, (1.4)
(c) wmis anirreducible ad h-module (in particular m # 0).

Note that the previous conditions imply

(d) mis h* (orthogonal with respect to the Killing form of g),
(e) bisamaximal subalgebra of g, (1.5)
(f) mis not the adjoint module.
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The purpose in this paper is the classification of the LY-algebras of Generic Type while, at the same time, their close
connections to some well-known nonassociative algebraic systems will be highlighted. It will be shown that most irreducible
LY-algebras of this type appear inside simple Lie algebras as orthogonal complements of subalgebras of derivations of Lie
and Jordan algebras and triple systems, Freudenthal and orthogonal triple systems or Jordan and anti-Jordan pairs.

The paper is structured as follows. Section 2 is devoted to determine the irreducible LY-algebras inside reductive
decompositions of simple special linear Lie algebras (classical Cartan type A,). The classification of these LY-algebras flows
parallel to the classification of the simple Jordan linear pairs and the so called anti-Jordan pairs. Following a similar pattern,
Sections 3 and 4 provide LY-algebras appearing inside orthogonal and symplectic simple Lie algebras (Cartan types B,,, D,
and ;) through the classification of simple Lie triple systems, and orthogonal and symplectic triple systems. Irreducible
LY-algebras inside exceptional Lie algebras of types G,, Fy4, Eg, E; and Eg are the goal of Section 5. In this case, the classification
can be transferred from the complex field. Section 6 is an Appendix section where definitions and classifications of the
different pairs and triple systems related to irreducible LY-algebras are included. The paper ends with an epilogue section
that summarizes the classification results obtained in this paper and in the previous one [3].

Throughout this paper, all the algebraic systems considered will be assumed to be finite dimensional over an algebraically
closed ground field k of characteristic zero. The symbol & denotes the direct sum of subspaces and ® the tensor product of
k-subspaces unless otherwise stated. Basic notation and terminology on representation theory of Lie algebras follows [14].

The authors are much indebted to the referee for his/her very careful analysis and comments.

2. Special linear case

As mentioned in the Introduction, the irreducible LY-algebras of Generic Type appear as orthogonal complements of
maximal simple subalgebras of simple Lie algebras. In this section we classify these systems in case their standard enveloping
algebras are (simple) special linear Lie algebras s[(V) (or slgim v (k) if a basis for V is fixed).

Any reductive decomposition sl(V) = h & m satisfying (a), (b) and (c) in (1.4) presents two elementary restrictions:

e dim V > 3 (the smallest simple Lie algebra is the three-dimensional algebra s(; (k)).

e V is irreducible as a module for h. Otherwise we would have V = V; @ Vo, and h C {f € sl(V) : f(V) C V;, trf |y,= 0}
(since h = [b, b]), but this subspace is properly contained in the subalgebra {f € sl(V) : f(V;) € V;}. This is not possible
by the maximality of the subalgebra b, following condition (e) from (1.5).

The previous restrictions allow us to introduce trilinear products involving V and its dual h-module V*, in such a way
that the pair (V, V*) is endowed with a (linear) Jordan or anti-Jordan pair structure (see [21] and [13] for definitions or
Section 6.3 of this paper) and h can be viewed as the derived subalgebra of the inner derivation algebra of the induced pair.

Since s[(V) is embedded in gl(V'), and this is a module for its subalgebra b, we can consider the standard isomorphism of
h-modules

VRV* X gl(V)=h®mdkly (2.1)

given by identifying the element x ® ¢ with the linear map y — x¢(y). (Iy denotes the identity map of the vector space V.)
Now let dy , be the projection of x ® ¢ onto h and, for a fixed & € k, let us define the h-invariant triple products

Vevrev — V

2.2

X@9®Y gyl = dey ) — E9Y, (22)

VFQVeV: — V* (2.3)
PRXxQ@Y = Afexyls =Y odiy, —EpX)Y. '

Products (2.2) and (2.3) are related by
{oxy}e(y) = ¥ o {xgy}e, (24)
forall ¢, ¥ € V*, x,y € V, and the subalgebra h can be described as
h =span{dy, : X € V,p € V). (2.5)

Then, we have the following result:

Lemma 2.1. For a given reductive decomposition sl(V) = b @& m which satisfies (a), (b), (c) in (1.4), consider the vector spaces
Ut = Vand U~ = V*. There exists a unique nonzero scalar & € k such that the pair U = (U™, U™) is either a simple Jordan
pair under the triple products {x,y_,Z, }¢ defined in (2.2) and (2.3) for 0 = =, or a contragredient simple anti-Jordan pair with
(X6Y—025) = 0{XsY_sZ5 )¢ as triple products. Moreover | is the linear subalgebra

tr({xp.}¢)
dimV

which, up to isomorphism, turns out to be the derived subalgebra of the inner derivation Lie algebra of the corresponding pair and
m is ht, the orthogonal complement of b with respect to the Killing form of s(V).

h = span <{Xq{).}g — ly:xeV,pe V*>, (2.6)
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Proof. First we shall check that, for an arbitrary &, the £-products in (2.2) and (2.3) satisfy the identity

{Xayfa{uavﬂrwo}f}& = {{Xayfaua}gvﬂrwa}s - {ua{yfaxavfa}éwa}s + {uavfa{xayfawa}é}& (2.7)
Forx=x,,u=u;, eUt=Vandgp=y_,¥ =v_ € U~ = V* the map
L:V®V*— End(V), (2.8)

defined by x ® ¢ + Ly, = {x@.}¢, is an (h @ kly )-module homomorphism. From (2.4) we have {¢xy}; = ¥ o Ly, which
easily yields

[Lx,(ps Lu,l//] = LLX,V;(u).l// - Lu,n//oLX,V; . (29)

But (2.9) is equivalent to (2.7) for o = +.
Incasep =x_,% =u_ € U =V*andx =y,,y = vy € U* =V, identity (2.7) follows from the (§ & kI, )-module
homomorphism

L:V*®V — End(V*) (2.10)

given by ¢ ® x IA,W = {px.}¢.
On the other hand, any product defined as in (2.2) is in Hom,(V ® V* ® V, V), so we must look at the previous subspace
in order to get our result. Since h, m and kly are irreducible and non-isomorphic h-modules,

Hom,(V®V*®V,V) = Homy(V ® V¥,V ® V¥)
= Homy (h, h) @ Homy(m, m) @ Homy (kly, kly).

Then Hom,(V ® V* ® V,V) is a three-dimensional vector space from Schur’s Lemma. Now, using the alternative
decomposition

Homy(V®V*®V,V) Z Homy(VQV,V®V)

2
= Hom, (S%V,V ® V) @ Hom, (/\ V,.V® v) ,

we get that either Hom, (/\2 V,V ® V) or Hom, (S%V,V ® V) is a one-dimensional subspace (52V and /\2 V stand for the
second symmetric and alternating power of V respectively). Hence, two different situations appear:

(a) Homh(/\2 V.,V ® V) is one dimensional.
In this case, the vector space Hom, ((/\2 V) ® V*, V) is also one dimensional and, since dim V > 3, we can take the nonzero
map

XQYQ¢P—yQXxQ ¢ — p(X)y — o(¥)x

as generator. So

Ay (¥) — dy o (X) = E(@(X)y — 9(¥)X),
for some unique & € F and therefore, for x,y € V, ¢ € V* we have the identity

(xeyle = yexje. (2.11)
On the other hand, since Homb(/\2 V,V ® V) is assumed to be one dimensionaland V ® V = S?V & /\2 V, we have that
Homh(/\2 V. S2V) = Homy (S2V, A’ V) = Hom, (S*V ® A’ V*, k) = 0. This latter condition implies that the restriction of

themapx®y ® ¢ ® ¥ > ¥ ({xpyle) on SV @ /\2 V* is zero. So, using (2.4) and taking into account that the base field is
of characteristic zero, we get

0 =¥ ({xpyle) —oUxvyle) = (exvrle — {¥xele) (),
which implies
{oxyle = {Yxele. (2.12)
Then, from (2.7), (2.11) and (2.12), we obtain that (U, {X,y_Z,}¢) is a Jordan pair.
(b) Homh(SZV, V ® V) is one dimensional.
In this case, analogous arguments but for symmetric powers, give us
dx,(p(y) + dy,(p(x) = f(w(x)y + (p(y)x),

for some unique & € k, which yields

{xpy}s + {ypx}e =0, (2.13)
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and

{loxy}e + {¥xp}e =0, (2.14)
forx,y e V, ¢, ¥ € V*.Now for 0 = &, the products (X, _¢Z,) = 0 {XsY_s2s }¢ Satisfy

(XoY-025) = —(Z6Y-0Xs), (2.15)
and using (2.7):

o’ {Xayfrr {urr V_oZs }é }E
02{{&}’7(’ Uy }E V625 }é - O'Z{U(T {yfaxrr [ }SZU }E + Uz{urr L {xrryfazn }E }E (216)
<<X(7y—0'ua>v—a'za'> + <u(7 (y—oxa v—U' )Z(7> + (uO' v—U' (Xay—OZG>>'

(XY -6 (UsV_525))

Now identities (2.15) and (2.16) prove that (U, (X,Y—»Z,)) is an anti-Jordan pair.

Following [13, Section 1], for a given Jordan or anti-Jordan pair with triple products a,b_,c, = D, (as,, b_s)(cs),
the so called inner derivation algebra is the Lie algebra spanned by the (inner) derivations D(a;,b_) = (D4(ay,b-),
—D_(b_, a4)) in the Jordan pair case or D(a;, b_) = (Dy(ay,b_), D_(b_, a;)) in the anti-Jordan pair case. In this way,
comparing inner derivation maps for the pair and anti-pair obtained from (a) or (b), we arrive at the relationship

({xg.), (px.)) = ({xg.}e, —{ox.}e).
Thus in both cases,
Inder U = span{({x¢.}s, —{@x.}¢) 1 x €V, € V*).

Now, the Lie algebra Inder U is isomorphic to § in case £ = 0 and to h @ ki, otherwise. The previous assertion follows from
the map h & klIy — Inder U, given by d — (d, —a), where a(go) = ¢ o d. Moreover, since V and V* are h-irreducible,
according to [13, Proposition 1.2], U is a simple Jordan pair or anti-Jordan pair. Attached to the anti-Jordan pair structure,
we have the nondegenerate bilinear map V ® V* — k defined by x ® ¢ — ¢(x) which, because of (2.4) satisfies

U ((xpy)) + (oxy) () = ¥ ({xpy}e) — {oxir}e () =0,

forx,y € V, ¢, ¢ € V*.Then the anti-Jordan pair is contragredient following [ 13, Section 2]. Now, from [25, Theorem 2] and
[13, Sections 2 and 3], the inner derivation Lie algebra of either a simple Jordan pair or a simple contragredient anti-Jordan
pair is never simple (see Tables 5 and 6 in the Appendix section for a complete description of these algebras). So, up to isomor-
phisms, the Lie algebra Inder U is h @ kIy which proves that £ # 0. So the derived subalgebra Inderg U = [Inder U, Inder U]
is isomorphic to . Moreover, using (2.5), the algebra  is spanned by the zero trace maps dx , = Ly, + £¢(X)ly, therefore

Epx) = —t;(if;'g) (see (2.8)). The final assertion on m follows from condition (d) in (1.5). O

Now, we can establish the main result for the generic sl-case:

Theorem 2.2. Let (m, a- b, [a, b, c]) be an irreducible LY-algebra of generic type and standard enveloping Lie algebra of type sl.
Then precisely one of the following two cases occurs:

(i) Thereis a vector space V and an involution on the associative algebra End(V) such that m is, up to isomorphism, the simple Lie
triple system consisting of the zero trace symmetric elements in End(V'), with the natural triple product [a, b, c] = [[a, b], c]
(inside s[(V)). Moreover, dim V > 5 if the involution is orthogonal, and dim V > 4 if it is symplectic. In particular, the binary
product a - b is trivial.

(ii) There is a simple Jordan triple system | of one of the following types:
(1) the subspace of n x n symmetric matrices for n > 2 with the triple product {xyz} = xy'z + zy'x,
(2) the subspace of n x n skew symmetric matrices for n > 5 again with the triple product {xyz} = xy'z + zy'x,
(3) the subspace of 1 x 2-matrices over the algebra of octonions @ with the triple product {xyz} = x(¥'z) + z(¥'x),
(4) the exceptional Jordan algebra #¢5(©) (multiplication denoted by juxtaposition) with its triple product {xyz} = x(zy) +
z(xy) — (zx)y,
such that, up to isomorphism, g(m) = sl(J), h = D(m, m) = L,(J) = [L(), L{)], where L(J) = span{{xy.}; x,y € J).
Here the LY-algebra m appears as the orthogonal complement to § in g(m) relative to the Killing form, with the binary and
ternary products in (1.1).

There are no isomorphisms among the LY-algebras in the different items above.
Conversely, the LY-algebras in items (i) and (ii) are indeed irreducible of generic type with standard enveloping algebra of

type sl.

Proof. According to Lemma 2.1, m = h* where § is as described in (2.6) and V. = U™, the (+)-component of either a
suitable simple Jordan pair or a simple contragredient anti-Jordan pair U = (U™, U™) with triple products {x,y,z,} for
o = =£. We also note that the subalgebra § is described by means of the (4)-product operators D, (x;,y-) = {xyy_.},
xy € UT andy_ € U~. Moreover, for contragredient anti-Jordan pairs we must have the isomorphism (U™)* = U™, as
modules for Inder U. (From [13, Corollary 2.2] it follows that any simple Jordan pair is contragredient, that is, Ut and U~
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are dually paired by the nondegenerate bilinear form m(x,,y_) = tr Dy (x,, y_); the assertion is not true for anti-Jordan
pairs as shown in [13, Example 2.7].)
Conditions (b) and (c) in (1.4) and the previous initial restrictions on irreducibility and dimension of V imply that we
must look only for simple Jordan or simple contragredient anti-Jordan pairs U = (U™*, U™) such that:
(1) the derived subalgebra Indery U = [Inder U, Inder U] of the inner derivation algebra is simple,
(2) Ut = V(A) is an irreducible module of dominant weight A (recall that the notation in [14] is used throughout) for the
(+)-component of Inderg U and dim Ut > 3,
(3) UT® U™ = V(L) ® V(A*) has just two nontrivial irreducible components which correspond to the module decompo-
sition for si(U™).

Isomorphisms between either Jordan pairs or anti-Jordan pairs provide isomorphic LY-algebras. A look at the classifica-
tion of simple Jordan pairs in [21, Theorem 17.12] and of simple anti-Jordan pairs in [ 13, Section 3 and 4] (both classifications
are outlined in the Appendix - Section 6.3 and Table 5 -) show that the possibilities for Jordan pairs U = (U™, U™) satis-
fying conditions (1) and (2) above are the following:

(Condition (3) is checked case by case from the h-module decomposition gl(UT) = UT @ U™ = sl(UT) © V(0).)

(Mp,1(k), Mp,1(Kk))p=3:
In this case, the pair (Inderg U, U™) is, up to isomorphism, the pair (5[p (k), V(Al)) (recall that we follow the no-
tations of [14]). Then, as modules for si,(k), UT ® U™ = V(1) ® V(hp_1) = V(A1 + Ap_1) © V(0).
Therefore, this case must be discarded (see (2.1)).

(An(k), An(k))n>5:
Here the pair (Inderg U, U™) is, up to isomorphism, (sl,(k), V(1;)) and, as modules for s(,(k), UT ® U~ =
V(X2) ® V(kn—2) = V(A1 + An—1) ® V(A2 + An—2) & V(0).

(‘;fﬂ(k)r ﬂn(k))nzz:
Here the pair (Indery U, U™) is, up to isomorphism, (s,(k), V(2X,)) and, as modules for sl,(k), UT ® U~ =
V(221) @ V(2hp—1) = V(A1 + 2X5-1) @ V(A1 + An1) & V(0).

(K", k") p=s5:
Here the pair (Indery U, U™) is, up to isomorphism, (so,(k), V(X1)) and, as modules for so,(k), UT @ U~ =
V(A1) ®V (A1) isequalto V(2A1)BV (Ay)DV(0) forn > 7and forn = 5, 6itdecomposesas V(2A1)BV (2A,)BV(0)
and V(211) ® V(1, + A3) @ V(0) respectively.

(M1,2(0), M12(0)):
Here the pair (Indery U, U™) is, up to isomorphism, (so19(k), V(A4)) and, as modules for so1o(k), UT @ U~ =
V(dg) @ V(As) = V(Ags + As5) ® V(A2) ® V(0).

(743(0), Ht3(0)):
Here the pair (Inderg U, U™) is, up to isomorphism, (Eg, V(1)) and, as modules for Eg, Ut @ U~ = V(A1) ®
V(de) = V(X1 + 26) @ V(X2) ® V(0).

For anti-Jordan pairs, the results in Section 6.3 and Table 6 show that the series U = (Mp,1(k), M, 1(k)) for p > 3 with
(sl,(k), V(A1) and U = (k*", k™) with (sp,, (k), V(A1) for n > 2 are the unique possibilities. The decomposition U™ ® U~
as sl (k)-module in the first case is analogous to the corresponding series of Jordan pairs, and hence this case must be dis-
carded. For the anti-Jordan pairs U = (k*", k"), the decomposition as modules for sp,, (k), is given by

(an’ k2n)n22:
Va) @ V(A1) =V (2r) & V(22) & V(0).

The Jordan pairs and anti-Jordan pairs of type U = (k", k") present a special common feature. Any of these structures can
be described as a pair (V, V) where V is a vector space endowed with a nondegenerate e-symmetric form b and with triple
product {xyz} = b(x, y)z + b(y, z)x — €b(x, z)y, where ¢ = 1 for Jordan pairs and ¢ = —1 for anti-Jordan pairs (so dim V is
even in the latter case). Moreover, the operators appearing in (2.6) are of the form

t .
dvy = {xy.} — id(i{:qu}) = b(y, .)x — €b(x, .)y,

and hence the subalgebra ) = span(d,, = b(y, .)x —e€b(x, .)y : x, ¥ € V) is the Lie algebraso(V) in case € = 1and sp(V) for
€ = —1.0n the other hand, the map f — f*, where f* is the adjoint map relative to the form b, induces an involution on the
associative algebra End(V) for which h = {f € End(V) : f* = —f} = 8(V, %) is just the Lie algebra so(V') or sp(V) and the
setgd = #H(V, x) = {f € End(V) : f* = f}, under the symmetrized product f -g = fg +gf, is a central simple Jordan algebra.
In this case, the decomposition gl(V) = 8(V, %) @ #(V, x) is symmetric and its restriction to s[(V) provides the symmetric
decompositionsl(V) = h@H (V, *)o, where F (V, x)q consist of the zero trace elements in g. This symmetric decomposition
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satisfies (1.4), som = h = H#(V, %)o and therefore the LY-algebra m has trivial binary product and the ternary one is given
by (f,g, hl =Ilf,gl.hl=—(,h,g)=—(-h)-g+f-(h-g) = (g,f, h). This provides item (i) in the Theorem.

Finally, the remaining admissible Jordan pairs above are all of the form (J, J) for a Jordan triple system J and the asser-
tion (ii) in the Theorem follows.

In all the cases considered, it has been proved that m is an irreducible module for the simple Lie algebra § and it is not
isomorphic to the adjoint module. Hence the converse is clear. O

3. Orthogonal case

In this section we classify LY-algebras of Generic Type whose standard enveloping algebra is a (simple) orthogonal Lie
algebra so(V, b), so V is a vector space of dimension >5 (note that so4(k) is not simple and that so3(k) is isomorphic to
slp(k)), endowed with a nondegenerate symmetric form b.

As in the previous section, we are looking for decompositions so(V, b) = h @ m in which conditions (a), (b) and (c) in
(1.4) hold. Our discussion in the so-case will be based on the following elementary facts:

e Considering both so(V) and V as modules for b, the linear mapx Ay + oy = b(x, .)y — b(y, .)x defines an isomorphism
of h-modules:

2
AV =50V, b), (3.1)

from the second alternating power of V onto the Lie algebra so(V).

e Any tensor product of irreducible modules V(1) ® V(u) contains a (unique) copy of the irreducible module V(A + w).
This copy is generated by v = v, ® v, the only vector (up to scalars) of (highest) weight A + . (Here v, denotes a
nonzero vector of weight A.) Moreover, in case . = p this copy is located inside the second symmetric power of V (1),
that is:

V(A1) C SPV(). (3.2)

e For a given dominant weight A and any simple root « not orthogonal to A ({(A, @) # 0), the second alternating power

/\2 V(X)) contains a (unique) copy of the irreducible module V(2A — «). This copy is generated by v = vy ® vy_o —
Vs—o ® v;, the only vector (up to scalars) of (highest) weight 21 — «. Hence,

2
Vi —a) © \V(), incase (A, a) #0. (3.3)

Lemma 3.1. For a given reductive decomposition so(V, b) = § & m satisfying (a), (b) and (c) in (1.4) with dimV > 5, one has
that, as a module for b, either:

(i) V decomposes as V = kv @& W, an orthogonal sum of a trivial module kv and an irreducible module W with dimW > 5. In
this case, the subalgebra b is ) = ow w = span(oxy : X,y € W), (oxy as in (3.1)), so it is isomorphic to so(W, b) and for
the subspace m we have that m = o, w. Moreover, the reductive decomposition

so(kv ®W,b) =oww ®oyw (34)

is symmetric; or
(ii) V = V(m);) is an irreducible module for b whose dominant weight is a multiple of the fundamental weight A; relative to
some system of simple roots A = {«y, ..., a,}, and one of the following holds:
(ii-a) m = V(@2m\A; — o) forsomei, 1 <i<n.
(ii-b) b is a simple Lie algebra of type B3, V = V(A3) and m = V(X4)
(ii-c) b is a simple Lie algebra of type G, and V = m = V(Aq).

Proof. If V is not irreducible as a module for b, let W be a proper and irreducible h-submodule. Assume first b(W, W) # 0,
thus the restriction of b to W is nondegenerate by irreducibility of W, so V decomposes as the orthogonal sumV = W W+,
Since h C so(W) @ so(W') C so(V, b), the maximality of h (condition (e) in (1.5)) forces

h = so(W, b) = s0(W) ® so(W).

But b is a simple Lie algebra, so W+ must be one dimensional. So we have the orthogonal decomposition V = kv @ W
and we get the natural Z,-graduation in (3.4) with ) = ow w = span{oyx, : X,y € W) (the maps oy, as in (3.1)), and
oy.w = span{o, x : X € W), which s an irreducible module for  isomorphic to W. Thus from (1.5), we have m = bt =o,w
which provides item (i) in the Lemma.

On the other hand, if V is not irreducible as a module for b, but the restriction of b to any irreducible h-submodule
is trivial, by Weyl's theorem on complete reducibility, given an irreducible submodule W; there is another irreducible
submodule W, with b(Wy, W,) # 0. So, W; and W, are isotropic, that is b(W;, W;) = 0, and contragredient modules,
andV = W; @ W, & (W; & W)L, Arguing as before, we may assume that V = W; @ W,. Then our subalgebra § lies inside



P. Benito et al. / Journal of Pure and Applied Algebra 215 (2011) 108-130 115

the subalgebra {f € so(V, b) : f(W;) € W;} = ow,w, and this contradicts the maximality of h, since ow, w, is contained
properly in the subalgebra ow, w, ® ow, w;-

Now, in case V = V(A) remains irreducible as a module for b, its dominant weight A relative to a Cartan subalgebra of
and a choice of a system A = {«aq, ..., oy} of simple roots, decomposes as A = ZLI m;A;, where as in [14], A1, ..., Ay
denote the fundamental weights. Note that m; = (A, ;) > 0 is a non-negative integer for any i. Let o; be a simple
root which is not orthogonal to A, that is m; #% 0. From (3.3), a copy of the irreducible module V(21 — «;) appears in
/\2 V(L) Eso(V) =hPm.Incase h = V(21 — «;), we have that 2A — «; is the highest root w of b, and hence w + «; is twice

a dominant weight A (while § being a proper subspace of /\2 V(X)). A quick look at the Dynkin diagrams (see [14]) shows
that the only possibilities are the ones that appear in items (ii-b) and (ii-c).

Otherwise we must assume that the highest root of § is not of the form 2A — «; for some simple root «; such that
(A, ai) # 0. As s0(V) has exactly two irreducible components as a module for b, there exists exactly one simple root ¢;
not orthogonal to A. Hence A = m;A; with m; > 1 and m = V(2m;A; — «;) which provides item (ii-a). O

Following Lemma 3.1, for any reductive and nonsymmetric decomposition so(V, b) = h @ m satisfying (a), (b) and (c¢) in
(1.4), the vector space V, considered as a module for h must be (nontrivial) irreducible with dominant weight of the form
mA;, A; being a fundamental weight relative to some system of simple roots A of h. The irreducibility of V allows us to endow
this space with a structure of either a Lie triple system or an orthogonal triple system (see [26, Section V], [7, Definition 4.1]
or Section 6.2 of the Appendix in this paper for the definition of the latter systems), in such a way that the subalgebra b
becomes its inner derivation Lie algebra. In this way, the classification in the so-case will follow from known results on
these triple systems.

For an arbitrary reductive decomposition so(V, b) = b @ m, by using the isomorphism as modules for b in (3.1), we can

define the map
VeV — s(V,b) — (35)
X®Y > Oxy = dyy, ’

where dy , denotes the projection of the operator oy , onto b, so the subalgebra h can be written as h = span{dy : X,y € V).
Now, let us define the triple product on V given by

xXyz 1= dyyz. (3.6)
This product satisfies the identities:

xxz =0, (3.7)

xy(uvw) = (xyu)vw + u(xyv)w + uv(xyw), (3.8)

b(xyu, v) 4+ b(u, xyv) = 0, (3.9)

foranyx,y,z,u,veV.

Note that (3.7) is equivalent to d,, being skew symmetric as a function of x and y. Identity (3.8) tells us that the map
given in (3.5) is a homomorphism of modules for h and (3.9) follows from h being a subalgebra of so(V, b). Since dy yz = xyz,
the subalgebra § is the inner derivation Lie algebra of the triple V:

h = span(dyxy : x,y € V) = InderV, (3.10)
and we get the following result:

Lemma 3.2. Given a reductive decomposition so(V, b) = b & m satisfying (a), (b), (c) in (1.4), such that the vector space V is
irreducible as a module for b, the vector space V endowed with the triple product xyz = dy ,z defined in (3.6) is either a simple Lie
triple system or a simple orthogonal triple system with associated bilinear form &b for some unique nonzero scalar &. Moreover,
the subalgebra b satisfies the equation

h = span(dyy : x,y € V), (3.11)

and therefore coincides with the inner derivation Lie algebra of the corresponding triple system, and the subspace m is the
orthogonal complement b to b relative to the Killing form of so(V, b).

Proof. First we shall check that the vector space Hom, ((/\2 V)®V, V) istwo dimensional. Since V = V* and /\2 V = s0(V),
2
Hom, (/\ V.veV

2
Homy ((/\ V> ®V, V)
Hom;(h, V ® V) & Homy(m, V ® V).

Moreover, the irreducibility of h as a module for itself gives
dim Homy (h, V ® V) = dim Hom,(V ® V*, b). (3.13)

Lemma 3.1 shows that V = V(mA;) (the irreducible module of dominant weight mA;) as a module for , so [11, Theorem 1]
proves that Homy (h, V ® V) is a one-dimensional vector space. From the different possibilities for m described in (ii-a), (ii-b)
and (ii-c) of Lemma 3.1, the same assertion holds for Homy(m, V ® V):

12

(3.12)

12
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(ii-a) m = V(mA; — o).
The assertion follows from (3.3) and comments therein.
(ii-b) h = B3,V =V (A3) and m = V(Aq).
The assertion follows since the tensor product decomposition

V(A3) @ V(X3) =V (2A3) ® V(X)) @ V(A1) ®V(0), (3.14)

contains only one copy of m.
(ii-c) h = G,V =m =V (Ay).
Again the tensor product decomposition

VA1) @ V(L) =V2AM) @ V() @ V(A & V(0), (3.15)
contains only one copy of m.

On the other hand, in a easy way we can get the following h-module decomposition for the tensor product (/\2 VI®V:

(/2\v>®v:/3\veps, (3.16)

where/\BVembedsin (/\ZV)®bemeansofx/\y/\z  XAYRz+YAZD)R®Xx+ (zZAX) ®y, and
S=span((xAy)®z+ (zAYy) ®x:x,y,z € V). The nonzero h-homomorphism ¢ : S — V given by:

P((XAY) @z + (ZAY) ®X) = 0xy(2) + 0z,y(X) = 2b(x, 2)y — b(y, 2)x — b(y, X)z,

with oy as in (3.1), provides the alternative decomposition

2 3
(/\v>®v:/\veal<er<p@v, (3.17)

and therefore
2 3
Hom, ((/\ v) QV, v) = Hom, (/\ v, v) @ Homy (Ker ¢, V) & Hom, (V, V). (3.18)

Since the dimension of the vector spaces I-Iom,,((/\2 V) ® V,V) and Homy(V, V) is 2 and 1 respectively, either
I—Iom;,(/\3 V,V) = 0 or Homy(S, V) = kg. In the first case, we have that the triple product xyz defined in (3.6) must be
trivial when restricted to /\3 V. Therefore this triple product satisfies the additional identity

Xyz +yzx + zxy = 0, (3.19)

for any x,y,z € V. Hence, from (3.7), (3.8) and (3.19) we get that (V, xyz) is a Lie triple system (see Section 6.1 in the
Appendix for the definition). Moreover, as h = Inder V and V = V (mJ;) is h-irreducible, this triple system is simple.
Otherwise Hom (S, V) = kg holds, so the restriction of the triple product xyz to S give us the relationship

XyZ+zyx =Ep(x ANy Rz +2z Ay Rx) = 2Eb(x,2)y — Eb(y, 2)x — Eb(y, X)z, (3.20)

for some £ € kand any x, y, z € V. Moreover, let us show that £ must be nonzero. Assume on the contrary that £ = 0, from
(3.20) we get

xyz +zyx = 0, (3.21)
for all x, y, z € V and the triple product is totally antisymmetric. Then the triple products (x,y_,z,) = 0X,¥_,2, defined
on the vector space pair U = (U", U™) with U° =V and o = = satisfy:

(XoY-025) = OXoY—0Zo = —0ZsY—oXo = —(ZoY—0Xs),
and using (3.7) and (3.8),

(oo (UgV_oWg)) = 0%XeY—5 (U Vo W)

= 02 ((XoY ol )V Wo) — Up (VX V) Wo + Ug Vo (XY o W)
= (oY —oUs )V—cWq) + (U (Y—0X5 V-0 ) W5) + (UsV—5 (XsY 5 Wo)).

Hence, U is an anti-Jordan pair for which the inner derivation operators are of the form

Dy x4,Y-), D_(y—,%4)) = ((x1y-.), Y-%x4.)) (3.22)
= (Xpy—., —Y-X4.). ’
We note that the linearization xyz = —yxz of (3.7) is equivalent to Dy, = —Dy 4, thus (D1 (x4,y_),D_(y_,xy)) =

(Dx.,y_»> Dx,y_). This shows that the Lie algebra Inder U is isomorphic to h and therefore it is a simple Lie algebra. Moreover,
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since V is an irreducible module for h, U is a simple anti-Jordan pair [13, Proposition 1.2]. But according to Table 6 in the
Appendix , the inner derivation algebras of simple anti-Jordan pairs such that U+ = U™~ are not simple. Hence & # 0.
Now Eq. (3.20) with z = y and (3.7) give the identity

xyy = &b(x,y)y — &b(y, ¥)x, (3.23)

for any x,y € V, which together with (3.7)-(3.9) (see Section 6.2 in the Appendix ) prove that the vector space V is
an orthogonal triple system under the triple product xyz and the symmetric bilinear form £b(x, y). Since the form is
nondegenerate, V is a simple orthogonal triple system ([7, Proposition 4.4]) and the subalgebra § is its inner derivation
Lie algebra. The last assertion (m = h*) follows from condition (d) in (1.5). O

Now we can formulate the main result for the generic so-case:

Theorem 3.3. Let (m, a- b, [a, b, c]) be an irreducible LY-algebra of generic type and standard enveloping Lie algebra of type so.
Then precisely one of the following cases occurs:

(i) There is a vector space V of dimension >5, endowed with a nondegenerate symmetric bilinear form b such that m is, up to
isomorphism, the simple Lie triple system defined on V with triple product [u, v, w] = b(u, w)v — b(v, w)u. In particular,
the binary product u - v is trivial.

(ii) Up toisomorphism, m coincides with the space O of trace zero octonions with binary and ternary productsa-b = ab—ba =
la, bl and [a, b, ] = 2([[a, b], c] — 3((ac)b — a(cb))) for any a, b, c € Op, where ab denotes the multiplication in ©.
(iii) There is a simple Lie triple system T endowed with a nondegenerate symmetric bilinear form b of one of the following types:

(iii.a) a simple Lie algebra of type different from A with its natural triple product d, yz = [xyz] = [[x, yI, z] endowed with
its Killing form,

(iii.b) the subspace of trace zero elements of a simple Jordan algebra of degree >3, not isomorphic either to Mat, (k)™ (n > 3)
or to H4(k), with its triple product dy ,z = [xyz] = (x,z,y) = (x0z) oy — x o (y o z) (where x o y denotes the
multiplication in the Jordan algebra), endowed with the nondegenerate bilinear form given by its generic trace,

(iii.c) the Lie triple systems attached to the exceptional symmetric pairs (F4, By), (Es, C4), (E7, A7) or (Eg, Dg), endowed with
the nondegenerate bilinear form given by the restriction of the Killing form of the ambient Lie algebra,

such that, up to isomorphism, g(m) = so(T,b), h = D(m,m) = InderT = drr = span(dy, : x,y € T). Here the

LY-algebra m appears as the orthogonal complement to § in g(m) relative to the Killing form, with the binary and ternary

products in (1.1).

There are no isomorphisms among the LY-algebras in the different items above.
Conversely, the LY-algebras in items (i)—(iii) are irreducible of generic type with standard enveloping algebra of type so.

Proof. From Lemmas 3.1 and 3.2 we know that either m = o, w = span(o, x : x € W), where o, y = b(v, .)x — b(x, .)v,
inside the symmetric decomposition so(kv @ W, b) = ow.w @ o, w Where b is a nondegenerate symmetric form with
b(v, W) = 0 or m = h* where b is the linear Lie algebra of inner derivations related to either a simple Lie triple system or
a simple orthogonal triple system which is irreducible as a module for its inner derivation algebra.

In the first case, since [0y, 0ap] = 06, (@), + Oa.0y, 1) fOr any x,y, a, b € V, it follows that

[[ov.x, Ovyls 0v.2] = b(V, V)0 6, )5 (3.24)

forany x, y, z € W. Besides, since the ground field k is assumed to be algebraically closed, one may take v with b(v, v) = 1.
Hencem = o, canbe identified to W with trivial binary product and triple product given by [xyz] = oy ,(2), thus obtaining
the situation in item (i).

Otherwise, we must look for either simple Lie triple systems or simple orthogonal triple systems (V, xyz) such that:

(1) the inner derivation algebra Inder V is simple,

(2) V.= V(m)) is an irreducible module for Inder V with dominant weight m-times a fundamental weight A;, and
dimV > 5,

(3) /\2 V decomposes as a sum of two irreducible modules.

Since isomorphic irreducible orthogonal or Lie triple systems provide isomorphic LY-algebras, we need to check the
previous conditions in the classifications, up to isomorphisms, of such systems given in [7, Theorem 4.7], [10, Table I] and
[11, Table III], which are outlined in the Appendix of this paper: Tables 1 and 4. Then, using Table 4 in the Appendix , and
restrictions (1)-(2)-(3), we get the following possibilities for the triple (V, Inder V, V(m;)) for orthogonal triple systems:
the G-type triple system defined on the seven-dimensional space ¢, of trace zero octonions with triple (Qq, G2, V(X1)) and
the F-type triple systems defined on an eight-dimensional vector space V having a 3-fold vector cross product with ternary
description (V, so7(k), V(X3)). The respective decompositions of /\2 V as a module for h = Inder V are the following:
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(In both cases condition (3) holds.)

(G0, G2, V(A1)):
/\2 V(A1) = V(A1) ® V(Xy) as a module for Inder Og = G,.

(V, s07(k), V(X3)):
/\2 V(A3) = V(A1) @ V(X;z) as a module for Inder V =~ so7 (k).

Following [7], the orthogonal triple system of G-type satisfies that h = Inder V is the simple Lie algebra of type G, given
by the Lie algebra of derivations of @, considered as a subalgebra of s0(9g, n), where n denotes the norm of the octonion
algebra. Then m is the orthogonal complement of ) relative to the Killing form of g = s50(9g, n). But so(®g, n) decomposes as

50(@p, n) = Der(9) ® adg,,
(see [28, Chapter III, §8] or [9]), where ad,(y) = [x, y] = Xy — yx. Since adg, is irreducible as a module for Der(0) it turns

out that adg, is necessarily the orthogonal complement to h = Der(®) relative to the Killing form of s0(0g, n). Besides for
any x, y € Qg we have:

[adx» ady] = [Lx — Ry, Ly - Ry]
= [LXa Ly] + [Rx» Ry] - [va Ly] - [Lx» Ry]
= Dx,y - 3[va Ry]»

where L, and R, denote the left and right multiplications by x in @, and where Dy, = [L, L] + [Lx, Ry] + [Re, R)] =
adpy y; — 3[Lx, Ry] is the inner derivation of @ generated by the elements x and y. Therefore

[ady, ady] = —adx ) + 2Dy,

and hence, if we identify m = ade, with 9y by means of x — —ad,, the binary and ternary multiplications in (1.1) are given
by:

x-y =[xyl
[xyz] = 2Dy (2),

for any x, y, z € 99 and we obtain item (ii).

For F-type orthogonal triple systems (see [7] and [8]), we have that V = @ with bilinear form b(x, y) = an(x, y) where
n(x, y) is asin the previous paragraph, the triple product is given by dy ,z = xyz = (xy)z+4b(x, z)y—4b(y, 2)x—b(x, y)z and
Inder V = span{(dy ;). In this case Inder V is a Lie algebra of type B that can be described as Inder V = span(Dy ,, Ly + 2R, :
X,y € Og). Moreover, the automorphism 6 of so(©, n) = sog(k) given by Ly — Ly + R, and R, — —R, (see [28, Chapter III,
Section 8] makes & (Inder V) = span(Dyy, Ly — Ry = ady : X,y € Og) = {f € s0(V) : f(1) = 0} = s0(9o, n), a Lie algebra
for which 0y is irreducible and orthogonal to k1 which is a one dimensional and 6 (Inder V)-invariant subspace. Hence, the
LY-algebram = (Inder V)= is isomorphic to 01,0, = Span{o1x = n(1, )x —n(x, .)1 : x € Og) obtained as in item (i). Hence
nothing new appears here.

For simple Lie triple systems, [10, Table I] presents the complete classification of such triple systems encoded through
affine Dynkin diagrams. Using this classification, in [ 11, Table III] a complete list of all simple Lie triple systems which are irre-
ducible for Inder V is given. Table IIl also provides the inner derivation algebra Inder V, and the structure for each irreducible
Lie triple V as a module for Inder V. The results in [10] and [ 11] are displayed on Table 1 in the Appendix. Table 1 provides the
dominant weights for the different irreducible Lie triple systems V as well as the /\2 V-decomposition of those triples with
simple inner derivation Lie algebra. So using Table 1 under the restrictions (1)-(2)-(3), we arrive at the possibilities described
below. We also note that in all the cases, V is a contragredient and irreducible module for Inder V, and hence there exists a
unique Inder V-invariant form b on V up to scalars, which is either symmetric or skew symmetric. The /\2 V-decomposition
in Table 1 proves that the form b is always symmetric for irreducible triple systems with simple inner derivation algebra.

(L x L, L):
Here .£ represents a Lie algebra of type different from A, n > 1, but considered as a triple system by means of the
product dy yz = [xyz] = [[x, y], z], endowed with the Killing form. These triple systems are called adjoint in [3].

(AZna Bn)nzlv (Aanla Cn)nsz (A2n71a Dn)nzB:
Following Theorem 2.2, these triple systems correspond to the space of trace zero elements in a simple Jordan
algebra ¢ of type B or C and degree n > 3 with triple product given by the associator. Then, since dy,z =
[xyz] = (v, z,X) = [Lx, Ly](2) (Lx denotes the multiplication by x in the Jordan algebra), we have that Inder §, =
span{[Ly, L,] : x, y € o) = Der g and b is the generic trace.

(F4’ B4)v (E67 F4)v (E67 C4)v (E77 A7)v (587 DS):
Table 1 shows that all the simple Lie triple systems with exceptional simple standard enveloping Lie algebra and
simple inner derivation Lie algebra work. The triple system related to the pair (Eg, F4) consists of the trace zero
elements of the exceptional simple Jordan algebra (Albert algebra) with associator as triple product (see [15]).
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On the other hand, Table 1 shows that the only symmetric decompositions with standard enveloping Lie algebra of type
so are given by symmetric pairs of type (so,(k), so,_1(k)), up to isomorphisms. It is easy to check that none of the reductive
pairs related with the LY-algebras described in items (ii) and (iii) are of this form. So the binary and ternary products of the
corresponding LY-algebras are not trivial.

Finally, the restriction on item (iii.b) on the Jordan algebra not being isomorphic to F#¢,(k) is due to the fact that for this
Jordan algebra, the associated subalgebra b is so4(k) which is not simple.

The converse is clear from the arguments above. O

Remark 3.4. The case in item (iii.b) of the previous Theorem corresponding to the Jordan algebra #;(k) satisfies that its
enveloping algebra is so5(k), which is isomorphic to sp,(k). Hence this case will appear too in the next section (Item (i) of
Theorem 4.4). Therefore, we may assume that the Jordan algebra in item (iii.b) above is not isomorphic to #3 (k). This will
be done in our final Table 9.

4. Symplectic case

For LY-algebras of Generic Type and standard enveloping Lie algebra a (simple) symplectic Lie algebra sp(V, b), we will
follow a similar procedure to that used in the special and orthogonal cases. In the symplectic case, V is an even-dimensional
vector space endowed with a nondegenerate skew symmetric form b.

Given a suitable reductive decomposition sp(V) = h @ m, we may view V and sp(V) as modules for h. The map (x, y) —
Yxy = b(x, )y + b(y, .)x provides an isomorphism of h-modules:

SV = sp(V), (4.1)

where 52V is the second symmetric power of V. This isomorphism and the following easy Lemma on representations of Lie
algebras are used in an essential way throughout this section:

Lemma 4.1. Let 1 and ., be two dominant weights of a simple Lie algebra (relative to a fixed system of simple roots). Then the
modules /\2 V(w1) and S?V (u1,) are isomorphic if and only if one of the following holds:

(i) b is a simple Lie algebra of type Ay, 1 = kXq and u, = (k — )X with k > 1,
(ii) b is a simple Lie algebra of type By, ;t1 = Ay and py = s

Proof. For a given simple root «; non-orthogonal to w1, the weight 241 — «; is maximal in the set of weights of the module
/\2 V(1) relative to the usual partial order where A > w if A — u is a sum of positive roots. Since 2, is the only maximal
weight for S?V (u,), we have 21; — o; = 244, and there is a unique simple root «; not orthogonal to /4. The last assertion
implies w1 = kA;, k > 1and a; = 2(u1 — m2). Now it is easy to check that the only possibilities are the following
(see [14, Chapter III, Section 11]):

e A with o; = oy = 2)\1, which implies item (i) in the Lemma.

e B, and o =0o1 = 2()\1 — )\2)2
In this case, 1 = kA1 and uy = (k— 1)A1 + A,. But computing the dimension of the corresponding irreducible modules
V(k,1) and V((k — 1)A1 + X3), we get k = 1 as the only possibility, thus item (ii) in Lemma follows.

e h=C,n>3ando; = oy = 2(—Ap_1 + Ap):
Then w1 = kA, and py = Ap_1 + (k — 1)A,. But the formula

dim V (kiy) _ 2k+n+1
dimV((k = Dhn+ Aneq)  2kn

implies that dim V (kA,) < dim V((k— 1)\, + A,_1) except for n = 3 and k = 1. So, the only possibility for both modules

to be isomorphic is 41 = A3 and u, = X,. But then dim /\2 V(r3) = 91 < dimS?*V(X,) = 105 and therefore this
situation does not hold.

’

The converse is easily checked by using the Clebsch-Gordan formula and the isomorphism between the B,-type Lie algebra
s05(k) and the Co-type sp,(k). O

Recall that given an irreducible module V(1) for a dominant weight A of a simple Lie algebra, the dual module V (1)* is
isomorphic to V(—o L), where o is the element of the Weyl group sending the given system of simple roots to its opposite
(see [14, Section 21, Exercise 6]). We will write —oA = A* and will say that the dominant weight A is self-dual in case
A = A%, thatis, in case V(1) is a self-dual module.

Lemma 4.2. Let sp(V) = h D m be a reductive decomposition satisfying (a), (b) and (c)in (1.4). Thendim V > 4 and as a module
forh, V.= V(X) is irreducible and either its dominant weight A is a fundamental and self-dual weight or h = A1, dimV = 4 and
A = 3A1. In any case, m is an irreducible module for b whose dominant weight is 2.
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Proof. In case V is reducible as a module for b, the arguments in the proof of Lemma 3.1 show that the vector space V can
be decomposed as an orthogonal sum, V = W @ W+ with W irreducible and nontrivial and h = sp(W) @ sp(W) which
is not a simple Lie algebra. Hence V must be irreducible and the assertion on its dimension is clear. In what follows let A be
the dominant weight of the irreducible self-dual module V.

On the other hand, (3.2) and (4.1) show that V(2)) appears as a submodule in S?V = sp(V) = h @ m, thus as modules
over § either h or m is isomorphic to V(2A). In the first case the only possibility is that 2A = 2X; for the simple Lie algebra
of type C,. This implies sp(V) = sp(V(XA1)) = b, which is not possible. Hence m is irreducible with 2\ as dominant weight.

Now let A = > m;A; be the decomposition of A as a sum of fundamental weights 2;, and assume that A is not fundamental.
Then A can be decomposed in two different ways:

(@ A=x+Af,
with A; fundamental and nonself-dual.
by A=A +21",
with A, A” nonzero and self-dual dominant weights.

(4.2)

Suppose A = A; + A and note that [[(A¥) = {—p : n € [[(%;)} is the set of weights for the module V(%;)* = V(1]).
(Asin[14], [ [(») denotes the set of weights of V(1).) Since f,, (v_,,) # Oincasev_, € V(A;) andf, € V(A})are (£u)-weight
vectors, the symmetric h-invariant form

b: (V) ® V") ® V() @ V(A)*) — F
V1 ®f1) ® (12 ® f2) = fi(v2)fa(v1),

satisfies b(vy, ®fx;«, Vo ® f-»;) # 0. As the copy of V(1) generated by v;, ®fx;« that appears in V(};) ® V(A;)* contains
too the element v ® f-;» the symmetric form b induces a symmetric and nonzero h-invariant form on V (1), but this is
not possible: because of the irreducibility of V, up to scalars there is exactly one h-invariant form on V, which must be skew
symmetric.

Hence from (4.2) A decomposes as A = A’ + A”. Then, the self-dual modules V(1') and V(A”) are endowed with
nondegenerate and h-invariant forms b;(x’, y") and b,(x”,y”). From b; and b,, we can define on the tensor product
V(X)) ® V(L") the h-invariant form

h:voH V) @V()® V() — F
v ® v ® vy ® vy > by (vy, v))ba(v], vY),

(4.3)

(4.4)

which satisfies b(v; @ vy, v_yy @v_;») # 0.Now, a copy ofV(k)®2 appearsin (V(A)® V()J/))®2 so b defines a nonzero and

h-invariant form on V()~)®2 which must be skew symmetric. Consequently and without loss of generality, we can assume

that b is symmetric and b, is skew symmetric. Now let ¢’ and ¢” be the module homomorphisms given by
VARV QVA)QVIY) = V) V(L)

v Q@ v] ® vy ® vy > by (v, vy)v] ® v, (45)

and

VARV QVAA)QVO) - VM) V(L) (456)
V] ® v ® vy ® vy > by (vy, v))v] @ V). .

Since b, is symmetric, we have
C,(‘U)L/ ® Uy ® V_y) ® V_ —I— V_y) ® V_ ® Uy ® UA//) = b](‘[)k/7 v—k/)(vk” ® V_ + V_ ® UA//) # O

Hence, as the symmetric modules S2V (1) and S>V (L") are generated by the vectors vy @ vy @ V_yy @ U_7 +V_y QV_y» @
vy ® vy and vy @ v_yr + v_yr @ vy respectively, we get a copy of the second symmetric power S2V (1”) inside SV (1).
Moreover, since dim V(1) > dim V(1”), we have S?V(1”) # S2V(}). In this way using (4.1), S?V (L") appears as a proper
submodule inside sp(V) = b @ m. Similar arguments for ¢ and the skew symmetric b, yield

(v @ U @ V_y @ V_jr + V_y ® V_yr ® U Q@ V) = ba(vir, Vo) (v Q@ v_y — vy @ vy) # 0,

and therefore the second alternating power /\2 V(') also appears properly in the module decomposition of S2V (1) = hPDm.
Since § is contained in both so(V ('), by) =~ /\2 V()) and in sp(V (L"), by) ~ S2V()."), and m is irreducible, we get

2

so(V(V) = AV Zh=S2VA) Zsp(VV)). (4.7)
Then Lemma 4.1 shows that either b is a simple Lie algebra of type A, ' = 2A; and A” = Aq; or b is simple of type
B, and therefore A’ = XA; and A” = A,. The latter possibility does not work from the dimensionality of the different

modules involved: dimV = dimV(,A; + A;) = 16,dimh = dimB, = 10 and dimm = dimV(2A; 4+ 2X,) = 81, but
dimsp(V) = 136 > dimbh + dimm = 91. Hence, in case A is not fundamental, b is of type A; with A = A’ + 1" = 3A; and
this completes the proof. O
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Lemma 4.2 shows that the irreducible LY-algebras which appear inside reductive decompositions sp(V) = §h & m
satisfying (a), (b) and (c) in (1.4) are given by simple and maximal linear subalgebras § with natural action on V given
by a fundamental and self-dual dominant weight except for sp, (k) = sos(k). This allows us to endow V with a structure of
either a symplectic triple system (see [31] and |7, Definition 2.1] for a definition) or an anti-Lie triple system (see [13]), such
that h becomes its inner derivation algebra. In this way, the classification in the sp-case will follow from known results on
these triple systems.

For an arbitrary reductive decomposition sp(V, b) = § @ m, the h-module isomorphism in (4.1) allows us to define the
map

VRV — sp(V,b) — b

4.8
XQY > Vay > dx,y, (4.8)

where d, , denotes the projection of y,, = b(x, .)y+b(y, .)x onto b, so the subalgebra h appearsas h = span({dy, : X,y € V).
Using these projections d, ,, we define the triple product on V
Xyz i=dy,z, (4.9)

which satisfies the following identities:

XyZ = yXz, (4.10)

xy(uvw) = (xyu)vw + u(xyv)w + uv(xyw), (4.11)

b(xyu, v) 4+ b(u, xyv) = 0, (4.12)
(

for x,y,z € V. Identity (4.10) is equivalent to the operator d,, being symmetric as a function of x and y. Identity (4.11)
states that (4.8) is an h-module homomorphism and (4.12) follows because § is a subalgebra of sp(V, b). Moreover, since
dxyz = xyz, the subalgebra ) becomes the inner derivation algebra of the triple (V, xyz), so that

h = span(dyy : x,y € V) = Inder V. (4.13)
Then, we have the following result, which is parallel to Lemma 3.2:

Lemma 4.3. Given a reductive decomposition sp(V, b) = h & m satisfying (a), (b), (c) in (1.4), the vector space V endowed with
the triple product dy yz = xyz defined in (4.9) is either a simple anti-Lie triple system of classical type or a simple symplectic triple
system with associated symmetric form &b for some nonzero scalar £. Moreover, the subalgebra b satisfies the equation

h = span(dyy, : x,y € V), (4.14)

and therefore coincides with the inner derivation algebra of the corresponding triple system, and the subspace m is the orthogonal
complement b to b relative to the Killing form of sp(V, b).

Proof. Since the triple product (4.9) belongs to Hom,,(SZV ® V, V), we will describe the previous vector space in order to
get the different possible products. Following Lemma 4.2, V is an irreducible and self-dual module for b. Also (4.1) gives
SV Zsp(V) =h Hm,s0

Hom,(S?V ® V, V) = Hom,(S*V,V ®V)

Hom;(h, V ® V) @& Homy(m, V @ V). (4.15)

~
~

Then, using [ 10, Theorem 1] and the dimension equality
dim Hom;(h, V ® V) = dimHom,(V ® V, b),

the first summand in (4.15) is one dimensional. The same is deduced from the Clebsch-Gordan formula for the second
summand in case h is of type A; and V = V(314), as then we have V(311) ® V(3A11) = V(611) ®V(4r1) & V(211) & V(0).
Otherwise by Lemma 4.2, V = V(};) with A; fundamental and m = V(2A;), so the result follows from (3.2). Hence, Hom,
(S?V ® V, V) is always a two-dimensional vector space.

On the other hand, S?V ® V can be decomposed as the module sum:

VRV =SVespan(xQy+y®x)Qz— Ry +yQ2) ®X). (4.16)

Write S = span(x Q y+y®x) ®z — zZQy+y®2z) ®X : X,Y,z, € V), then we can consider the nonzero h-module
homomorphism ¢ : S — V given by

P((x@Y+y®X)®z2—(ZQ®Yy+Yy®2) ®X) = ¥ry(2) — ¥zy(X) = 2b(x, 2)y + b(y, 2)x — b(y, X)z,
where y;, is given in (4.1). We have the alternative decomposition

SPVRV=SVaKerpaV, (4.17)
and therefore we can display Homb(SZV ®V,V)as

Hom, (S*V ® V, V) = Hom,(S*V, V) @ Hom, (Ker ¢, V) & Hom,(V, V). (4.18)
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Since Hom, (S*V ®V, V) is two dimensional and V is irreducible as an h-module, Eq. (4.18) shows that either Hom, (S3v,V)
is a trivial vector space or Homy (S, V) is a one-dimensional vector space spanned by ¢. In case Homb(S3V, V) = 0, the triple
product xyz defined in (4.9) restricted to S*V must be trivial. Then this product satisfies the additional identity

Xyz + zxy + yzx = 0, (4.19)

for all x,y,z € V. Hence, using (4.10), (4.11) and (4.19) we have that (V, xyz) is an anti-Lie triple system with § as inner
derivation algebra. Moreover, the triple system is simple and of classical type by the p-irreducibility of V.
Otherwise, Hom; (S, V) = kg, and the restriction of the triple product to S gives us the relationship

xyz — zyx = £(2b(x, 2)y + b(y, 2)x — b(y, X)z), (4.20)
for some £ € k. Moreover & must be nonzero: otherwise, for all x, y, z € V we have xyz = zyx and the triple products
(X0Y_o25) = 0X;Y—_oZ, defined on the vector space pair U = (V, V™) with V’ =V and o = &, satisfy

(ng,ng> =0X5Y-0Zo = 025)Y—oXo = (Zayfaxa>s

and from (4.10) and (4.11)

(XoY—o (UgV_oWs)) = 0°XeY g (UgV_s W)
= 0% ((X6Y o Ue )V—g W) + Ug (V-5 Xe V_g ) Wo + Ug V5 (X5Y o W5 ))
= (XY - Us )V—oWo) = (U (Y-oXg Vo) Wo) + (Us Vg (X6 Yo Wo)).
Therefore U is a Jordan pair for which the inner derivation operators are of the form
Dy, y-), D_(y—, x4)) = ((X4y—., ), —=(y-x4.))
= (XpY- y-X1.).

Now from (4.10) we have dy yz = xyz = d, xz, thus (D (X1, y_), D_(y_, x;)) = (Dx, y_, Dx, y_), which shows that the Lie
algebra Inder U is isomorphic to h. Since V is h-irreducible, U is a simple Jordan pair ([13, Proposition 1.2]). But from Table 5
we deduce that the inner derivation Lie algebras of the simple Jordan pairs are not simple. Hence & # 0. Now, from (4.20)
we get xyz — zyx = £ (2b(x, z)y + b(y, z)x — b(y, x)z) for any x, y, z and using (4.10) we obtain

(4.21)

yxz —yzx = xyz — zyx = Eb(y, 2)x — Eb(y, X)z + 2&b(x, 2)y.

The previous identity, together with (4.10)-(4.12), shows that (V, xyz) is a symplectic triple system with associated skew
symmetric bilinear form £b(x, y). Moreover, as b(x, y) is nondegenerate, V is a simple triple system ([7, Proposition 2.4])
with h as its inner derivation algebra. O

Now we have all the ingredients in order to state the main result of this section:

Theorem 4.4. Let (m,a-b, [a, b, c]) be an irreducible LY-algebra of generic type and standard enveloping Lie algebra of type sp.
Then there is a simple symplectic triple system (T, [. . .], b) of one of the following forms:

(i) T the symplectic triple system associated to the Jordan algebra ] = k with cubic form n(a) = o,
(ii) Tey(c), the symplectic triple system associated to the Jordan algebra ] = #3(C), where C is either k, k x k, Mat; (k) or the
algebra of octonions O,

such that, up to isomorphism, g(m) = sp(T, b) and h = Inder T. The LY-algebra m appears as the orthogonal complement to b in
g(m) relative to the Killing form, with the binary and ternary products in (1.1).
Conversely, these LY-algebras are irreducible of generic type and standard enveloping algebra of type sp.

Proof. Lemmas 4.2 and 4.3 show that m = k=, the orthogonal complement of the inner derivation algebra § of a simple
anti-Lie or symplectic triple system (V, xyz) with the following extra features:

(1) the inner derivation algebra Inder V is a simple Lie algebra,

(2) V =V (m),) is the Inder V-irreducible module with dominant weight m-times a fundamental weight A; and dimV > 4
(actually, either dimV = 4, h = A; and A = 3A; or A is a fundamental dominant weight),

(3) $2V decomposes as a sum of two irreducible modules.

Since isomorphic irreducible anti-Lie or symplectic triple systems provide isomorphic LY-algebras, we just have to check
which triple systems satisfy these extra conditions. Following [13], the simple anti-Lie triple systems are the odd parts
of the simple Lie superalgebras and therefore the classification of such triple systems is reduced to that of the simple
Lie superalgebras in [16]. For simple symplectic triple systems we will follow the classification and comments given in
[7, Section 2]. Both classifications are outlined in the Appendix of the paper. Table 2 shows that there are no simple anti-Lie
triple systems satisfying (1)-(3) simultaneously. For simple symplectic triple systems, following Table 3 and applying the
restrictions (1)-(2)-(3), we get that the only possibilities are given by the simple symplectic triple systems 7%, associated to
the one-dimensional Jordan algebra k in item (i), and the simple symplectic triple systems T associated to a simple Jordan
algebra § = #3(C) of degree 3 with € = k, k x k, the algebra of quaternions or the algebra of octonions, which proves the
theorem. O
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5. Exceptional case

In this section we deal with the irreducible LY-algebras of Generic Type and exceptional standard enveloping Lie algebra.
These systems appear in reductive decompositions g = h & m for which (a), (b) and (c) in (1.4) hold, g being a simple Lie
algebra of type G, F4, Eg, E7, or Eg. The classification in this case is given in the next result:

Theorem 5.1. Let (m, x - y, [x, y, z]) be an irreducible LY-algebra of generic type and exceptional standard enveloping algebra.
Then one of the following holds:

(i) mis the Lie triple system associated to one of the symmetric pairs (F4, B4), (Es, F4), (Es, C4), (E7, A7) or (Eg, Dg).

(i) m = Bt is the orthogonal complement with respect to the Killing form in g associated to one of the reductive pairs (g, h) =
(G2, Ay), (Eg, Gy) or (E7, Ay). Moreover, for the previous pairs, as a module for , m is isomorphic to V(1011), V(A1 @ A3)
and V (4L, @ 4A,) respectively.

Conversely, the listed cases in (i) and (ii) are indeed irreducible LY-algebras of generic type and exceptional standard enveloping
algebras.

Proof. Let m be aLY-algebra of generic type and exceptional standard enveloping Lie algebra g = h@masin(1.4). Lemma 4.2
in [3] shows that for each such reductive decomposition there exists an analogous decomposition § = h@ over the complex
numbers. In particular, the highest weight of m as a module for  coincides with the highest weight of f as a module for §.
Then, because of [3, Lemma 4.3], either m is a Lie triple system and we obtain (i), or h is a simple S-subalgebra of g and the
different possibilities for the pair (g, ) can be read from [6, Theorem 14.1], where a complete list of the complex maximal
and simple S-subalgebras of the exceptional Lie algebras is given: (g, §) = (Ga, A1), (F4, A1), (Es, A1), (E7, A1), (Es, A7),
(Eﬁs Gz)v (Eﬁv C4)v (EGa F4)v or (E7a AZ)

The cases (Eg, C4) and (Eg, F4) correspond to symmetric pairs already considered in (i). In case h = Ay, the irreducibility
restriction on m forces m = V(ni) for some n > 1. Now, given a Cartan subalgebra, spanned by an element h, of A; we can
pick up a Cartan subalgebra H of g with h € H. Then, [H, h] = 0,soH C Cy(h) = k- h @ V(n\{)o, where V(ni4)o is the
0-weight subspace of V (nA1). Since dim V (n\{)q is 0 or 1, depending on the parity of n, we get that g must be a Lie algebra
of rank 2. Hence, (G,, A7) is the unique possibility that works. A dimension count shows that n = 10 in this case.

A dimension count for the other cases (Eg, G;) and (E7, A;) completes the proof. O

Remark 5.2. The reductive pair (G, A1) can be constructed by using transvections. A construction of G, from A; = sl (k)
and an 11-dimensional module is given in Dixmier [5] (see also [2]). The symmetric pairs (F4, By) and (Eg, F4) are strongly
related to the Albert algebra (the exceptional simple Jordan algebra, see [ 15]). Nice constructions of the pairs (Eg, Dg), (E7, A7)
and (Eg, C4) can be read from constructions in [1].

6. Appendix

6.1. Lie and anti-Lie triple systems

Following [20, Theorem 1.1] Lie triple systems are nothing else but skew symmetric elements relative to involutive
automorphisms in Lie algebras. That is, these systems can be viewed as the odd part of Z,-graded Lie algebras. Anti-Lie
triple systems appear in the same vein by using the odd part of Lie superalgebras. Since Lie triple systems are LY-algebras
with trivial binary product, because of Definition 1.1 of this paper and [13, Section 5], it is possible to introduce both triple
systems in an axiomatically unified way by using a vector space V endowed with a triple product xyz satisfying the identities

XYz = € yxz,
Xyz +yzx +zxy = 0, (6.1)
xy(uvw) = (xyuw)vw + uxyv)w + uv(xyw),

where € = —1 for Lie triple systems and € = 1 for anti-Lie triple systems.

Given a Lie or anti-Lie triple system (V, xyz), the standard enveloping construction g(V) = D(V, V) & V in (1.2), where
D(V,V) = InderV = span{dy, : x,y € V), dyyz = xyz, is the inner derivation Lie algebra of the corresponding triple
system, provides either a Z,-graded Lie algebra or a Lie superalgebra according to V being a Lie or and anti-Lie triple system.
Moreover, it is not difficult to prove that the Lie algebra (respectively superalgebra) g(V) is graded simple (respectively
simple) if and only if the Lie (respectively anti-Lie) triple system V is simple.

Over algebraically closed fields of characteristic zero, simple Lie triple systems were classified in [20] through involutive
automorphisms. Table I in [10] presents an alternative classification of these systems by means of (reductive) symmetric
pairs (g(V), Inder V) obtained from affine Dynkin diagrams (see [ 17, Chapter 4]) that encode the Cartan type of the standard
enveloping Lie algebra g(V) and the inner derivation Lie algebra Inder V of the Lie triple system V. These diagrams are
equipped with some numerical labels which describe the lowest weight of V as a module for Inder V (the highest weight
also is easily checked since simple Lie triple systems are self-dual modules). Using the latter classification, in [11, Table III]
all simple and Inder V-irreducible Lie triple systems are listed. Combining the results in [10] and [11] we arrive at Table 1,
that displays the irreducible Lie triple systems whose inner derivation algebra is simple.

On the other hand, as simple anti-Lie triple systems are the odd part of simple Lie superalgebras, the classification of
these systems can be obtained from that of the simple Lie superalgebras in [ 16]. Of special interest for our purposes are the
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Table 1

Irreducible L.t.s. with simple inner derivation Lie algebra.
(g(V), Inder V) Inder V V = V(kx;) V(2kA; — o) so(V) = /\2 1%
(A1 x A1, A1) V(2x1) V(2x1) V(2x1) V(2A1)
(An X Anv An)nzz V()L1+)ln) V(}Ll"!‘)tn)
(B3 x Bs, Bs) V(X2) V(i2) V(rq +213) V(x2) ® V(1 + 213)
(Bn X By, Bn)nza V(%2) V() V(A1 +A3) V(d2) @& V(A + 243)
(Ca X G, Co)nx2 V(2h1) V(2h1) V(2A1 + A2) V(A1) @ V(2A1 + A2)
(D4 X Dy, Ds) V(X2) V(i2) V(A1+As+Aia) V(A2) ® V(A1+As+As)
(Dn X Dy, Dp)nzs V() V(X2) V(A1 +A3) V(d2) @ V(A +243)
(G2 X Gz, Gy) V(%) V() V(3r1) V(x2) @ V(3A1)
(F4 X Fq, Fy) V(r) V() V(i2) V(r1) @& V()
(Es x Es, Eg) V(X2) V(X2) V(ha) V(d2) @ V(ha)
(E7 x E7, E7) V(r1) V() V(k3) V(h) &V (x3)
(Es x Eg, Eg) V(%s) V(%s) V(A7) V(xg) ® V(A7)
(D3, By) V(242) V(A1) V(2X2) V(2X2)
(B3, D3) V(aa+23) V(A1) V(Ay + A3) V(Az + A3)
(Bn; Dn)n>4 V() V() V(i2) V(i)
(Dnt1, Bn)nx3 V(%2) V(A1) V(22) V()
(A2, A1) V(2X1) V(4h1) V(6A1) V(2r1) @ V(611)
(A4, By) V(242) V(2Xr1) V(2A1 +212) V(222) ® V(2A1 + 242)
(A2n, Bn)n=3 V(X2) V(2x1) V(2h1 + A2) V(A2) ® V(2A1 + A2)
(A2n—1, Co)nz3 V(2Xr1) V() V(A1 +A3) V(A1) @ V(A1 + A3)
(As, D3)n>4 V(A2+A3) V(2A1) VQAi+A2+23)  V(Aat+Ad3) ©® VQA1+A2+23)
(A2n—1, Dp)n=4 V(x2) V(2r1) V(A1 + A2) V(a2) ® V(2A1 + A2)
(Es, Fa) V(1) V(i) V(%3) V(A1) ® V(A3)
(F4, By) V(X2) V(h4) V(i3) V(X2) ® V(A3)
(Es, Ca) V(22x1) V(ha) V(223) V(211) @ V(243)
(E7, A7) V(*1+47) V(i) V(A3 + As) V(A + A7) ® V(A3 + As)
(Es, Dg) V(X2) V(ks) V(ke) V(X2) @ V(ke)

simple anti-Lie triple systems V which are completely reducible as modules for Inder V. This class of systems appears from
the odd parts of the simple classical Lie superalgebras listed in Table 2. We shall refer to them as anti-Lie triple systems of
classical type. Structural module information on Table 2 follows from |16, Proposition 2.1.2].

6.2. Symplectic and orthogonal triple systems

Symplectic triple systems were introduced in [31] and orthogonal triple systems were defined in [26, Section V]. They
are basic ingredients in the construction of some 5-graded Lie algebras and Lie superalgebras respectively (see [7]), and
hence they are strongly related to Z,-graded Lie algebras and to a specific class of Lie superalgebras. These triple systems
consist of a vector space V endowed with a trilinear product xyz and a e-bilinear form b, with € = —1 (skew symmetric) for
symplectic triple systems and € = 1 (symmetric) for orthogonal ones, satisfying the relations

XYz = —€ yxz,
xyz + exzy = € b(x, y)z + b(x, 2)y — € 2b(y, 2)x, (6.2)
xy(uvw) = (xyw)vw + u(xyv)w + uv(xyw).

We note that the second relation in the orthogonal case (¢ = 1) is just the linearization of the identity

xyy = b(x,y)y — b(y, y)x, (6.3)

and, from the third relation, we can introduce for these systems in the usual way the inner derivation Lie algebra Inder V =
span{dyy : x,y € V).

Symplectic and orthogonal triple systems are related to the so called (—e, —e¢) balanced Freudenthal-Kantor triple
systems introduced in [32]. In [7, Theorems 2.16 and 2.18] it is also shown that symplectic triple systems are closely related
to Freudenthal triple systems and a class of ternary algebras defined in [12]: the balanced symplectic Lie algebras. Moreover,
following [7, Theorems 2.4 and 4.4], the simplicity of both types of triple systems (fields of characteristic different from 2
and 3) is equivalent to the nondegeneracy of the associated bilinear form b.

The relationship between symplectic triple systems, Freudenthal triple systems and ternary algebras leads to the
classification of simple symplectic triple systems over algebraically closed fields of characteristic different from 2 and 3 given
in [7, Theorem 2.21] (the classification is based on previous classifications of Freudenthal triple systems in [23] and simple
ternary algebras from [ 12, Theorem 4.1]). For simple orthogonal triple systems, Theorem 4.7 in [7] displays the classification
over algebraically closed fields of characteristic zero, by means of a previous classification of the simple (—1, —1) balanced
Freudenthal-Kantor triple systems in [8, Theorem 4.3]. The classifications and comments therein [7] provide Tables 3 and 4,
where the Cartan type of the Lie algebra Inder V and the Inder V-module structure of V is given for the different types of
simple symplectic and orthogonal triple systems.
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Table 2
Simple classical Lie superalgebras.
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£L-Type L L7 as L5-module

A(m» O)mzl Am x Z? V()tl) D V(Am)

A(m9 n)m>nz1 Am X An X Z V()H) ® V()"/l) D V()"m) ® V()\;,)
A, Mn>1 An X Ag V) @ V(L) & V() ® V(L)
B(O, n)nz] Cn V()‘l)

B(m» n)m,nzl Bm X Cn V()\l) ® V()\ll)

D(2, n)p>2 A X A X G Va) @ V(A) ® V(L))

D(m, n)mzlnzl Dm X Cn V()\l) ® V()\ll)

C(Mnx2 G1xZ V(1) @ V(21)

Q(n)nzz An V()\l T )Ln)

P(n)nx2 An V(An-1) & V(211)

D(2, 1; a)a0,-1 Ay X A1 X Ay V) @ V) @ VAT

F(4) B3 x Ay V(k3) @ V(1))

G@3) Gy X Ay V() ® V(L))

2 Z stands for a one-dimensional center of £3. In case £5 = [£, L£5] X Z, the highest weight of L5 as a module for [£, £5] is considered. For these
cases, £ decomposes as sum of two irreducible modules. The elements of the center act as « - Id in one of the two summands, « being a nonzero scalar,
and as —« - Id on the other summand. The same remark applies to the remaining tables.

Table 3
Simple symplectic triple systems.
V-Type dimV Inder V V as Inder V-module sp(V) = S2V
Orthogonal type 8 A1 xAixA; V(A)QVA)V (L))
4n,n >3 Ay %D, V(a)®V (L))
6 Ay xA; V(21)®V(2)))
4n42,n>2  A;xB, V(21)®V(A))
Special type 2 V4 kxk
2n,n > 2 An1 X Z V(A1) @ V(kn-1)
Symplectic type 2 Aq V(i) V(2A1)
2n,n>2 G V(h) V(2h1)
Tk 4 A V(341) V(6A1) ® V(211)
Tz ) 14 G V(%3) V(2X1) © V(223)
T3 (k) 20 As V(A3) V(A1 +2s) © V(2A3)
Tr3@ 32 D V(ke) V(12) ® V(2Ae)
Ts50) 56 E; V(x7) V(r) & V(2A7)
Table 4
Simple orthogonal triple systems.
V-Type dimV Inder V V as Inder V-module so(V) = /\2 14
Orthogonal type 3,5 A1, By V(2i1), V(A1) V(2A1), V(2Ay)
2n+1,n>3 B, V(A1) V(i)
2,4 Z,A1 xAr  kxk V() ®V(Q)
6 D3 V(r) V(X2 + A3)
2n,n >4 Dn V(x1) V(x2)
Unitarian type 2n,n>3 A1 X Z V(A1) & V(Ap—1)
Symplectic type 4n,n>2 Ay X Gy V(r) @ V(A
D, -type 4 A X Ay V(A1) & V(A
G-type 7 G V(1) V(d) & V(r2)
F-type 8 B; V(r3) V(A1) ®V(ry)

Among the simple symplectic triple systems a special use of the following ones will be made:

[y P

g =

{(%‘ g):a,ﬁek,a,beg},

(6.4)

where § = gordan(n, c) is the Jordan algebra of a nondegenerate cubic form n with basepoint (see [22, 11.4.3] for a definition)
of one of the following types: § = k,n(a) = o and t(a, 8) = 3apf or § = Hs(C) for a unital composition algebra C.
Theorem 2.21 in [7] displays the product and bilinear form for the triple systems 73 by using the trace form t(a, b) and the
cross product a x b attached to the Jordan algebra .
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Table 5
Simple Jordan pairs.
U-Type (U, U™ )-description Inder U ut Uu-
g U = My q(k) Ap_1XAq_1xZ V(A)®V (L)) V(p-1)®V(A_y)
quzl U = Mp.q(k)
{xyz} = xy'z + zy'x
I, UT = U™ = Ay (k) A1 X Z V(i) V(n_2)
n>5 {xyz} = xy'z + zy'x
I, UT = U™ = Ha(k) A1 X Z V(A1) VQ2hn_1)
n>2 {xyz} = xy'z + zy'x
IV, Ut =uU" =k*" D, xZ V(i) V(i)
nx>3 {xyz}=b(x,y)z+byy(2)
b(x,y) = b(y, x)
Vi1 ut = U= = k¥t B, xZ V(i) V(i)
n>2 {xyz}=b(x,y)z+by,y(2)
b(x,y) = b(y, x)
% Ut = U™ = M;,(0) Ds x Z V(rg) V(rs)
{xyz} = x(¥°2) +2(¥'%)
VI Ut = U™ = H3(0) Es x Z V(i) V(ke)

{xyz}=x(zy)+z(xy)—(zx)y
4 The isomorphism I, = IV, has been omitted in the classification given in [21].

Table 6

Simple anti-Jordan pairs.
U-Type (UT, U™)-description Inder U ut Uu-
Gly, UT = My (k) Ay 1xAg1XZp#q V(L)®V () V(p-)®V ()
p=q=>1 U- = E)"tp,q(k) Ap—l ><Aq—l p=4q
pg > 1 {xyz} = xy'z — zy'x
Sps(2n) Ut = u- =k CoxZ V(ry) V(i)
n>1 {xyz} = b(x,y)z+by y(2)

b(x,y) = =b(y, %)

Sym(n)* Ut = 3, (k) An—q V(22x1) V(hn-2)
n>3 U™ = Ay(k)

{xyz} = xyz — zyx

¢ In [12, Proposition 2.8] the anti-Jordan pair Sym(2) is erroneously included as simple: {+; (k) #, (k) A, (k)} = 0, so (F#,(k), 0) is a proper ideal.

Table 7
Irreducible LY-algebras of Adjoint Type.
g(m) h m-description
k[t]/ (2 =1 @ L Der £ = £ L2
a-b=0
[a, b, c] = [[a, b], ]
K/t —t—B) Q@ £ Der £ = £ £
B#-1/4 a-b=/a,b]
la, b, c] = Blla, b], c]
k[t]/(t?) ® £ Der £ = £ £
a-b=|a,b]

la, b, c] = —1/4[la, b], c]

¢ o stands for a simple Lie algebra with product [a, b], so £ is either a classical linear algebra s, (k), n > 1 (Cartan type A,_1), son(k), n > 5 (Cartan type
By, or Dy according to n = 2k + 1 or n = 2k), sp,,, n > 3 (Cartan type C,) or an exceptional algebra of type G,, F4, Eg, E7, Es.

6.3. Jordan and anti-Jordan pairs

Jordan pairs, axiomatically introduced (for arbitrary fields and dimension) in [21] are basic ingredients in the construction
of Lie algebras with 3-gradings. In the context of Lie superalgebras endowed with a consistent 3-grading, the anti-Jordan
pairs introduced in [13] constitute the corresponding concept. Following [13] (see also [24, Chapter XI]), over fields of
characteristic different from 2 and 3 both types of pairs can be defined by means of a pair of vector spaces U = (U, U™)
with trilinear products {x,y_,z,} for o = = satisfying the identities:

{Xayfrrzrr } =€ {zay,(,xa }

XY —o{tcV_sws}} = {{XoY—oUs Vo Wo } — €{tis {Y_6X6 V_g}Wo } + {Us Vo {X6Y—o W }}, (65)

with € = 1 for Jordan pairs and ¢ = —1 for anti-Jordan pairs.
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Table 8
Irreducible LY-algebras of Non-simple Type.
g(m) b m-description
lpg (k) slp (k) @ slg(k) slp (k) ® slq (k)
2<p=gq @®f) - (b®g = 3la,b1® (g +gf — 2tr(fR)l)+
@9 # 2,2 5 (ab+ba — 2tr(ab)ly) ® [f, g1

[a®f,b®g. c®hl = ;lla,bl, c] ® tr(fg)h+
Str(ab)e ® [1f, g1, hl

50p4q (k) s0p (k) ® soq(k) kP @ ki
3<p=gq u®x) - (v®y) =0
[Ux, vy, wdz] =X y)(Yu,(w) ®2)+
Y(u, v)(w Wx.y(z))
b=,y : bx,y) = b(y, x) and by ,(z) = b(x, z2)y — b(y, z)x
s04q(k) spy (k) @ spg (k) spy (k) ® H4(Q),
3<q @®f)-(b®g) = ;la bl ® (g +gf — 2u()ly)
[a®f,b®g, c®hl = lla,bl, c] ® tr(fg)h+
1tr(ab)e ® [[f, g1, h
SPptq (k) spp (k) @ spg (k) kP ® ki
2=p=gq u®x) - (v®y) =0
[H®x vy, w®z] =X ) (Yu(w) 2)+
YU, v)(w ® gry(2))
b=¢, ¥ : b(x,y) = —b(y, x) and by y(z) = b(x, 2)y + b(y, 2)x
5pyq(K) sp, (k) @ s0q(k) spy (k) ® Hq(k),
3<q @®f) - (b®g) = 3la,b1® (g + g — 2tu(f®)ly)
[a®f,b®g,c®h]= _lla, b, c] ® tr(fg)h+
tr(ab)e ® [[f, g1, h
G sp, (k) D slp (k) kK ® Tk
uU®x) - vy =0
[u®x, vy, wz]= ¢k y)(Yuy(w) ®2) + ¥ (u, v)w ®xyz
b=¢, ¥ : bx,y) = —b(y, x) and by y(z) = b(x, 2)y + b(y, 2)x
Fy spa (k) @ sps (k) K ® Toyr)
u®x) - (vey) =0
(X vQy, w®z] =X, Y)(Yu(W) @2) + ¥ (U, V)w  xyz
b=, ¥ : b(x,y) = —b(y, x) and by y(z) = b(x, 2)y + b(y, 2)x
Fy Gy @ sl (k) Oy ® H3(k),
@®x) - by = %[a, b|® (xey —t(xey)1)
[a®x,b®y,c®z] =Dyp(c) ® t(x @y)z + t(ab)c ® dy y(2)
xey=2(xy+yx)anddy,(z) =xe (yez) —ye (xez)
Das(¢) = 3 (Ila, b], c] + 3((ac)b — a(ch))
t(ab) and t(x e y) the normalized traces
Eg spy (k) @ sls (k) K ® Tiey(0)
uU®x) - vy =0
[Ux, vy, w®z]=pX y)(Yu,(w) @ 2) + ¥ (u, v)w  xyz
b=¢, ¥ : bx,y) = —b(y, x) and by y(z) = b(x, 2)y + b(y, 2)x
Es Gz @D sl3 (k) Oy ® H3 (k X k)o
(@®x) - (b®y) =1la,bl® (xey—t(xey)l)
[a®x,b®y,c®2z] =Dqp(c) t(xey)z + t(ab)c ® dyy(2)
Xey= %(xy—&-yx) and dyy(z) =xe (yez) —ye (xez)
Dqp(c) = %([[ﬂ, b, c] + 3((ac)b — a(ch))
t(ab) and t(x e y) the normalized traces
E; spy (k) Dsor (k) K ® Ty
u®x) - (v®y) =0
URXx, vy, w2zl =@, y)(Yu,(w) ®2) + ¥(u, v)w  xyz
b=¢, ¥ : b(x,y) = —b(y, x) and by y(z) = b(x, 2)y + b(y, 2)x
E; Gy & spg (k) G ® H3(Q),
@®x) - (b®y) =;la,bl® (xey—txey1)
[a®x,b®y,c®2z] =Dqp(c) @ t(xey)z + t(ab)c ® dyy(2)
xey=2(xy+yx)anddyy(z) =xe (yez) —ye (xez)
Dqp(c) = %([[a, b, c] + 3((ac)b — a(ch))
t(ab) and t(x e y) the normalized traces
E7 5[2 (k) D F4 (QU ® ‘%)3(@)0
(@®x) - (b®y) = 3[a,b]® (xey —t(xey)1)
[a®xb®Yy,c®2z] = Dap(c) ® t(xey)z + t(ab)c ® dyy(2)
xey=1(xy+yx)anddy,(z) =xe (yez) —ye (xez)
Da(c) = [[a, b], c]
t(ab) and t(x e y) the normalized traces

1
q

Continued on next page
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Table 8
(Continued.)
gm) b m-description

Eg f353 (k) [&3) E7 kz X T;(g((g)
u®x) - vy =0
[Ux, vy, wz] =@k, y)(Yu(w) ®2) + ¥ (U, v)w ® xyz
b=¢, ¥ : bx,y) = —b(y, x) and by y(z) = b(x, 2)y + b(y, 2)x

Eg G, D Fy Oy ® #3(0),
(@®x - (b®y) =3[a.b]® (xey—t(xey)1)
[a®xb®Yy,c®2z] = Dgp(c) ® t(xey)z + t(ab)c ® dxy(2)
Xey= %(xy+yx) anddyy(z) =xe (yez) —ye (xez)
Da,v(c) = 3([[a, b], c] + 3((ac)b — a(ch))
t(ab) and t(x e y) the normalized traces

The simplicity of such a system can be characterized through its inner derivation algebra:
Inder U = span{({x;y_-}, —e{y_x;-}) 1, € UT,y_ e U") (6.6)

which is a Lie subalgebra of gl(U") x gl(U™). According to [13, Proposition 1.2], U is a simple pair if and only if
{fuUeU=°U°} # 0and U° is an irreducible Inder U-module (via the action of the o -component). Over algebraically closed
fields of characteristic zero, the simple finite-dimensional Jordan and anti-Jordan pairs were classified in[21, Theorem 17.12]
and [13, Sections 3 and 4]. In Tables 5 and 6 below a complete description of both classifications is given. The tables
include the inner derivation algebra Inder U, the Cartan type of its derived subalgebra Indery U = [Inder U, Inder U] and
the highest weight of U as a module for Indery U for the different simple Jordan and anti-Jordan pairs U. We follow
the matricial description of the original classifications, although alternative descriptions could be displayed. In this way,
rectangular p x q matrices, n x n symmetric or alternating matrices are represented in the tables by M, 4(k), #,(k) and
An(k), while M1 »(O) represents the space of 1 x 2 matrices over the octonions . We use the standard notation #5(0) for
the 27-dimensional exceptional Jordan algebra (or Albert algebra, see [15] or [28] for a complete description). For a given
matrix y, its transpose is denoted by y* and in case y € M12(0), y represents the standard involution induced in M1 5(O)
by the involution of @. Triple products for Jordan pairs and anti-Jordan pairs of the form U = (k", k") are defined by means
of the operators

byy = b(y, -)x — €b(x, -)y, (6.7)

for a nondegenerate e-symmetric form b (¢ = 1 for b symmetric and € = —1 in case b is skew symmetric).

The structural module information given on these tables can be obtained from a direct computation for the
different Jordan and anti-Jordan pairs. Alternatively, the relationship among Z,-graded simple Lie algebras (respectively
superalgebras) having a consistent 3-grading and Jordan pairs (resp. anti-Jordan pairs) allows us to obtain the complete
information from the classification of simple and nonirreducible Lie triple systems (using the corresponding affine Dynkin
diagrams in [ 10, Table I]) and simple superalgebras of type A(m, n), C(n) and P(n) (from [ 16, Proposition 2.1.2]).

7. Epilogue

The aim of this final section is to summarize the complete classification of irreducible LY-algebras while emphasizing
their connections to other algebraic systems. Following [3, Theorem 2.4] we arrive at the irreducible LY-algebras of Adjoint
Type. They are nothing else but simple Lie algebras with binary and ternary products given by the Lie bracket as Table 7
shows. From [3, Theorems 4.1 and 4.4] we get the information given in Table 8. In this table, the irreducible LY-algebras
of non-simple type and exceptional enveloping algebra appear related to the Classical Tits Construction and symplectic
(equivalently Freudenthal) triple systems 74 attached to a simple Jordan algebra g of degree 3 or equal to the base field
k. In the classical enveloping algebra case, the non-simple classification follows from a slight generalization of the Tits
Construction due to Benkart and Zelmanov and given in [4]. Along this paper we have seen that in the generic case, apart
from the Lie triple systems and the exceptional cases (G, sl;(k)), (E7, G2) and (E7, sl3(k)), the irreducible LY-algebras are
related to reductive pairs (s[(V) or so(V) or sp(V), Der* V) for a suitable triple system V with Der* V closely related to
the (inner) derivation algebra of the system. In this way, either Jordan or anti-Jordan pairs (triple system) appear in the
sl-case, Lie or orthogonal triple systems in the so-case and symplectic or anti-Lie triple systems in the sp-case. This yields
our final Table 9 according to Theorems 2.2, 3.3 and 4.4. Note that, apart from simple Lie algebras, the basic ingredients in
the classification are the composition algebras (k, k x k, @ and @), and simple Jordan algebras and their trace zero elements
(Hn(k)), Hn(k x k), H,(Q), #,(0) and g (k") = k1@ k" the Jordan algebra of a nondegenerate symmetric bilinear form, so
F(kMo = k™).
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Irreducible LY-algebras of Generic Type.
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g(m) b (g(m), h)-pair description m-description
sla (k) s0,(K) (Lie, (Ha(k)), Der o, (k))* Ha(K),
>=n a-b=0
[a, b, c] = (bc)a — b(ac)
slan (k) 5pan (k) (Lie, (I,(@)), Der #,(@)) Ho(@),
2L a-b=0
[a, b, c] = (bc)a — b(ac)
g ls) sl (k) (1 (0)), L, (Ha ()" bt
2<n
slaa-n (k) sl (k) (s1(An (K)), £, (An(K))) Bt
5<n
slyg (k) s010(k) (s1(M1,2(0)), £, (M12(0))) Bt
sl7 (k) Es (s1(H5(0)), L, (H3(0))) Bt
s0n+1(K) 505 (K) (Lie, (F(k™)), Der g (k"))? K
5<n x-y=0
[x,y,2] = b(x, 2)y — b(y, 2)x
b(x, y) = b(y, x)
50dim . (K) Der £ (s0(L), Der £)° bl
50 2 ng (K) s0n(k) (s0(Ha(Kk),), Der #, (k) bt
5< n2
5052 p_1(K) spyn (k) (50(Hn(Q),), Der #,(Q)) bt
3<n
5026 (K) Fy (s0(#3(0),). Der #3(0)) bt
s07(k) Gy (50(Oy), Der ©) O
a-b=ab—ba
[a, b, c] = 2([[a, b], c] — 3((ac)b — a(ch)))
5016(k) s09(k) (s0(T;, 5,,) Inder T(F4,B4))c bt
s042 (k) spg (k) (s0(Ty, ,))» Inder 7. ) bl
5070 (k) slg (k) (s0(T,, o)), Inder 7., ) bt
50128 (k) 5016 (k) (50(T, pg,)» Inder T, ) Bt
spy (k) sl (k) (sp(7%), Inder T3)¢ bl
sp1a (k) spg (k) (5P(Tos 1)), Inder Ty gy) Bt
530 (k) slg (k) (5p(Tiey (kxk))), Inder Ty, kxk)) bt
5p3a (K) 5012 (k) (5p(Tos (@), Inder Tos @) Bt
5ps6 (k) E; (50 (T3;(0))), Inder Ty, 0)) ht
Gy sly (k) bt
Fy s09(k) o
Eg spy (k) T(EG,C‘;)
Eg G, Bt
Es Fy (Lie, (#5(0)), Der #3(0)) #5(0)o
a-b=0
[a, b, c] = (bc)a — b(ac)
E; slg(k) Term)
E; sl3(k) Bt
Eg s016(k) “T(ESADB)

* Lie, () stands for the derived algebra of the Lie multiplication algebra attached to the Jordan algebra g and £, (7") is as defined in Theorem 2.2 for

the Jordan triple 7.

b £ stands for a simple Lie algebra different from si,, (k).
¢ Tq.5) Stands for a simple Lie triple system attached to one of the exceptional symmetric pairs (g, s) = (F4, B4), (Es, C4), (E7, A7) or (Eg, Dg).
T4 stands for a simple symplectic Lie triple attached to a Jordan simple algebra § = k, #3(k), #3(k x k), #3(Q) or #3(0).
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