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Abstract. This paper classifies the Lie algebras graded by doubly-laced finite
root systems and applies this classification to identify the intersection matrix
algebras arising from multiply affinized Cartan matrices of types B,C, F, and
G. This completes the determination of the Lie algebras graded by finite root
systems initiated by Berman and Moody who studied the simply-laced finite
root systems of rank =2.

Introduction

0.1. Let F be a field of characteristic zero, and let A4 be a finite irreducible
reduced root system. Assume I is the integer lattice generated by 4. In [BM]
S. Berman and R. Moody began the study of Lie algebras graded by the root
system 4. Following them we say that a Lie algebra is graded by 4 or is
A-graded if

(i) L has a I'-gradation L =
4U{0};

(ii) the split simple Lie algebra ¥ whose root system is 4 is a subalgebra of
L, and relative to some split Cartan subalgebra /# of 4 we have L, O ¥,
for all y € 4U{0};

(iii) for all 4 € A the operator ad/ acts diagonally on L, with eigenvalue
7(h); and

(iv) L is generated by its nonzero root spaces L, where y € 4.

ser Ly in which L, #(0) if and only if y €

The conditions for being a A-graded Lie algebra imply that L is a direct
sum of finite-dimensional irreducible %-modules whose highest weights are
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roots, hence are either the highest long or highest short root or are zero. Thus,
condition (iii) in the definition of a A-graded Lie algebra can be replaced by:

(iii) As a 9-module L is a direct sum of adjoint modules (modules iso-
morphic to %), little adjoint modules whose highest weight is the highest short
root, or one-dimensional %-modules; the latter being contained in L.

0.2. It is easy to see that a A-graded Lie algebra L is perfect (L = [L,L]),
and in particular, Ly = Zye 4 [L—,L,]. Since conditions (i)—(iv) concern only
the root spaces corresponding to nonzero weights, it is appropriate to classify
A-graded Lie algebras up to central isogeny: Any perfect Lie algebra L has
a universal central extension which is also perfect, called a universal covering
algebra (u.c.a.) of L (see [G]). Since any two u.c.a.’s of L are isomorphic, we
will refer to the universal covering algebra of L.

Definition 0.3. Two perfect Lie algebras L, and L, are said to be centrally
isogenous if they have the same u.c.a. (up to isomorphism).

0.4. The fact that A-graded Lie algebras decompose into 4-submodules of the
type described in (iii)’ enables us to adopt the same rational methods (repre-
sentation techniques) used by Seligman [Se] in his study of finite-dimensional
simple Lie algebras having a split simple subalgebra. Seligman determines the
finite-dimensional simple A-graded Lie algebras over fields of characteristic
zero. As the results of [Se] show, the assumptions of finite-dimensionality and
simplicity allow very detailed conclusions to be drawn about the structure of
those algebras. The applications which we develop to intersection matrix alge-
bras and to Lie bialgebras require us to deal with infinite-dimensional (and in
general nonsimple) 4-graded Lie algebras and so necessitate classifying these
algebras up to central isogeny.

0.5. Berman and Moody [BM] present the following examples of A-graded Lie
algebras:

(1) Let 4 be an associative F-algebra with identity. For any positive integer
n > 1 the algebra of n x n matrices with coefficients in 4 forms a Lie algebra
gl,(4) under the commutator product. The subalgebra e,(4) generated by the
elements ae; ; for a € A and i+ is an ideal of gl,(4) which is perfect. The
algebra e,(A) is graded by the root system A,_;. The u.c.a. st,(4) and e,(4)
is the Lie algebra analogue of the Steinberg group St,(A4).

(2) Let 4 be a commutative associative F-algebra and let ¥ be the split
simple Lie algebra with root system A. Then ¥ ® 4 is obviously a A-graded
Lie algebra. It is perfect, and the u.c.a. of 4 ® 4 is a generalization of the
affine Kac—-Moody algebra determined by ¥%.

0.6. Berman and Moody classify the Lie algebras graded by simply-laced finite
root systems of rank = 2, i.e. root systems of types 4,, n = 2, D,, n = 4,E,
E; Es.
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Recognition Theorem. ([BM]) Let L be a Lie algebra of characteristic zero
graded by a simply-laced finite root system A of rank n = 2.

(i) If A=D,, n = 4, or if 4 = E¢, E7,Eg, then there exists a commutative
associative unital F-algebra 4 such that L is centrally isogenous with
4 ® A, where ¥ is the split simple Lie algebra with root system 4.
(ii) If 4 = A4,, n = 3, then there exists a unital associative F-algebra 4 such
that L is centrally isogenous with e, (4).
(iii) If 4 = A,, then L is centrally isogenous with st3(4), where 4 is a unital
alternative F-algebra.

0.7. In this paper we prove a recognition theorem for each of the remaining
irreducible reduced root systems i.e. the root systems A;, B, C,, Fa, and G,.

0.8. The result for Lie algebras graded by root systems of type C, is very
similar to the theorem for type A. In fact, the problem can be translated into the
language of Jordan algebras using the notion of a Jordan system (see Sect. 1),
and then the Recognition Theorem for Lie algebras graded by a root system
of type C is an immediate consequence of N. Jacobson’s Coordinatization
Theorem for Jordan algebras (see [Jacl]).

Recognition Theorem for type C,. Let L be a A-graded Lie algebra.

() If 4 = C,, n = 4, then there exists a unital, associative algebra A
with an involution x : A — A such that L is centrally isogenous with the
algebra spy,(A4, ) of symplectic (2n) x (2n) matrices over A. (See Sect. 1
for the definition.)

(i1) If A = Cs, then L is centrally isogenous with the symplectic Steinberg
algebra st sps(A,+), where A is an alternative involutive algebra whose
symmetric elements, {a € Ala* = a}, lie in the associative center of A.

(iii) If A4 = C,, then L is centrally isogenous with a Tits—Kantor—Koecher
construction of a unital Jordan algebra J which contains the Jordan
algebra of symmetric 2 x 2 matrices, and the identity of J lies in this
subalgebra.

(iv) If A = Cy = Ay, then L is centrally isogenous with a Tits—Kantor—
Koecher construction of a unital Jordan algebra J.

0.9. The key to the Recognition Theorems for types B, F4, and G, lies in the
celebrated Tits construction of Lie algebras. Let 4 denote the split octonion
algebra (Cayley algebra) over the field 7, and let J denote the split exceptional
27-dimensional Jordan algebra over F. It is known (see for example [Sc] or
[Jac2]) that the derivation algebras Derr ¢ and DerpJ are isomorphic to the
split exceptional simple Lie algebras G, and Fj respectively. Let €y and J
denote the subspaces of trace zero elements in ¥ and J. J. Tits [T2] proved
that the space

T (€/F,JJF)=Derr % & (%o ®Jy) ® DerpJ
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with a suitable multiplication (see [Sc], [Jac2], or Sect.3 for a detailed discus-
sion) becomes the exceptional simple Lie algebra of type FEg. Taking other
Jordan algebras J such as (I) the field F, (II) the algebra H(M;3(F)) of
3 x 3 symmetric matrices over F, (II[) the Jordan algebra M3(F)' over F,
or (IV) the algebra H(M3(2)) of 3 x 3 Hermitian matrices over a quater-
nion algebra 2, provides realizations of the exceptional simple Lie alge-
bras of types G, Fu,Es, E; respectively. Moreover, if the alternative alge-
bra % is varied too, this construction produces the entire “magic table” of
Freudenthal.

The algebras 7 (%/F,J/F) (with € the split octonions) have a natural G,-
grading coming from the adjoint action of Derr ¥ = G,, and so Fy, Eg, E7
and Eg are all Gp-graded. When we specialize the Jordan algebra J to be
J =F1®J(W) where J(W) is the Jordan algebra of a nondegenerate sym-
metric bilinear form on an m-dimensional vector space W, then J (¢/F,J/F)
is a simple Lie algebra of type B,.3 if m = 2n and of type D,.4 if
m = 2n+ 1 for n = 0. Thus, the Lie algebras of types B and D possess
G,-gradings too.

The formula for 7 (%/F,J/F) also provides an Fy4-grading of the algebra
of type Eg coming from the adjoint action of DerpJ = Fy. If instead of the
octonion algebra we take another alternative algebra % such as (i) F, (ii)
F @ F, or (iii) the quaternion algebra, then the construction above will yield
F4-gradings of Fy, Eg, and E;.

0.10. We prove that (up to central isogeny) all the Lie algebras graded by
root systems of types F4 and G, arise from this general procedure. In Sect. 3
we introduce what we term the generalized Tits construction. Let A and A
be unital, commutative, associative algebras over F. Assume X is an alge-
bra over 4 having a trace ¢ : X — A such that t{(ww') = #(w'w) and
t(ww" W) = t(w(w'w'")) for all w,w',w"’ € X. If the trace is normal-
ized, that is if #(1) = 1, then the splitting w = #(w)l + w — t(w)l for
all w € X gives the decomposition X = 41 ¢ X;, where Xj is the set of
elements of trace zero. We say that X satisfies the Cayley—Hamilton trace
identity

chy(x) = x* — 2t(x)x + (2t(x)* — t(x*))1 or

chs(x) = x> — T(x)x* 4+ S(x)x — N(x)1,
where T(x) = 3t(x), S(x) = (9/2)t(x)* — (3/2)t(x*), and N(x) = t(x*) —
(9/2)t(x*)t(x) + (9/2)t(x)?, if chy(x) = 0 (or ch3(x) = 0) for all x € X.

Let 2(X) be a Lie subalgebra of the A-derivations of X which map X,

to Xy, and assume (Y,0), and Z(Y) are similarly chosen over 2. Then under
suitable restrictions (see Sect. 3),

T(X/A4,Y/A) = (Z(X) @ W) D (Xo @ Yo) © (4 © Z(Y)),

is a Lie algebra. The most important Lie algebras arising from this procedure
are the Tits constructions .7 (%/F,J/F') discussed in (0.9) which provide explicit
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models of the exceptional simple Lie algebras. The generalized construction
enables us to prove the following theorems:

Recognition Theorem for type G>. Let L be a Gy-graded Lie algebra. Then
there exists a unital, commutative, associative algebra A and a Jordan algebra
J over A having a normalized trace which satisfies ch3(x) = 0 such that L is
centrally isogenous with

T(6JF,J/A) = (Derp € @A) (6o @Jo) ® (J,J) ,
=(G,RA)D (6o ) (J,J),

where € is the split octonion algebra over F,€, and Jy are the trace zero
elements of € and J respectively, and (J,J) is the Lie algebra of inner deriva-
tions of J.

Recognition Theorem for type Fy. Let L be an F4-graded Lie algebra. Then
there exists a unital, commutative, associative algebra A and an alternative
algebra € over A having a normalized trace which satisfies chy(x) = 0 such
that L is centrally isogenous with

T(CJA,JIF) = (6,%) © (6o ®Jy) D (4@ DerpJ),
= (%,%) ® (%0 ®2J) B (A®Fy),

where J is the split exceptional 27-dimensional Jordan algebra €y and J
are the trace zero elements of € and J respectively, and (€,€) is the Lie
subalgebra of inner derivations of €.

0.11. Let ¥ denote a vector space over F having a nondegenerate symmetric
bilinear form (, ). The sum J(V) = F1 & V becomes a Jordan algebra with
u-v = (u,v)l; u,v € V. Similarly for any unital, commutative, associative
F-algebra A, and any unital 4-module W having a symmetric A4-bilinear form
(,): WxW — A, the operation w-x = (w,x)1 defines the structure of a
Jordan algebra on J(W)=A1 @ W.

Recognition Theorem for type B,. Let L be a B,-graded Lie algebra for n = 3.
Then there exists a unital, commutative, associative F-algebra 4 and a unital
A-module W with a symmetric A4-bilinear form (, ) : W x W — A such that L
is centrally isogenous with

TUWEJW)A) =V V)edeVeW)s (WW),
=B, AV W)Y (W, W),

where V' is (2n + 1)-dimensional F-vector space with a nondegenerate sym-
metric bilinear form (the defining representation for B,), (V,V) is the set
of skew-symmetric transformations on V relative to the form on V, and
(W, W) is the set of skew-symmetric transformations on W relative to the
form on W.
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0.12. In the fourth section we show how the generalized Tits construction makes
it possible to extend the Freudenthal-Tits magic square to provide constructions
of the exceptional Lie superalgebras.

0.13. In the final section we apply these Recognition Theorems to determine
the intersection matrix algebras of Slodowy (see [S1]) for types B,, Cy, F4, and
G,. The intersection matrix algebras which correspond to the simply-laced root
systems of rank = 2 have been identified by Berman and Moody [BM]. In each
of the cases 4 = B, for n = 3,F,, and G,, a 4-graded Lie algebra is centrally
isogenous to a Tits construction 7 (Q/F,R/2) where Q is a fixed F-algebra
which is the Jordan algebra J(V') of a nondegenerate symmetric bilinear form
on a 2n+ l-dimensional space when 4 = B,, the split octonion algebra ¥ when
A = Gy, or the split exceptional Jordan algebra of 3 x 3 Hermitian matrices
over ¥ when A = F,. The algebra R is an alternative algebra (in the Fy case)
and is a Jordan algebra (in the B, and G, cases) over a unital, commutative
associative F-algebra . Furthermore, R satisfies a trace identity f = 0 which
is chy(x) = 0 when 4 = B, or F4 and ch3(x) = 0 when 4 = G;. From
this description it follows that the corresponding intersection matrix algebra is
isomorphic to the universal covering algebra of 7 (Q/F, R/MW)QpF [tlil, - tlil]
where R is the universal algebra generated by s invertible elements in the
variety of alternative or Jordan algebras satisfying the trace identity f = 0,
and F [tlil,...,tlil] is the algebra of Laurent polynomials in / variables. The
values of s and / are determined in (5.7) below and the universal algebras R
are described more precisely in (5.11).

From the Recognition Theorem in (0.8) above it follows that an intersec-
tion algebra of type C, for n = 4 is isomorphic to stsp,,(R, ;) where R
is the group algebra of a free group on / 4+ 2s free generators x;, y;,z; for
i =1,...,0, and j = 1,...,5s. The involution 7;, fixes the x;’s and inter-
changes the other generators, m;(y;) = z; and n;4(z;) = y; for each j. For
n = 3, the ring R of coefficients is a homomorphic image of the free product
S 12y = (@ Flxix ') @ (@) FLyj vy 1) @ (@, Flz,2, 1) in the va-
riety of alternative algebras, and the involution 7; ; behaves exactly as before
on the generators. When 4 = C,, an intersection matrix algebra is isomorphic
to the Tits—Kantor—Koecher construction K((H(M(F)) ® _#;15)/I) obtained
by taking a certain homomorphic image of the free product of the Hermitian
2 x 2 matrices H(M,(F')) with a free Jordan algebra #;;; on [ 4+ s invert-
ible generators. An intersection matrix algebra for 4 = C; = A4, is just the
Tits—Kantor-Koecher construction K(_#;). These constructions and results are
described in (5.8) and Theorem 5.9.

0.14. The preprint [Z2] (see also [Z3]) gave the first proof of the Recogni-
tion Theorem for type C and treated Lie algebras graded by root systems of
types By, C,,Fs, and G, in which the algebras decompose into copies of the
adjoint and trivial modules (no little adjoint modules allowed). Except in the
C, case where the argument appeals directly to Jacobson’s Coordinatization
Theorem, the methods we use to establish the results discussed above are the
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rational methods employed by Seligman [Se]; they allow arbitrary root graded
algebras without restrictions on the summands, and they afford easier proofs
than those in [Z2]. The C, case could be addressed similarly, but we have
elected the other route because it is more direct. E. Neher’s preprint [N] pro-
vides an alternate uniform treatment of the algebras graded by root systems of
types Ay, By, Cy, Dy, Eg, E7 using the theory of 3-graded root systems, which is
essentially the theory of certain Jordan pairs.

0.15. The results in this paper were announced in [BZ]. Further applications
of them to the study of Lie bialgebras will be explored in a subsequent paper
[MZ].

1. A-graded Lie algebras and Jordan theory

1.1. In this section we relate the notion of central isogeny to Jordan systems.
Then we discuss the Tits—Kantor—Koecher construction and use it to deduce
the Recognition Theorem for Lie algebras graded by root systems of type
C from Jacobson’s Coordinatization Theorem. When L = _ /L, is a Lie
algebra graded by 4, L is generated by its root spaces corresponding to nonzero
weights. To focus attention on the subspaces L.,y =0, the following concept
was introduced in [Z1]. (See also [Z3].)

1.2. Consider a system of vector spaces J = (J,,7 € 4) with transformations
Vg o Jo ®Jp — Jupp whenever o, o+ f € 4; and Y,y 1 S, QI —
®ye 4Endp(J,) for all « € A. In other words, we have bilinear operations,
Jy @Jp — Jyip if o, f, 0+ f € A and trilinear operations J, ® J_, ® Jg — Jp
for any o, f € A. We call this system a Jordan system if the direct sum

KJ)=K(UpyeHE @ Jy,
yeAU{0}

where Jo & @, (J, @),
7€4

becomes a A-graded Lie algebra with respect to the operation:

0 if at+pd4,

Yo g @ yp)  if ,fa+ped,
Yo, —a(xe ® yp) if f=-a€4,
x.(¥g) if a=0,pe4,
—yp(xy) if f=0,0e4,
Xy VB — YpXy ifa=0=20.

[xs, yﬁ] =

Equivalently, the vector spaces J = (J,,7 € 4) form a Jordan system if they
are the root subspaces with nonzero weights in some A-graded Lie algebra L =
>_eaufoy Ly- Jordan systems corresponding to the root system 4 = {—o, o}
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of type 4, are the well-known Jordan pairs (see [L]). Of course, such a Lie
algebra L is generally speaking not unique. We will show that the category
of A-graded Lie algebras having a given Jordan system as its subspaces with
nonzero weights has a universal object.

1.3. Suppose J = (J,,7 € 4) and J' = (J;,,y € A) are Jordan systems cor-
responding to A. A family of linear mappings n = (1,,7 € 4),n, : J, — J,
is called a homomorphism if it induces a homomorphism of Lie algebras
K(J) — K(J') with J, — J/, for all y € 4U{0}.

1.4. Let J = (J,,y € 4) be a fixed Jordan system. For each subspace J,
we fix an arbitrary basis {e,;|i € I,} and structure constants v, s(e,; ® ep ;)
= Zke] Yy z;(a ﬁ)ew—/}k when o, ﬁ v+ B € 4, and Yy _(ey; @ ey j)ep, q)

= Zkezﬁ cf .o Bep k.

Let L(X;) be the free Lie algebra on the set of generators X; = {x,;|y € 4,
i € I,}. To each free generator x,; we assign the weight y, thus giving
L(X;) a I'-grading. Let M be the ideal of L(X;) generated by all the
homogeneous spaces L(X;), where y ¢ 4U {0} and by all the relators

[xoc,isxﬁ,j] - Zkelwﬁ z](a ﬁ)xa+ﬂk if a,f,a+ B € 4, and [[xacux ocj] X, q]
D ke Iy cf-fj’ (06 B)xp i for o € A. Since the ideal M is generated by homogeneous

elements, it follows that U; = L(X;)/M is a I'-graded Lie algebra. Moreover,
(Uy)y,= (0) if y ¢ AU {0}. Let u be the homomorphism of the Jordan sys-
tem J = (J,,y € 4) into the Jordan system U; = ((U;),,y € 4) given by
Wy ey — Xy + M.
Suppose now that L = €p, serLy is a I'-graded Lie algebra such that
L, = (0) for y¢ 4 U {0}. For an arbitrary homomorphism # of the Jordan
system J = (J,,y € 4) to the Jordan system L = (L,,y € A4) there
exists a unique homomorphism of Lie algebras 6 : U; — L such that
the diagram

0,
(UJ)”,' — Ly
Hy /"'I*,y
J,

is commutative. From the existence of the Lie algebra K(J) we conclude that
the mapping u, : J, — (Uy), is bijective for all y € 4.

Now let L = @ erLy be a Lie algebra graded by I' such that L, = (0)
for y ¢ 4 U {0} and Ly = > yeall—y,Ly]. Consider the Jordan system L

= (Ly,y € 4) and the Lie algebra U;. Let 0 : Uy — L be the Lie algebra
homomorphism extending the bijective mappings (Ur), — L,, 7 € 4. Then
ker 6 C Uy which implies that the ideal ker 0 lies in the center of U;. Thus,
0: Uy — L is a central cover. As a consequence, we have the following:

Proposition 1.5. Let L =73 1oy Ly and L' =3 4 ;10 L', be two A-graded

Lie algebra. If the Jordan systems L = (L,,y € A) and L' = (L),y € A) are
isomorphic, then the Lie algebras L and L' are centrally isogenous.
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Proposition 1.6. If L = 5. 10y Ly is a A-graded Lie algebra, then Uy is
centrally closed.

Proof. Let ¢ : U — U, be a central cover. Assume % C U, is the simple
finite-dimensional Lie algebra whose root decomposition ¥4 = # & Z},e 19,
induces a A-gradation on U;. The preimage ¢~'(#) of # contains ker ¢,
which lies in the center of U, so there is an action of #”' = ¢~ (A)/ker ¢ on
U induced by the adjoint action. If &' € A", ¢p(h') = h, and u(t) is the minimal
polynomial of ady, (%), then u(ad(h'))U C ker ¢, which implies that ady(h")

satisfies the polynomial (). Therefore, U is a sum of root spaces with respect
to ady#”’, and U, +(0) if and only if y € 4U {0}. Clearly, ¢ induces an
isomorphism of Jordan systems (U,,y € 4) — ((U.),,y € 4). Moreover, Uy =
> ealU—y. Uyl +ker ¢, so that [Ty, Up] € Y, 4[U—,, U,]. From U = [U, U] it
follows that Uy = [Up, Up] + Z;,GA[(?_V, l~Jy] = Z},eA[ﬁ_y, Q] Consequently,
¢ is an isomorphism.

1.7. Our next aim is to show that if L = Z},GAU{O}L, is a A-graded Lie
algebra where 4 is a root system of rank = 2, then the triple operations i, _,
in the Jordan system L = (L,,y € 4) are completely determined by the binary
operations 1, g.

Proposition 1.8. Let A be a root system of rank = 2, Assume L =
ZyeAu{o}Lv and L' = ZveAU{O} L, are two A-graded Lie algebras. Let
n = (n,y € 4) be a collection of bijective mappings n, : L, — L', such
that for any roots o, f,a+ f € A, and arbitrary elements a, € Ly, bg € Lg,
we have Nyyp([aw bgl) = [Ma(aw).np(bg)]. Then n is an isomorphism of the
Jordan systems L = (L,,y € A) and L' = (L',y € A), and thus, the Lie
algebras L,L' are centrally isogenous.

Proof. For ease of notation in this argument we will drop the subscripts on the
mappings #,. In order to establish that # is an isomorphism of Jordan systems
we have to prove that for any o, f € 4 and any elements a, € L,,a_, € L_,
and bg € Lg we have:

n([a—a, @z, bp]) = [n(a—s), n(az), n(bg)] -

(Note that our shorthand is [x, y,z] = [[x, ¥],z], and similarly for products with
more factors.) Suppose first that o= & f. Then [a_,, ay, bg]l = [a—,, [aq, bp]] +
[a_s, bp,a,], where o+ 40 and —« + f40. Hence,

n(la—a, as, b/i]) = n([a_y, [aoub/)’]]) +n([a—q, b/}» a,])
= [n(a—y),n([aw, bp])] + [n([a—a, bgl), n(az)]
= [n(a—y), [n(ax), n(bp)1] + [n(a—x),n(bg),n(a.)]

= [n(a—a)a ”(aa ) n(b/f)]

Now suppose that o = . Without loss of generality we can assume that
ag lies in a nontrivial irreducible %-submodule of L. In particular, ag € [L,¥9].
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Since 4 is a root system of rank = 2, an arbitrary root f € 4 can be repre-
sented as f§ = ' + p”, where f/, " € A\{xp}. This implies that the algebra
% is generated by root spaces %,,7 € 4, y# + . Hence the element az can
be represented as

ag =y [xs5, ;1.

where y € 4, y+ £, y, €%, x5 € Ls and 6 = f — 7. It is easy to see that
in each summand the root ¢ is also distinct from f and —f. Then we have

[a*ﬂaaﬂ’ b[)’] = Z ([a,ﬁ,)%, y”y'abﬂ] - [Cl,/}, Vs X55 bﬁ])
= > ([la—p,x5), [y, bpll + [a—p. x5, bp, ¥;]
- [[a—ﬁs )’y]> [X(S,bﬁ]] - [a—ﬁa Yys bﬁsxé])

Hence,

n([a—p,ag, bgl) = >_ ([In(a—p), n(x5)1, [n(y), n(bp)]]
+ [n(a—p), n(xs),n(bg), n(y;)]
= [[mCa—p), n(yy)], [n(xs), n(bp)]1]
— [nCa—p),n(yy)n(bg), n(xs)1)
= [n(a—p), > [n(xs),n(y;))n(bp)]
= [n(a—p),n(3_ [x5, ;1) n(bp)]
= [n(a—p).n(ap),n(bp)] .

Since the case when o« = —f§ is completely analogous, the proposition is proved.

1.9. The classification for Lie algebras graded by a root system of type C; = A4,
involves the following well-known result.

Theorem 1.10. ((7its[T]), (Kantor [Kan)]), (Koecher [Ko]), see also [Jac2]
and [Sc).) Assume L is a Lie algebra containing a subalgebra 4 = (e, f,h)
isomorphic to sly(F) where

[@, f] = h’ [hae] = 26: [h: f] = —Zf .

Suppose further that L = L_, ® Ly ® L, where Ly = [L_5,L,] and L; = {x € L]
[4,x] = ix}. Then under the product

1 '
xoy=,lx/f1y]
(Lp,0) is a unital Jordan algebra with identity e.

1.11. Suppose instead we begin with a unital Jordan algebra (J,0), and let a,
be the right multiplication operator determined by a € J. The commutators
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D = [b,,c,] give derivations of J, the so-called inner derivations. Then L (J) =
{a,+ > [(bi)rs (¢i)r]|a, bisc; € T} is a Lie algebra under the multiplication [a, +
D,b, + E] = [a,,b,] + (Db), — (Ea), +[D,E], and £(J) has an automorphism
of order two: a, + D — a, + D = —a, + D. If J denotes a second copy of
J, then A (J) =J & L(J)DJ can be endowed with the structure of a Lie
algebra,

(1.12)
[a+X +c,b+Y+d]|=Xb—Yy(bRc)—Ya+[X,Y]—Yc+Y(a®d)+ Xd

where ¥ : J ®@J — ZL(J) is given by Yy(b® c) = (boc), + [by,c]. The
elements e = 1 € J, f = 2(1) € J, and h = [e, f] = 2(1), generate a
subalgebra isomorphic to 4; = s/5(F), and the algebra #'(J) decomposes into
eigenspaces relative to adh : Ay, =J, Xy = L(J), A, = J, corresponding to
the eigenvalues —2,0,2 respectively. Thus, £ (J) is graded by the root system
Ay, and J = (J,J) is a Jordan system where the bilinear and trilinear operations
can be read from (1.12). The algebra #°(J), now commonly referred to as the
Tits—Kantor—Koecher construction, was introduced by Tits in [T1] in a more
general form, and independently discovered by Kantor [Kan] and Koecher [Ko].

1.13. The Jordan system (L,,L_;) coming from the Lie algebra L in
Theorem 1.10 is completely determined by the Jordan algebra (L;,0) and the
Lie algebra s/,(F'). Indeed, suppose we have arbitrary elements x;,z, € L, and
y_» € L_,. Since L is an s/,(F)-module under the adjoint action, (ad f)? pro-
vides a bijection between L, and L_,. Therefore, there is an element y, € L,
such that y_, = (1/4)[», f, f], and

A[x2, y—2l.22] = [x2,[¥2, f [, 22]
= =2[(x20y2), f,z22] + [[y2, [, [x2, ], 22]
= —4(xpoym)oz —4Hyr0zm)oxy +4(x20))02 .

For arbitrary elements x_5,z_p € L_p, y» € Ly, let xj = (1/4)[x_2,e,€] and
zh = (1/4)[z_2,e,e]. Then we have

[[x—2, 32],2-2] = —4[(x3 0 y2) 023 + (y2023) 0x) — (X3 0 y2) 0 25, f, ]
(see [Jacl]).

1.14. Let L' be another Lie algebra with elements ¢’, f',#" which satisfy the
same relations as e, f,h. Assume that L' = L' , ® Ly @& L), where Ly = [L' ,,L}]
and L; = {x’ € L'|[I,x'] = ix'}. As above this determines a Jordan algebra
structure on L. If the Jordan algebras (L,,0) and (L},0’) are isomorphic,
then the corresponding Jordan systems L = (L_,,L,) and L' = (L' ,,L}) are
isomorphic as well. By Proposition 1.5, the Lie algebras L and L’ are centrally
isogenous.
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1.15. This sets the stage for the Recognition Theorem for type C. Let A
be a unital associative F-algebra with an involution * : 4 — 4. Consider
the algebra M,(4) of n X n matrices over 4 and the induced involution
o (a;) — (aj;) on M,(4). The space H(M,(4),0) of all g-symmetric
matrices has the structure of a Jordan algebra relative to the product x o y
= (1/2)(xy + y).

Consider also the algebra M5, (4) of (2n) x (2n) matrices over A. Then the

mapping
a b d°  =b°
T: (c d)—>(cg & ) a,b,c,d € M,(4),

is an involution on My,(4).
The Lie algebra S of skew-symmetric elements in M>,(A4) with respect to
7 consists of the matrices
a b
(£ )

such that d = —a® and b,c € H(M,(A4), 7).

Let 4 = {£¢ £¢j|]l < i,j < n} be the root system of type C,, and
let I' be the integer lattice generated by A. The Lie algebra S is graded
by I':

S_ti—e; = {aeijin+a’ein|lacdAy 1 Si<j=<n
Sei+e; = {aeinj +a‘ejmila€ A} 1 Si<j=n
S_oy ={aejizn|lacda”=ay 1 i <n

gzgl. = {aeiynila€da* =at 1 £i<n

[IA

Sei—e; = {ae,; —a“ejipiwn|ac A} 1 Si%j<n

So = Z {ae,; —a"eiiniin|a € A,a* =a} .

1

Let SdéfspZn(A,*) denote the subalgebra of S generated by the subspaces
S,,7#0. Then the Lie algebra S is clearly A4-graded.

1.16. For n = 3 this construction is applicable to more general rings of co-
efficients. Let 4 be a unital alternative algebra with an involution % : 4 — A4
such that every symmetric element a € 4, a* = q, lies in the associative center
{a € A|(ax)y = a(xy) for any x,y € A} of A. Consider the algebra of 3 x 3
matrices over 4 and the involution ¢ : (a;;) — (aj;) on Ms(4). The space
H(M;(A4),0) of o-symmetric matrices is a Jordan algebra with respect to the
multiplication x o y = (1/2)(xy + yx). (See for example [Jacl].) The Tits—
Koecher—Kantor construction " (H(M3(A4),0)) is a Lie algebra graded by the
root system Cj. In particular, if 4 is the split octonion algebra with the stan-
dard involution *, then J#"(H(M3(A),0)) is the split simple Lie algebra of type
E;. Thus, E; is Cs-graded. The universal covering algebra of /" (H(M3(A4),0))



Lie algebras graded by finite root systems and intersection matrix algebras 13

is an analogue of the Steinberg construction for groups. We will denote it as
St spe(A, *).

1.17. Consider the following elements of the split simple symplectic Lie algebra
G = sp,,(F) of type Cy:

0 I 00 10
=(00)=(Ga) = %)

where / is the n x n identity matrix. As in Theorem 1.10 we consider the
decomposition of sp,,(4,*) with respect to the action of ad A:

szn(A9 >k) = szn(A, *)—2 b SpZn(A: *)0 52 SpZn(Aa *)2 5

and define a Jordan algebra structure on sp,,(4,*),. Clearly, the resulting
Jordan algebra is isomorphic to the Jordan algebra H(M,(A4), ) of o-symmetric
matrices.

Now let L = Zye sufoy Ly be an arbitrary Lie algebra graded by the root
system 4 = C,. The algebra ¥ = sp,, (') is imbedded in L so that ¥, lies
in L, for any y € 4U {0}. Let e, f,h be the same elements of % as above.
Consider the root space decomposition of L with respect to the operator ad /.

Then we have
La= ¥ Ly

1=ij=n
Ly = Z LSH-S/
1<ij<n :
[L—25L2] = LO + Z LS,’—S,‘ .
I<itjsn :

The Jordan algebra J = (L,,0) contains the unital subalgebra (%4,,0) of sym-
metric n X n matrices over F. Such Jordan algebras have been studied by
N. Jacobson, who proved the following coordinatization result.

Theorem 1.18. (Jacobson [Jacl]) Let J be a Jordan algebra which contains
a unital subalgebra of symmetric n x n matrices for n = 3. If n = 4, then
there exists a unital associative algebra A with an involution * such that J
is isomorphic to H(M,(A),a). If n =3, then J is isomorphic to H(M3(A4),0)
where A is an alternative involutive algebra such that every symmetric element
a € A4 lies in the associative center of A.

1.19. In view of Proposition 1.5, this theorem applied to the Jordan algebra
(Ly,0) coming from a C,-graded Lie algebra immediately implies that Recog-
nition Theorem for types C,,n = 3 in (0.7). If n = 1, then all that can be
said is that (L;,0) is a unital Jordan algebra and L is centrally isogenous to
the Tits—Kantor—Koecher construction coming from it. When n = 2, then the
Jordan algebra (L,,0) contains a unital subalgebra of symmetric 2 x 2 matrices,
but very little is known about such algebras. This completes the proof of the
Recognition Theorem for type C.



14 G. Benkart, E. Zelmanov
2. Coordinatization results

2.1. We derive two general coordinatization results for Lie algebras and
apply them to A-graded Lie algebras. Interesting consequences for Lie
algebras graded by other algebras such as the Witt algebra and for Lie bial-
gebras can be drawn, and but these directions will not be explored in this

paper.

Proposition 2.2. Let L be a Lie algebra over a field F, and let 4 be a perfect
subalgebra of L. Suppose under the adjoint action of 4 on L that L decom-
poses into a direct sum of copies of 4 and trivial 9-modules. Assume that
Homg(9®%,9) is spanned by the product f®g — [f,g] and Homy(9R%9,F)
by the bilinear form w(f,q). If there exist f,g,h € & so that f,g,h[[f,h], 9]
and [ f,[g,h]] are linearly independent, then

L2 (GRA)DT

where (4, +) is a unital, commutative, associative F-algebra and & is a Lie
subalgebra of L. Multiplication in L is given by

[fQag@bl=[f.91®a-b+K(f,g)a,b)
d,fRad=f®da=—[f®ad]
[d,e]

for all f,g € 9,a,b € A, and d,e € D, where (,): AR A — D satisfies
[d,{a,b)] = (da,b) + (a,db). There is a representation ¢: 9 — DerpA whose
kernel contains (4,A), and {a-b,c)+(b-c,a)+{c+a,b)y =0 for all a,b,c € A.
If the form x(,) is nonzero, it is symmetric.

Proof. We may assume L = 9 @ >, 9 ® ), Fd; where 4; = & and
where each Fd; is a trivial %-module. Let A be the F-vector space having
basis {l,a;|[i € I}, and let = 3 ., Fd;. We identify L with (¥ ® 4) & Z
by identifying the Lie algebra ¥ with ¥ ® 1 (where [ f,g] corresponds to
[felLg® 1] =[f,9] ®1). The space ¥; is matched with ¥ ® a; where
the action of ¥ = 9 ® 1 on ¥, = 9 ® a; is given by [f ® 1,9 ® a;] =
[/.9]® a.

Suppose now that ap = 1 and that /,m are fixed indices in 7 U {0}. Then
for all f,g € 9, write

[f®an,g®@an]= > Ci(fag)®ai+%”lj(f’g)dj’
j

ielu{0}

where (;: 9 ® 9% — G forall ic JU{0} and n;: 9 ® % — F for all j € J.
Now for h € 9,

(hoLIf®ang@an]l= 3 [hG(f,9)]®a
ielu{0}
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and
[[h & laf ®al]>g ®am] + [f® ala[h & l’g ®am]]

= Z Cl([hsf]sg)®al+ Z Ci(ifa [h7g])®a1

ielu{0} ielu{0}
J€

These two expressions must be equal by the Jacobi identity in L. Conse-
quently, {;,n; are %-module homomorphisms. Since Homy (% ® %,%) is one-
dimensional and spanned by the commutator product of ¢, {;(f,g) = Cf”"[f , 9]
for some Cf’m € F, and similarly, #;(f,9) = n]l-’mrc(f,g) for all j € J. As a
result,

[f®ang@an= Y U"If.gl@a+ Y k(f.9)n"d;
ielu{0} jeJs

:[f,g]®< > cf””a,) (S 0% n"d
J

ielu{0}

The expressions in 4 and & depend only on / and m and not on f,g € ¥,
and so we define

acam= Y Maied
ielu{0}

(ar,am) = > nj""dj €9
j€J
for all /,m € TU{0}. These may be extended to give bilinear mappings - : 4 ®
A— Aand (,)A®A — 2 such that [ f®a,g®b] = [ f,gl®a-b+k(f,g){a,b)
for all f,g € %,a,bec A. Since [ f,g]®a=[f®1l,gRal=[f,g]®1-a and
[f9]®a=—[g®a, f®1]=—[g, fl®a-1, it follows that 1-a=a=a-1
for all a € A.

The anticommutativity of L implies that a-b = b-a for all a,b € A and
k(g, f){b,a) = —x(f,¢){a,b). In particular, if x(f, f)+0 for some f € ¥,
then (,) is skew-symmetric, and x(, ) is symmetric. Alternately, if x(f, /) =0
for all f € 9, then «(, ) is skew-symmetric. But when «(, ) is skew-symmetric,
then

which implies that x(,) = 0 because ¥ is perfect.

Since 2 is the centralizer of ¥, it is a subalgebra of L. The product [d,
YRa;] CY9RA4 for all d € &. Thus, [d, f ®a;] = Zielu{o} 0:(d, f)®a;. Then
0i(,) € Homg(Fd ® 9,%) and so 0;(d, f) = d;f for some o; € F for each i.
Thus, [d, f @ a;] = f ® (3, d;a;). Setting da; = ), d;a; and extending gives
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an action of &Z on 4. The Jacobi identity with d, f ®a,g®b and with d, e, f ®a
shows that
d(a-b)=(da)-b+a-(db)
[d,{a,b)] = (da,b) + (a,db) .
[d,e]la = d(ea) — e(da) .

Thus, there is a representation ¢: & — Derrd, and (4,4) is an ideal of 2.
Cyclic permutation of the factors in [[ f ® a,9 ® b],h ® c] produces the
relation:

k(LS gl.h)a-b,c) + x(lg. k], )b c.a) + w([h, 1, 9)(c - a,b)
+ k(f,9)h ® (a,b)c + k(g,h) f ® (b,c)a+ k(h, [)g ® (c,a)b
+[Lf9l. i@ ((a-b)-c)+[lg, ], [1®((b-c)-a)

+ A flgl®@(c-a)-b)=0.

If we can choose f,g,h so that f,g,h[[f,h],g] and [ f,[g,h]] are linearly
independent, then since [[ f,g],k] = [[ f,4],g9] + [ f,[g,4]], we obtain

0=(-b):c—(b-c)-a=(a+b)-c—a-(b-c).

Thus, (4, - ) is a unital, commutative, associative F-algebra, and [[ f,g],h] ®
((a-b)-c)+[lg,h), f1@ ((b-c)-a) + [[h, fl.gl @ ((c-a)-b) = ([[f.g].h] +
([g. 2], f1+[lh, flg) @ (a-b-c) =0 to imply x(f,9)h® (a,b)c+K(g,h)f ®
(b,c)a+x(h, f)g®(c,a)b = 0. Since we can choose f,g,h linearly independent,
it follows that (a,b)c = 0 for all a,b,c € A. Hence, (4,4) lies in the kernel
of ¢. Now if (,) is skew-symmetric, then x(,) must be symmetric, and the
terms K([f)Q]th) = _K(ga[f7h]) = K([haf]ag) = _K(f‘) [hvg]) = K([gah]af)
are all equal. This forces (a-b,c) + (b-c,a) + (c-a,b) =0 for all a,b,c € 4,
as claimed. This establishes the result.

2.4. To apply Proposition 2.2 to the case that ¥ is a split simple Lie algebra re-
quires knowledge of Homg(9®%, %) and Homy(9®%, F'). The explicit decom-
positions of the tensor products 9%, 9®V, and VRV, where V is the little ad-
joint module for ¢4 when ¥ is doubly-laced, are given in the Appendix. Observe
from there that dim Homg (%9 ® 4,F) = 1 = dimHomy (9 ® ¥,%) for all 4 ex-
cept when ¥ is of type 4, for n = 2, in which case dim Homy(¥9 ® 4,9) = 2.
As a result, we have

Corollary 2.5. Assume L is a A-graded Lie algebra whose associated split
simple Lie algebra 9 is not of type A, for n = 1. Suppose that L decomposes
into a direct sum of modules isomorphic to 4 and one-dimensional G-modules
under the adjoint action of ¥ on L. Then there is a unital, commutative,
associative algebra A such that L is centrally isogenous to 9 ® A.

Proof. Proposition 2.2 will give the result once we show that there exist
f,9,h € 94 such that f,g,h[[f,h],g] and [ f,[g,h]] are linearly indepen-
dent. Since the rank of ¥ is at least 2, there must exist two simple roots
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o and f§ which correspond to connected nodes in the Dynkin diagram of .
If f€%,9¢c %, and h € 4_,_p are nonzero, then f,qg,h,[[ f,h],g] and
[ f,[g,"]] are linearly independent. Since L is generated by its root spaces with
nonzero weights, we have by Proposition 2.2 that L = (9 ® A) + (4,4), where
A is a unital, commutative, associative algebra. But since (4,A4) is central, it
follows that L is centrally isogenous to ¥ ® A.

2.6. In the case that ¥ is of type D,, E¢, E7, or Eg this result is proven in [BM]
by different arguments,

Proposition 2.7. Let L be a Lie algebra over F, and let % be a perfect sub-
algebra on L. Suppose under the adjoint action of % on L that L decomposes
into a direct sum of

(2.8) (i) modules isomorphic to the adjoint module %,
(i) modules isomorphic to a nontrivial 9-module V,
(iii) one-dimensional G-modules.

Assume that

2.9)
1 =dimHomg(¥9 ® 9,%) = dimHomg(9 Q@ V, V')
1 = dimHomg(V ® V,%9) and 1 = dimHomg(V ® V, V)
1 =2 dimHomg(9 ® 4,F) and 1 = dimHomg(V ® V,F)
0 =dimHomg(9 ® 4,V) = dimHomg(9 ® V,%) = dimHomg(9 @ V,F) .

Further suppose that Homy(V ® V,%9) = Frn and Homg(V ® V,V) = Fp
where © and p, if they are nonzero, are symmetric or skew-symmetric, and
that Homg(9 ® 9,F) and Homg(V ® V,F) are spanned by x(,) and I(,)
respectively. When the conditions in (2.10) are satisfied.

(2.10) (1) there exist f,g,h € G such that f,g,h[[ f,hl,g] and [ f,[g,h]]
are linearly independent;

(i1) there exist f,g € 9 and u € V such that f-(g-u)*£0, g-(f-u)
=0, and x(f,g) =0;

(iil) there exist f € 4 and u,v € V such that n(f-u,v) = 0 =
w(u, f - v) and Nu,v)f +0;

(iv) either p = 0 or the mappings 4 @V ® V — V given by f ®
uv — p(f-u,v) and f Quv — p(u, f+v) are linearly independent in
Homy (% @ V ® V, V). Similarly, the mappings 4 @ V Q V. — % given by
fRuev—a(f- -uv)and f Qu@v — w(u, f-v) are linearly independent
in Homg(9 QV Q V,9).

(V) there exists a nonzero & € F such that Ex(n(u,v), f) = ([ - u,v)
for all u,v € V and f € %;

then the following conclusions can be drawn:

LE2(@RA)D(VRB)DY
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where

(2.11) (i) (4, -) is a unital, commutative, associative F-algebra,
(ii) B is a unital A-module,
(i) 2 is a trivial 9-module.

Multiplication in L is given by
212) [feaged]l=[fgl®a-d+K(f.g)ad)
[f[Rau®bl=f-u®a-b=—-[u®b, f ®al
[u®b,v®b']=n(uv)@(b,b)+ p(u,v) @ b+b" + A(u,v)(b,b")
d,f®al=f®da=—[f®a,d]
[du®bl=u®db=—[u® b,d]
[d.d']
forall f,g€ %,a,a € A,u,ve V,b,b € B and d,d" € 9, where

(2.13) (i) (,): B® B — A is an A-bilinear form which is symmetric (skew-
symmetric) if © is skew-symmetric (symmetric),

(i) + : B® B — B is an A-bilinear map which is symmetric (skew-
symmetric) if p is skew-symmetric (symmetric),

(iii) A1 @ B is an A-algebra under the product (al + b)-(a'l +b') =
a-a'l+ b, +a-b'+a -b+b-b.

(iv) 2 is a Lie subalgebra of L and the map (,): (A1 ® B) x (41 ® B)
— 9 given by {a+ b,a’ +b") = (a,d'y + (b,b') for a,a’ € 4,b,b’ € B is an
F-bilinear mapping whose image, (A,A) + (B,B), is an ideal of 9. There is
a representation ¢ : 9 — Derp(A1l @ B) whose kernel contains (A,A), and
(A1 ® B,A1 @® B) acts trivially on A.

v) If x(,) is nonzero, then k(,) is symmetric, and the relations
(a-d,d"y+(d-d",a)+ (a"-a,d’) =0, (a,(b,b)) = E{a-b,b)— (b,a-]'))
hold for all a,a’,a” € A and b,b' € B. In particular, if (4,4) = (0), then
(bya-b') ={a-b,b).

(vi) If o denotes the permutation (123) then

2
(214) 0= jgo)t(ﬂ(“a/u)a ua’/(Z))a Ma/(3))<ba./(1) . ba’./(Z)aba.f(3)>

2
0=>" 7'E(P(”aj(l), ua/(Z))a uaj(3)) ® (bgj(]) : bgj(z), bo’j(3))

J=0

2
0= ;);‘(uaf(l)7uaf(2))uaf(3) ® <baf(1)7b0f(2)>b0f(3)
j=

2
+ 2‘675(%]‘(1)» u,;.i(z)) CUgi3) ® (bo'.f(l)a bg.i(z)) : bo’./(S)
=

2
=+ Z{)P(P(“w(l), Usi2))s Ugi3)) @ ((Bsicry * boi2)) * bsi3)) -
i=
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Conversely, suppose that

(2.15) (i) 9 is an F-Lie algebra; (ii) V is a nontrivial 9-module,; (iii)
n € Homg(V®V,9), (iv) p € Homg(V &V, V), and (v) A € Homg(V QV,F),
where T, p, and . are symmetric or skew-symmetric; (vi) k € Homg(9 %, F)
is symmetric; (vil) (4, - ) is a unital, commutative associative algebra; (viii)
B is a unital A-module; (ix) (,) : B® B — A is an A-bilinear form
which is symmetric (skew-symmetric) if © is skew-symmetric (symmetric),
(x) A1 ® B is an F-algebra under the product (al +b)- (@'l +b')=a-d'l +
b, +a-b+ad-b+b-b where (a-a’)-b=a-(a'-b)=2a -(a-b) and
- : B® B — B is symmetric (skew-symmetric) if p is skew-symmetric (sym-
metric);, (xi) & is a Lie subalgebra of Derp(Al @ B) such that d(A) = 0
for all d € 2; (xii) (,): B® B — Z is an F-bilinear mapping which
is symmetric (skew-symmetric) if A is skew-symmetric (symmetric), and
[d,(b,b")] = (db,b') + (b,db') and {a-b,b") = (b,a-b') for all d € @, a € 4,
and b,b' € B; (xiii) (,): A® A — D is a skew-symmetric F-bilinear map-
ping which satisfies (a-d',a") + (d' -d",a) + (" -a,d’)y = 0= {(a,(b,b")) and
d,{(a,a")] = (da,d’)y + (a,dd’) for all d € 9, a,d’,a" € A and b,b’ € B; and
(xiv) {(a,a’)(41 & B) = (0) for all a,a’ € 4;
If (2.14) and (2.15) hold, then L = (9 @ A)® (V ® B) ® 9 with multiplication
given by (2.12) is a Lie algebra.

Proof. The assumptions imply L = 9@ ,c; 4®>_;c; Vi®D ok Fdi where
% =% and V; 2V as ¥-modules and where each Fd; is a trivial %-module.
Letting 4 be the F-vector space having basis {1,q;|i € I}, B be the F-vector
space having basis {b;|j € J}, and ¥ =}, Fd;, we may suppose that

L=(9%4A)o(Ve®B)®Z.
By assumption Homg (9 ® 4, V) = (0), so the proof of Proposition 2.2 gives:

[f@ag@dl=[f.gl®a-d +K(f,g9)aad),

for all f,g € 9, a,a’ € A, where the all same conclusions hold.

Now [d,u®b]l € V®B foralld € 9, ue V, and b € B. Thus, there is
an action of & on B, d x b — db such that [d,u ® b] = u ® db. Suppose that
[ €l and m € J are fixed indices. Then for all f € 4 and u € V,

[f@a,u@b,]l= > w(fiu)®@a+ > vi(fiu)@bj+ > w(f,u)dy,

ieIU{0} jer kek
and applying ad(# ® 1) for & € % shows that p;,v;, and 7; are %-module
homomorphisms. By our assumptions in (2.9), y; = 0 = 14 for each i €
I1U{0} and k € K, and v;(f,u) = v_ﬁ-’mf-u. Setting a;-by = >, v_f-’mbj,
and extending linearly, gives [ f @ a,u ® b] = (f -u) ® (a-b) for all a € 4
and b € B. The Jacobi identity with d, f ® a, and u ® b shows that d(a-b) =
(da)-b+a-(db). If f®a,g®d’, and u®b are used instead, then the relation

0=(f.g9]l-u)®((a-d')-b)+K(f,g)u® (a,a’)b
—(f+(grw)@(a-(@-b)+g-(f-u)®(d-(a-b))



20 G. Benkart, E. Zelmanov

is produced. Since we can choose f,g,u so that k(f,g) =0and g-(f-u) =0,
but f-(g-u)=+0, we see that a-(a’-b) = (a-d’)-b=d -(a-b). It follows
that B is an 4-module and that (a,a’)b = 0 for all a,a’ € 4 and b € B.

By arguments similar to the ones used earlier, we can assume that

[u®b,v®b']=n(uv)@(b,b)+ p(u,v) @ (b-b") + Mu,v){b,b') .
Then calculating with d,u ® b and v ® b’ and with d,d’,u ® b shows that

[d, (b,b)] = (db,) + (b,dD’)
d(b,b') = (db,b') + (b,db)
d(b-b')=db-b +b-db’
[d,d'1b = d(d'b) — d'(db).

Hence, A1 @ B is an algebra under the product (al +b)-(al +b')=a-d'l +
(b, +a-b' +d-b +b-b, and there is a representation of & on A1 & B
by derivations such that (4,4) is in the kernel. The space (B,B) is an ideal
of . The Jacobi identity with f @ a,u ® b and v ® b’ gives

Mfuv)a-b,b'y + Mu, f-v)b,a-b') + x(w(u,v), £){(b,b),a) =0
Mu,v) f @ (b,bYa + [n(u,v), 1@ (b, ) a

+7(f u,v)®(a-b,b)+ n(u, f+v)® (ba-b')=0
o(fuv)®(@-b)-b +pu, f-v)Rb-(a-b')— f-plu,v)a-(b-b")=0.

Since f - p(u,v) = p(f - u,v)+ p(u, f - v), and since the mappings fQuRQv —
o(f -u,v) and f @u® v — p(u, f-v) are assumed to be linearly independent
when p=+0, it follows that (a-b)-b' =a-(b-b') = b-(a-b"), which shows
the product b - b’ is A-bilinear, and 4 is in the associative center of A1 & B.

From (2.10) part (v), we find that (a,(b,b")) = E({a - b,b")—(b,a - ]'})), and
from (2.10) part (iii) it follows that (b,b")a = 0 and (a-b,b’') = a-(b,b') =
(b,a-b") for all b,b’ € B and a € A. Finally, the Jacobi identity with u; ®
bi,uy ® by and u3 ® by produces (2.14).

Our calculations in the proof show that the conditions in (2.15) along with
(2.14) are sufficient to guarantee that L is a Lie algebra.

2.16. If p = 0 (as is the case when ¥ is of type B,) any product b®b" — b - b’
will work provided the action of any element from & is still a derivation on
A1 ® B. In particular, (4,4) + (B,B) must act as derivations on 41 @ B. Such
products on B exist - for instance, the trivial multiplication b-5" = 0 works
and provides an important example.

2.17. In Sect.3 we will verify that all the Lie algebras graded by B, for n = 3,
F4, and G, satisfy the hypotheses of Proposition 2.7, and so that result may
be applied to determine these algebras.
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Observe that in the above proposition that V' and B are algebras under the
products p(u,v) and b- b’ respectively, and so ¥ @ B can be regarded as an
algebra under the multiplication (u®b)(v®b’) = p(u,v)Rb - b'. If (4,4) = (0),
then 4 ® 4 is a subalgebra of L with [ f ® a,gRd']=[/f,g]Ra-d’, and the
action [ f®a,u®b] = f-u®a-b can be viewed as a derivation on the algebra
V ® B:

(f-puv)@a-(b-b)=p(f-uv)®(@-b)-b' +pu f-v)@b-(a-b).

Similarly, & is a Lie subalgebra of Derp(V ® B) where d(u ® b) = u @ db.
Thus, Proposition 2.7 can be interpreted as a particular case of more general
construction which we introduce in the next section.

3. The generalized Tits construction and Lie algebras graded by B,, F4,
and G;

3.1. To provide realizations of the exceptional simple Lie algebras, Tits [T2]
developed a construction starting with an alternative algebra % of degree one or
two and a Jordan algebra J of degree one or three. When % and J are suitably
specialized, the resulting Lie algebras form Freudenthal’s “magic table” (See
[F1, [Jac2, Sect.10], [FF], [M], or (3.27) below.). Certain extensions of the Tits
construction are particular cases of a general construction which we present in
this section. We prove that all the Lie algebras graded by root systems of types
F, and G, arise from this general procedure. A second specialization of our
construction yields all the B,-graded Lie algebras.

3.2. Let A be a unital, commutative, associative algebra over the field F, and
assume X is a unital algebra over A. An A-linear functional ¢ : X — A is a trace
on X if t(ww') = t(w'w) and t(ww' )W) = t(w(w'w'"")) for all w,w’,w" € X.
The trace is said to be normalized if t(1) = 1. The corresponding A-bilinear
form (w,w') = t(ww') is symmetric and associative, (ww',w") = (w,w'w")
for all w,w’,w"” € X. The subset X; of elements in X of trace zero is an
A-module. Moreover, if the trace is normalized, then X = A1 ® X; since each
element w € X decomposes as w = t(w)l +w — t(w)l where w — t(w)1 € Xj.
When x,x" € Xy we define x xx’ = xx’ — t(xx’)] = xx’ — (x,x")1. Thus, X is
associated with an A-algebra (Xj,*) having a symmetric 4-bilinear form (, ),
and multiplication in X is given by

(3.3) (al +x)d'1 +x")Y=ad'l + (x,x')1 +ax’ +a'x +xxx",

where x xx’ € Xj.
When X is an A-algebra with a normalized trace, let

(3.4) Der(X) = {D € Dery(X) | D(Xy) € Xo}

denote the Lie subalgebra of the A-derivations of X which send X to Xj.
Every derivation D in Derg(X ) restricts to a derivation in Der X, such that
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(Dx,x") + (x,Dx") = 0 for all x,x’ € Xy, and conversely every derivation in
Der Xy such that (Dx,x’) + (x,Dx’) = 0 for all x,x’ € X, extends to one in
Der)X by mapping 41 to zero. Let Z(X) be a Lie subalgebra of Der(X).
Assume there is an A-linear transformation Xy ® Xo — Z(X), x ® x' — D, v,
which is skew-symmetric. Suppose 2 is another unital, commutative associative
algebra over F (though 4 = U is allowed), and let Y, (¥p,0), and Z(Y) be
similarly chosen over 2. Assume Yy ® Yo — 2(Y), y® y — d, ., is an
analogous mapping for Y such that the following relations hold:

(35) (1) [E>Dx,x’] = DEx,x/ + Dx,Ex’
i) [e.dy ] = duy yr + dy ey

for all £ € 9(X),e € Z(Y). Then

(3.6) Y(X/A,Y/QI)@(@(X)(EQ‘!I)EB(XO@ Yo))®(A® 2(Y))

is the anticommutative algebra with multiplication defined by
37) [DP®wD ®d]=[D,D]®ad

[a®d,d @d]=ad ®@[d,d]

D@oa,axd]=0

DRu,x@yl=DxQ@ay=—-[x® y,D® o]

[eaRd,x®@y]l=ax®@dy =—[x® y,a ®d]

[x @ y.x' @y = Dew @ (1Y) + (52 ) @ (yo ) + (xx) @d,,
where x,x' €Xy, y,y' €Yy, a,d €A, a,0' €W, D,D' € ¥(X), and d,d' € Z(Y).
3.8. We refer to this process of building of the algebra 7 (X/4, Y/2) from X
and Y as the generalized Tits construction. The symbol specifying the algebra

should also include the constituents 2(X) and 2(Y) and the mappings x®@x’ —

D, and y®y" — d, s, but to avoid clumsy notation, we have omitted them.

If X and Y are suitably chosen in the construction above, the resulting
algebra 7 (X/4, Y/A) will be a Lie algebra, though that need not always be
the case. A criterion for 7 (X/A4, Y/) to be Lie is given by

Proposition 3.9. The algebra 7 (X/A,Y/N) is a Lie algebra provided for the
permutation o = (123) the following relations hold:

(3.10) (D) 0= 3274 (it * X2y Xois) © dy s o i
(i) 0 = Z,Z‘:o Dxa,(l)*xm/(z),xa_,m ® (Voi(1) © Yoi(2)» Voi(3))
(iii) 0 = 212':0 D )i 0y%013) @ ai1)s Yoi)) Vo (3)
+ Zf:o ((Xgic1) * X5i2)) * Xgi(3)) © ((Voi(1) © Yoi2)) © Voi(3))

2
+ 2 im0 (Xai(1)s Xai2) i3y @ d,vdj(l),y,,j(z) Yoi(3)
Sfor all x1,x3,x3 € Xy and yy, y2, y3 € Y.
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Proof. Since Xy® 7Y is a Lie module for (Z2(X)Q@WU)+(4AR2(Y)), the split null
extension (Z(X)QWUW)+(ARZ(Y))+(Xo®Yy) is a Lie algebra. Thus, it suffices
to compute the Jacobi sum #(z,z',z") = [[z,2'],2"1 + [[z/,2"],2] + [[z”,2],2']
for the triples

(E@ux®y,x @)
(ZsZI’ZN): (a®e,x®y,x’®y’)

(X1 ® YL,X2 Q@ y2,X3 ® y3) .
Now

J(E@0x® p,x' ®@)) =Dy @ (o, y') + (Ex xx") @ (ay 0 ')
+(Ex,x")® dyy = [E, Dy ] @ al(y, ")
—E(x*x)@a(y o))+ Dype @ (y,ay")
+(x*xEx Y@ (youy" )+ (5, Ex")®d, 4 ,

which is zero by the relations in (3.5). The calculations with the second triple
are virtually identical, and the third triple just amounts to the relations in (3.10).

3.11. The most significant special case of above construction is due to J.
Tits [T2]. To discuss the Tits construction, we begin with the notion of a
trace identity. Let # denote the absolutely free (nonassociative) A4-algebra on
the free generators xi,x,..., and let P(%#) be the polynomial algebra on the
A-module 7. We call the tensor product P(F)Q), 7 the absolutely free trace
algebra.
Let X be an A-algebra with a trace map ¢ : X — 4. An arbitrary mapping
¢ : {x1,x2,...} — X uniquely extends to an algebra homomorphism ¢ : F —X.
Furthermore, there exists a unique A4-linear homomorphism Py : P(#) — A
such that the diagram
F = P(F)
10 "\, Py
A
is commutative.

Definition 3.12. Let X be an A-algebra with a trace t. An element ", f; @v;
€ P(7)Q, F is a trace identity for X if for any mapping ¢ : {x1,x2,...} —
X, we have ). Py(fi)p(v;) = 0.

Example 3.13. (Cayley—Hamilton polynomials) Let X = M, (4) be the algebra
of n X n matrices over 4, and let #(x) be the normalized trace map #(x) =
(1/n)Tr(x), where Tr(x) denotes the usual matrix trace of x. The fact that
every matrix is a root of its characteristic polynomial gives a trace identity,
which in the cases n =2 and n = 3 are the identities

(3.14) chy(x) = x? — 26(x)x + (21(x)* — t(x*))1 = 0
chy(x) = x> — T(x)x? + S(x)x — N(x)1 =0
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where
(3.15) T(x) = 3t(x)
S(x) = (9/2)(x)* — (3/2)(x*)
N(x) = 1(x*) = (9/2)1(*)1(x) + (9/2)e(x)* .

Examples 3.16. Let € denote the alternative algebra of split octonions (Cayley
algebra) over the field F with the standard trace 7' : C — F (see [Sc,
p-74]). Then % with the normalized trace ¢ = (1/2)7T satisfies the trace identity
chy(x) = 0.

When J is the 27-dimensional split exceptional Jordan algebra over F' with
its standard trace 7 : J — F, then J with the normalized trace ¢ = (1/3)T
satisfies the trace identity chs;(x) = 0, [Sc, p. 109].

3.17. For both alternative and Jordan algebras there are good notions of inner
derivations. In particular, when % is an alternative A4-algebra, let b; and b,
be the left and right multiplication operators determined by b € €. Then the
inner derivation [b,5']; — [b,b'], — 3[b;, b], belongs to Dery%. We reserve the
notation Dy, ; for

(3.18) Dy = (1/4X[5.B') — [b,5'), — 3[b1,b]) .

Then D : 4 Q), ¢ — Dery(¢) with b ® b’ — Dy, satisfies:

(3.19) Dy, (b") = (1/4)([[b,5'],6"] = 3(b,b',0"))
Dppr = =Dy p

Db'b’,b” + Db"b”,b + Db”'b,b’ =0
(£, Dy 1] = Dgppy + Dy gy

for all b,b",b" € € and E € Der4(%€), where (b,b’,b") = (bb')b" —b(b'b"), the
associator. (See [Sc], pp. 77—78.) Assume ¢ : ¥ — A is a normalized trace on
% satisfying chy(x) = 0. In particular, chy(b) = b*> — t(b*)1 = 0 for all b € %,.
Linearizing that relation gives 0 =56+ b’ +b - b’ —2t(b - b')1 = bxb' + b’ * b,
which implies b x b" = —b" * b. It follows that

(320) bxb' =1/2)bxb —b xb)y=(1/2)b-b —b" - b)=(1/2)[b,b].
The inner derivations D, ;s belong to Derﬂ((g ) for all b,b' € %,.

3.21. Let J be a Jordan algebra over 2. Then for arbitrary elements u,v € J,
the mapping

(322) du,v = [up,v,],

where u,,v, are the right multiplication operators, is an 2-derivation of J, and
any derivation e € DergJ satisfies

(323) [e, du,v] = deu,v + du,ev .
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Assume J has a normalized trace ¢ : J — U satisfying chz(x) = 0. Let
(Jo,0) denote the trace zero elements where uov = u - v — t(u - v)1 € Jy
for all u,v € Jy. Since the product u - v on J is commutative and the form
(u,v) = t(u - v) is symmetric, u o v iS commutative.

Proposition 3.24. (Tits [T2]) (See also [Jac2, pp. 89-98].) Assume J is a
Jordan algebra over W with a normalized trace which satisfies chs(x) = 0.
Let € denote an alternative algebra over A with a normalized trace satisfying
chy(x) = 0. Assume Z(€) (resp. 2(J)) is a Lie subalgebra of Derg(g (resp.
Der&J ) containing the inner derivations. Then the algebra

T(C/A,J/ W) = (2(€) @ W) & (€ ®Jo) B (A® Z(J))

with multiplication as in (3.7), where D : € @4 — 2(%) is given by b@b' —
Dy oasin (3.18) and d : J @J — 2(J) is given by u®@v — d, , = [u,,v.] as
in (3.22), is a Lie algebra.

3.25. In Tits’ original construction it was assumed that 4 = F = 2. However, it
is clear that the identities needed in the proof hold in the more general context
stated above. Several special cases of Proposition 3.24 are noteworthy. First
suppose that A = F and J is the 27-dimensional split exceptional simple Jordan
algebra over F', which as mentioned in (3.16), has a normalized trace t : J — F
such that ch3(x) = 0 holds. The derivation algebra of J is the split simple
Lie algebra 4 = F4 and the space V' = J; of trace zero elements is the 26-
dimensional little adjoint representation for 4. The symmetric product uov gives
a basis for Homg(V ® V, V). The mapping d, , = [u,,v,] affords a basis for
Homg(V®V,%), and we may take the symmetric bilinear form (u,v) = t(u + v)
as the basis for Homg(V ® V, F'). Then for any unital commutative, associative
F-algebra 4 and any alternative 4-algebra 4 which has a normalized trace ¢
satisfying chy(x) = 0.

T(C/A,JIF) = 2(€) @ (60 ®@J) D (A G) = D(C)D (o ©@Jo) B (4R Fy)

with Dy, ;s as in (3.18) and d,,, = [u,, v,] as in (3.22) and with multiplication as
in (3.7) is a Lie algebra. When Z(%) = {Dy ;s | b,b' € €y}, then T (6/A4,J/F)
is a Lie algebra graded by Fjy.

3.26. A second important example arises by setting A = F' and assuming that ¢
is the algebra of split octonions over ' which has a normalized trace ¢ such that
chy(x) = 0 holds. The derivation algebra of % is the split simple Lie algebra
% = (G, and the space V' = % is the 7-dimensional little adjoint representation
for 4. The skew-symmetric product b x b’ = (1/2)[b,b'] provides a basis for
Homg(V ®V,V'); the mapping D, gives a basis for Homg(V ® V,%); and the
symmetric bilinear form (b,5’) is a basis for Homg(V ® V,F). Then for any
unital, commutative, associative F-algebra 2l and any Jordan algebra J over
A with a normalized trace which satisfies ch3(x) =0

T(EIF,J W) =(FWD(60RJ)DZ(J) = (G, @)D (6 @Jp) D L(J)
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with Dy, ;s as in (3.18) and d,,, = [u,,v,] as in (3.22) and with multiplication as
in (3.7) is a Lie algebra, which is G,-graded when 2(J) = {[u,,v,] | u,v € Jo}.

3.27. The construction above provides realizations of all the exceptional sim-
ple Lie algebras. Here suppose that 4 = F = 2 and assume % is one of
the four possibilities: (i) F; (ii) F & F; (iil) a quaternion algebra over F’;
(iv) an octonion algebra over F. Suppose that J is one of the following five
Jordan algebras over F : (I) F; (II) H(M3(F)), the 3 x 3 symmetric matri-
ces; (IN) #* or H(#A) where in the first case # is a central simple asso-
ciative algebra of degree 3 and in the second # is simple of degree three
over its center, which is a quadratic extension of F, and # has an involu-
tion of second kind. Here H(#) is the set of symmetric elements under the
involution, and in both cases the Jordan product is u - v = (1/2)(uv + vu).
(IV) H(M5(2)), where 2 is a quaternion algebra over F; (V) an excep-
tional simple Jordan algebra. Further assume Z(%) = Derp% and 2(J) =
DerpJ. Then for these choices of ¥ and J the Lie algebra I (%4/F,J/F)
is a simple (or in one case semisimple) Lie algebra given by Freudenthal’s
magic table:

ey () any oy @y (1)

i () 4 4> G F
(i) (0) 4 A DAy As  Es
Giiy 4, C  As D¢ E
(IV) G2 F4 E6 E7 Eg

3.28. Other important examples where this construction produces a Lie algebra
arise when Jordan algebras of symmetric bilinear forms are used as the ingre-
dients. Suppose 4 and U are two unital, commutative, associative F'-algebras.
Let J(V) = A1&@V, where V is an A-module with a symmetric 4-bilinear form
(,). We view V as an A-algebra with the trivial multiplication u * v = 0, and
define ¢ : J(V) — A4 by t(al 4+ v) = a. This provides J(V) with a normalized
trace satisfying chp(x) = 0. The A-linear derivations of J(}') which map V to
V, that is the derivations in Der%(J(V)), are just the A-linear skew-symmetric
transformations £ : V' — V such that (Eu,v) + (4, Ev) = 0 for all u,v € V.
Set 2(J(V)) = {E € End (V) |(Eu,v) + (u,Ev) = 0 for all u,v € V}. The
mapping
Dy yw = (u, w)v — (v, wu

is in 2(J(V)) and satisfies the relations in (3.5). In the special case that
A = F and the form (,) is nondegenerate, the Liec algebra Z(J(V')) is the
special orthogonal Lie algebra so(V'), which is a simple Lie algebra of type
B, when dimgV =2n+ 1 and of type D, when dimpV = 2n.

Similarly, we assume J(W) = AUl @& W where W is an UA-module with
a symmetric -bilinear form (,). We define x o y = 0 for all x,y € W,
set 2(J(W)) = {e € Endy(W)|(ex,y) + (x,ey) = 0 for all x,y € W},
and let

dx,yz = (xaz)y - (J’,Z)X € 9(‘](I/V)) .
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Proposition 3.29. Assume A and W are unital, commutative, associative
F-algebras. Let J(V) = A1 @V and J(W) = Wl & W be Jordan alge-
bras corresponding to symmetric bilinear forms on the A-module V and
W-module W as in (3.28). Then T (J(V)/A,J(W)/N) = (DJ(V)) @ A) D
VeW)ysde 2(J(W))) with D, ,w = (u,w)v — (v,w)u for all u,v,w € V
and dy yz = (x,2)y — (y,2)x for all x,y,z € W and with multiplication given
by (3.7) is a Lie algebra.

Proof. All that remains to be shown is that (3.10) holds. However, the first
two relations are immediate, since the products u*v and xo y are zero in these
algebras. The third reduces to looking at cyclic permutations of

((v1,v3)02 = (V2,03)01) @ (x1,X2)x3 + (1, V2)v3 @ ((x1,X3)x2 — (2, X3)x1) ,

which do indeed sum to zero.

Corollary 3.30. Assume A =F = W and let V and W be finite dimensional
vector spaces over F with nondegenerate symmetric bilinear forms. Extend
the forms on V and W to a nondegenerate symmetric bilinear form on Vaw
by decreeing (V,W)=10. Then

TIV)EJ(W)F) = so(V & W)
= {r € Endp(V & W)|(1y,2)
+(nwz)=0 forall yzeV oW}

Proof. The theorem above endows 7 (J(V)/F,J(W)/F) with the structure of
a Lie algebra, and

(3.31) TIW)E,JW)F)y=2(JV)e(VeW)d 2(J(W))

where Z2(J(V)) = so(V) and Z(J(W)) = so(W). Every transformation 1 :
V' — W can be extended to an element of so(V & W) by defining its action on
W to be the transpose of that on V. Thus, Homg(V, W) embeds in so(V & W).
Now Homg(V, W) =X V*Q W = V ® W by the identification of ¥ with its dual
that comes from the bilinear form. Using this we can see that the right side of
(3.31) is isomorphic to so(V & W).

3.32. The following table displays the Lie algebras .7 (J(V)/F,J(W)/F) com-
ing from Corollary 3.30. Here we assume that /' has dimension 2m or 2m + 1
and W dimension 2n or 2n + 1.

VIW  2n  2n+1
2m Dm+n Bm+n
2m~+1 Buyn Dminsi

Note that since the weights of V' are not roots of so()) when V is 2m-
dimensional, this construction produces Lie algebra, which is not however
D,,-graded.



28 G. Benkart, E. Zelmanov

Consider the special case that m = 3 and dim V' = 7. Then for all n = 0 we
have B3 = T (J(V)/F,J(W)/F) = B:&(VW)Pso(W), where dim W = 2n.
The split simple Lie algebra B; contains the simple Lie algebra G,, and Bj
decomposes into the sum of G, and its 7-dimensional little adjoint module
V' relative to the adjoint action of Gj. It is the same 7-dimensional module
V' in each case since the 7-dimensional Bs-module remains irreducible upon
restriction to G,. Thus, we see that B,.; has a G;-grading relative to which
B3 2 G (VRWFLB W))®so(W). Similarly for all n = 0, Dyya =
Ged(VRWFELDW))Dso(W), where dim W = 2n + 1. Theorem 3.47 below
characterizes G,-graded Lie algebras. From there we will see F1 & W is the
set of trace zero elements of a Jordan algebra having a normalized trace which
satisfies ch3(x) = 0.

3.33. It is perhaps worth commenting at this juncture that the algebra X in the
generalized Tits construction 7 (X/A4, Y/2) could be assumed to be associated
with an A4-algebra (Xj,*) having a skew-symmetric A-bilinear form (,) such
that multiplication in X is given by (3.3). If the form is skew-symmetric, then
the mapping d : ¥ ® ¥ — Z(Y) must be symmetric. The algebra ¥ could
be taken to be associated with an 2l-algebra (Yp,0) having either a symmetric
or skew-symmetric form, provided D : X ® X — Z(X) is assumed to be
skew-symmetric when the form is symmetric, and symmetric when the form is
skew-symmetric.

For example, the analogue of the construction in (3.28) works when V'
and W have skew-symmetric bilinear forms, however, the mappings D, ,w =
(u,w)v + (v,w)u must be used instead. Then J(V') = A1 & V is not a Jordan
algebra; nevertheless

TIWFJW)F)=sp(V e W),

so that if dimgV = 2m and dimgzW = 2n, then I (J(V)/F,/J(W)/F) is a split
simple Lie algebra of type C,,,. The weights of V' are not roots of C,, so the
resulting Lie algebra is not C,-graded.

3.34. We turn our attention now to showing that the above constructions yield
all the B,, F4, and G,-graded Lie algebras. Our approach is to appeal to
Proposition 2.7. This requires the information in the Appendix, which says
that the condition (2.9) on the homomorphisms are satisfied, and the follow-
ing result, which asserts that (2.10) holds. In proving the next lemma we use
certain standard facts about exceptional algebras — all of which can be found
in Jacobson’s book [Jac2].

Lemma 3.35. Assume % is a split simple Lie algebra over F of type B,
for n = 3, F4, or Gy, and let V denote its little adjoint module. Then
there exist homomorphisms © € Homg(V @ V,9), p € Homg(V Q@ V, V), and
A € Homg(V ® V,F), where m,p, and J. are symmetric or skew-symmetric
such that the conditions in (2.10) hold, where x(, ) may be taken to be any
nondegenerate G-invariant form on 9.
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Proof. (i) Condition (2.10)(i) can be verified exactly as in the proof of
Corollary 2.5.
(ii) Let vy denote a nonzero maximal vector in V and let e, f;, h;(i =

1,...,n) be canonical generators for . Then the fundamental weights w; are
dual to the #;’s, w;(h;) = 0;;. The weight of v, is w; where i = 1 when
% is of type B, and G, and i = 4 when F,. Since f;u"(h"')ﬂzbr = 0 for

each j, (see [H], 21.4), then f;-vy = 0 for all j=+i. It follows from the
representation theory of (e;, h;, f;) = s/(2) that f; v, +0. In particular, when
9 is of type B, or G,, we have f5-(f1-v4)=%0, but f;-(f2-vy) = 0.
Since x(f,g) = 0 for all root vectors f,g unless they have opposite weights,
we have k(f1,f2) = 0. The same argument works for Fy, the only dif-
ference being that the vectors f3 and f4 must be used. This shows that
(2.10)(ii) holds.

(iii) Suppose first that & is of type G, and identify V' with the trace-
less elements %, in a split octonion algebra %. Then % has two orthogo-
nal idempotents e;, and e, such that ej + e, = 1 and e; — e; € 6. We
may assume that A(x, y) = (x, y), the bilinear form coming from the normal-
ized trace ¢t on ¥, and n(x,y) = Dy ,, the inner derivation in (3.18). Then
Mey —ez,e; —er) = t((eg —ey)(e; —ep)) = £(1) = 1. The subalgebra of G,
of elements which map e; and e, to zero is isomorphic to s/3(F). Taking any
nonzero element f from that subalgebra, we have n(f -(e; —ex),e; —ey) =
0 =rmn(e; —ey f+(e1 —e)), but A(e; — ez,e1 — e3)f+0. Thus, (2.10)(iii) is
shown. An analogous computation works for F,. Here we identify V with the
traceless elements Jy of a split exceptional simple Jordan algebra J having nor-
malized trace ¢. The algebra J has three orthogonal idempotents ey, e;,e3 with
el +e +e3=1and e; — ey, ey — ez € Jy. For the bilinear form we may take
AMx,y) = (x,y) = t(x - y) (or any scalar multiple thereof), and we may assume
n(x, y) = [x,, y»]. The subalgebra of F4 of derivations f* which map these idem-
potents to zero is isomorphic to D4. Then since (e} — e;,e; —e3) = —t(ey) +0,
but n(f (e —ez),es —e3) =0 = n(e; — ey, f - (€2 — €3)), the conclusions in
(2.10)(iii) hold.

When % is of type B,, we may assume V' has a basis vy,...,05,.1 and a
nondegenerate symmetric bilinear form such that (v;,v;) = 0 if j+2n+2 —i
and (vj, Uan42—i) = 1. Then % is spanned by the matrices e;; — ex12—j 20412—i>
where e; ; is the (2n+ 1) x (2n+ 1) matrix unit. Let n(u,v) = D, , = (u,w)v —
(v,w)u as in 3.29. Then for f = e;2 — e 20+1 We have n(f - v3,02—1) =
0 = n(vs, f - vau—1) but (v3,02,—1)f = f (recall n = 3). This completes the
verification of (2.10)(iii).

(iv) When % is of type B,, then p = 0, and n(x,y) = Dy ,. For f as in
(iii), n(f - v3,v2) = 0, but n(v3, f - v2) = 7(v3,v1) = Dy, 0. Consequently,
(iv) holds for algebras of type B,,.

Suppose then that ¢ is of type F4. The exceptional Jordan algebra J has a
Peirce space decomposition

J=Fei®Fe;, ®Fes ®J12 D3 DJi3
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relative to the idempotents discussed above, where J;; consists of elements
{b;;|b € €}, b ranging over the elements of the split octonion algebra %, and
where

ei+bij=(1/2)b;; =b;;-e;
bij-cjk = (1/2)(bc)ik
bi,j = bj,i .
The elements f of the D, subalgebra of F4 map the ¢;’s to 0 and preserve the
spaces J; j, f + b j = (fb); ;. Thus we can choose f and b so that fb = c=+0
and ni(f - (e1 — e2),b1,3) = 0, but n(e; — ez, f - b13) = n(er — ez,¢1.3). Now
n(e; —ez,c1.3) = [(e1 —e2)r.(c1.3)-], and to see this is nonzero observe:

[(e1 —e2)r,(c1,3)r]arr = —{e1 — ez, a1, c13} = (1/2)(e1 — ex)(ac)y 3
= —(1/4)(ac)ys .

The argument for p is virtually identical. For these same elements, p(f -
(er —e2),b13) = 0 but p(er — ez, f-b13) = (e1 —ex) o (fbh3 = (e1 —
) (fb)s—t((e1—e2) - (fb)1.3) = (1/2)(fb)1.,3+0. Consequently, the maps
fRu®v — p(f -u,v) and fRu®v — p(u, f - v) must be linearly independent,
and (iv) of (2.10) is valid in the F4 case.

The G, case is similar in spirit. The idempotents e;,e; used previously
decompose the split octonion algebra % into Peirce spaces

€ =Fey @ Fey ® 612D 621

with @ ; = 2¢e; consisting of elements ae; where a € 2, the 3-dimensional
space of traceless elements in a quaternion algebra 2. Here for i+,

ei(be;) = be; = (be))e;

ej(bej) = (bej)ei .
The elements f of G, which map ey, e, to zero determine a copy of s/5(F), and
the space %1, is its natural 3-dimensional representation f -(ae;) = (fa)ez.
Thus we can choose f, a so fa = b=+0. Then n(f -(e; — e2),ae;) = O,

but m(e; — ea, f - aey) = n(er — ez2,be2) = De|—ey,pey- NOW De, ¢, pe, F0, for
example:

De| —ey.0e,(€1 — €2) = ([e1 — e, ber], — [e1 — e2,bex]; — 3[(e1 — e2)r, (be2)1])

X (e1 —e2)
= (2(be2), — 2(bez); — 3[(e1 — e2)r,(bea)i])(er — e2)
= 4b62 .

Likewise, p(f - (e; — ez),aey) = 0, but p(e; — ea, f - aery) = [e] — ez, ber] =
2be, 0. This concludes the proof of (2.10)(iv).

(v) The mappings x ® y ® f — k(n(x,y), f) and x @ y @ f — A(f +x,»)
can be regarded as ¥-module homomorphisms in Homyg(V ® V' ® 4, F). Since



Lie algebras graded by finite root systems and intersection matrix algebras 31

V ® V is completely reducible and has a unique summand isomorphic to ¥,
it follows that Homy(V ® V ® 4,F) is one-dimensional. Thus, the two maps
must be scalar multiples of each other.

Theorem 3.36. Let L be an Fy-graded Lie algebra over F. Then there exists a
unital, commutative, associative algebra A and an alternative algebra € over
A with a normalized trace which satisfies chy(x) = 0 such that L is centrally
isogenous with

T (JIF,6/A) = (Derg @ A) ® (Jo @ €o) ® (6,6) ,
=(9RA4)D(Jo® %) & (¢,%),

where G is a split simple Lie algebra of type Fa, which we identify with the
derivation algebra of a split exceptional 27-dimensional Jordan algebra J, and
(€,%) is the Lie subalgebra of inner derivations of €. The multiplication in
T (JJF,%/A) is given by (3.7) where D, is the inner derivation determined
by x,x' € 6y as in (3.18) and d,, ,» = [y,, y,] for all y,y" € J.

Proof. By Proposition 2.7 we may assume that L has the structure (¥ ® 4) @
(Jo®B) ® (A, B), where Jj is the set of trace zero elements of a split, simple
exceptional Jordan algebra J over F, and DerrJ = ¥, a split simple Lie algebra
of type Fy. We take the symmetric bilinear form A(u,v) = (u,v) = t(u-v) as
the basis for Homg(Jy ®Jy, F'), the symmetric product p(u,v) = uowv as a basis
for Homy(Jy % Jy,Jy), and the skew-symmetric mapping n(u,v) = [u,,v,] as
a basis for Homg(Jy ® Jo,%). Thus by Proposition 2.7, L has multiplication
given as in (2.12) where 4 is a unital, commutative, associative F-algebra, B
is a unital 4-module, the mapping * : B® B — B is skew-symmetric, and the
mapping (, ) : B& B — Der(4l & B),b® b' — (b,b'), is skew-symmetric and
(b,b')(4) = 0 for all b,b" € B. Moreover, (2.14) must hold.

Now setting u = uy, v = upy, w=u3, b =b| = b3, and b’ = by, we have
from the second equation of (2.14) that

[(00),w,] @ (b*b,b)+[(vow),u]® (B xbb)=0.

We can find u,v,w € Jy such that [(u o v),,w,] and [(v o w),,u,] are linearly
independent; for example, we can identify J with the 3 x 3 Hermitian matrices
over the split octonions and set u = e, —ez 2,0 = e12+ep 1 and w = e; 1 —es 3.
Consequently,

(3.37) (bxb',b)=0 forall b,b' €B.

With the same substitution, the third equation in (2.14) becomes

(338) 0= (u,0)w® (b,b")b+ (v,w)u @ (b',b)b
+ [t v, ]w @ (b, 6" )b + [V, W, Ju @ (B, )b + [wy, u, Jv @ (b, b)Y
+((mov)ow)®((bxb)xb)+ ((vow)ou)®((b' *b)*b).

Now [u,v.]w = 7{% w, U} and [w,,u.Jv = —[u,, v, Jw — [v,, W, Ju = {u5 w, U} +
{v,u,w}, where {u,w,v} is the associator in the Jordan algebra J. Moreover,
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using the fact that uov = u-v — (u,v)l, we get (uov)ow = (u-v)-w —
(u-v,w)l — (u,v)w. Since (u-v,w) = (v-w,u) we may use these results to
reduce (3.38) to

(3.39) 0= ((u,0)w — (v, w)) @ (b, )b
— {u,w, v} + {v,u,w}) @ ((b,6")b — (b, b)b")
— ({wv,u} + (u,0)w — (v,w)u) @ (b b') x b)
= ((w,v)w — (v, w)u) @ (b, b")b
+ {w,v,u} @ ((b,b")b — (b,b)b’ — (b * b") x b))
+ (v, w)u — (u, V)W) @ ((b x ") * b).

Since Jy possesses elements u, v, w such that u, w, {u,w, v} are linearly indepen-
dent and (u,v)w — (v,w)u=0 (for example, u =e; 2+ e 1,0 =u-+ern — €33,
and w = ey 3 + e3> where e;; is the 3 x 3 matrix unit), we may deduce from
(3.39) that

(3.40) (bxbYxb=(b,b)b— (b,b)b' forall b,b' € B
(b,b'Yb = (b* b") % b.

We define a multiplication on € “11e8 by setting
(341) (al +b)d'1+b)=ad 1+ (b,b') +ab +a'b+bxb,

for a,a’ € A and b,b’ € B. Then under this product, (al+5b)* = 2ab+(b,b)1 +
@*1, so that

(3.42) (al + b)* — 2t(al + b)(al +b) +n(al +b)1 =0,

where #(al + b) = a, and n(al + b) = a* — (b,b) = 2t(al + b)* — t((al +
b)?). In particular, B is the set %, of elements b with trace #(b) = 0, and
t(bb") = t(bx b + (b,b")) = (b,b"), holds for all b,b’ € B. The map #(al +
b) = a satisfies t((al + b)(a'l + b)) = ad’ + (b,b") = t((d'1 + b')(al + b))
and #(1) = 1. It is easy to see that associativity of ¢ amounts to showing
(bxb,b") = (b,b xb") for all b,b',b” € B. But replacing b by b + "
in (3.37) gives 0 = (b * b',b") + (b" x b',b) = (b x b',b") — (b,b' x b"), as
desired.

Consider the associator (b,b,b’) relative to the product in % for b,b' € B.
Then

(b,b,b') = b — b(bb') = (b, b0 — b(b+ b') — (b, b )b
= (bbb — (b (b*b)) — (bbxb)— (b,b)b
=0
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by (3.40) and (3.42). Similarly,
(b',b,b) = (b'b)b — b'B* = (b * b)b + (b',b)b — (b, b)b’
= (b *b)* b+ (b xb,b)+ (b,b)b— (b,b)b
=0.

Since the products b * b’ and (b,b’) are A-bilinear by Proposition 2.7, the
elements of 4 lie in the associative center of 4. Therefore, we can conclude
from these calculations that % is alternative. We have established in (3.42) that
normalized trace ¢ satisfies chy(x) = 0.

Now to complete the proof we show that

(3.43) (b,6")b" = (1/4)([[b,b"],6"] = 3(b,b",b")) = Dy yy (b") ,

for all b,b’,b"” € B where D, ;s is the inner derivation given in (3.19). Observe
first that (3.41) implies that b x ¢ = (1/2)[b,c] for all b,c € B. Next note that
(3.43) holds in the special case that 5 = b by the second relation in (3.40).
Having that, we may linearize the relation (b,c)c = (1/4)[[b,c],c] to obtain

(344) (BB + (b6 = (b, B\ — (b, b)Y
= (1/4)([[b,6'],b"]1 + [[b,6"],5']) .
Similarly,
(345) (B, + (b",6)b = (bbb — (b, b")b
= (1/4)([[b,b'],6"] + [[b",b'],0]) -
Taking u; =up =u3 =u and by = b, b, =" and b3 = b” in (2.14) we get
(mouw)you@((bxb')yxb" + (b +b"yxb+ (b xb)x 1)
+ () @ (b, )b + (B, 6" )b+ (b, b)b') = 0.
Since for all u € Jy, the relation (uou)ou = (1/2)(u, u)u holds, it follows that
(3.46) (bbb + (B, b")b + (b, b)Y
= —(1/2) (b b)Y b + (B *b")yx b+ (b xb)x ]')
= —(1/2)(1/4)[[b,b'],6"] + [[b',b"], b] + [[b", b],b'])
= —(1/2)(1/4)6(b,b',b") = —(3/4)(b,b',b") ,

as the identity [[b,0'],0"] + [[6',b"],b] + [[b",b],b'] = 6(b,b',b") is valid in
any alternative algebra (see [Sc, p. 125]). Combining (3.44), (3.45) and (3.46)
we have then

3(b,b\b" = (1/4)(2[[b,b'],b"] + [[b,b"],6'1 + [[b", '], b] — 3(b, ', D)
which together with [[b,b"],0']+[[b",b'],b] = —[[¥',b],b"1+6(b,b",b") yields
3(b,b")b" = (1/4)(3[[b,b'],b"] — (b, b, b)),
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which is equivalent to (3.43). Consequently, all the assertions in Theorem 3.36
hold.

Theorem 3.47. Let L be a G,y-graded Lie algebra. Then there exists a unital,
commutative, associative algebra A and a Jordan algebra J over A with a
normalized trace which satisfies chs(x) = 0 such that L is centrally isogenous
with

T (6/F,JJA) = (Derp% @ A) ® (6o @ Jo) ® (J.J) ,

=(GRA)D(6yRJy) D <J,J> R

where % is a split simple Lie algebra of type G, which we identify with
the derivations of a split octonion algebra € over F, and (J,J) is the Lie
subalgebra of inner derivations of J. Multiplication is given by (3.7) where
D, is the inner derivation in (3.18) for all x,x' € 6y and d, ,; = [y,,y,]
for y,y' € J.

Proof. By Proposition 2.7 we may assume L is centrally isogenous to an algebra
(92A4)®(€y®B)® (B, B) with multiplication given by that proposition, where
% 1is the split octonions with its normalized trace, ¥ = Derp(%), % is the set of
trace zero elements in €, p(x, y) = xxy = (1/2)[x, y], A(x,y) = (x, y) = t(xy),
and n(x, y) = D, , as in (3.18) for all x,y € %,. Consider J % 41 ® B with
the multiplication

(al +b)-(d'1+b)=adl +(b,b) +ab +db+bob,

and let ¢ : J — A be the A-linear functional #(al+b) =a fora € 4 and b € B.
We claim that J is a Jordan algebra such that for any element g € J,

chy(q) = ¢’ — T(q)q* + S(g)g — N(¢q)1 =0,

where T(q) = 31(¢).5(q) = (9/2)(q)> — (3/2)1(¢*), and N(q) = t(¢®) —
(9/2)t(g>)t(q) + (9/2)t(q)* as in (3.15). To see this, consider the third of
the identities in (2.14) with b = by = b, = b3. Then for arbitrary elements
X1,X2,X3 € €9 we have

2
0= (Z TW(X5)(1)sXi(2)) ‘xgj(3)> ® (b,b)b

2
+ (Z:o p(p(xa'./(l)7xaf(2))’xa./(3))> ®@((bob)ob).
=

Since [[x, y],z] + [[»,z],x] + [[z,x], v] = 6(x, y,z) in an alternative algebra and
since D, ,(z) = (1/4)([[x, ¥],z] —3(x, »,2)) as in (3.19), the above implies that
for any element of b € B that

(bob)ob = (1/2)(b,b)b = (1/2)t(b*)b .
For arbitrary elements b,b’ € B we have

bob =b-b —(b,H)l =b-b —t(b-b)1.
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Hence,
(1/2)t(b*)b = (1/2)(b,b)b = (bo b) o b
= (B* —t(b*)1)ob
= (B —t(b*)1) - b — t((B* — t(b*)1) - b)1
=0 —1t(b*)b—1(b*).
Consequently,
(3.48) b — (3/2)t(b*)b — t(b*)1 =0 .

For an arbitrary element ¢ = al + b, substituting b = g — #(¢)1 into equation
(3.48) gives

¢ —T(q)q" +S(q)g — N(q)1 =0

where S(¢) and N(q) are as above. As a result, J satisfies ch3(x) = 0. The
mapping #(al + b) = a clearly satisfies t(q-q') = (¢’ - q) for all ¢q,4' € J,
and #(1) = 1. To see that it is associative, hence a normalized trace, substitute
b=by, b =by, b’ =b3y, x=u; = uz and y = u, into the second equation
of (2.14) to obtain

Diypx @ (b0 b',0") = (b' 0 b",b)) = 0.

Since the algebra % is split, it contains a copy of the 2 x 2 matrices. Taking

x=e;» and y = ey in that matrix subalgebra of %, where e;; is the ma-

trix unit, we see that Dj ) .+0. Consequently, (b o b',0") = (b,0' o b")

must hold, which can be seen to be equivalent to the associativity of ¢. Now

Proposition 1.4 of [GMW] can be applied to deduce that J is a Jordan algebra.
To conclude the proof, we establish that

(3.49) b,V =" b )-b—(b"b)-b = [b,,b.](D")

for all b,b’,b"” € B. Consider elements u;,u; and u3 from the subalgebra
of 2 x 2 matrices in 4. Then m(u;,u;)u; = Dui,u‘/(uk) = (1/D)[[us, ujl,ue] =
p(p(us u;),ur). Let by = by = b and b, = b’. Then the third equation of (2.14)
reduces to

(3.50)  (1/B)[[uz, 1], u2] @ ((b,b)b — (b, Yo+ (b xb) x b’ + (b *b') % b)
+ ((uy, u2)us — (up,u3)uy) ® (b,b' Vb =0 .
Observe that
(3.51) (b,b)b' — (b,b' )b+ (b« b)xb —(b*b')xb=(b-b)xb —(b-b')*b
=(b-b)-b' —(b-b)-b

because (b-b,b') = (b,b-b") by the associativity of the form. Thus, if we
specialize the elements in the matrix subalgebra to be u; = ej2 + ez,
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Uy = eyn, uz = exq, then (1/H[[uz,u1l,ur] = —(1/2)e1r = (ur,uz)uz —
(uz,u3)uy, and (3.50) and (3.51) together show that

(b,bYb = (b-b')-b—(b-b)-b .

This is just (3.49) with two of the elements set equal, and we may linearize
it to obtain

(b,b")b" + (b",b")b = (b,b")b" — (b',b")b
=b-b)-b"+@®"-b)Y-b—2b-b")-b".
This relation implies
(b,b")b" + (b,b")b" = (b,b")b" — (b",b)b’
=2 -b")y-b—(b'-b)-b" — (b -b)-D.

Now setting u; = u, = u3 = u, where (u,u)=+0, in the third part of (2.14)
allows us to deduce that

(b,b")b" + (b',b")Yb+ (b",b)b =0,
and these last three equations combine to give the desired conclusion

3(b, bV =3B -b")-b— 3" -b)-b =3[b,, BIB").

3.52. The A-graded Lie algebras for all root systems A except those of type
B, are now determined. Here we treat this final case, which is comparatively
easy.

Theorem 3.53. Assume L is a Lie algebra over F which is B,-graded for
n = 3. Then there exists a unital, commutative associative algebra A and a
Jordan algebra J(W) = A1 & W associated with an A-module W having a
symmetric bilinear form such that L is centrally isogenous to

TIW)F,JW)A)=(GA)S(VOW)e(W,W),

where 4 is the split simple Lie algebra of type B,, V is its natural representa-
tion on a (2n+1)-dimensional vector space having a nondegenerate symmetric
bilinear form (,) relative to which % is the space of skew-symmetric transfor-
mations. The multiplication in 7 (J(V)/F, J(W)/A) is given by (3.7) where
D, v = (x,v)x" — (', v)x for all v,x,x" €V, d, yw=(y,w)y —(y,w)y for
all w,y,y' € W and (W.W)={d, | v,y € W}

Proof. From Proposition 2.7 it follows that L is centrally isogenous to an
algebra (¥ @ A) @ (V @ W) @ (W,W). The form (u,v) gives a basis for
Homg(V ® V,F) in this case, and the mapping n(u,v) = D, , likewise spans
Homg(V ® V,%). Since the mapping p belongs to Homg(V & V, V'), which
is zero for algebras of type B,, n = 3, the multiplication in 41 & W is not
determined uniquely by the multiplication in L. The product in L determines
only the form (,) : W x W — A; whereas the multiplication - : WxW — W in
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(2.12) can be chosen arbitrarily. In particular, it can be taken to be zero, and the
resulting algebra J(W) = A1®W with (al4+w)(@' 1+y) = ad’ +(w, y)+ay+a'w
is then just the Jordan algebra of the symmetric 4-bilinear form (,) on W.
Equation (2.14) reduces to the single equation in this case:

0 = (ur,up)uz @ (Wi, wo)ws + (2, u3)uy @ (Wa, w3)wi + (uz, uy )ur @ (w3, wi)wy
+ ((ur, uz)uz — (U, u3)ur) @ (Wi, wa)ws
+ ((u2, w1 Jus — (uz, u1 Juz) @ (w2, w3)wi
+ ((uz, upJuy — (u1,u2)uz) @ (w3, wi)ws .

Assuming uy,up,u3 in V are such that (uj,u3) =0 = (up,u3) and (u,ux) =1,
we determine from this equation that

(Wi, wa)ws = (Wi, w3)wy — (Wo, w3)wi = dyy) i, W3 -

Thus, Theorem 3.53 holds.

4. The generalized Tits construction and Lie superalgebras

4.1. The generalized Tits construction introduced in Sect.3 enables us to extend
the Freudenthal-Tits magic square to Lie superalgebras. In this section we
briefly describe how this can be done.

4.2. By a superalgebra we mean a Z,-graded algebra over a field F. For
example the Grassman or exterior algebra G presented by generators ey, e, ...
and relations e;e; + eje; = 0, ei2 = 0 has a Z,-grading G = G & G!, where
e;, -+ -e; belongs to G° or G' depending on whether r is even or odd. Let
A = A° A" be a superalgebra over F. The subalgebra G(4) = A°®G°+4'®G!
of the tensor product 4 ® G is called the Grassman envelope of A. When ¥~
is a variety of algebras, the superalgebra A is said to be a ¥ -superalgebra if
G(A) € 7. Thus, A is a Lie superalgebra if and only if G(4) is a Lie algebra,
and A is a Jordan superalgebra if and only if G(4) is a Jordan algebra.

43. Let J = J* @ J' be a Jordan superalgebra. For a € J* U J!, let a,
denote the multiplication operator determined by a. If a € J',b € J/ are
homogeneous elements, then the supercommutator d,, = a,b, — (=1)7b,a,
is a superderivation of J. Thus if d = d,, then d(xy) = d(x)y +(—1)7xd(y)
whenever x € J. The linear span (J,J) of all such superderivations is known
to be a Lie superalgebra ([Kac2]).

4.4. A linear functional ¢ : J — F on a Jordan superalgebra J is a trace
if #(J') = 0 and ¢ restricted to the Jordan algebra J° is a trace in the
sense of Sect. 3. It is normalized if #(1) = 1. Since the Grassman envelope
G(J) of J can be viewed as an algebra over its even part G°, any trace
t:J — F on J gives rise to a trace 7 : G(J) — G° where #(J' ® G') = 0,
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and #(x ® a) = t(x)a for x € J° and a € G°. Let J, denote the sub-
space of J consisting of the trace zero elements. Then J, = J{ & J!, and
G(J ) =J) ®G* +J' ® G' are the elements of trace zero relative to ¢ and 7
respectively.

4.5. Assume J = J° @ J! is a Jordan superalgebra with trace ¢. Let % be the
algebra of split octonions over F with its normalized trace, and let %, be its
elements of trace zero. The Tits construction

T (€/F,J/F)=Derp% @ (%o @Jy) ® (J,J)

with multiplication specified by (3.7) is a superalgebra. The Grassman enve-
lope G(7 (%/F,J/F)) is isomorphic to the algebra .7 (%/F,G(J)/G") where
G(J) is viewed as an algebra over G’ having the trace 7. If G(J) satisfies
the trace identity chs(x) = 0 relative to 7, then it follows from Tits’ theorem
that 7 (6/F,G(J)/G°), and hence the Grassman envelope G(.7 (%/F,J/F)),
are Lie algebras. As a consequence, the superalgebra 7 (%/F,J/F) is a Lie
superalgebra. This is indeed the case in the following two examples:

Example 4.6. Consider the 3-dimensional Jordan superalgebra J = J° @ J!
where J* = F1, J! = Fx + Fy, and xy = 1, having trace given by #(1) = 1,
t(x) =0 =t(y). Then I (6/F,J/F) is isomorphic to G(3), the simple excep-
tional 31-dimensional Lie superalgebra, (see [Kacl] for a description of the
simple Lie superalgebras).

Example 4.7. Assume J is the 4-dimensional Jordan superalgebra J = J°@J!,
where J' = Fe+Ff,J' = Fx+Fy, e’ =e, 2= f,ef =0= fe,ex = 1/2x =
fx,ey = 12y = fy,xy = e+ 2f, with trace given by t(e) = 2,#(f) = 1,
t(x) = 0 = #y). Then T (%/F,J/F) = F(4), the simple exceptional 40-
dimensional Lie superalgebra.

5. Intersection matrix algebras

5.1. The Recognition Theorem (0.5) was applied in [BM] to identify the
intersection matrix algebras of Slodowy for simply-laced root systems. In this
section we establish corresponding results for the doubly-laced root systems.

52. Let II = {oy,...,o,} be a system of simple roots for the finite irre-
ducible reduced root system A. Assume C is the Cartan matrix associated
with 4 so that C;; = 2(a;,;)/(o;, ;). For an n tuple m = (my,mo,...,my)
of natural numbers m; = 1 let i?n(A,m) be the Lie algebra presented by
the generators hi,...,h,, €it,..-s€imys Sfits-oos fims @ = 1,...,n, and the
relations

(5-3) [hiahj] =0, [ei,jafk,l] = 5i,khi
(hisej]l = Cijeju,  [hi, fikl = —Cijfin -
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The algebra im(A,m) is graded by the lattice I" generated by 4 where degrees
are assigned according to degh; = 0, dege; = o; = —degfj for 1 £ j < n
and 1 <k < m,.

5.4. The radical r(4,m) of i?n(A,m) is the ideal of iﬁq(A,m) generated by root
spaces im(4,m), where o ¢ AU {0}. Then the intersection matrix algebra of
Slodowy (see [SI1], [SI2]) is the Lie algebra

im(A,m) S im(A,m)/r(Am)

For every subset e; = eji,e2 = erky,---nn = € /1 = frafo =
S, kys- s fu = fuk, of generators the Serre relations

(ade,-)_ci~»/+lej l:’:]
(adf;) "Wt f ik

are in the radical. As a consequence, the images of the elements 4,,... 4, e1,...
ens f1s---s fn 1IN i%(A,m) generate a subalgebra isomorphic to the simple Lie
algebra ¢ having Cartan matrix C. Hence, the algebra im(4,m) is A-graded.
From its very construction, im(4,m) = U;, where J = (im(4,m),,y € A)
is the corresponding Jordan system. Therefore by Proposition 1.6, im(A4,m) is
centrally closed.

5.5. The definition of intersection matrix algebra we have presented here is
a natural extension and interpretation of Slodowy’s definition for the algebras
which arise from multiply affinized Cartan matrices, Slodowy’s definition is
both more restrictive (because the matrix is assumed to symmetric) and less
(because there is no requirement that the form be positive semi-definite or that
the grading be by a finite root system).

5.6. Using the Recognition Theorem, Berman and Moody showed that the
intersection matrix algebras of type 4, for n = 3 are isomorphic to Steinberg
Lie algebras over group algebras of free groups, and for n = 2 are Steinberg
Lie algebras over certain alternative rings (see [AF], [BM], [F]). When 4
is of type D or E, then im(A,m) is the u.c.a. of the toroidal Lie algebra
GoF[F,... 65", where [ = Y0 (m; — 1) and F[£F',..., 6], is the algebra
of Laurent polynomials in / indeterminates. The universal covering algebras of
the toroidal Lie algebras are natural generalizations of the affine Kac—Moody
algebras, which are just the / =1 case.

5.7. In this section we apply our Recognition Theorems (0.8, 0.10, and 0.11)
to describe the intersection matrix algebras im(4,m) for C; = A; and for the
doubly-laced root systems B, C,, Fy, and G,. It is convenient in doing this to
adopt the following notation:

= Y -1 s= ¥ m-1D
i J
o; a long root a; a short root
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5.8.(4=C, for n =z 1) To begin we describe the intersection matrix algebras

that correspond to the root systems C, for n = 4. Let G be the free group

in [ 4+ 2s generators Xxi,...,X;, Vi,.-., Vs,Z1,---,Zs. Lhe group algebra FG has

an involution m;; such that m; ((x;) = x; for i = 1,...,/; m;4(y;) = z;, and

n5(z;) = y; for j =1,...,s. It follows from the Recognition Theorem for C,

root systems (see (0.8)) that im(C,,m) = st spr,(FG,n; ) for all n = 4.
Handling the case n = 3 requires the free product

l s s
Al = <_@1F[Xi,x,»1 ) ® < @IF[yj,yj1]> ® ( _@1 F[stzjl]>
i= Jj= J=

in the variety of alternative algebras. The involution n;, is defined the same
way as before, m;(x;) = x;,7m,4(y;) = zj, and 7;4(z;) = y;. Now let I be
the ideal of .7, generated by all the elements ((a + m;(a))b)c — (a +
n;s(a))(bc),a,b,c € 11y Since m;(I) = I, the involution 7;, induces
an involution 7;; on .7;.,/I. It then follows from (0.8) that im(Cs,m) =
st Sp6(%l+23/19 nl,s)'

The intersection matrix algebra im(C,, m) is isomorphic to the Tits—Kantor—
Koecher construction of the universal Jordan algebra # containing the algebra
H(M,(F)) of 2 x 2 symmetric matrices and generated by / + s invertible ele-
ments xp,...,X;, Vi,..., Vs S0 that the sum e;; +e, > of the diagonal matrix units
in H(M,(F)) is the identity of # and x; € {e1 1, #,e1.1} + {22, Fe22}, 1 <
i <Ly ele, f.en},1 = j =<5 Assume ¢, denotes the free product

! K
Hlvs = (iC_@l Flxi,x; ! ) ® <in>1 F[y_;,y,»‘l]>

in the variety of Jordan algebras. Consider the free product H(M(F)) ® .
and the ideal / of it generated by the elements {e;;,x;,ex2}, {ei1, v, ei1},
{62’2,)/’}',62,2}, 1 é I é l,l é j é s. Then f = (H(MZ(F)) ® f[_._s)/l and
im(Ca,m) = K(H(M(F)) ® 155)/1).

For the root system C; the result is particularly simple, im(C,,m) = K(_#;).
To summarize the various C cases we state:

Theorem 5.9. (i) im(C,,m) = st sp, (FG,n; ) for all n = 4.
(it) im(C3,m) = st sps(A 1425/1, T1,5)-
(iii) im(Cy,m) = K((H(M2(F)) & J145)/1).
(iv) im(Cy,m) = K( #).

5.10. In each of the cases 4 = B,,F;, and G,, a A-graded Lie algebra is
centrally isogenous to a Tits construction .7 (Q/F,R/) where Q is a fixed
F-algebra, R is an alternative or Jordan algebra over a unital, commutative
associative F-algebra U, and R satisfies a trace identity f = 0. From this
description it follows that the corresponding im(A4,m) is isomorphic to the
universal covering algebra of 7 (Q/F,R/U) Q) F[tlil,...,tlil] where R is the
universal algebra generated by s invertible elements in the variety of alternative
or Jordan algebras satisfying the trace identity /' = 0 and F [tlil, . ..,tlil] is the
algebra of Laurent polynomials in / variables.



Lie algebras graded by finite root systems and intersection matrix algebras 41

Let us be more precise. Let X be a (nonassociative) F-algebra, and let f
denote an element from the universal trace algebra P(F)Q), 7, where 7 is
the free nonassociative algebra on generators {x,x,,...}, (see (3.11)). Assume
P(X) is the polynomial algebra on the space X. Then P(X) @), X is the P(X)-
algebra with normalized trace ¢ : P(X) @), X — P(X) such that /(1 ® a) = a,
where a is to be viewed as an element of P(X).

An arbitrary mapping ¢ : {x;,x2,...} — X gives rise to the homomor-
phism P(7)Q, 7 — P(X)@ X. Assume (f) is the ideal of P(X) &), X
generated over P(X) by the images of the element f under all such homomor-
phisms for all such mappings ¢. Assume (P(X) @ X|f = 0) is the quotient
algebra of P(X) QX by the ideal (f). If P is the image of P(X) ® I in
(P(X)QrX|f=0), then the latter is a P-algebra.

Let o7, and _#; denote the free product F[xl,xlil] ® --- ® Flx,xF'] (with
the joint identity element) in the varieties of alternative and Jordan algebras
respectively. The universal alternative (Jordan) algebra generated by s invertible
elements and satisfying the trace identity f = 0 is (P(s) Qp A|f = 0)
(resp. (P(4) @ Sil.f = 0)).

5.11. (4 =B, for n = 3) Let 4 be the split simple Lie algebra of type B, for
n = 3, and let V' be its natural representation on a 2n + 1-dimensional vector
space having a nondegenerate symmetric bilinear form relative to which ¥ is
the space of skew-symmetric transformations. As above, J(V) = F1®V is the
Jordan algebra of the symmetric bilinear form.

Theorem 5.12. The algebra im(B,,m) for n = 3 is isomorphic to the universal
covering algebra of the algebra

va (J(V)/F, (P(fs)@fﬂchz(x) = 0) /P) @F[rlﬂ,...,t,ﬂ] .

5.13. Arguing as in [A] and [Sh] we can show that the algebra (P(.7;) Q) 7|
chy(x) = 0) is a Jordan domain with a nonzero (associative) center Z. The
central localization with respect to Z* = Z\{0} is a Jordan division al-
gebra of a symmetric bilinear form on an s-dimensional vector space over
the field (Z*)~'Z. Thus, the algebra im(B,,m) is centrally isogenous with
a form of a simple algebra of one of the B or D types, (see the table
in (3.32).)

5.14. (4 = F4,Gy) Recall that by ¥ and J we denote the split octonion
F-algebra and the 27-dimensional Jordan algebra of Hermitian 3 x 3 matri-
ces over @ respectively.

Theorem 5.15. The intersection matrix algebra im(Fy,m) is isomorphic to the
universal covering algebra

T (J/F, (P(MQ@&/Schz(x) = 0> /P) QF[,..., .
F F
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5.16. Conjecture. All trace identities of the octonion algebra % follow from
the trace identity chy(x) = 0 and the alternative identities (x,x,y) = 0 =

(y,x,x).

5.17. If this conjecture is true, then the algebra (P(.7) @y |cha(x) = 0)
is a domain with a nonzero center Z whose central localization with respect
to Z* = Z\{0} is an alternative division algebra. In this case im(Fs,m) is
centrally isogenous with a form of an algebra of type Es.

Theorem 5.18. The intersection matrix algebra im(Gy,m) is isomorphic to the
universal covering algebra of

T (fg/F, (P(ﬁ)@fs|ch3(x) = 0> /P) QFIt,..., .
F F

Appendix

In applying Proposition 2.7 to determine A-graded Lie algebras we required
knowledge of various homomorphism spaces. This information, which we sum-
marize below, is well-known and can be found in [BO], [S], [MPR] or can be
deduced from [Kas]. In stating these results we adopt the Bourbaki numbering
[Bo] of the fundamental weights in all cases except G,.

Assume ¥ is a finite-dimensional split simple Lie algebra of characteristic
zero, and let wy,...,w, denote the fundamental weights of ¥ relative to a
split Cartan subalgebra #. For w a dominant weight, let L(w) denote the
finite-dimensional irreducible %-module having highest weight w. The two-
fold tensor product of the adjoint representation of a split simple Lie algebra
% decomposes according to:

9

A4 L2w1) @ L(201) = L(4w1) ® L(2w1) & L(0)

Ay L(o+m) ® L(w1+w2) = L2w1+2w2) © LG3w;) © L(3w,)
B 2L(w1+wy) ® L(0)

Ay L(w1+w,) @ Lo +0,) = L2w1+20,) & L2o1+o,—1)

(n=3) & L(wy+2w,) ® 2L(w1+wy,)
SL(w2+wy—1)  L(0)

B3 L(m2) ® L(wy) = L(202) ® L(w1+2w3) & L(2w3)
& L2w;) ® L(w) ® L(0)

B4 L(wz) X L(COQ) = L(sz) D L(CO] —|—CO3) D L(ZCO4)
S LQw) & L(ws) @ L(0)

B, (n 25) L(wy) ® L(w2) = L(202) & L(w1+w3) © L(ws)
BL2w)® L(wy) @ L(0)

Gy (n22) L(2w1) @ L(2w1) = L(4w1) ® L2201 + 02) © L(2w1)
& L(2w2) ® L(w2) & L(0)

Dy L(w) ® L(wy) = L2wy) @ L(wy + w3 + w4) © L(203)

DLR2ws) D L2w) @ L(wy) & L(0)
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Ds L(w2) ®@ L(wz) = L(2w,) & L(w) + w3) & L(ws + ws)
G L2w)® L(wy) ® L(0)

D, (n = 6) L(wy) @ L(w2) = L(2w2) & L(w) + w3) © L(w4)
& L2w;) ® L(w) ® L(0)

E6 L(wz) X L(a)z) = L(sz) D L(CO] + 606) D L((Uz)
& L(ws) & L(0)

E; L(w1) @ L(w1) = L2wy) & L(wr) & L(ws)
& L(we) ® L(0)

Eg L(wg) @ L(ws) = L(2wg) & L(wr) © L(w7)
& L(ws) & L(0)

Fy L(w)) ® L(wy) = LQ2w;) & L2w4) B L(wy)
@ L(wy) ® L(0)

Gy L(w2) @ L(w2) = L(2w2) © L(3wy) & L(2wy)
BL(w2) & L(0)

The two-fold tensor product of the little adjoint representation whose highest
weight is the highest short root for the Lie algebras B,(n = 3), C,(n =2), F4,
and G, decomposes in the following way:

Y
B, (n = 3) L(w1) @ L(wr) = L(2wy) & L(w,) © L(0)
G L(mr) ® L(wy) = L(20,) ® L(2w1) & L(0)
G L(m) @ L(w2) = L(2w2) & L(w) + w3) © L(201)
®L(ws) & L(0)
Ci(nz4) L(m2) ® L(w2) = L(2m;) © L(w) + @3) ® L(wy)
BL2w1) & L(an) & L(0)
Fy L(wg) @ L(wg) = L(2w4) © L(w1) © L(w3) & L(ws) © L(0)
Gy L(w1) @ L(wy) = L(2w1) & L(w) © L(w2) & L(0)

The tensor product of the adjoint and little adjoint representations for the
Lie algebras B,(n = 2), C,(n = 3), F4, and G, decomposes in the following
way:

Y

Bj L(w2) @ L(wy) = L(wy + 02) ® LQ2w3) & L(w;)

B, (n =z 4) L(wy) @ L(wy) = L(w; + @) © L(ws) © L(wy)

G LQ2w) ® L(w2) = L2201 + 02) ® L2w;) & L(w;)

C, (nz3) LQ2w)® L(wy) = LQ2w; + @) & L(w) + w3)
@L(2w1) @L(wz)

Fy L(w1) ® L(wg) = L(wy + 04) © L(w4) © L(w3)

Gy L(m) @ L(wy) = L(wy + w2) ® LQ2w;) ® L(w).

The results stated above apply for fields of characteristic p > 0 pro-
vided p is suitably large. This can be verified directly by showing that the
tensor products decompose as above for p sufficiently big, or alternately,
a uniform argument can be given as follows: Let G be a split semisim-
ple simply connected algebraic group with Borel subgroup B, maximal torus
T, and root system A. Assume H°(1) = indgi is the G-module induced
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from the one dimensional B-module associated to the weight A. Let L(1)
be the irreducible G-module with highest weight .. When w € C = {v €
X0 £ (v+9,aY) < p for all & € AT}, where ¢ is the half-sum of
the positive roots, then H%(w) = L(w) (see [Jan, Cor. 5.6, p. 248]). Let G,
denote the first Frobenius kernel of G. Suppose 4,p, and A+ p € C. Then the
irreducible G,-modules L(4), L(u) lift to G-modules with H°(A) = L(A) and
H%u) = L(n). All composition factors of L(A) ® L(u) have weights in C.
Therefore, since Ext!(L(7),L(w)) = Ext!(L(w),L(t)) = 0 for all ,w € C
by [Jan, p. 206—207], we have that the module L(1) ® L(u) is completely
reducible, and the summands must be simple as G-modules and hence iso-
morphic to some L(w) for some w € C. The decomposition is characteristic
independent because L(w) = H’(w) for each L(w) which occurs. Since the rep-
resentation theory of G is equivalent to that of the Lie algebra ¢ of G as a Lie
p-algebra, these results apply when the modules are viewed as %-modules.
The assumption 4,u,A + p € C holds for all the weights considered in the
tables above provided p is sufficiently large. That is, (v + g,2") < p must
hold for all positive roots o and for v equal to the highest short root, highest
long root, or their sums. But that is equivalent to saying that (v + ¢,7") < p
where 1V is the highest root in the dual system. Thus, this argument will
work when p > n+2(4,); p>2n+3(B,,Cy); p>2n—1D,); p>13
(Eo,F4,G2); p>19 (E7); p>31(Es).
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