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On Polynomial Invariants
of Exceptional Simple Algebraic Groups

A. Elduque and A. V. Iltyakov

Abstract. 'We study polynomial invariants of systems of vectors with respect to exceptional simple algebraic
groups in their minimal linear representations. For each type we prove that the algebra of invariants is integral
over the subalgebra of trace polynomials for a suitable algebraic system (cf. [27], [28], [13]).

1 Introduction

Throughout the paper the ground field F will be assumed to be algebraically closed of
characteristic zero.

Let V be a finite dimensional module over an algebraic group G (we denoteitby G : V);
then G acts on the algebra F[V] of polynomial functions from V to F as follows: if ¢ € G
and f = f(y) € F[V], then (f - ¢)(v) = f(qS(v)). The subalgebra of fixed functions
F[V]Y is called the algebra of polynomial invariants; if V' is the direct sum of several copies
of a G-module W with the diagonal action of G (denote V=W & --- W = W¥), then

k
F[V]S is called the algebra of invariants of the system of k vectors of G : W.

Although invariants of systems of vectors for classical linear groups are known for a long
time [29], the case of exceptional simple algebraic groups has not been studied well enough:
the generators (First Main Theorem) and relations between them (Second Main Theorem)
are known only for the minimal (simple) module over a simple algebraic group of type G,
[27] (for a conceptual explanation and a new proof of the result in [27] see [9]).

It is well-known that simple modules of minimal dimension for any type of exceptional
simple algebraic group can be associated with a certain algebra or, more precisely, an (al-
gebraic) system, that is, a vector space A endowed with a finite number of multilinear op-
erations. In particular, such a group turns out to be either the automorphism group of the
associated system or at least its identity component.

If A is any finite dimensional system, let x; be the projection of A* onto the i-th sum-
mand; in particular, x1, . .., xx lie in the system (over the ring F [A¥], hence over F by re-
striction of scalars) Pol(A¥, A) ~ F[A¥] ®F A of polynomial mappings from A* to A (with
pointwise operations). The system of generic elements F,(A) of rank k is defined as the
subsystem over F generated by xi, ..., x;. In particular, if A is a simple algebra generated
< k elements, then F(A) is a free affine algebra of type A and rank k [18].
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Now, let g(y1, - . ., y+) be one of the multilinear operations of A and let B be a subsystem
of A. If we replace r — 1 variables in g with some elements in B, then we get a linear
operator in Endp A called a multiplication operator. For example, if A is an algebra and g
is the multiplication, then in this way we get two operators L,: y — by and R,: y — yb.
Denote by M*(B) the subalgebra of Endy A generated by all such operators. In particular,
M(A) = M*(A) is called the multiplication algebra. A subsystem B C A is said to be ad-
nilpotent, if M*(B) is nilpotent.

Also, for g(y1,...,y,) as above and any i € {1,...,r} we get a multilinear mapping
from A" ! to End A:

E=E(y1,.. s Vie1,Vit1y - ¥r) Vi = Y1y ooy ¥1)-
The composition of E with uy, ..., u;j_1, ttit1, . .., u, € Fx(A) gives a polynomial mapping
El(xl7 e 7xk) = E(”h ceey U1, Uiy - - 7ur)

from A* to Endg A. Denote by Multx(A) the subalgebra of Pol(A*, Endr A) ~ F[A*] ®F
Endfp A generated over F by all such mappings. Obviously, any values of y;,...,yx in A
define uniquely a homomorphism from Multi(A) to M(A). Moreover, if the values belong
to a subsystem B, then the image of Mult;(A) is contained in M*(B).

Next, for every E € Mult(A) the mapping Tra(E), where Tr4(x) is the trace of a linear
operator x € Endr A, belongs to F[AF]. Moreover, it is easy to check that Tr,(E) is an
invariant of the automorphism group G of A; the subalgebra Tr[A¥] generated by 1 and all
such elements is called the algebra of trace polynomials of A of rank k (cf. [13], [20]).

Proposition 1  Let A be a finite dimensional system, then Tr[A*] is a finitely generated alge-
bra over F.

Proof Observe that P = Tr[A*], B = F(A) and Multi(A) (C Pol(A*, Endf A)) are homo-
geneous. Denote by P, the sum of the homogeneous components of P of positive degree,
then P, is an ideal of P spanned by all Tr4 (E), where E ranges over the sum C of homoge-
neous components of Multx(A) of positive degree.

Next, in Pol(A¥, A) ~ F[A¥] ®F A we consider the F-subsystem B = PB = B+ P,B
(PB is the P-submodule of Pol(A¥, A) generated by B) and its ideal B, = P, B. Similarly, in
Pol(A*, Endf A) we consider the subalgebra C = C + P,C and its ideal C; = P,C.

Since the number of operations of the system A is finite, there is € N such that every
operation on A depends on < r variables. By induction on m € N it is easy to prove
that every homogeneous component B; of B of degree s > r™ is contained in the subspace
spanned by elements E - b where b € B and E ranges over the m-th power of C:

> B.CcC"-B.
s>

Indeed, if m = 1, then it is evident; next, B, for s > r"*! is spanned by b = g(by,..., ),
where ¢ = g(y1, ..., 1) is an operation of A and by, . .., by are homogeneous elements in

B. We need to show that b € C™*! . B; we may assume that [ > 2. By definition, I < r,
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hence, for some i € {1,...,1} there is b; with degree being not less than r"; by induction,
it belongs to C™ - B, hence, b € C™*! . B.

Denote n = dimp A; by Cayley-Hamilton’s theorem (e.g., [21, p. 18]), every element in
C is integral over P, of degree < n; obviously, C has the same property, hence C /C, is a nil
algebra of index n, and by Nagata-Higman’s theorem [21, p. 149], it is nilpotent. Let m be
the nilpotency index, then C™ C C, and, therefore, every homogeneous component B, of
degree s > 1 is contained in the P-module Q generated by By, t < ™

(1) B:P(ZBt),

so that

C:P( 3 Ct): Y G+PC

t<(r—1)rm t<(r—1)rm

Taking traces, we prove that P is generated by the homogeneous elements in P of degree
< (r — 1)r™. Since these form a finite dimensional F-subspace of P, we conclude that P is
finitely generated. u

Therefore, if G is the group of automorphisms of a system A, then Tr[A¥] is a homoge-
neous affine subalgebra of F (AK€,

Coming back to the simple algebraic group of type G,, this group is represented as the
automorphism group G = Aut(O) of the Cayley-Dickson algebra O (e.g., [23]). Every
element x € O satisfies the equation

x* —tr(x)x + n(x) =0,

where tr(x) is the trace of a (which is one fourth of the trace of the operator of left or right
multiplication by a). As a G-module, O is the direct sum of the trivial one F - 1 and the
simple module O’ = {a € O | tr(a) = 0} (dimp O’ = 7). The generators of the algebra of
invariants F[O¥]C (F[0*]®) are trace polynomials (cf. [27]).

On the other hand, let O3 = Mat;(0) = O ®F Mat;(F) be the algebra of 3 x 3-matrices
over O. Define an involution a®@ b +— a @ b, where b — b is the matrix transposition.
The subspace H(O3) of symmetric elements with the symmetrized multiplication a o b =
1/2(ab+ ba) is a central simple Jordan algebra A of dimension 27, which is called the Albert
algebra [15].

Every x € A satisfies a cubic equation:

(2) x> — tr(x)x* + S(x)a — N(x) = 0,

where tr(x), S(x), N(x) € F and tr(x) is one ninth of the trace of the multiplication by the
element x. The group G = Aut(A) is simple of type F, (e.g. [15]) and A is the direct sum of
the trivial G-submodule F - 1 and the simple one, A’ = {a € A | tr(a) = 0}, dimp A" = 26.

The group M of linear automorphisms of A which preserve the norm N(x) is a simple
group of type Eg and A is a simple M-module of minimal dimension [14]. Also, M has an
outer automorphism g of second order that defines the contragredient representation of
M in Endf A; denote this module by A*.
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In the next section we will consider an algebra A with involution where the identity
component of Aut(A) is M; as an M-module, A is the direct sum of A, A* and two copies
of the one-dimensional trivial M-module; A is called the Chevalley algebra (cf. [26]).

In the final section we will consider the Freudenthal triple system T as a vector space it
coincides with A and it is endowed with two 3-linear operations; the automorphism group
of T is a simple algebraic group of type E; which acts irreducibly on T [7], [5].

If £ is a simple Lie algebra of type Eg, then G = Aut(L) is a simple group of type Eg [16,
p- 281] and £ is a G-module of minimal dimension.

One of the main results of this work is about the null-cone of G : V for a finite dimen-
sional module V' over an algebraic group G; let us recall the definition. Let P be a subalgebra
of F[V]€; for a point y € V denote by mp(y) the fibre of P at point y, this is the level set of
the subalgebra P at the point y:

m(y) ={y' eV | f(y) = f(y") Vf € P}.
If P = F[V ], then 7p(0) is called the null-cone of G : V [19, p. 196].

Theorem 1  Let A be the system associated with a minimal irreducible representation of an
exceptional simple algebraic group, that is, A € {0, A, A, T, L}, and let G = Aut(A).

A point x = (aj,...,ar) € AF belongs to the null-cone G : AX iff the subsystem A,
generated by ay, . . ., ay in A is ad-nilpotent.

The next proposition, which goes back to Hilbert [8] enables us to rewrite Theorem 1 in
terms of trace polynomials.

Proposition 2 Let'V be a finite dimensional module over a linearly reductive algebraic group
G and let P be a homogeneous affine subalgebra of F[V|¢. Then F[V € is a finitely generated
P-module if and only if

(3) mp(0) = Ty (0).

Now, pick x = (ay, ..., ar) € 7 4¢)(0), then the subsystem A, generated by ay, ..., ax
is ad-nilpotent. Indeed, the condition x = (ay,...,a;) € 7y 4r)(0) implies that the trace
of any element E(ay, . .., ax), where E(xy, ...,xt) € Multy(A), is zero, and this forces that

any element in MA*(A,) is nilpotent, hence, this finite dimensional associative algebra is
nilpotent, therefore, A, is ad-nilpotent, and conversely. So, we get the following statement
which is equivalent to Theorem 1.

Corollary 1 Let A be the system associated with the minimal irreducible representation of
an exceptional simple algebraic group, let G = Aut(A). Then F[A¥]Y is a finitely generated
module over Tr[AF].

In fact, this is a new result only for the Chevalley algebra and the Freudenthal triple
system; indeed, for A = O it follows from [27], [28], the case A = A was considered
in [13] and for the adjoint representation of a linearly reductive algebraic group it was
done in [22]. We will prove the similar statement for a wide class of simple algebras which
includes A (Theorem 2) and for T (Theorem 3).
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It was conjectured in [20, Conjecture 1] that F [Ak|AutA jg integral over Tr [A*] for any
finite dimensional simple algebra (that is, a system with just one bilinear multiplication).
Thus, Corollary 1 (as well as Corollary 2 in the next section) gives a proof of (an obvious
generalization of) this conjecture for some systems. The idea of considering the null-cone
and applying Hilbert’s theorem to prove this conjecture was formulated too in [20, Con-
jecture 1*].

With the same notations as in the previous corollary, let G° be the identity component
of G, then G° is a simple algebraic group; since G/G° is finite, F[A¥]S" is integral over
F[A¥]%, hence, since F[A¥]S is an affine algebra (e.g. [19, Section 3.4]), it is a finitely
generated module over Tr[AF].

Now, if we replace the generators xi, .. .,x; in trace polynomials with the projectors
x{,...,x, onto the corresponding simple G°-submodule V' C A, we will get a subalgebra
Tr[V*] of F[V¥]C” and the latter one is a finitely generated module over it. Thus, Corol-
lary 1 provides an effective way to construct a “significant” part of polynomial invariants of
exceptional simple algebraic groups. The problem whether there are invariants of a differ-
ent type is unsolved so far (except for the cases mentioned above).

Next, if f(xi,...,xx) € Fx(A), then forall uy, ..., ur € Fx(A) we have f(uy,...,u) €
Fi(A). In other words, such a replacement of variables defines an algebra endomorphism
of Fx(A) and, conversely, every endomorphism has such a form (the F(A) is a free algebra
of rank k in the variety of algebras generated by A).

Notice that an endomorphism of F;(A) induces an endomorphism ¢ of F[A] (the re-
placement of the variables xy, . . ., x; with elements in Fx(A)). Moreover, the subalgebra
of invariants F[AX]C is stable under ¢, that is, F[A¥]€ is a fully characteristic subalgebra of
F[AF]. Therefore, it makes sense to describe generators of F[A¥]¢ as a fully characteristic
algebra (in classical terms we are looking for typical generators [29]).

For example, by [27], [28], the algebra F[O]€ is generated tr(x;). In the case of the
Albert algebra, the fully characteristic subalgebra P generated by tr(x;) satisfies (3), there-
fore, the algebra F[A¥] is a finitely generated module over P. If A is a simple Lie algebra,
then the same holds for the fully characteristic subalgebra of F[A¥]¢ generated by tr(RY,),

2 Structurable Algebras and Invariants of Es

First of all, let us recall the definition of structurable algebra [1].

Let A be an algebra over F with an involution x — %. Then it is decomposed into
the direct sum of the subspaces of symmetric and skew-symmetric elements, that is, A =
JF(A) + 8(A). Then A is said to be a structurable algebra if it satisfies the following identities
(Vx,y € A,Va,b,c € H(A), Vs € 8(A)):

(4) (S,x,}’) = _(xvs,y);
(5) (a; b; C) - (b7 a, C) = (Ca a, b) - (C7 b7 a))
(6) 2/3[[&2,61],17] = (baaZaa)_ (baa,a2)7

where [a,b] = ab — ba and (a, b, c) = (ab)c — a(bc) are the commutator and associator
respectively.
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If A is unital (one can join 1 in the external way, putting 1 = 1), then (4)—(6) are
equivalent to the following identity

[T27 Vx,y] = Vsz,y - VX,Tg}/?

where V,, € EndrA, V,,z = (x7)z+ (z)x — (zX)y and T, = V1.

Note that the class of structurable algebras includes Jordan algebras where the involution
is the identity mapping (in particular, the Albert algebra) and alternative algebras with an
involution (for example, O).

Also, since the involution is regarded as an additional operation on A, subalgebras and
ideals are (by definition) closed by the involution, automorphisms and derivations com-
mute with the involution and so on. For example, the algebra of generic elements F;(A) is
generated as an algebra over F by xy, ..., Xk, X1, ..., %.

Now we will give an important example of structurable algebra. Let N(x, y,z) be
the complete linearization of the norm N(x) in the Albert algebra A (see (2)), where
N(x,x,x) = 6N(x); since tr(xy) is a Killing form of A, we can define a quadratic map-
ping from A to A*, x — x*, where tr(x*y) = 1/2N(x,x, y) (here x*y is the product of
elements in the Albert algebra); also, puta x b = (a + b)* — a* — b*. Consider the direct
sum of A, A* and two copies of F written in the matrix form:

F A
(5

Next, define the multiplication on A:
ap ar) (ox azy) ajo; + (ar, by) aray + Bray + by X by
by B b, B, arby + Biby +ay X ay (b1, a) + 315

and an involution
a a\ (B a
b B) \b «a

This algebra A is a structurable one (the algebra of an admissible triple [1]), it is called the
Chevalley algebra (cf. [26]). From the definition of A it follows easily that the automor-
phism group of A consists of two components: M and 7)M, where 7 is an automorphism
of period 2 which swops the lines and columns and for alla € A and ¢ € M we have
T(g(a)) = u(g) (T(a)), where 1 is an outer automorphism of M (see the Introduction).
Let A be a unital structurable algebra; denote by Inder(A) the algebra of inner deriva-
tions of A (spanned by derivations D, , see [1]), then Instrl(A) = T4 + Inder(A), where
Ty = {T, | a € A}, is a subalgebra of the Lie algebra Endz(A)(~). Also, on the vector space

K(A) = 8(A) + A+ 1Instrl(A) + A~ + 8(A)~,
where A~ ~ A, S(A)~ ~ S(A), one can define the structure of a Z-graded Lie algebra of
length 5 [1] (the Kantor-Koecher-Tits construction for structurable algebras). In particular,

the component K;(A) (KX_;(A)) is equal to A (A™~); we will also make use of the following
properties of the multiplication [a, b] on K(A):
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(a) XK(A)is generated by AU A™;
(b) forallac Aandb € A~

[a,b] =V, € Instrl(A) = Ko(A).

Let ¢ be an automorphism of the graded Lie algebra K(A), then its restriction to
XKi(A) = A is an autotopy of the structurable algebra A [2]. It means that there exists
¢ € Endp(A) such that for all x, y, z € A we have

(7) d)(Vx,yZ) = V¢(x)1$(y)¢(z).

The set of all autotopies of A is a group I'(A) called the structure group of A (a closed
subgroup of GL(A)) [2, p. 135]; ¢ — & is an automorphism of I'(A) of period 2; besides,
the automorphism group of A is the subgroup of all elements in I'(A) which fix the identity
element of A 2, p. 134]:

Aut(A) = {¢ € T(A) | (1) = 1},

Conversely, by [2, Proposition 12.3, Corollary 8.6], every autotopy ¢ of A can be ex-
tended uniquely to an automorphism ¢ of the graded Lie algebra K(A) and this defines an
isomorphism of I'(A) onto the automorphism group of the Z-graded Lie algebra K(A).

Observe that the elements 1 € L1 = A, 2 € L_; = A~ and 2T, € Ly = Instrl(A)
form a standard basis of a simple 3-dimensional Lie subalgebra H of X(A) (in particular,
the Z-grading is defined by the action of the semisimple element 27;). Summarizing, we
get the following statement.

Lemmal Let Auty (XK(A)) be the subgroup of all automorphisms of the Lie algebra K(A)
which fix the elements in H (the group of automorphisms over H), then for every ¢ €
Auty K(A) the restriction 1|4 to the graded component K1(A) = A is an automorphism
of the structurable algebra A and every automorphism of A has such a form.

Now we are going to prove an analog of Theorem 1 for structurable algebras.
Theorem 2 Let A be a finite dimensional simple structurable algebra and let G = Aut(A).
Then a point x = (ay,...,a;) € A* is in the null-cone G : AF iff the subalgebra A, =
algp{ai,...,ac} C A generated by ay, . .., ay is nilpotent.
Proof Ifxisan elementin the null-cone, then forevery f € Tr [A*] we have flay,...,a6) =
0, hence, A, is a nilpotent subalgebra of A.

Conversely, suppose that A, is nilpotent.
Lemma 2  Let B be a nilpotent subalgebra of a structurable algebra A, then

MP(A) = alg;{Ry, Ly | b € B} C Endg(A)

is nilpotent.
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Proof Consider the algebra A as a structurable bimodule N over B, then the split null
extension C = B+ N [24, p. 485] is a solvable structurable algebra; by [25] it is nilpotent,
hence, M3(C) is nilpotent. Notice that MB(A) ~ MPB(N) is a homomorphic image of
MB(C), therefore, MB(A) is also nilpotent. [}

We continue the proof of Theorem 2. Denote L = K (A); by [1, Corollary 6], the algebra
L is simple. Next, let B, be the subalgebra of A generated by A, and the identity element 1,
consider the subalgebra of L

K(By) = 8(By) + By +(Tp, +alg{Dyy | a,b € B,})+ By +8(B,)™s

it is equal to the sum of H and the ideal I of X (B,) generated by A, U A7. By the previous
lemma every element in [ is ad-nilpotent (that is, for all @ € I the operator of adjoint
multiplication ad(a): b — [b,a] in Endf L is nilpotent), since so are its homogeneous
components (we use here Engel-Jacobson’s theorem [16, Theorem 2.1]).

Let K be the automorphism group Aut(L) of the algebra L without grading; note that K
is a closed subgroup of GL(L) and its Lie algebra £ (K) is the derivation algebra Der(L) [11,
13.2], where elements in K act by conjugation (the adjoint representation of K). Since L is
simple, all derivations of L are inner, i.e.,

Der(L) = ad(L) = {ad(a) |a€ L} ~ L.

Denote by N the normalizer Nig(I) = {¢ € K : ¢(I) C I} of I in K; notice that the
normalizer in GL(L) of any subspace is a closed subgroup in GL(L), hence Nx(I) is closed
in K:

Ni(I) = KN NgLay (D).

Next, let S be the subgroup generated by exp (ad(a)) ,forall a € I; observe that S is a closed
connected subgroup of Aut(L) [11,7.5]; also, S C N, hence S lies in the identity component
N° of N. Moreover, S is a normal subgroup of N consisting of unipotent linear transfor-
mations of L; hence, by [11, 19.5], S lies in the unipotent radical R = R,(N) = R,(N°).
Thanks to [11, 13.1] the Lie algebra £(S) contains ad(I), hence ad(I) C L (fRu(NO)).

Next, consider the subgroup P generated by exp (ad(a)) where a ranges over the strongly
nilpotent elements in H; by [10, p. 55], P is a closed connected subgroup of K and its Lie
algebra is equal to H [6, p. 175], hence P is a simple algebraic subgroup of K. Moreover, its
generators keep I being invariant, hence P C N° and, therefore, P lies in a Levi factor Q of
N° [11,30.2].

By [22, 2.6 and 2.3], in K° there is a one-parametric subgroup X, t € F* = F \ {0},
such that:

(a) lim;_o A;(a) exists foralla € L(N°);
(b) lim;_o A;(a) =O0foralla € L(R);
(c) M(a) =aforallae L(Q).

Recall that ad(H) C L£(Q), hence, by (¢), Vt € F* )\, fixes all elements in ad(H) and,
therefore, it fixes all elements in H. It means that ), is an automorphism of the graded Lie
algebra L and, by Lemma 1, the restriction of \; onto A = L, is an automorphism of A for
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allt € F*. From (b) and since ad(I) C L(R), it follows that 0 lies in the closure of the orbit
of x and hence x lies in the null-cone of G : A¥. The theorem is proven. ]

Proposition 2 yields immediately the following statement.

Corollary 2 Let A be a finite dimensional simple structurable algebra and let G = Aut(A).
Then F[A¥]C is a finitely generated module over Tr [AK].

It is known [4] that a finite-dimensional structurable algebra A has a Killing form
(x,¥) = Tra(Lgy+y,) and the radical (the maximal solvable ideal) of A coincides with the
radical of the form. Also, by [25] the radical of A is nilpotent. Observe that for A = A we
have Tra(Ly) = 2tr4(x), where tr 4 (x) is the sum of the diagonal entries of x. For every
subalgebra B C A iftr 4(b) = 0 for all b € B, then B is nilpotent: indeed, suppose that B is
not nilpotent, then B is an ideal of the structurable algebra F - 1+ B, so by [4, Theorem 7]
there is a nonzero idempotent e = ¢ in B. Now by [4, Theorem 11] we have Tr 4 (L,) # 0,
hence, tr 4 (¢) # 0, a contradiction.

Let tr[A¥] be the subalgebra of F[A]C generated by 1 and tr 4 (u), where u € Fy(A).
Corollary 2 can then be transformed into the following statement.

Corollary 3 Let G = Aut(A), then F[A¥C is a finitely generated module over tr[A¥].

Proof From (1) it follows that given an homogeneous basis €2 of >, .. Fx(A);, and any

<om
x = (a,...,a) € AX the subalgebra A, is spanned by the elements f(ay, ..., ax), where
f ranges over 2. Let D denote the subalgebra of tr [AK] generated by 1 and tr 4 (1), where

u € Q. Then
Tpak)e (0) = a6 (0) C mppas(0) € 7p(0),

since D C tr[A¥] C Tr[A*]. But given any x = (ai,...,ar) € mp(0) and any f € Fi(A),
f(ay,...,ax) is alinear combination of the elements u(ay, . .., ax), where u ranges over €2,
and hence tr 4 (f(al, .. ,ak)) = 0. From the comments above and Lemma 2 it follows
that A, is ad-nilpotent, so x € 71, 45)(0) = 7 45)6(0). Now, by Proposition 2, F[A¥Cisa
finitely generated D-module, so a finitely generated module over tr[A¥] too. ]

Now, let us consider the M-module
A g (A~ (Ae Ak C Ak
Recall that the connected component of Aut(A) is M, hence, F[A¥]™ is also a finitely

generated module over tr [A]. Let Y1,---5 Yk (21, .., z) be the projectors onto the direct
summands of AF (respectively, (A* )k); if we replace the generic elements x; of A in the trace

polynomials in tr[[A¥] with
0 0 0
6 3) = (o)

foralli € {1,...,k}, we will get invariants in F[A* & (A*)¥]™. Denote by P the subalgebra
generated by them; obviously, F[A¥ @ (A*)F]™ is a finitely generated module over P.
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Also, from the definition of the multiplication of A it easily follows that the generators
of P are obtained in the following way.
Let S*, S~ be the minimal sets of polynomials satisfying

L yi,-- s €St z1,. ..,z €57
2. ifa,, b, € 8, thena, x b, € S~ forallo € {+, —}.

Then the set of polynomials tra (ab), where a € S, b € S, generates P.

3 Invariants of E;

Let us recall first the definition of Freudenthal triple system (cf. [5]). On the vector space
A define two forms (cf. [3, p. 192], [5, p. 87]):

v(x) = 4aN(a) + 48N (b) — 4 tra(a*b*) + (aﬂ - trA(ab))z,

(x,y) =trg ((sx))'/) = ad — By + traac) — try(bd)

(i) =(05)

and s is the generator of the subspace S(A):

(1 0
s={ o _1 )
It is known [7], [5] that the group of invertible linear transformations &€ C Endp A
preserving v and (x, *) is a simple algebraic group of type E;.

Denote by v(x, y, z, t) the complete linearization of v(x), where v(x, x, x, x) = 24v(x).
Since (x, y) is nondegenerate, we may define a 3-linear operation (x, y, z); on A:

where

1
<X, (}’727 t)l> = El/(x7 )’,ZJ)-

The vector space A with the operation (x, y, z); and the form (x, y) is a Freudenthal triple
system. For us it is more convenient to replace the form (x, y) with a 3-linear operation

(x7 )’7 Z)Z = <x7 }’>Z
Denote by T the vector space A with the operations (x, y, 2)1, (x, y, 2),.

Lemma 3 The automorphism group Aut(7) is equal to E.

Proof Let ¢ € Aut(7), then ¢((x,,2):) = (6(x),0(»),0(2)), = (#(x),d(»)) - d(2),
on the other hand, since ¢ is linear, ¢((x, 7, 2)2) = (x,y)¢(z) forall x, y,z € T. Hence,
(9(x), 0(y)) = (x, ).
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Next,

(o), d(y), #(2), 6(1)) = 2(p(x), (D(»), D(2), 9(1)) ) = 2(p(x), 6((y,2,1)1))
= 2<x7 (ya Z, t)l> = V(xv )2 Z't)7

hence, ¢ € €.
Conversely, since (x, y) is nondegenerate, we get & C Aut(7), therefore, & = Aut(7).
| ]

Lemma4  The group € lies in I'(A). Also, let F* be the multiplicative group of the ground
field F C Endp(A), thenT'(A) = F* - €.

Proof By (2.16) in [3], forallx, y,z € A
(8) (X, Y, zZ)) = 2Vx,sy(z) - <J/, Z>x - <J’, x)z - <x, Z>)’

Also, L, € T, there [, = —L; [2, Section 11]. Hence, if ¢ € &, then we put<f> = Ly¢pL, and
equality (7) follows from (8), therefore, ¢ € I'.

Next, pick ¢ € I'(A) and put a = ¢(1); then, by [5, Theorem 3], there is ¢ € € such
that 1)(a) = 1, where 3* = v(a). Hence, the composition of autotopies 1/3 € F*, 1) and
¢ fixes 1, hence, it is an automorphism of A [2, Corollary 8.6] and, therefore, belongs to &.

|

The multiplication operators of T have the following form:

(*7}’72)1‘2 X — (.X, yaz)i;
(X, *7Z)i: y — (X, )2 Z)i;
(xvyv*)i: Z = (‘xayaz)iv
where i € {1,2}. So, the subalgebra Multx(T) C Pol(T* End;T) is generated by

{(*,a,b);, (a,*,b);,(a,b,x); | i = 1,2;a,b € Fr(T)} and the algebra of trace polyno-
mials Tr[T*] is defined as

alg,{1, Trs(E) | E € Mult;(7)} C F[T*]%.

We will prove now Corollary 1 for A = T; by Proposition 2 this will complete the proof
of Theorem 1.

Theorem 3  The algebra F[T¥)¢ is a finitely generated module over the algebra of trace poly-
nomials Tr[T*].

We divide the proof into several steps.

Let A be a simple structurable algebra and let I'(A) be the structure group of A; also,
denote by A~ the I'(A)-module, where every ¢ € I'(A) acts as (b First of all, we need to
describe generators of the algebra F[(A @ A~)¥]'™; it is convenient to do it in terms of
pairs .
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Definition 1 (cf. [17]) The direct sum of two vector spaces P = P* @ P~ equipped with
two 3-linear operations: o € {+, —}

PP x P77 x P7 — P7,

(a”,b77,¢%) — {a’ b= "} is called a pair (—o means +, if 0 = — and —o = —, other-
wise).

The subpair J(P) of generic elements of a pair P of rank k is generated in the pair
Pol(P", P) = (F[P"] @¢ P*) @ (F[P*] ®¢ P7)

by 2k projectors x7 (i € {1,...,k}, 0 € {+,—}). Next, the algebra Mult,(P)
(< Pol(P*, Endp P)) is generated by multiplication operators (o € {+, —}):

{(xb77c7}, {a” x 7}, {a7077 4],

where a%, c” € F(P)?, b= € F(P)~°.
Finally, the algebra of trace polynomials Tr[P] is generated by 1 and Trp(E), where
E € Multi(P). Notice that for any ¢ € Endy P we have a decomposition

pla*,a”) = (¢s(a”) + ¢_s(a”),ps_(@") + p_(a7)),
where ¢, € Endp P? and ¢, _, € Homg(P?, P~7). Therefore, by taking traces,
9) Trp(¢) = Trpe(¢4) + Trp-(¢-).

Also, for any E € Mult,(P), both E; and E_ belong to Multi(P) (we identify Endy P” with
a subalgebra of Endf P in the usual way).

Like in Proposition 1 one can show that Tr[P¥] is affine.

For a structurable algebra A define a pair P = P* @ P~ letting P* = A, P~ = A~ and

{ﬂ+ b~ C+} = Va*,b* C+, {a_ b+ C_} = Va*,b‘fc_

fora?,b%,¢” € P?, o € {+, —}. By definition, the automorphism group of P consists of all
pairs (¢, ¢), where ¢ € I'(A), and, therefore, it is isomorphic to I'(A).

Proposition 3 Let A be a simple structurable algebra, then F[(A @ A~)K]'™W = F[pk]TW
is a finitely generated module over Tr[P*].

Proof Let x = (aj,by,...,ax, by) € PXand let M* @ M~ be the subpair of P generated by
the elements ay,...,ar € P, by,...,by € P~. Since P = A ® A~ is contained in the Z-
graded Lie algebra L = X (A), we may consider the subalgebra M generated by ay, ..., ax €
A =1L and by,...,by € A~ = L_,. From the definition of multiplication [a, b] in L [1]
it follows that M = Y7 M;, where M, = M*, M_, = M~, My = [M;,M_,] and
My, = [My1,My,].
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Now, suppose that x € 7, (0), let us prove that M is ad-nilpotent; because of Engel-
Jacobson’s theorem [16, Theorem 2.1] it suffices to show that ad(a) is nilpotent for all
a € M,, since the homogeneous elements in nonzero components are clearly ad-nilpotent.
But

[Mi,M_] C vectp{Vap |a € M",be M},

therefore, by our hypothesis on x, for all u € My, Tra(u") = Tra~(u") = 0. Hence, ad(u)
acts nilpotently on Ly, and, since L is generated by L; U L_;, by the Jacobi identity, it acts
nilpotently on the whole L.

So M is a nilpotent subalgebra and it is homogeneous (invariant under T;). Also, A is
simple, therefore, by [1], L is also simple; like in the proof of Theorem 2 we can show that
x belongs to the null-cone of Gy : L, where Gy is the subgroup of Aut(L) which keeps T;
being fixed, that is, the automorphism group of the Z-graded Lie algebra L. Recall that G,
is precisely the structure group I'(A) [2], so Proposition 2 completes the proof. ]

The linear mapping L, € Endg A is invertible, where (L,)~! = L; taking a € A~ to
sa € T, we identify the vector spaces A~ and 7. It defines an isomorphism ¢ +— LpL;

from Endr 7 onto Endp A™~.
Now let P = A @ A~ and consider the linear bijection 1 from T to P* ~ AF @ (A~)k
given by
Yi(ay, ... a0) = (a1, ..., 0k Ak, - - -, SA2k);

it induces corresponding identifications:
W F[PY] — F[T*]
frfoy
s Pol(PF, A) —s Pol(T?,T)
ffoy
P~ : Pol(Pk, A~) — Pol(T%,T)
fLofor
P*: Pol(P*, Endp(A)) — Pol (T2, Endp(7))
ffoy
¢~ : Pol(P*,Endp(A~)) — Pol (T, Endy(T))
f Lo (fot) oL,

where the latter line should be understood as follows:

Y (f)ar,...,ax) = Lyo f(ay,...,ak, Sak1, - - - ,5ax) © L.

Notice that for any f € Pol(P¥, Endr.A) and g € Pol(P*, Endy . A~),

(10) D(Tra(f)) = Trr (1 (f)) and P (Tra~(9)) = Trs (P (g)).
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The isomorphism P* ~ A* @ (A~)* defines an isomorphism F[P*] ~ F[A] ®F
F[(A~)¥], which in turn provides F[P] the structure of a bigraded algebra, so that we
can speak of the degree in A* and the degree in (A~)*. Let A; be the subspace of F[P]
spanned by the elements f(x)g(y) (~ f(x) ® g(y)), where x (respectively, y) is the pro-
jector of PF onto A* ((A~)¥), for homogeneous f and g of the same degree. That is, Ay
is the subspace of F[P¥] spanned by all homogeneous polynomials f = f(x, y) such that
deg, f = deg, f. Obviously, it is a subalgebra of F [P¥]; moreover, F[P¥]') C Aj because
F[P¥]FA) §g homogeneous, the scalars F* lieinI'(A) and foralla € F*,a € Aandb € A~
the mapping « takes a to ca and b to a~'b.

Let A; be the image of Ay under ¢), then A} is spanned by all homogeneous polynomials
with the degree in the first k projectors being equal to that of the last k ones. Put Ay =
Ar N F[T%#]€,

Proposition 4  The mapping 1) restricts to an algebra isomorphism from F[PX]'A) onto Ay.
Proof Forall f € F[P*]'™ and ¢ € € (C T'(A))

(D) - ) (ar,- .., a) = P()(p@), ..., plax))
= f(¢(@), ..., ¢ar),sd(a1), .., sp(ax))
= f(¢(ar), ..., dla), dlsars), . .., lsax))
=(f-P)ai,...,a, k1, - -, SA2k)
= f(ay, ..., SAks1, - - -, SA2k)

=d(f)ar,...,an)

SO 121(]’) € Ay. In the other way, if f € Ay and g € Ay with 12)(g) = f,since g € Ay, itis
invariant under the action of F* C I'. Also, forall ¢ € &:

g(dlar), ..., dlar), dlars), - .., plax))
= g(d)(al)a L) QS(ak)a S¢($ﬂk+1), ceey S¢($ﬂzk))
= f(¢(ar), ..., dla), p(sars), - . ., lsax))

(g : ¢)(a17 ey aZk)

= (f-@)ar,...,a a1, . - ., 5a2)
= f(ay,...,ak Sak1, . . ., SA2k)
= z@(g)(al, ey Oy SRty - - - 5 SA2k)
=g(ay,...,a5 a1, ---,a2) since L2 = id,
as required. ]

Now, pick a homogeneous i € F[T¥]¢ and define f in F[T?%]€ letting

f=hx, . x0) (e, - - - Xak).-
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Obviously f € Ay, hence there is a g € F[PX]'™ such that ¢)(g) = f. By Proposition 3,
g is integral over Tr[P¥], so if we show that ¢)(Tr[P¥]) C Tr[T?], then we will have f to
be integral over Tr[T2], which yields (replacing x;,; with x; for all i € {1,...,k}) h* and
hence h, to be integral over Tr[T*]. Therefore, this will complete the proof of Theorems 3
and 1.

The isomorphisms above obtained from v allow us to define a linear mapping

¥: Pol(P¥, P) —s Pol(T%,T)

by means of ) ) )
U(f,9) =9 () +v(9)

for all f € Pol(P¥,.A) and all g € Pol(P¥, A~), and in exactly the same way we define a
linear mapping

¥: Pol (P¥, Endp(A) ® Endf(A~)) — Pol (T, Endp(7)).
Lemma5 (Fc(P)) C Fy(T) and ¥ (Mult(P)) € Multy(T).

Proof Let zj,..., 2% be~: the projections (generic elements) in T%*. Then since L? is the
identity, it follows that ¥ (x;) = z; and ¥(y;) = z; foralli € {1,... k}.

Hence, by (8), if f,g,h € T (T), then V1 o oh € 3"2;((‘.]'). Therefgre, forall fi, f, € F}
andallg € F, (where Fy(A®A~) = FL®TF, ), if Y(f1), ¥ (f,) and ¥(g) belong to T (T),
then

PV ehh) =" (Vi o fo)
= (Vfl,ng) o ’lp = Vf]o;[;,gowfz © 1/}

= V'z];(ﬁ),Lsoa/}(g)'(L(ﬁ) € Fu(7).

In the same way, for all f € F/, ¢1,8 € I, ifqﬁ(f), @Zj(gl) and &(gZ) belong to F(T)
then

DV 182) =0~ (Vg 18)
= Lo (Vg 82) 09 = Ls 0 Vgoy foyg2 © ¥
= —V9ogopLofoyLs 0 g ot since L, € I'and Ly = —L,

= —V¢(31)7L5m/}(f)¢(g2) € Fu(T) by (8).

So, the first part is proven. Next, from the above it follows that for all a”, ¢ € F7 and
b= €3, 7 (0 ==%):

P{a”, 077, ¢} = Vi) Lopn V()

so by (8), the operators Y({a®, b=, %}), ¥({a’,*,¢’}), and ¥({*,b77,¢”}) belong to
Mult,(T), therefore, 1/1(Multk(P)) C Multy, (7).
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Recall that P* = A and P~ = A~; by (9) for any x € Endg P
Trp(x) = Tra(xy) + Tra~(x-) = Tro(xy) + Tra(x_),
hence, for all E € Mult;(P)

O (Trp(E)) = P (Tra(Es)) + 9 (Tra~(E-))
= Trg (P (E) + Trg (¢~ (E-)) € Tr[T]

where we have used (10). Hence, (;AS(Tr[Pk]) C Tr[T?], as required, and this concludes the
proof of Lemma 5 and, therefore, of Theorems 3 and 1.
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