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THE ADJOINT REPRESENTATION INSIDE THE EXTERIOR ALGEBRA
OF A SIMPLE LIE ALGEBRA

CORRADO DE CONCINI
PAOLO PAPI
CLAUDIO PROCESI

ABSTRACT. For a simple complex Lie algebra g we study the space of invariants A =
(A g" ®g*)?, which describes the isotypic component of type g in A g*, as a module over
the algebra of invariants (/\ g*)°. As main result we prove that A is a free module, of rank
twice the rank of g, over the exterior algebra generated by all primitive invariants in (A g*)¢,
with the exception of the one of highest degree.

1. INTRODUCTION

Let g be a simple Lie algebra (over C) of dimension n and rank r. Fix a Cartan subalgebra
h in g. Let A be the corresponding root system, W the Weyl group, A" a positive system.
We use the Killing form (-, -) to identify g and g* when convenient.

The exterior algebra /\ g has been extensively studied as representation of g: see e.g. [I1],
[12], [17], [I]. The invariant algebra I" = (/ g*)? is the cohomology of g and it is an exterior
algebra A\(P1,..., P.) over primitive generators P; of degree 2m; + 1, where the integers m;,
with m; < ... <m, are the exponents of A, [2].

Among the other isotypic components, of particular interest is the component of type g,
which is completely described as:

* * g * *
(1.1) A= </\g ®g ) = hom(/\ g,8")° = hom(g, /\ g%)°.
So A is the space of multilinear alternating functions from g to g* which are g-equivariant.

By the work of Kostant [12], it is known that dim(A) = 2"r. Notice that the Z/27Z grading
of A\ g* allows to define a Lie superalgebra structure on A.

The Poincaré polynomial GM(q) describing the dimension of A in each degree is given by
a formula conjectured by Joseph and proved by Bazlov [I]:

r—1 r
(1.2) GM(q) = (1+¢ ) [+ > g™
=1

i=1
Clearly A is a (left or right) module over the exterior algebra A(Pi, ..., P,). Writing the right

r—1 r
hand side of (L2) as [ (1+¢*™+1) 3 [¢*™ +¢*™i~1] suggests that there might exist elements
i=1 i=1
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fisu; € A of degrees 2m;,2m; — 1 which generate A as a free module over A\(Pi,...,Pr—1).
This is indeed our main result.

1.1. Description of the results. The Killing form of g induces on A a graded symmetric
form which will be denoted e(a,b), with values in I" (see (2.8])). With the elements f;,u; € A
as in Definition 23] we have:

Theorem 1.1. A is a free module, with basis the elements f;,u;, i = 1,...,r, over the exterior
algebra \(Py,...,P.—1).

The main tool needed to prove this Theorem is a description of the form e(—,—) on the
proposed generators f;, u;, which is given by the following result. Recall that the primitive
invariants are uniquely defined up to a non zero constant if the exponents are distinct. The
latter condition is always verified unless g is of type Day,; in this case m,, = m,4+1 = 2n — 1.

Proposition 1.2. Assume that the exponents of g are distinct. Then the two submodules
spanned by the f; and by the u; are isotropic for the form e. For each pair i,j there exists a
non-zero rational constant c; j such that

Ci,jPr if m;+m;—1=my is an exponent,
0 otherwise.

(1.3) e(fi,uj) = e(fj,u;) = {

Proposition 1.3. If g is of type Da,, the statements of Proposition [I.2 hold true unless
mi+mj—1=2n—1 or {i,j} = {n,n+1}. In this case we can choose P, and P,11 in such
a way that

ci,j(Pn+Pn+1) Zfl7]¢{n7n+1}a
(1.4) e(fi,uj) = e(fj,u;) = < ¢ j Py ifi=mnandj=1,
Ci,an—l—l ifi=n+1andj=1.
and e(fnyun—l—l) = Cn,n+1P2n; e(fn—l—laun) = Cn+1,nP2n while e(fnaun) = e(fn—i—l,un—l—l) = 0.

Finally, the full module structure of A under the algebra of invariants is completed by the
formulas for the multiplication of our basis by the last primitive element P,.

Theorem 1.4. Set ¢; := ¢;r—i+1. The multiplication by P, is self adjoint for the form e. It
is given by the formulas

s

(1.5) e(fiur—iv1) N fi = — Z cicy te(fi ur—j11) i, i=1,...,m
j=1, j#i
T
(1.6) e(firUr—it1) Nuj = — Z cicy te( fiy ur—j1)uy, i=1,...,r
j=1, j#i

The constants c¢; ; depend on the choice of the primitive invariants. We will exhibit, in
the course of the paper, suitable choices of the P; as to normalize as much as possible these
constants, which will be then explicitly computed.

Clearly our Theorem [[.Tlimplies formula (2], affording a proof very different from Bazlov’s
one.
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Theorem [Tl has a Clifford counterpart due to Kostant [12]: A is free over the whole algebra
of invariants I', generated under Clifford multiplication by fi,..., fr. Kostant’s theorem is
based on two main ingredients: the simplicity of the Clifford algebra and the the machinery
of Chevalley’s transgression. In our situation we cannot use the former fact.

However Chevalley transgression allows us to reduce the computation of the bilinear form e
to that of another S(g)%-valued bilinear form on S(g)?, and in turn, via Chevalley’s restriction
Theorem, to a C[h]"V-valued bilinear form on C[h]".

This latter form can be introduced in the following general framework. Let G be a compact
Lie group and V an orthogonal representation. Given two invariants a,b of degrees h,k we
obtain a new invariant a o b of degree h + k — 2 by the formula a o b := (da, db) where da, db
are the differentials and (da, db) is computed via the given scalar product. In the case of the
adjoint representation, this pairing has been studied by Givental in [10] and Saito [I§] (we
thank M. Rais and E. Vinberg for pointing out to us these references) and we are going to use
Givental’s results at least for the exceptional groups.

Let us denote by R the ring of G—invariant polynomial functions on V, and say that a
homogeneous invariant a is a generator if it does not belong to (R*)?, i.e. it is not a product
of invariants of positive degree. Notice furthermore that, by the Leibnitz rule, the pairing
a o b induces a similar composition in the vector space M := R /(R*)?. We will prove the
following theorem.

Theorem 1.5. Let V be the reflection representation of an irreducible Weyl group. If a,b
are homogeneous generators of the invariants of degrees i,j and in degree i + j — 2 there is a
generator, then a o b is a generator, except the special case of type Do, in degree 2n. In this
case the two generators a,b of degree 2n can be chosen in such a way that aoa = bob =10
modulo squares while a ob =0 is a generator.

The above theorem will be proved in Proposition if i + 5 > h, h being the Coxeter
number of g. In fact this will suffice to deduce Theorem [Tl

In the remaining cases the result will follow from a case by case analysis and will represent
a key step in the proof of Theorem [L41

Finally, Theorem has another interesting application. If we allow the operation a o b in
the construction of invariants, we shall see that in each case, besides the quadratic invariant
it is enough to add either one (cases A, Cy, G2) or two more generators. In this way we shall
compute, using a computer, the invariants in the case of FEg.

Remark 1.6. When all degrees of generators are distinct, fixing generators 1, ..., 1, we have
constants d; ; such that 1; o 1; = d; ;1 mod (RJF)2 when v}, has the same degree as 1; o ;.
Using transgression, we associate to the 1; primitive invariants P;, which in turn define the
constants ¢;; via formula (3]). We will show in (224]) that indeed, for any i, j, we have
d.
Cij=—2—.
mi +m;

These constants will be computed explicitly for the classical groups in §2.7.1] and for the
exceptional groups in Tables 2,3,4.

Some ideas and techniques used in this paper have been developed in [7] and [§]: we refer
the reader to Section [ for a brief outline of these results.
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2. THE MAIN CONSTRUCTION

2.1. Setup. Let V be an n-dimensional vector space. Recall that on the exterior algebra
AV we have an action of elements = € V* as derivations, denoted by i(x), which extends the
duality action on V:

k
i(x) (v Ao Aog) = Z(—l)“’lx(vi) VIAADEA A Vg,
i=1
v1,...,0, € V. This formula extends to a contraction action of A V* on A V. Remark that,

n
given u € AV, the map =  i(2)u can be thought of as the element Y i(2")u®z, € AVRV,
h=1

where {z}, {27} are dual bases of V, V*.

Given an invariant p € (A g*)?, the map = — i(z)p, x € g is g equivariant and therefore

n
defines an element of A, which is represented by the tensor > i(zy)p ® 2" (using dual bases
h=1

{wn}, {="} for g, g%).

Let 6(a),0*(a) denote the adjoint and coadjoint action of @ € g on g, g*, respectively. These
actions extend to the exterior algebras as derivations of degree 0.

In A g* we have the Koszul differential § which makes it a differential graded algebra. In
degree 1, the differential § : g* — /\2 g* is dual to the bracket map. Explicitly

1o~ |
i=1

Remark 2.1. Recall that on A g* ® g* is defined the standard Koszul differential, which is the
sum of —d ® 1 and of ¥ ® a E 2" A O(z;) (¢ ® a), where {x;}, {2’} are as above dual bases

of g, g" respectively. If ¥ ® a 1S 1nvar1ant this second term vanishes and the total differential
is just -6 ® 1.

Using the non degenerate Killing form one defines also the differential (in homology):
0= —dt.

The Killing form identifies A g* with A g, so we can apply, by duality, the two differentials §
and 0 to /\g. Under these identifications the contraction ¢ is just the adjoint of the wedge

multiplication e(z) : Ag — Ag,e(z)(y) =x Ay, z,y € A\ g. We have (see [12 (89),(90)])

n

(2.1) 5= % > ()b Z 0(x

h=1
For the space I = (A g%)% = (A g)? of invariant forms Kostant [12] Proposition 22] proves:
(2.2) I' =kerd Nker 0 = ker L,
where

1 — )
(2.3) L=060+00=; > 0(z)

i=1
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is the Laplacian and {z;} is an orthonormal basis of g with respect to the Killing form. Recall
the useful formulas

(2.4) i(z)d+0i(x) =0(x), z€g.

(2.5) i(ox) = —(0i(z) +i(x)0), =€ g.
Formula (24)) follows from [12] (92)]. To prove (2.1]), take u,v € A g; then (i(6(x))(u),v) =
Ega({S((JE))(A;))) Z)(u,5($Av))+(u,$A5(v)) — —(Ow).A0))+(i() (1), 8(v)) = —(i(x) (D(w)), v) -

Lemma 2.2. Ifp e, then

(1) 51) 317—0

(2) di(z)p =

(3) di(x)p = —2(533)
(4) di(dx)p = —3i(x)p.

Proof. Relation (1) follows at once from ([2.2)). To prove (2), compute using (1) and (2.4]):

Si(x)p = (5i(x) + i(2)0)(p) = O(2)(p) = 0.
Part (3) follows directly from (1) and (2.5). Finally, to prove (4), use (1), 25) and 2.3):
0i(0x)p = =6(9i(x) + i(x)0)(p) = —80i(x)(p) = —(60 + 9d)i(x)(p) = —%i(iﬂ)(p)-
U

2.2. The elements f;,u;. We now introduce a basic definition. Let m : Ag® g — A g be
the multiplication map

(2.6) m(a®b) :=aAb.

Choose primitive generators Py, ..., P, for T' and dual bases {z}, {z"} € g with respect to
the Killing form.

Definition 2.3. Set, fori=1,...,r
n

Zi(iﬂh)Pi & :L'h, u =20 1)f; =

h=1

n

Z di(zp) P @ x™.

h=1

_ 1
deg(F;)

Lemma 2.4. We have m(f;) =P, (0@ lu; = fi, (6®1)f; =0.

2

(2.7) fi= doa(P)

Proof. The first statement is a consequence of the chosen normalization:

1 n n

M) = Goatpy D @R Aa” = o S (e i) = P

h=1 h=1

(Recall that P; is homogeneous of odd degree. This allows us to swap the exterior multiplica-
tion by z" over to the left: the second to last equality follows).
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To prove the second statement, compute using Lemma

2
1)u; )P; P,
(0@ u = doa(B) 2552 zn) P @ 2" deg Zéz (0xp,) P @ "
IR
= qe(py 2 P @ =
g\li) =
The last identity (6 ® 1)f; = 0 follows from 62 = 0. O

Since we have that dim A = 2"r (see [12, Corollary 50]), Theorem [[1] will follow from
Proposition 2.5. The elements f;,u; are linearly independent over \(Pi,..., Pr—_1).
In fact, Proposition can be reduced to
Lemma 2.6. The elements f; are linearly independent over \(Py,...,P._1).

Taking this lemma for granted (the proof is at the end of this section), we can prove
Proposition

T T
Proof of Proposition [223. Suppose that we have a relation Y Aju; + > pjf; = 0. Then apply
i=1 j=1

0 ® 1 and get z Aifi = 0, so if we assume that the f; are linearly independent, we get A\; = 0
=1
for all ¢ and i 111 turn that also all the p; are 0. (]
Notice that the only property we have used of the w; is the fact that (6 ® 1)u; = f;.

2.3. The main form. The Killing form on g induces an invariant graded symmetric bilinear
form on A g ® g with values in A g, given by

(2.8) ela®x,b®y) = (z,y)a Nb

for z,y € g, a,b € \ g. In particular, by invariance, this form induces a form on A with values
inl'=A(P,...,P).

2.3.1. Some pairings. Recall the following properties of the exponents, (cf. [2]): m; = 1 while
m, = h— 1, where h is the Coxeter number. Also, the m; come naturally into pairs adding to
h. We say that two indices 7,5 = 1,...,r are complementary if the corresponding exponents
sum to the Coxeter number. Since we have ordered the exponents increasingly, the indices
1,7 — i+ 1 are complementary. The exponents are all distinct except in the case of Ds,, where
the exponent 2n — 1 has multiplicity two.

Consider the matrix of scalar products e(f;,u;); we will prove that, for complementary
indices i, — ¢ + 1 we have

(2.9) e(fi,ur—iv1) =ciPr, 0#¢ €Q

if g is not of type Do,. In this case we have m,, = m,4+1 = 2n — 1, and we can choose the
primitive invariants in such a way that (2.9]) holds and furthermore:

(2.10) e(fnun) = e(fut1, unt1) = 0.
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Formulas (2.9]), ([2I0) will be proved in §2721 Assuming these formulas we can finish the
proof of Lemma [2.6] hence that of Theorem [Tl

s

Proof of Lemma[Z.8. Remark that, if there is a non trivial relation ) p;f; = 0, we may
j=1

assume that it is homogeneous, that is all terms have the same degree. Moreover, given an

index j, multiplying by a suitable element of A(Py,...,P,_1) we can reduce ourselves to the
case in which p; = PL APy A ... NPy,

Notice now that the coefficient 5, of the terms py, fj, for which mj < m; has degree higher
than the maximum allowed degree, hence it is zero. Thus, if we choose for j the maximum for
which p; # 0 and if the exponent m; has multiplicity 1, we are reduced to prove that

(2.11) Pl/\Pg/\.../\Pr_lfj #0.

The previous condition is satisfied for all exponents unless we are in the case of Do,,. In this
case the exponent 2n — 1 appears twice. The corresponding elements f,,, f,4+1 have the same
degree 4n — 2, so that we have to show that AP, A .. . AP_1fpand PPAPsA ... APo_1fn11
are linearly independent.

Unless we are in the case D», for the exponent of multiplicity two, we are reduced to prove

(2II). By [29) we have
e(P1 NPy A ... /\PT_lfj,ur_j_i_l) =¢j PANPoAN...ANP._1 NP, #0.

In the remaining case, linear independence of PLAPyA.. . AP,_1f, and PIAPoN .. .ANPr_1frni1
follows in the same way using also formula (2.I0). O

2.4. Proof of Formulas (29) and (2I0). The proof of formulas ([29]) and (ZI0) will be
based on a computation in the symmetric algebra, which in turn, by the Chevalley restriction
theorem, is deduced from the computations performed in §2.51

2.5. Invariants of the Weyl group. The study of invariants both in the symmetric and
the exterior algebra of g* depends on special properties of the reflection representation of the
Weyl group, in particular of the action of a Coxeter element. We refer to [2] for the details.
Let ¢ be a Coxeter element of W (i.e., a product of all simple reflections). Recall that its order

h is the Coxeter number. Set ( = e . The eigenvalues of ¢ in its reflection representation
h* are h-th roots of 1, (", 1 < m; < h and the m; are by definition the exponents. Since

the reflection representation is real, together with any eigenvalue 7 also appears its conjugate
1

n=mn-.
Fix a basis {X1,..., X, } of b* made of eigenvectors relative to these eigenvalues. In par-
ticular, X is relative to the eigenvalue (. We pair conjugate eigenvalues, and the Killing

form on the space spanned by two conjugate eigenvectors X;, X,_;11 is (after normalization)

10
eigenvector, which we may assume to be of norm 1, or two eigenvectors in type Ds,. Then in
[2L 6.2, Proposition 2] it is shown that to each exponent m; we may associate a W-invariant
polynomial on h such that its leading term in the variable X; is X" X, _; ;.

<0 1>. In the case of the eigenvalue —1, which is conjugate of itself, we either have a single
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2.6. Symmetric algebra. Let S = S(g*) be the algebra of polynomial functions on g, and
R = 59 be the ring of invariants. We have that R is a polynomial algebra in generators
YP1,...,,. of degrees m; + 1. We observe that these invariants are so that when we restrict ;
to b the leading term in X; is a nonzero multiple X{" X, _; 11, as we have seen in §2.5

Let d be the usual differential of functions so that, when f € R, we have that df € (S®g*)®.

Definition 2.7. The Bezoutiante matrix, is the matrix (with entries in R*) of the scalar
products (di;, di;).

We first point out that the construction of the Bezoutiante is compatible with Chevalley
restriction.

Lemma 2.8. Given two invariants p,q € R let p,q be their restriction to . Then

(dp, dq) = (dp,dq).
Proof. Use the decomposition g = h (u™ @u™), which is orthogonal with respect to the Killing
form. Write a polynomial on g in the corresponding coordinates associated to root vectors, if
F is such a polynomial we divide it as F' = F + f where F collects only the monomials in the
coordinates of b while every monomial in f contains at least one coordinate x, associated to
a root. Now if F' is invariant in particular each monomial must have weight 0 for b, hence if
some variables x, appear for a positive root, there must be other variables for negative roots.
This means that f vanishes of order at least 2 on b, hence also its differential vanishes and we
have the claim by the orthogonality relation. O

Proposition 2.9. The entries of the matriz (dib;,dy;) below the antidiagonal lie in (R™)%.
On the antidiagonal they are non zero multiples of 1, modulo squares.

Proof. The first statement follows by degree considerations. As for the second, by Lemma 2.8
we can compute the Bezoutiante matrix on the W-invariant functions ; on b.

The form in the basis X1, ..., X, introduced above, equals Z(i’o(i)) XiX o) (where o is the
involution pairing complementary indices, the sum is over the orbits of ¢ which are made
by two or one element). It follows that the invariant (d%,dqﬂj) has leading term in X;
proportional to X if 4, j are complementary indices, arising from

OXX; 0X]V X;
0xX;  0X;

Hence, if i +j = r + 1, by the previous relation we have (di;,dv;) = ¢;th, mod (RT)? for
sonme nonzero ¢;. ]

=&

2.7. Transgression. Consider the map ¢ : g* — /\2 g*. Since the elements in its image
commute with respect to exterior multiplication, § admits a unique extension to an algebra
homomorphism

S: S(g*) N /\eveng*‘

Observe that s takes as values coboundaries, in particular s = 0. Using the multiplication
map m defined by (26 we set, for a € S(g*):

(2.12) t(a) :=m((s ® 1)da).
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It follows from the explicit description of the transgression map, which is obtained in [5]
(and in formula (231) of [I2, Theorem 64]), that on homogeneous invariants of positive degree
d our map ¢ coincides up to the constant (d!)?/(2d + 1)! with the classical transgression map.
See also [15, Remark 6.11] for a discussion on terminology. We prefer to eliminate this constant
since it is cumbersome in the formulas. The key result on the transgression map [4] can be
reformulated as follows.

Theorem 2.10. The map t vanishes on (RT)? and induces an isomorphism of RT/(R)?
with the space of primitive elements of .

Thus, given generators v; of degree m; + 1 for R, one has that the elements P; := t(1);) are
primitive generators of I', of degrees 2m; + 1.

In particular, choose a set {11, ...,1,} of homogeneous generators of the ring R of symmet-
ric invariants. We obtain a set of primitive generators P; := t(¢;) of I and the corresponding
elements wu;, f; defined by formula ([Z3]). To proceed further, we need some general formulas.

Lemma 2.11. For all homogeneous elements a,b € S(g*) we have

(2.13) t(ab) = t(a) A s(b) + s(a) A t(b),
(2.14) 0t(a) = deg(a)s(a).
Proof.

t(ab) =m

n
This proves ([213). To prove (ZI4), let da = Y ig(zp)a ® 2 (where ig(x) is the directional

h=1
derivative w.r.t. 3,), so that deg(a)a = Y ig(xp)z" and t(a) = 3 s(is(xp)) A 2. Then
h=1 h=1
ot(a) = Z 0s(is(zp)) Az +)  s(ig(xp)) Adx = s(is(zp)) Adzh
h=1 h=1 h=1

n

= slis(an)) As(a") = 50> ig(zp)2") = deg(a)s(a).
h=1

h=1
(]
Definition 2.12. Define for any homogeneous element a € S(g*):
(2.15) fla) :==(s®1)da, u(a):=(t® 1l)da.
Note that, since da = Y ig(wp)a ® 2", we have deg(is(wy)a) = deg(a) — 1, (ZI4) implies
h=1
(2.16) (0 ® Du(a) = (deg(a) — 1) f(a).

Lemma 2.13. For every i =1,...,r, take f; as in formula Z7). Then f; = f().
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Proof. Set for a € R homogeneous:

n
i(xp)t(a) @ 2",
h=1

1

Jai= 2deg(a) + 1

so that f; = fy, by @1).
By [12], Theorem 73, one has that i(x)t(a) = ¢s(ig(x)a) for any x and a invariant, where

the constant ¢ depends on the normalizations we choose for t. Thus, since (s ® 1)(da) =
n

> s(is(zp)a) @ 2, we have:
h=1
n

fla)=(s@1)(da) = s(ig(an)a) @ 2" = ci(axy)t(a) @,
h=1 h=1

so f; and f(1;) are proportional. To determine the proportionality constant ¢ it is enough to
apply the multiplication map m. f; has been normalized so that m(f;) = P;, while m(f (1)) =
t(v;) = P; by definition. Thus ¢ = 1/(2deg(a) + 1) and everything follows. O

Proposition 2.14. Given two elements a,b € S(g*) we have

(2.17) e(f(a), f(b)) = s((da,db)), e(u(a), f(b)) + e(f(a), u(b)) = t((da,db)).
Proof. By construction f(a) = (s® 1)d(a), f(b) = (s® 1)d(b) hence

e(f(a), f(b)) = s((da,db)).

n
To prove the second relation, write da = Z a; ® zj, db = > Bj ® zj where {z;} is an
j=1 Jj=1

orthonormal basis. Then (da,db) = > a;f;, hence by ([2.13]) and (ZI5) we have
j=1

((da, db)) Z aj) A s(B;) +Z s(aj) A t(B;)
7j=1 7j=1

= e((t @ 1)(da), (s @ 1)(db)) + e((s ® 1)(da), (¢t ® 1)(db))
= e(u(a), £(b)) + e(f(a), u(b)),

which is the required relation. O
Lemma 2.15. For a,b € \g* ® g*, we have that
(2.18) de(a,b) — e(d ® 1(a),b) + (=1)%¢We(a,d @ 1(b))

is orthogonal (for the Killing form) to all invariant elements, hence zero if it is an invariant.

n n n
Proof. Write, in an orthonormal basis {z;}, a = > a;®z;,b = > b;i®z;,e(a,b) = > a;Ab;. By

i=1 i=1 i=1
formula (4.7) of [I3] we have that S (9(a; Ab;) —d(a;) Ab;+ (—1)38(@) a; AD(b;)) is orthogonal
i=1
(for the scalar Killing form) to all invariant elements. Since 0® 1(a) = > da; ® z;, 0@ 1(b) =
i=1
> 0b; ® z;, the claim follows. O

i=1
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We now set for a € S(g*) a homogeneous invariant

t(a) :=2(0®1)f(a)

Proposition 2.16. If a,b € S(g*) are homogeneous invariants, then

(2.19) e(f(a), F(b)) = 0,
(2.20) e(a(a), a(b)) = 0,
(2.21) e(a(a), (5)) = e(f(a),a(b)) = — 142 4))

deg(a) + deg(b) — 2°

Proof. From (ZI7) and the definition of s we have that e(f(a), f(b)) is the value of s on an
invariant. Now remark that elements in the image of s are coboundaries, and an invariant
which is also a coboundary is 0. This proves (2.19]).

In order to prove (220)), we compute ([2.I8) for @(a), f(b). Using Lemma we get

0 =0e(u(a). /(1) ~ (0@ 1)(u(a)). F)) + (=)= De(a(a). (9. 1)(/(1))
(1D Se((a), a (b)),

since both de(u(a), f(b)), e((0 ® 1)(u(a)), f(b)) are clearly 0.

We pass now to the last identity. We have for any homogeneous element w € A,
0 = d(e(w, w(b)) = e((d ® 1)(w), u(b)) + (1) e(w, (5§ ® 1)(a(bh)))
= (0 @ 1)(w),a(b)) + (1) We(w, £(b)).
It follows that
e(w, f(b)) = —(~1)*EWe((5 @ 1)(w), u(b)).
Since f(a) = 1/(deg(a) — 1)§ ® lu(a) = § ® lu(a), we deduce
e(u(a), f(b)) = (deg(a) — 1)e(u(a), f(b)).
We have de(@(a), (b)) = 0. Computing and using the fact that @(a) has odd degree, we get
0 = de(u(a),u(b)) = e((d®1)(u(a)), u(b))—e(u(a), (6®1)(u(b))) = e(f(a), u(b)) —e(u(a), f(b)),
that is e(f(a), (b)) = e(a(a), f(b)). Formula (ZZI) then follows immediately from @ZIT). O

Corollary 2.17.

(2.22) e(fi, f;) =0,
2.23 e(ui,uj) =0,
(2.24) s, [3) = ey 15) = — A0 003)

deg (1) + deg(v);) —
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2.7.1. Ezamples in the classical cases. For elements of R we introduce the following notation:
A = B if the two invariants are congruent modulo (RT)2. By abuse of notation we denote by
the same symbol the invariant on g or its restriction to bh.

Type A,. Consider as generating invariants the normalized Newton polynomials
n+1

(2.25) Za:l, =2,...,n+1

(so that, in our general notation, ¢ = qx+1, k = 1,...,n). We have
n+1
k 2
(2.26) (dqr, dgy) = Z 2797 = (k4 g — 2)@rrg2-

We associate, via transgression, to these symmetric invariants the primitive invariants P; :=

t(v;) = m((s ® 1)di;). We have the corresponding f;, u; and, plugging (2.26)) into (2.21]), we
obtain:

¢ . . it R . f S 17
(2.27) e(fi,uj):w:{ +j—1 He+j7<n+ .

1+ 0 otherwise.

Type C,. Here we can choose as generators the normalized Newton functions v; = ¢o;, © =
1,...,n. The formulas are the same as before:

P 1 if2i4+2j—2<2n,
e(fisuj) = t(qait2j—2) = {OZ ’ otherwise .

which is indeed ([2.27]).

Type Daoni1, . Here we can choose as generators the normalized Newton functions ¢; =
q2i, © = 1,...,n, the function ¥,+1 =P :=+/—2n H2"+1 x; and the functions v; = qo;_o for
i=n-+2,... 2n + 1. The formulas are the same as before for the Newton functions. As for
those involving P, we have
(2.28) (dP,dg) = (2n+ 1)P,
(2.29) (dP,dgay) = 2(k — 1)gop—_g - P € (RT)?, VE > 1,
(2.30) (dP,dP) = 4n qup.
Proof of (228)), (229)), (230)). Formulas (228]), [2:29)) are straightforward. As for ([2.30) we
have
(2.31)
2n+1 2n+1
=v—-2n Z (H zj)dr; = (dP,dP) = —2n Z Haz —2n 595 (27, ..., ¥5,41)
i=1 j#i i=1 j#i

where by s; we denote the i*" elementary symmetric function. From the formulas expressing
elementary symmetric function in terms of power sum we see that, for each ¢ < 2n + 1, we
have s;(z1,...,T2,11) = (—1)T!g; modulo squares, hence

(2.32) - 2n32n($%7 e ,$%n+1) = 2”<]2n(117%, e ,$%n+1) = 4n qup(21, - .., Tant1).
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Combining (231]) and ([232) we get (2.30). O

Now we can compute the scalar products e(f;,u;); if fi,u; are constructed from Newton
functions we still have formulas ([227). As for f,11,u,+1, the elements associated to P, we

have, by formulas ([2.28), (2.29]) and ([2:30)

| {4 gun
(2.33) e(frsttty) = 0, Vi £+ 1, e(fust,tnsr) = A0 00)

=P .
n 2n+1

Type Dy, . Here we can choose as generators the normalized Newton functions ¢; = q9;, 1 =
1,...,n — 1, the functions
Y = qon + V1P, ¢n+1 = qop — V—1P,

with P :=2n — 1 H?gl x; and the functions ¢; = qo;_o for L =n+2,...,2n.
Notice that 1; has degree 2i for ¢ = 1,...n—1, has degree 2n for i = n,n+1 and has degree

2i — 2 for i =n+2,...,2n. The formulas are the same as before for the Newton functions.
As for those involving P, we have the formulas

(2.34) (dP,dqs) = 2nP,

(2.35) (dP, dgor) = 2(k — 1)gap—s - P € (RY)?, Vk > 1,

(2.36) (dP,dP) = (4n — 2) qan—2.

whose proof is identical to that of formulas [228), (229), [2.30).
Reasoning as before it immediate to verify that, up to the case in which both 7 and j do

not belong to {n,n + 1}, we have

Ph ifm,~+mj—1:mh,h7én,n+l,
(2.37) e(firu;) = 5(Po+ Ppy1) ifm;+mj—1=2n—1,
0 otherwise.
On the other hand we have
P, =1
Pn é <j<n-1 Pt J=
n+j >~ >~ - .
P 2<ji<n-—1
(2.38)  e(fn,uj) =40 j=n e(foyr,u) =S " =T
. 2Py, J=n
2P2n J=n-++ 1 .
. 0 i>n
0 j>n+1

2.7.2. Conclusion of the proof.

Proof of Theorem [11. Recall that we have reduced the proof of the theorem to the proof of
formulas (2.9), (2I0). The former follows from Proposition 29 and formula ([2:24]). The latter,
which is relative to Dy, is obtained using also ([2.33)). O

Proof of Theorem [LA. Given an element a € R' set @ equal to its image in M := R /(RT)2.
Take the usual set of homogeneous generating invariants 11, ..., € RT of degrees d; = m;+1.

We have already seen that 1; o zﬂj :=1; 01); is well defined. Assume g not of type Dy,. Then
our claim will follow if we show that 1); o ¢; # 0 if and only if m; +m; — 1 is an exponent.
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The fact that v; O% =0if m; +m; —1is not an exponent is clear since M does not contain
elements of degree m; +m; = deg(zp, o 1/}])

When m; + m; — 1 is an exponent, the explicit analysis of the classical cases performed
above shows that Q/JZ o zp] is actually non zero, hence a multlple of the corresponding generator
of degree m; + m;. The statement of Theorem in type Da, follows by using formulas
(2.34)-@2.36).

As for the exceptional cases, remark that the cases of Go and Fj are an immediate conse-
quence of Proposition

It remains to discuss the case of algebras of type E. Let us now consider in each of the
types Eg, Er, Eg, the equation p(w, z,y) of the corresponding simple surface singularities (see
[19]). For convenience of the reader let us recall that they are

w® 4+ 23 + ' for type Eg,
w? + z(z* +y)  for type Er,
w? 4+ 23 +9°  for type Eg.
Take the algebra Q = Clz,y]/(pz, py)-

Let us first point out a few simple facts about ) which are readily verified. @ is a local
algebra with maximal ideal m = (z,y). By suitably choosing the degrees of the variables
w,x,y, p becomes in each case, a homogeneous polynomial of degree equal to the Coxeter
number h. It follows that @Q is graded. An easy computation shows that ) has Poincaré
polynomial given by >°1_ ¢™i~1,

Consider now the operator .S on ) which, for any homogeneous element ¢ € @, is given by
degq + 2

ol
By Corollary 2 in [10] there is an isomorphism ¥ : M — @ such that
(1) If a € M is homogeneous then

deg(¥(a)) = deg(a) — 2.

Sq =

(2) For any a,b € M,
W(aob)=S(W(a)w(b)).

From this our claim follows by a straightforward case by case analysis.
O

Proof of Propositions [[.2, [I-3. Formulas ([2.22)) and (2:23]) show that the u’s and the f’s gen-
erate isotropic subspaces.

Let us now pass to the determination of e(f;, u;). Combining Theorem 10 and formula
([222]) we obtain that everything follows from Theorem O

2.8. Classical groups. If G is a classical group one can take a different approach. Let V'
be the defining representation of G, so that g = Lie(G) is a subalgebra of End(V'), which
decomposes as End(V) = g @ p where in case A, the space p is the 1-dimensional trivial
representation, while in the other cases it is the space of symmetric matrices for the corre-
sponding involution, in all cases an irreducible representation. It is convenient to study the
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associative invariant algebra, i.e. the algebra of G—equivariant maps
(2.39) Ag = (/\ End(V)* ® End(V))“.
Then one can analyze inside Ag the super Lie subalgebra (A g*®@g)%
is discussed in [3].

In the natural basis {e;;} of matrices with coordinates x;; consider the element X € Agp(n)
(cf. [Z39), which is the generic Grassmann matriv X = 33, | preps. Its power X¢ = X/
equals the standard polynomial S, computed in End(V'), hence in this language the Amitsur—
Levitzki Theorem, see [16], is the single identity X" = 0. In [3] the authors prove, among
other results, the following

. This among other topics

Theorem 2.18. The algebra Agrn) is generated by X and the elements tr(X%-h), i =
1,...,n. All these elements anticommute.
AgrL(n) 8 a free module with basis X*, i =0,...,2n — 1 over the Grassmann algebra in the
elements tr(X%~1), i =1,...,n — 1 and we have the two defining identities
n—1 ' '
(2.40) X2 =0, tr(X*7h) ==Y XH At (X0 Xl
i=1
As for the connection with (A g* ® g*)? = (A g* ® g)? where g = sl(n) we see immediately
that

Acrmy = (N\g @) @T.
Write X =Y + @ where tr(Y) = 0 and see that for a > 1 we have X?? = Y%, Hence

X?2¢ = Y2 isin (A g*®g)? while in the odd case we have that X2¢+1 — % isin (/A g*®g)°.
These are up no normalizations the elements f;, u; defined in §2.2]in the present case. Clearly
the defining identities (Z:40)) which describe the associative algebra also allow us to compute
all the relations for the Lie algebra case.

The other classical groups can be treated in a similar way: an investigation in this direction
has been started in [8] (cf. Section [)).

3. PrRoOOF OF THEOREM [1.4]

3.1. The relations. In order to complete the description of A as module over I" we only need
to express the elements P. A u; and P, A f; in our given basis.
Consider the relation for u;; we have

(31) PT/\ui:ZHj/\uj+ZKj/\fj7
j=1 j=1
where Hj, K; € A(Pi,...,P,—1). Applying the differential 6 ® 1 we get
(3.2) Pr/\fi:ZHj/\fj‘
j=1

Thus the relation for f; involves only f;’s. Also we have that the relation is homogeneous.



16 CORRADO DE CONCINI PAOLO PAPI CLAUDIO PROCESI

For each j, taking the scalar product with w,_;;1, we have
PrNe(fisur—j1) = Hy Ae(fiur—jyn) + Y Hy Ae(fntir—jt1)
h#j

= Hj VAN CjPr + ZHh VAN e(fh,ur_jﬂ).
h#j

Since the terms Zh# Hy, N e(fn,tur—j+1) do not involve P, we must have

> Hy Ae(fryur—jir) =0,
h#j
(3.3) — e(fi, ur_j+1) NP, = Hj VAN CjPr

If i # j, we have that e(f;, ur—jy1) is not a multiple of P. and we deduce that

e(fisur—j11) = —c; Hj.
If i = j, we deduce H; = 0, so finally ([8.2)) becomes
(3-4) P/\fz+zc fuur j+1)/\fj_0
i#]

Since e(fi, ur—i+1) = ¢;P;, formula (34) is indeed formula (L3]), as required. We go back to
formula ([B.1]), which we now write:

(3.5) P.ANu; = — Zc e(fi, ur—jy1) /\u]—i—ZK A fi.

7=1

Take the scalar product of both sides of (B with u,_;1;. We get

P, /\e(uzyur j+1 Zc_l fuur j+1)/\e(u]7u7“ —j+1 +ZK /\e f]vuT ]+1)
Jj=1 Jj=1

Since e(up,ur) = 0, we deduce that
Kj; A e(fj,ur_j+1) + Z K A e(fi,’LLT_j_i_l) =0
i, i
which in turn, by (Z3]), becomes
CjKj AP, + Z K; A e(fi,ur_jﬂ) =0.
1,177

We claim that all K; are zero. In fact, the only product containing P, is ¢; K; A P,.. On the
other hand, it is clear that each element of I" can be written in a unique way in the form

a+bA P, with a,b € \(P1,...,P—1). We deduce that K; = 0 for each j, and the proof of
Theorem [I.4] is completed.
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4. FINAL REMARKS

In view of Theorem [I.1] it is natural to ask whether, for some other irreducible representa-
tion L of g, the space of covariants of type L

Ap :=homg(L, /\g*)

is free over A\(p1,...,pr—1) of predictable rank. In [7] it is shown that the techniques and the
outline of proof of Theorem [[LT] can be enhanced to prove that Ay is free over A(p1,...,pr—1)
of rank 2dim Ly (L being the 0-weight space of L), in the following two cases:

e [ is the little adjoint representation of g (i.e., the irreducible representation with
highest weight the highest short root);

e gis of type A,_1 and L = S™(V) is the n-th symmetric power of the defining repre-
sentation V or L = S™(V)*.

Another related question is the study of covariants of (indecomposable) infinitesimal sym-
metric spaces g = £ @ p, more precisely of the spaces (g ® A p*)t, under the assumption that
(A p*)t is an exterior algebra (say on r generators). This can be successfully pursued in the
classical cases using the associative superalgebra structure of ([Z339) as in Subsection 2.8 The
final outcome, proved by Dolce in [§] when g is simple, is that (g ® A p*)t is free of rank 4r
over the exterior algebra generated by the r — 1 invariants of degree less then the maximal
one. Notice that our Theorem [L.1] fits into this picture by considering as g two copies of a
simple Lie algebra switched by the flip involution.

5. APPENDIX

Formulas for invariants of exceptional groups can be found in several places, except case
Eg for which there are computer programs but no clear references. A possible method of
computation that we partly followed appears in a paper of Lee [14]. We assume we are in a
case in which the exponents are all distinct. Let h and W be as usual. For a € h* and m € N
define

weW weW

Lemma 5.1. Given an exponent m; the set of a for which pm,+1(a) is a generator is a non—
empty open Zariski set.

Proof. The elements a™ generate linearly the symmetric power S™(h*) and the operator z —
/W13 ew w(z) is the projection on the invariants therefore it is not possible that for all
a € b* the element p,,(a) = >, i w(a™) is not a generator. O

Let now m; be an exponent and I, +1, I, +1 be the space of invariants of degree m; + 1
and the subspace of decomposable ones, respectively. Thus dim(Z,,+1/ fmi+1) = 1. Let
7 ¢ Imys1 — Imy41/ Imy+1 be the projection. We thus have a map a — 7(pm,+1(a)) which,
trivializing the quotient, we think of as an invariant Q;(a).

Theorem 5.2. An element a € h* is such that the set {pm,+1(a) | 1 < i <71} is a system of
generators if and only if Q;(a) # 0 for every i.
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Proof. The condition is tautological but it has an interesting interpretation. The fact that
these elements are generators is equivalent to ask that the determinant of the associated
Jacobian matrix J(a) is non—zero. This determinant, as function of a is non-—zero by the
previous lemma. By degree and symmetry considerations we deduce that it is a multiple,
dependent on a, of the Weyl denominator [],ca+ . This multiple, as a function of a, is

s
I] Qi(a) (up to a constant). Hence
i=1

J(a) = HQ,-(CL) H a.

acAt

O

In practice the previous Theorem is hard to use, so we will proceed in a different way. We
compute only the first three invariants, choosing a in the simplest possible way and using
the previous formula. Then compute the remaining ones by applying the construction u o v
which, by Theorem [[L5] will provide all the remaining generators (recall that the algebra @ is
generated by the two homogeneous elements z,y in all cases).

In order to check that the three invariants we have found are indeed generators, it is
enough to show that they are not decomposable. This can be verified by choosing a suitable
monomial which never appears in the decomposable invariants of that degree and showing
that the invariant we found has non—zero coefficient for that monomial. This is quite easy and
we verified it for our choices.

5.1. Exceptional groups. Recall the exponents of exceptional groups.

Type Exponents h
Eg 1,4,5,7, 8,11 12
Ey 1,5,7,9,11, 13, 17 18
Eg 1, 7,11, 13, 17, 19, 23, 29 30
Fy 1,5, 7,11 12
Go 1,5 6

Table 1: exponents for the exceptional types.

In Go, Fy there are no particular normalizations involved. For Fy it is enough to define the
invariant of degree 12 from the scalar product of those of degree 6, 8.

In this section we usually will write A; for an invariant of the root system of degree ¢ and
implicitly for the corresponding invariant in S(g*). The invariant of degree 2 will always be
taken to correspond to the Killing form. Then, by the definition of the composition a o b =
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(da, db) between invariants, we have that
A2 ®) Az == ZZAZ,\V/Z
When we pass to the corresponding elements P; = t(A;), the element t(As) is denoted by P;

and has degree 3; formula (Z21]) implies e(uq, f;) = t(AZZi.OAi) = 2P,;. If we wish to have value
1 for the constants c;; it is enough to let A correspond to half the Killing form.

5.2. A sketch of the computations. In cases Eg, E7 we are computing, on a space of
dimension n = 6,7 and coordinates x1,...,x,, the scalar product of invariants written as
n

polynomials in the power sums p; = ZE; Therefore the scalar product of two such in-
j=1
da 0Ob (
“J 9p; Op;
(dzp,dzy). In each case the quadratic function expressing the scalar product

0
al‘i ’ al‘j )
al, 4+ bM,, where M, is the n x n matrix with all entries equal to 1, hence M,zl = nM,,. The
matrix of the scalar products (dx;, dx;) is

variants a,b is > dp;,dpj), so it is necessary to compute a priori (dp;,dp;) =

Op; Op;
Zh’k 8:Eh 8:Ek

is of the form apy + bp?. This means that the matrix of the scalar products ( is

(al, +bM,)" ' =a7t(1, — 2(1 - b;n)_an)
(al, +bM,) "' = a1 (1, — bla + bn) " M,).

In the two cases we have

respectively, so that

2ij .

2 (pitj—2 — §Pi—1Dj—1) in type Eg,
biopj =

Y (pitj—2 — $Pi-1Pj—-1) in type E7.

8
In case Fg we have that the scalar product is p2 = 3 2?. The invariants are polynomials
i=1

in the power sums po;, i = 1,...,7 and the Pfaffian: P = H?:l x;, hence (cf. (231])):
Piopj =ijpivj—2, PpioP =ipi1P,

PoP =sy(af,....a8) = somPs — 2ipPaPe + 25P3PT — fgP2pi + 73PaP6 — 15P3PaDG
+ ipipﬁ + %mp(za - ipgps + %p2p4p8 - %pb‘ps + 1—101752910 - %mplo - %pzpm + %pm-

With these formulas and the expressions of the basic invariants given below all computations
can be easily reproduced.

Formulas for Eg. In this case the Weyl group contains the symmetric group Sg as Weyl
group of a root subsystem of type As, and the restriction of the reflection representation to Sg
can be identified to the 6-dimensional permutation representation. Therefore we can express
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the Ejg invariants as polynomials in symmetric functions; we will use the power sums p;. In
[9] the invariants are expressed through elementary symmetric functions. Changing variables
we obtain for the invariants of degrees 2,5,6 the following polynomials

P

As =5pt — 6pips + Zpip3 + Lpips — Lpops — Lpips + Lps

Ag =290 — Lpips — ZBpips + Z2p5 + 270p1paps — 135p3 + 132pips — Ppopy
— 324p1ps + 324pg

Recall that write A & B when two invariants are congruent modulo (R*)?. Computing the
scalar products of these basic invariants we define

As:=As0 A5 Ag:=A50As, Aig:= As0 Ay

and we have
8A5 o Ag = 9A6 o Ag

The corresponding constants d; ; are given in in the following table.

5 6 89
5011 0 1
6|1 0 30
810 8 00
9[1 0 0 0

Table 2: coefficients d;; for Fg.

Formulas for E7. In this case the Weyl group contains the symmetric group S7 as Weyl group
of a root subsystem of type Ag, and the restriction of the reflection representation to S7 can
be identified to the 7-dimensional permutation representation. Therefore we can express the
Eg invariants as polynomials in symmetric functions; we will use the power sums p;. In [9] the
invariants are expressed through elementary symmetric functions. We perform the change of
variables obtaining for the invariants of degrees 2,6,8. One can normalize the two invariants
of degrees 6,8 so that:
Ay =p} + 2ps
As =% (p — 12pips + 36pTp3 — 6p3 + 40pTps — 120p1paps + 40p3 — 60pTps + 60papat
144p1ps5 — 96pg)
Ag =7 (P} + 224pTp> — 1680p1p5 + 840pip; + 420p; — 1568pips + 12320 paps—
12320p3p3 — 4480p2p3 + 5040pTps — 18480p3 paps — 3360p3ps + 20160p1 p3ps—

1680p3 — 18816p3p5 + 12096p1 paps + 2688p3ps + 33600p3 pe + 6720paps — 34560p1 pr)
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We have normalized the invariants Ao, Ag, Ag so that, computing the scalar products of these
basic invariants, we get

Aqg := Ag o Ag, A1 1= Ag o Ag, A14 := Ag o A1 = Ago Ag, A1z := Ago A1y

and we verify that
6A18 = TAg o Ara, 5A18 = TA19 0 Aro

The constants d; ; are given in in the following table.

6 8 10 12 14

o
—
—
o
(=
o

10010 2 0 0

1210

~o
o
o
o

1471 0 0 0 O

Table 3: coefficients d;; for Fr.

Formulas for Eg : The extended diagram of Fg contains a subdiagram of type Dg, so we
can write the invariants of Eg as polynomials in the invariants of Dg, which are generated by
poi, ¢ =1,...,7 and by the Pfaffian P.

We have computed the invariants Ag, Ao of degree 8 and 12 by the method of Lee [14]
and the others by taking the scalar products (da, db) starting from these two invariants. The
resulting invariants are generators by a simple inspection of their leading terms.

Ag =po
Ag = — 10080P — 105p2p4 + 105p7 + 168paps — 180ps
Ay = — 103950Pp3 + 1939516 | 41580 Pp, — 24754, 4 BL9T5))2,2 _ 57758
+ 3465p3ps — 6930papaps + 27723 — 25345 paps + 3% pps + 8316papio — T560p12

We have the following relations:
Ago (Ago App) = 2(Ag 0 Ag) o Ay
(AgoAg)o(AgoAp) = §As0((AgoAg)o Arz), Azo(Ago(AsoAs)) = gAso((AsoAg)oAr),

that is the invariant of order 24 computed in two different ways gives two different values
(modulo squares) as well as the invariant of order 30 computed in three different ways.
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Set
Ayy = Ag o As,
Aug == Ag o Ay,
Agg = Ag o (Ag o Ag) = Ag o Ay,
Agy = (Ag o Ag) o A1z = Ajp 0 Ayy,
Agp := Ag o ((Ag o Ag) o Aj9)
so that

3 5
Ajg0 A1g = 1 A30, Ao Arp = ZAs0.

We deduce the matrix of the constants d; ;, which is displayed in the following table.

8§ 12 14 18 20 24

9
g1 1 1 2 o0 1
12010 1 0 2 0
41 1 0 2 0 0

812 0 2 0 0 0

2010

(e[}
[en}
[en}
[en}
[en}

2411 0 0 0 0 O

Table 4: coefficients d;; for Fy.

A full list of the invariants and the code to compute them is available in [6].

(1]
2]
3]
(4]

[5]
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