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Abstract.  The multiplicity free spaces with a one dimensional quotient were
introduced by Thierry Levasseur in [12]. Recently, the author has shown that
the algebra of differential operators on such spaces which are invariant under
the semi-simple part of the group is a Smith algebra ([18]). We give here
the classification of these spaces which are indecomposable, up to geometric
equivalence. We also investigate whether or not these spaces are regular or of
parabolic type as a prehomogeneous vector space.
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1. Introduction

A multiplicity free space is a representation of a connected reductive group G on
a finite dimensional vector space V' (everything is defined over C) such that every
irreducible representation of G appears at most once in the associated representa-
tion of G on the space C[V] of polynomials on V' (see Section 2 for details). For
a survey on multiplicity free spaces we refer to [1]. Multiplicity free spaces, which
were introduced by V. Kac in [7], play now an important role in invariant theory
and harmonic analysis (see for example [5], [6], [10], the references in [1], see also [9]
for a more general concept). Various characterizations of multiplicity free spaces,
which are summarized in Theorem 2.6 below, were obtained by Vinberg-Kimelfeld
([24]), Howe-Umeda ([6]), Knop ([10]). A corollary of these characterizations is
that a multiplicity free space is always a prehomogeneous space (in fact even under
a Borel subgroup). This is the reason why prehomogeneous vector spaces occur
so often in this paper. The classification of multiplicity free spaces was achieved
independently by Benson-Ratcliff ([2]) and Leahy ([11]) after partial classifications
by Brion ([4]) and Kac ([7]).

In this paper we are interested in a specific family of multiplicity free
spaces, the so-called multiplicity free spaces with a one dimensional quotient which
were introduced by T. Levasseur in [12]. This means roughly speaking that the
categorical quotient V//G’ has dimension one, where G’ is the semi-simple part of
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G (see Definition 2.7 below). In his paper T. Levasseur proves that if (G,V) is a
multiplicity free space with a one dimensional quotient, then the radial component
of the (non-commutative) algebra D(V)¢ of G’-invariant differential operators is
a Smith algebra over C. In a recent paper ([18]) we showed that the full algebra
D(V)%" is a Smith algebra over its center, which is a polynomial algebra.

The purpose of this paper is to give the complete classification of all multi-
plicity free spaces with a one dimensional quotient, including irreducible and non
irreducible representations. Our classification is obtained up to geometric equiva-
lence, which is the natural equivalence relation among multiplicity free spaces. It
is worthwhile noticing that the list of irreducibles already appears in [12]. More-
over our investigations lead in all cases (irreducibles and non irreducibles) to some
extra informations like parabolicity, regularity, and explicit fundamental relative
invariants of the underlying prehomogeneous vector spaces.

In section 2 we recall general facts about multiplicity free space. We give
first a brief account of the theory of prehomogeneous vector spaces (2.1) and also
recall the definition of parabolic type prehomogeneous spaces (2.2), including their
weighted Dynkin diagrams which encode many informations (see Definition 2.2 and
Remark 2.3). General definitions and results about multiplicity free spaces can be
found in 2.3. and 2.4. In 2.5, as an example, we describe an important family
of irreducible multiplicity free space with a one dimensional quotient, namely the
irreducible regular prehomogeneous vector spaces of commutative parabolic type.

Section 3 contains the main result, the classification theorem of the mul-
tiplicity free spaces with a one dimensional quotient (Theorem 3.3). The corre-
sponding lists (Tables 2 and 3) take place at the end of the paper.

Section 4 is devoted to the proof of Theorem 3.3. The proof uses case by
case examinations from the list by Benson and Ratcliff ([2]) and some tools from
the theory of prehomogeneous vector spaces.

Notations: In this paper we will denote by GL(n), SL(n), SO(n) the
general linear group , the special linear group, the special orthogonal group of
complex matrices of size n respectively. As usual we will denote by Sp(n) the
symplectic group of 2n x 2n complex matrices. We will also denote by gl(n),
sl(n), o(n), sp(n) the corresponding Lie algebras. The vector space of m x n
complex matrices will be denoted by M,, ,,, and the space of square n X n matrices
will be denoted by M,,. Finally Sym(n) will denote the space of n x n symmetric
matrices and AS(n) will denote the space of skew symmetric matrices. If n is
even and if z € AS(n), then Pf(x) stands for the pfaffian of the matrix z.

2. Multiplicity free spaces. Basic definitions and properties

2.1. Prehomogeneous Vector Spaces.

Let G be a connected algebraic group over C, and let (G, p, V') be a rational
representation of G' on the (finite dimensional) vector space V. Then the triplet
(G, p,V) is called a prehomogeneous vector space (abbreviated to PV') if the action
of G on V has a Zariski open orbit 2 € V. For the general theory of PV'’s, we
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refer the reader to the book of Kimura [8] or to [21]. The elements in Q are called
generic. The PV is said to be irreducible if the corresponding representation is
irreducible. The singular set S of (G, p,V) is defined by S =V \ 2. Elements in
S are called singular. If no confusion can arise we often simply denote the PV by
(G, V). We will also write g.z instead of p(g)x, for g € G and = € V. It is easy
to see that the condition for a rational representation (G, p,V) to be a PV is in
fact an infinitesimal condition. More precisely let g be the Lie algebra of G' and
let dp be the derived representation of p. Then (G, p,V) is a PV if and only if
there exists v € V' such that the map:

g — V
X — dp(X)v

is surjective (we will often write X.v instead of dp(X)v). Therefore we will call
(g,V) a PV if the preceding condition is satisfied.

Let (G,V) be a PV. A rational function f on V is called a relative
invariant of (G, V') if there exists a rational character x of G such that f(g.x) =
X(g)f(z) for g € G and = € V. From the existence of an open orbit it is easy
to see that a character x which is trivial on the isotropy subgroup of an element
x € ) determines a unique relative invariant P,. Let Si,Ss,...,S; denote the
irreducible components of codimension one of the singular set S. Then there
exist irreducible polynomials Py, Ps, ..., P, such that S; = {x € V| Pi(x) = 0}.
The P;’s are unique up to nonzero constants. It can be proved that the P;’s
are relative invariants of (G,V) and any nonzero relative invariant f can be
written in a unique way f = cP{"Py*... P, where n, € Z and ¢ € C* .
The polynomials Py, P, ..., P, are called the fundamental relative invariants of
(G,V). Moreover if the representation (G,V) is irreducible then there exists at
most one irreducible polynomial (up to multiplication by a non zero constant)
which is relatively invariant.

The prehomogeneous vector space (G, V) is called reqular if there exists a
relative invariant polynomial P whose Hessian Hp(z) is nonzero on 2. If G is
reductive, then (G, V) is regular if and only if the singular set S is a hypersurface,
or if and only if the isotropy subgroup of a generic point is reductive. If the PV
(G,V) is regular, then the contragredient representation (G,V*) is again a PV .
Regular PV'’s are of particular interest, due to the zeta functions that one can
associate to their real forms ([22]).

Remark 2.1.  Let us mention a well known Lemma from the Theory of PV'’s,
which will be used in section 4. If (G,V) is a PV, and if X, is a generic point,
then the characters arising as characters of relative invariants are the characters
of the quotient group G/H where H is the normal subgroup of G generated by
the derived group [G, G| and the generic isotropy subgroup Gy,. This group does
not depend on Xj. For details, see [8], Proposition 2.12. p.28.

2.2. PV’s of parabolic type.
A PV (G,V) is called reductive if the group G is reductive. Among
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the reductive PV'’s there is a family of particular interest, the so-called PV'’s
of parabolic type. Let g be a simple Lie algebra over C. Let h be a Cartan
subalgebra of g, and let ¥ be the root system of (g, ). We fix once and for all a
system of simple roots ¥ for . We denote by X1 (resp. ¥7) the corresponding
set of positive (resp. negative) roots in ¥. Let 6 be a subset of U and let us
make the standard construction of the parabolic subalgebra pg C g associated to
0. As usual we denote by () the set of all roots which are linear combinations of
elements in 6, and put (6)* = (§) N T*. Set

ho =0 ={X €h|a(X)=0 Ya € 0},
[ozﬁg(ho) =ho Z g%,

a€e(f)

=y,

acnE\(9)*

Then pg = lp & ny is the standard parabolic subalgebra associated to 6. There is
also a standard Z-grading of g related to these data. Define Hy to be the unique
element of hy satisfying the linear equations

a(Hp) =0 Yaefh and «a(Hy) =2 Vaec V).

The above mentioned grading is just the grading obtained from the eigenspace
decomposition of ad Hy:

dp(0) = {X € g|[Ho, X] = 2pX}.

Then we obtain easily:

g = Bpezdp(0), ly=do(0), nj = de(e), ny = Z dp(0).

p=1 p<-—1

It is known (using a result of Vinberg [23]) that (lp,d;(0)) is a prehomogeneous
vector space. In fact all the spaces (lp, d,(#)) with p # 0 are prehomogeneous, but
there is no loss of generality if we only consider (I, di(0)). These spaces have been
called prehomogeneous vector spaces of parabolic type ([14]). They are in general
neither irreducible nor regular. But they are of particular interest, because in the
parabolic context, the group (or more precisely its Lie algebra ly) and the space
(here d;(0)) of the PV are embedded into a rich structure, namely the simple Lie
algebra g. For example the derived representation of the PV is just the adjoint
representation of lp on dy(f). Moreover the Lie algebra g also contains the dual
PV, namely (ly,d_1(0)).

There is an easy criterion to decide wether or not an irreducible PV of
parabolic type is regular and in fact most of the reduced irreducible reductive
regular PV’s from Sato-Kimura list are of parabolic type (for details we refer to
[15],[16] and [17]).

As these PV'’s are in one to one correspondence with the subsets 6§ C ¥,
we will describe them by means of the following weighted Dynkin diagram:
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Definition 2.2.  The diagram of the PV (lp,d1(0)) is the Dynkin diagram of
(g,h) (or ¥ ) where the vertices corresponding to the simple roots of ¥\ # are
circled (see an example below).

This very simple classification by means of diagrams contains nevertheless
some immediate and interesting information concerning the PV (I, d;(6)) (for all
these facts, see [14], [15], [16] or [17]):

Remark 2.3. a) The Dynkin diagram of [ = [ly, ls] (i.e. the semi-simple part
of the Lie algebra of the group) is the Dynkin diagram of g where we have removed
the circled vertices and the edges connected to these vertices.

b) In fact as a Lie algebra [y = I ® by and dim by = the number of circled
vertices.

¢) The number of irreducible components of the representation (ly, dy(6))
is also equal to the number of circled roots, and hence the parabolic PV (lp, dy(6))
is irreducible if and only if py is maximal. More precisely, if « is a (simple) circled
root, then any nonzero root vector X, € g¢ generates an irreducible [p-module
Vi, and di(0) = @acw\oVa is the decomposition of d;(f) into irreducibles.

The decomposition of the representation (lp,d;(#)) into irreducibles can
also be described by using the eigenspace decomposition with respect to ad(hg),
as we will explain now. For each a € h*, let @ be the restriction of a to hy and
define

o" = {X € g|VH € by, [H, X] = a(H)X}.
Then ¢g° = Iy and for @ € ¥ \ 0, we have V,, = g*. Hence we can write
di(0) = Daecw\08”.

Moreover one can notice (always for o € ¥\ 0) that V, = g*=>_ Beos g°,
where of is the set of roots which belong to o + span(6).

d) One can also directly read the highest weight of V, from the dia-
gram. The highest weight of V, relatively to the negative Borel sub-algebra b, =
h D Zaew), g% is @ = q, . Let wg (B € 0) be the fundamental weights of [
(i.e. the dual basis of (Hg)pep). For each circled root a (i.e. for each a € U\ 9),
let J, = {(B;)} be the set of roots in 6 (= non-circled) which are connected to «
in the diagram. From elementary diagram considerations we know that J, may
be empty and that there are always no more than 3 roots in J,.

If J, =0, then V, is the trivial one dimensional representation of [y.

If J, # 0, then the highest weight @ of V,, is given by @ = > ics. CiW
where ¢; = a(Hp,) and where a(Hp,) can be computed as follows:

(R) ¢ if ||a|| > ||Bi]| and if & and f; are connected by j arrows (1 < j < 3),
then a(Hg,) = —j .

Let us illustrate this with an example.

Example 2.4. Consider the following diagram:
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@ oo o o o—<® Cr
ar B Bo B3 B PBs o

This diagram is the diagram of a PV of parabolic type inside g ~ sp(7) ~
C;. The Lie algebra [y is isomorphic to As @ hy =~ sl(6) & hy where dimby =
number of circled roots = 2. There are two irreducible components V,, and
Va,, and the highest weight of (As,V,,) (resp. (As, Va,)) relatively to the Borel
subalgebra b, is w; (resp. 2wj; ), where w; (i=1,...,5) are the fundamental weights
of Ay corresponding respectively to (1,..., 5.

2.3. Multiplicity free spaces.

For the results concerning multiplicity free spaces we refer the reader to the
survey by Benson and Ratcliff ([1]) or to [10] . Let (G,V) be a finite dimensional
rational representation of a connected reductive algebraic group G. Let C[V] be
the algebra of polynomials on V. Then G acts on C[V] by

g.p(x) =p(g'z) (g€ G, peC[V]).

As the space C[V]™ of homogeneous polynomials of degree n is stable under this
action, the representation (G, C[V]) is completely reducible. Let D(V) be the
algebra of differential operators with polynomial coefficients. The group G acts
also on D(V') by

(9.D)(¢) = g.(D(g" ")) (9€G.DeDV),¢eC[V]).

Definition 2.5. Let G be a connected reductive algebraic group, and let V' be
the space of a finite dimensional (complex) rational representation of G. The rep-
resentation (G, V) is said to be multiplicity free if each irreducible representation
of G occurs at most once in the representation (G, C[V]).

From now on ”multiplicity-free” will be abbreviated to ” M F”.
Let us give some results concerning M F spaces (see [1], [6], [10]):

Theorem 2.6.

1) A finite dimensional representation (G,V') is MF if and only if (B, V)
is a prehomogeneous vector space for any Borel subgroup B of G (and hence each
MF space (G,V) is a PV').

2) A finite dimensional representation (G,V) is MF if and only if the
algebra D(V)Y of invariant differential operators with polynomial coefficients is
commutative.

3) If (G,V) is a MF space, then the dual space (G,V*) is also MF. More
generally if (G,W @ V) is a representation of G where W and V are G -stable,
then (G,W @& V) is MF if and only if (G,W & V™) is MF.

Proof.  (Indications) Part 1) is due to Vinberg and Kimelfeld ([24]), another
proof can be found in [10]. Part 2) is due to Howe and Umeda ([6], Proposition
7.1). The first assertion of Part 3), also noted in [6], is a consequence of the
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G-equivariant isomorphism C'[V*] ~ (C[V])*. The second assertion of 3) is
Corollary 3.3 in [11]. n

Note that the commutativity of D(V)¢ for a MF space is just a conse-
quence of the definition, since we have a simultaneaous diagonalization of all the
operators in D(V)¢.

If (G,V) is a MF space, and if B is a Borel subgroup of G, then, as
we have seen (G,V) and (B,V) are prehomogeneous spaces. Let us denote
by Ag, Ay, ..., Ag, ..., A, the fundamental relative invariants of the PV (B,V),
indexed in such a way that Ag, Aq,..., Ay are the relative invariants of the PV
(G, V) and such that the other invariants are ordered by decreasing degree. It is
worthwhile noticing that at least A, is of degree one as the highest weight vectors
of the irreducible components of V* must occur. The nonnegative integer r + 1

(= the number of fundamental relative invariants under B) is called the rank of
the MF space (G,V).

2.4. Multiplicity free spaces with a one dimensional quotient.
Let us now define the main objects this paper deals with.

Definition 2.7.  (T. Levasseur [12])

1) A prehomogeneous vector space (G, V) is said to be of rank one ! if there
exists an homogeneous polynomial Ay on V such that Ay ¢ C[V]¢ and such that
C[V]¢ = ClA].

2) A multiplicity free space (G,V) is said to have a one-dimensional quo-
tient if it is a PV of rank one. (This implies that the categorical quotient V//G’
has dimension 1.)

Although the following result is implicit in [12] we provide a proof here.

Proposition 2.8. If (G,V) is a PV of rank one, then the polynomial Aq is
the unique fundamental relative invariant of (G,V). More precisely a PV (G, V)
18 of rank one if and only if it has a unique fundamental relative invariant.

Proof. = We can write G = G'C where G' = |G, G] is the derived group of G
and where C' = Z(G)° ~ (C*)P is the connected component of the center of G'. Let
g € C. Then Ay(g~ ') is again G'-invariant. As C[V]% = C[Aq] and as Ay(g~ ')
has the same degree as Ay we obtain that Ag(g~'z) = x(g)Ag(z) with x(g) € C*.
Therefore Aq is a relative invariant. Suppose that Ay is not irreducible. Then
Ao = Py ... P,,, where the polynomials P, are irreducible relative invariants and
0°(P;) < 0°(Ag) (where 0°(P) denotes the degree of the polynomial P). We
should have P; € C[Ag], which is impossible. Hence A, is irreducible. If f is
another fundamental relative invariant then we would have f € C[A(] which is
impossible.

Tt is worth noticing that if (G, V) is multiplicity free, then its rank as a PV is not at all the
same as its rank as a M F' space.
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It remains to prove that if a PV (G, V) has a unique fundamental relative
invariant Ay then it is of rank one. As A, is non constant we have of course that
Ao ¢ C[V]9. Let P C[V]|Y. If P=Py+ P, +---+ P,, whith 9°(P)) =1, then
each P; is G'-invariant. Therefore we can suppose that P has fixed degree n (i.e.
P e C[VI¥ nC[V]).

Let

C[V]n - é M;

be the decomposition of C[V]" into G'-isotypic components. We suppose that M
is the isotypic component of the trivial G’-module (M, = C[V]¢ NC[V]"). Hence
P e My. As G =CG’, the group G stabilizes each M;. Therefore we can write

My = P M,

where the G-isotypic components M, of M, are indexed by characters x of G
and given by

My, ={p € My|p(z""z) = x(2)p(x),Vz € C,x € V}.

Hence P =) P,, P, € M,,andfor z € C,¢ € G’ and x € V we have P, (z¢'z) =
X H2)Py(¢'z) = x ' (2)Py(x). Therefore each P, is a relative invariant. But
(G, V) has a unique fundamental relative invariant namely A,. Hence P, = ¢, A}
(¢, € C). The exponent j does not depend on y, since all the P, ’s have the same
degree. Therefore all the characters y are the same, namely y = )\6 where \g
is the character of Ay. This implies that My = MA%? and that P = cA%. Hence

C[V]? = C[A,)]. .

The following result gives a criterion to decide whether or not a PV has
rank one. It will be useful in section 4 for the classification of the M FE spaces
with a one dimensional quotient.

Proposition 2.9. Let G be a connected algebraic group and let (G,V) be a
PV . We suppose that V.= Vi & Vo where Vi and Vo, are G-stable subspaces,
and that (G, V1) is a rank one PV . Let (xg,y0) be a generic element in V', with
xg € Vi and yo € Vo. Let G,, be the isotropy subgroup of xo. We suppose also
that the prehomogeneous vector space (Gy,, Va) has no nontrivial relative invariant
(this property does not depend on the choice of (xg,yo)). Then (G,V) is a rank
one PV .

Proof.  For the fact that (G, V2) is a PV and that yo is generic for this PV
we refer to [19]. As (G, V}) is a rank one PV it has a unique fundamental relative
invariant f(z) by Proposition 2.8. Define Ay(x,y) = f(z) (z € Vi,y € V2). Then,
as it is irreducible, Ag(z,y) is a fundamental relative invariant of (G,V). Let
o(z,y) be a fundamental relative invariant of (G,V') and consider the function
y — @(x0,y). For g € Gy, we have p(gro, gy) = (70, 9y) = X, (9)¢(0, V).
Hence y —— @(z0,y) is a relative invariant of (G, V2). But by hypothesis
(Gyy, Vo) has no nontrivial relative invariant, hence for all y € V5, we have
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o(zo,y) = ¥(zo) (constant with respect to y). But as this is true for any generic
xo € V1, we obtain that p(x,y) = ¢(z) , for all x € V; and all y € V5. In other
words ¢ does only depend on the = variable. As ¢ is irreducible, so is also ¢. And
1 is then a relative invariant of (G, V}), hence ¥ = ¢f (¢ € C), or equivalently
o(x,y)=cAy(x,y).Then Proposition 2.8 implies that (G, V') is a rank one PV. =

Notation: If (G,V) is a MF space with a one dimensional quotient, we
will sometimes say that (G,V) is QD1.

2.5. An example: the regular commutative PV’s of parabolic type.

Among the PV'’s of parabolic type there is a family, the so-called regular
commutative PV ’s of parabolic type, which are MF spaces with a one dimensional
quotient. We will give here a brief description of these objects. Notations and
conventions are the same as in section 2.2. The PV'’s of parabolic type we are
going to describe are irreducible. Therefore there is only one circled root which
we denote by ap (and then 0 = U\ {ap}). In this section we will impose the
extra condition that the coefficient of g in the highest root is 1. This implies
that d,(6) = {0} for p# 0,1, —1. Hence py = lp & dy(#), and the nilradical d;(6)
of pp is a commutative subalgebra. Therefore the spaces (lp,d1(0)) are called
commutative PV'’s of parabolic type. It is known that these PV'’s are all MF
spaces ([13]). By Proposition 2.8 those which have a one dimensional quotient
are exactly those which have a non trivial relative invariant. From [13] these are
also exactly those which are regular, and the list is given in Table 1 below. As
they are irreducible, and as the center of [y is one-dimensional, these spaces are
automatically indecomposable and saturated (see Definition 3.1 below).

Table 1
Regular PV’s of commutative parabolic type

g Ly di1(0)
Agn 1 o —@ et ._Q_. ......... o—e sl(n -+ 1) X g[(n + ].) Mn 1
" aq n+1 Q2pt1 ’
B, | @ —e—e—e-e—==e B, (n2>2)| g2n-1)xC C2n-1
On o —o—©0 ._.i© CTL g[<n) Sym(n)
D! o —o o o ./. D, (n>4) so(2n—2)xC Cc2n—2
Ne
D3 e o o o ._./© Do, (n > 2) gl(2n) AS(2n)
Ne
E; o—o—I—o—o—@ E; Fgx C C27
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3. The classification

Let us now explain the classification of M F' spaces with a one dimensional quo-
tient. We begin to describe briefly the classification of all M F spaces. Kac ([7])
determined all the cases where the representation (G, V) is irreducible. Brion ([4])
did the case where G’ = [G,G] is (almost) simple. Finally Benson-Ratcliff and
Leahy did the rest, independently ([1], [2],[11],[10]).

Definition 3.1.  (see [10] )

1) Two representations (G, p1, V1) and (Gs, p2, V2) are called geometrically
equivalent if there is an isomorphism @ : V; — V5, such that ®(p(G;))®! =
p2(Ga).

2) A representation (G,V) is called decomposable if it is geometrically
equivalent to a representation of the form (G; x Gy, Vi @ V3), where V; and V;
are non-zero. It is called indecomposable if it is not decomposable.

3) A representation (G,V) is called saturated if the dimension of the center
of p(G) is equal to the number of irreducible summands of V.

Remark 3.2.

The notion of geometric equivalence is quite natural, once one has remarked
that the notion of MF space depends only on p(G). Is is worthwhile pointing
out that any representation is geometrically equivalent to its dual representation
(see Theorem 2.6). Finally note that any representation can be made saturated
by adding a torus.

Theorem 3.3.  The complete list, up to geometric equivalence, of indecompos-
able saturated MF spaces with a one dimensional quotient is given by Table 2
(irreducibles) and Table 3 (non irreducibles) at the end of the paper.

Remark 3.4.
A MF space (G,V) can fail to be @D1 in one of three ways:
(a) (G',V) is MF (and hence C[V]% = C) or
(b) (G',V) is not MF but C[V]¢ =C or
(c) C[V]¢" has two or more generators (and hence also (G’,V) is not
MF).
Our paper, together with the lists in [2], [4], [7], [10], [11], shows the
following.

— The irreducible M F spaces (Section 4.1) which are not QD1 each
satisfy (a) except for example 4.1.8, which satisfies (b).

— The indecomposable non-irreducible M F spaces (Section 4.2) which
are not QD1 each satisfy (b) except for example 4.2.8 with n,m > 3 which
satisfies (a) and the following four examples which satisfy (c): example 4.2.8 with
n =m = 2, example 4.2.9 with n = 2, example 4.2.10 and example 4.2.12. These
last four have two dimensional quotients.
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4. Proof

This section is devoted to the proof of Theorem 3.3. The classification tables show
that indecomposable saturated M F' spaces are either irreducible (see for example
Table I p. 153 in [2]) or they have two irreducible summands (see Table II p.
154 in [2]). Using Proposition 2.8, we have only to decide whether or not a given
M F'-space has a unique fundamental invariant.

For the irreducible MF' spaces we have checked this by a case by case
computation. For the non-irreducible M F' spaces, we also check which one have
a one dimensional quotient by a case by case examination, using sometimes the
criterion given by Proposition 2.9.

We also indicate whether or not these spaces are regular or of parabolic
type as a prehomogeneous vector spaces.

4.1. Irreducible MF spaces.

As said above we examine case by case the M F' spaces occuring in Table
1 of the paper by Benson-Ratcliff ([2]). Of course the similar tables of Leahy
([11]) or of Knop ([10]) could have been used instead. Except that we explicitly
mention the center C*, we adopt the notations of Benson and Ratcliff. The
notations SL(n),SO(n), Sp(n) will not only stand for the groups but also for
the natural representation of the corresponding group on C", C", C?" respectively.
The notation S%(SL(n)) denotes the "natural” representation of SL(n) on the
space Sym(n) of symmetric matrices of size n, whereas A*(SL(n)) stands for the
"natural” representation of SL(n) on the space AS(n) of skew-symmetric matrices
of size n. Also (G5 stands for the 7-dimensional representation of G5, and Ejg
denotes the 27-dimensional representation of Fg. The notation H* denotes the
contragredient representation of the representation H and the notation H; ® Ho
denotes the tensor product of the corresponding representations of H; and Hj.

Recall also that we say that a M F' space is QD1 if it has a one dimensional
quotient.

4.1.1. SL(n) x C*(n > 1)

It is well known that, for n > 1, this representation has no non-trivial
relative invariant. For n = 1, the corresponding representation is C* acting on C,
which has obviously one fundamental relative invariant, and hence is QD1. It is
of commutative parabolic type, corresponding to the diagram @ . This is the case

m =mn =1 of 4.1.6. below. It is case A; in Table 1, and a particular case of (4)
in Table 2.

4.1.2. SO(n) x C*(n > 3).

It is well known that the natural representation of SO(n) x C* on C" has a
unique fundamental relative invariant, namely the nondegenerate quadratic form
Q. Therefore it is QD1. It is also well known that this space is a PV of commuta-

tive parabolic type, corresponding to the diagrams @ —e—o—e-.e—=>e¢ D,
ifn=2p+1 and ®@—e—o—o-- o—o/. D,y if n=2p.

e

This corresponds to case (1) in Table 2.
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4.1.3. Sp(n) x C*(n > 2).

This PV is of parabolic type (corresponding to the diagram
@®—eo—e.e—e—e). According to the table in ([15] or [17]) it has no non-
trivial relative invariant, hence it is not QD1.

4.1.4. S?(SL(n)) x C*(n > 2).

Up to geometric equivalence this is the representation of GL(n) on Sym(n)
given by ¢.X = gX'g (g € GL(n),X € Sym(n)). This PV is of commutative
parabolic type corresponding to the diagram e—e—e--.o—e—<@ ().

The unique fundamental relative invariant is the determinant, therefore it
is @D1. It corresponds to case (2) in Table 2.

4.1.5. A*(SL(n)) x C*(n > 4).
Up to geometric equivalence this is the representation of GL(n) on AS(n)
given by ¢.X = ¢gX'g (g € GL(n),X € AS(n)). This PV is of commutative

parabolic type corresponding to the diagram e—e—e—e--- oo D,.

It is well known that there is no relative invariant if n is odd, and that for
n even the unique fundamental relative invariant is the pfaffian. Therefore it is
QD1 if and only if n = 2p. It corresponds to case (3) in Table 2.

4.1.6. SL(n) ® SL(m)* x C*(n,m > 2).

By Remark 3.2, this representation is geometrically equivalent to case
SL(n) ® SL(m) x C*(n,m > 2) which is considered in Table 1 of Benson-Ratcliff
([2]). This is the representation of SL(n) x SL(m) on the space M, ,, given by
(91,92) X = 1 Xg5 ", g1 € SL(n), g» € SL(m), X € M,,,. This is a commutative
parabolic PV corresponding to the diagram

o —o - 0—(0—e - o—eo An+m_1 .
aq n Antm—1

If n # m, then there is no fundamental relative invariant. If n = m, then
the unique fundamental relative invariant is the determinant. Hence it is QD1 if
and only if n = m. It corresponds to case (4) in Table 2.

4.1.7. SL(2) ® Sp(n) x C*(n > 2).
Up to geometric equivalence we can consider that this is the representation
of G =GL(2) x Sp(n) acting on V = My, » by

(91, 92).X = 92Xt91, g1 € GL(2), 92 € Sp(n), X € Moy, 2

This is a regular irreducible PV of parabolic type (not commutative), correspond-
ing to the diagram

@ o 00— Chio

(see [21], [15], [17]). Hence it is @D1. According to the computations
in [21] (Proposition 17 p.100-101), the fundamental relative invariant is f(X) =

Pf(*XJX), where X € My, (C), where J = (—?d ]gn> , and where Pf(.) is

the pfaffian of a 2 x 2 skew symmetric matrix. It is case (6) in Table 2.
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4.1.8. SL(3) ® Sp(n) x C*(n > 2).
This is a non regular irreducible PV of parabolic type corresponding to the
diagram

of type Ci 13, it is known ([15] or [17]) that it has no non-trivial relative
invariant, hence it is not QD1.

4.1.9. SL(n) ® Sp(2) x C*(n > 4).
This again is an irreducible PV of parabolic type corresponding to the
diagram

of type Cpyo. It is known ([15] or [17]) that this PV has a non-trivial
relative invariant if and only if n = 4. Hence this space is QD1 if and only if
n =4, and then it is regular. In this case the group SL(4) x Sp(2) acts on My by
(91,92).X = ¢1Xg,", and the fundamental relative invariant is the determinant.
It is case (7) in Table 2.

4.1.10. Spin(7) x C*.

This space is known ([15] or [17]) to be an irreducible regular PV of
parabolic type inside Fj corresponding to the diagram e—e—=e—@®. Here
the space has dimension 8 and the action is obtained by embedding Spin(7) into
SO(8). The fundamental relative invariant is the nondegenerate quadratic form

which defines SO(8). It is case (8) in Table 2.

41.11. Spin(9) x C*.

According to [21], p. 146, number (19) of Table, this is an irreducible regular
PV whose fundamental relative invariant is a quadratic form, hence it is QD1.
According to the diagramatical rules in Remark 2.3 d) it is not of parabolic type.

But it has nevertheless an interesting connection with PV'’s of parabolic type, see
[20], Theorem 5.1. p. 377. It is case (9) in Table 2.

4.1.12. Spin(10) x C*.

This is a PV of parabolic type inside FEjg, corresponding to the diagram

According to the table in ([15] or [17]) it has no non-trivial relative invariant,
hence it is not QD1.

4.1.13. Gy x C*.

According to [21], p. 146, number (25) of Table, this is an irreducible regular
PV whose fundamental relative invariant is a quadratic form, hence it is QD1.
According to the diagramatical rules in Remark 2.3 d) it is not of parabolic type.
But it has nevertheless an interesting connection with PV'’s of parabolic type, see
[20], Theorem 6.1. p. 381. It is case (10) in Table 2.

4.1.14. Eg x C*.
This space is known ([15] or [17]) to be an irreducible regular PV of

parabolic type inside FE; corresponding to the diagram ’—'—I—'—'—© .
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It is the 27-dimensional representation of Fg. Its fundamental relative
invariant has degree 3, it is known as the Freudenthal cubic. This is the case (5)
in Table 2.

4.2. Non-irreducible MF spaces.

Here we examine the cases arising in Table II of [2]. We keep the same
notations for the representations as before. In addition we adopt also the following
notation from [2]. If (G1,V1) and (Ga, V) are representations of two semi-simple
groups (G; and G5 which share a common simple factor H, then the notation
G1 &y G9 denotes the image of the representation on V; @& V5 where the common
factor H acts diagonally. For example SL(n)®grm) SL(n) denotes the direct sum
representation (SL(n),C" @ C"), and Spin(8) @spins) SO(8) denotes the action
of Spin(8) on C® & C? via the Spin representation on the first C® factor and via
the natural representation of SO(8) on the second factor.

4.2.1. (SL(n) ®spm) SL(n)) x C*(n > 2).
This space is a parabolic PV corresponding to the diagram

/©

oo o o oo Dyi1.

Yo

Lets us show that this space is QD1 if and only if n = 2. The represen-
tation is given by (g, A\, u).X = gX (A 2), where g € SL(n), X € Mp2,\, u €

0

(10

01
C*. Set Xo = | 0 0 ]. A simple computation shows that the isotropy sub-
group Gy, of X is the subgroup of SL(n) x C** consisting of triplets of the

AP0
foom (| 0 w7t b ;A\, it). Then, an easy calculation shows that dim G —
0 |

dim Gx, = 2n, and hence the point X is generic. Moreover the preceding com-
putation of Gx, shows that, if n > 2, the subgroup generated by the derived
group SL(n) x {1} x {1} and G, is the full group SL(n) x C**. According to
Remark 2.1 this proves that if n # 2 there exists no non-trivial relative invariant
and hence the space is not QD1. If n = 2, the space is the space M, and then
the determinant is the only fundamental relative invariant. This is a particular
case of (1) in Table 3.

4.2.2. (SL(n)* ®srm) SL(n)) x C*(n > 2).
This is the representation of SL(n)x C** on M, x M, given by (g, A, p)(u,v) =
(Aug™', pgv) where \,u € C*, g € SL(n), u € My, and v € M, ;. This a
parabolic PV corresponding to the diagram @®—e---0—o—e-0o—@ A, Itis
easily seen that the quadratic form f(u,v) = wv is the unique fundamental relative
invariant and as the generic isotropy subgroup is reductive, this PV is regular.
This is a particular case of a family of so-called @)-irreducible PV'’s of parabolic
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type. We refer the reader interested into details to Lemma 4.8 in [19]. It is case

(1) in Table 3.

4.2.3. (SL(n) ®srm) A2(SL(n)) x C*(n > 4).

The representation is given by (g, A, ut).(u, x) = (Agu, pugz'qg) where A\, pu €
C*, g € SL(n), u € C",x € AS(n). This PV is not of parabolic type except
for the cases where n = 5,6,7 which correspond respectively to the following
diagrams:

e Suppose first that n = 2p is even. It is well known that the restriction
of the representation to AS(n) is a regular PV of parabolic type, and that its
unique fundamental relative invariant is the pfaffian. Moreover the generic isotropy

0 |I1d,
—Id,| 0
Sp(p) x C*. The restriction of the "natural” representation of SL(2p) x C* on
C? to Sp(p) x C* is well known to have no non-trivial relative invariant. Hence,
by Proposition 2.9 this space is QD1. As the fundamental relative invariant does
not depend on all variables, it is not regular. It is case (2)(a) in Table 3.

subgroup of this component at the point J = is the subgroup

e Suppose now that n = 2p+1 is odd. Rather than the group SL(n)x C*?,
we will here consider the Lie algebra g = gl(n) x C acting on V = C" @ AS(n) by
(U N)(v,2) = (MW + Uv,Uz + 2'U) where A € C,U € gl(n),v € C",z € AS(n).
Once we identify gl(n) with sl(n) x C this is essentially the derived representation
of (SL(n)@srmyA2(SL(n)) x C**. Consider the point X = (vg, 79) € C" AS(n)

0
: J1{0 .

where vy = O and where xy = oo |- An easy computation shows that
1

the isotropy subalgebra gy, is given by

ox, :{(H1 = ] ,)\), A€ C, A€ sp(p)}.

As dim g—dim gx, = dim V', the point X, is generic. The Lie algebra gx, is the Lie
algebra of a reductive subgroup. Hence this space is regular. As [g, g] = sl(n)x{0},
the Lie algebra generated by gy, and [g,g] is equal to sl(n) x C, and hence
g/(sl(n) x C) ~ C. According to Remark 2.1, there exists exactly one (up to
constants) fundamental relative invariant, and hence this space is QD1. Keeping
the same notation as above it is easy to see that the polynomial

T (%

f(v,x):Pf([ 0 T0 D, veCze AS(2p+1)

is a fundamental relative invariant. These spaces are (Q-irreducible in the sense of
[19] (see Remark 4.15 in [19]). It is case (2)(b) in Table 3.

4.2.4. (SL(n)* ®spmy A2(SL(n)) x C*(n > 4).
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This PV is always of parabolic type. The corresponding diagram is the
following:

Up to geometric equivalence we can take here G = GL(n) x C* acting on

V =M, ®AS(n) by (g,A).(v,z) = (WU, Uz'U).

e Suppose first that n = 2p is even. The restriction of the representation
to AS(n) is a regular PV whose fundamental relative invariant is the pfaffian.
0 |Id .
7d Op } € AS(n) is equal to Sp(p) x C*, and
%
it is well known that the action of Sp(p) x C* on M, has no non-trivial relative
invariant. Therefore, from Proposition 2.9, we obtain that this M F' space is QD1.
As the fundamental relative invariant does not depend on all variables, it is not
regular. It is case (3) in Table 3.

The partial isotropy of J = [

e Suppose now that n = 2p + 1 is odd. Rather than the group action,
we will consider here the infinitesimal action. In other words we consider the Lie
algebra g = gl(n) x C acting on V' = M 9,11 & AS(2p + 1) by (U,\)(v,z) =
(A — oU, Uz + 2'U) where A € C,U € gl(n),v € C",z € AS(n). Consider
the element Xy = (vg,x9) € V which is defined by vy = (1,0,...,0) and zo =

J |0 € AS(2p+1) with J = 0| Idy . A computation shows that the
00 —Id,| 0O

. : A|B

isotropy subalgebra gy, is the set of couples of the form ( 0D JA),

— where A = {a é } with a = [A’O"'O], A1 € Mpap; B =

v | -« Aq
00
{o b},beSym(p—l);’yeSym(p)-
WhereB:[g},Bec%l

— and where D, \ € C.

Then one verifies that dimg — dim gx, = dim V', and hence X is generic.
Moreover the Lie subalgebra generated by gx, and [g, g] = sl(n) x {0} is equal to
g. According again to Remark 2.1, this shows that there is no non-trivial relative
invariant, and therefore this space is not ()D1.

4.2.5. (SL(n) Ssrm) (SL(n) ® SL(m)) x C*(n,m > 2).
It is convenient here to replace this representation by the representation
(G,V) where G = GL(n) x GL(m) acts on V = M, ; & M, ,, by

(91,92) (v, x) = (glv,glscg;l),gl € GL(n),g2 € GL(m),v € My, 1,x € M, .

Due to Remark 3.2, this representation is geometrically equivalent to the first one.
It is not of parabolic type except for the following cases:

/©

n=3meN.: e—e—0--06—@—

Dm+3
e
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n=4m=2: »—o—g—@—cEG
n:4,m:3:»—o—é—@—o—¢E7
n:5,m:2:'—@—£—0—0—4E7
n=4m=4:

HO—%—@—o—*—‘Es
n:6,m:2:o—@—é—o—o—o—c Eq

e Suppose n = m. Then the component M, , = M, has a unique
fundamental relative invariant, namely the determinant. The point X, = (eq, [d,),
where e; is the first vector of the canonical basis of M, ; ~ C", is generic.
And the partial isotropy subgroup G(o14,) is the diagonal subgroup {(g,9) €
GL(n)xGL(n)}. Therefore the action of G g r4,) on M, ; has no relative invariant.
According to Proposition 2.9 this space is QD1 in the case m = n. As the
fundamental relative invariant does not depend on all variables, it is not regular.
It is case (4)(a) in Table 3.

e Supose that n < m. A simple calculation shows that the point X, =
(e1,x9) where zy = [ Id, ‘ 0 } is generic and that its isotropy subgroup Gx, is

the set of pairs of matrices of the form (A, [ é g ]), where B € M,,_p,,,C €

GL(m —n), and where A = [ (1) ﬁl } , with Ay € M;,,—y and Ay € GL(n —1).
2

This implies that the subgroup of G = GL(n) x GL(m) generated by Gy, and
the derived group SL(n) x SL(m) is G itself. Hence from Remark 2.1, we know
that there is no non-trivial relative invariant, and therefore it is not Q.D1.

e Suppose that n > m + 1. Then the element Xy, = (e,,zo) where

Ty = [ Om } is generic and the isotropy subgroup Gy, is the set of pairs of

matrices of the form ({%‘ﬁ} ,A) where A € GL(m), where B € My, ,_p, is of
the form B = [ B’ ‘ 0 ] with B € M, n—m—1, and where C' € GL(n —m) is of

the form C' = [%‘%} with C; € GL(n —m — 1) and Cy € My ,,—p—1. Again
2

this implies that the subgroup generated by Gx, and [G, G| is equal to G. Hence
by Remark 2.1, we obtain that this space has no non-trivial relative invariant, and
hence it is not QD1.

e Suppose finally that n = m + 1. Then the same calculation as before
holds. But now as n —m = 1, the isotropy subgroup Gx, is the set of pairs

of matrices of the form ({ 1(4)1 (1) ] ,A) where A € GL(m). The subgroup G
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generated by Gx, and [G, @] is equal to {(g1,92) € G| det(g1) = det(g2)}. This
implies that dim G/ G = 1 and hence by Remark 2.1, we obtain that this space
has one fundamental relative invariant, and therefore it is QD1. As the generic
isotropy subgroup is reductive, it is regular. It is easy to see that f(v,z) =
det(v; z), where (v;z) is the n x n matrix obtained by putting the column vector
v left to the m X n matrix x, is the fundamental relative invariant. It is case

(4)(b) in Table 3.
4.2.6. (SL(n)* ®srm) (SL(n) ® SL(m)) x C*(n > 3,m > 2).
It is convenient here to consider the representation (G,V) where G =
GL(n) x GL(m) acts on V = M, ,, & M, ,, by
(91,92)(v,7) = (vgr ', 129y "), 01 € GL(n), g2 € GL(m), v € My, 7 € My

This representation is geometrically equivalent to the original one. This PV is of
parabolic type and corresponds to the diagram:

.................. .—. An+m
a n+1 Qnim
The element (e, z9) where e; = (1,0,...,0) and where zq = Id,, if n =m,
Ty = [ 1d, ‘ 0 } if n <m, and ¢y = [gm if n > m, is generic and almost

the same calculations as in 4.2.5 show that this M F space is D1 if and only if
n = m. Moreover by the same argument it is not a regular PV. It is case (5) in
Table 3.

4.2.7. (SL(2) ®s12) (SL(2) ® Sp(n)) x C*(n > 2).
This PV is of parabolic type and corresponds to the diagram:
@®—e—@—e 0—e—=0 Chais

It is convenient to consider here the group G = C* x GL(2) x Sp(n)
which acts on V. = Mo @ Manos by (N g1,62).(v,2) = (A'gy, gex’gr), where
AeCr g € GL(2), go € Sp(n), v € My, © € My, 5. This space is geometrically
equivalent to the original one. The action of G on V5 is a regular parabolic PV
corresponding to the subdiagram

@ o 0—0—<9 Chio

(see [21], [15], [17]). As we have already seen in section 4.1.7. its fundamental

0 Id,
—Id, 0 ]
We know from [21] (p. 100-101) that the partial isotropy subalgebra of (g, V5)
corresponding to a certain generic element zy in V5 is given by

relative invariant is the function = —— Pf(*xzJx) where J = [

A0 B 0

L [A o 0 A 0 B
80 = (A [Bl —AJ’ G0 | A4 o |

0 Cy| 0 -4,
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where A\, Ay, B1,Cy € C, Ay € gl(n — 1), By, Cy € Sym(n — 1). This shows that
0a, =~ Cxsl(2) xsp(n—1). The action of g,, on My, is then essentially the natural
action of gl(2) on C?, which is known to have no non trivial relative invariant.
Therefore, using again Proposition 2.9, we obtain that this space is QD1. Its
fundamental relative invariant is given by f(v,x) = Pf(*zJz). As this function
depends only on x, the corresponding PV is not regular. It is case (6) in Table

3.
4.2.8. (SL(n) ® SL(2)) ®sr2) (SL(2) ® SL(m)) x C**, (n,m > 2).
This space again is a PV of parabolic type corresponding to the diagram

o—@o ._©_._©_. ..... o—eo An+m+1
aq Qi Q42 Ontm+1
Up to geometric equivalence we can take here G = GL(n) x SL(2) x GL(m)
acting on V =V, @V, where V) = M,, 5 and V5 = Ms,,, by

(91,92, 93) (1w, v) = (q1ugy*, gavgs ), g1 € GL(n), g2 € SL(2), g3 € GL(m).

a) Let us consider first the case where n = 2 and m > 2 (or equivalently
m =2 and n > 2).

In this case the action of G on V} = M5 has a non trivial relative invariant
(the determinant), the (partial) generic isotropy of the matrix Ids is given by
Gra, = {(9,9,93),9 € SL(2), 935 € GL(m)}, and the action of Gpg, on Vo = M,
is well known to have no non-trivial relative invariant. We deduce from Proposition
2.9 that this M F space is QD1. As the fundamental relative invariant which is
given by f(u,v) = detwu depends only on the V; variable, it is not regular. It is
case (7) in Table 3.

b) Consider now the case where n = m = 2. In this case there are obviously
two fundamental relative invariants given by detw and detv , u € Vi,v € V.
Hence this M F' space is not QD1.

c¢) Consider finally the case where n > m > 2 (or equivalently the case
where m >n > 2).
Idg
0
is a generic element and the corresponding isotropy subgroup is given by

bem{([5 2] ]2 8]) <0

where go € SL(2), 0 € GL(n—2), B € My,—2, d € GL(m —2,)}. It is then clear
that the subgroup generated by the derived group SL(n) x SL(2) x SL(m) and
Glzo,90) 18 equal to G = GL(m) x SL(2) x GL(m). Remark 2.1 implies that this
space has no non-trivial relative invariant, and hence it is not QD1.

4.2.9. (SL(n) ® SL(2)) ®sr2) (SL(2) ® Sp(m)) x C*2, (n,m >2).
This space also is a PV of parabolic type corresponding to the diagram

Define g = € My and yo = [ Idy | 0 | € Ma,,. The pair (zo, yo)

o—o ._@_._©_. ..... —e Cn+m+2
651 Qp An42 Ontm+2
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Up to geometric equivalence we can take here G = GL(n) x GL(2) x Sp(m)
acting on V =V, © Vy where Vi = M,,, and V5 = My, 2 by

(91, 92, g3) (1, v) = (q1u'g2, g30°g2), g1 € GL(n), g2 € SL(2), g3 € Sp(m).

a) Let us first consider the case where n > 2. The action of G' on V5 reduces
to the action GL(2) x Sp(m) on V, which is of parabolic type corresponding to
the subdiagram

@ o 0—e—9 Crao

This case has already been considered in 4.2.7. above. And we know from
the calculation we did there that the generic isotropy subgroup of
(GL(2) x Sp(m), Va) consists of certain pairs of the form (gs,g3) where g, takes
all values in SL(2). Therefore the generic isotropy subgroup of (G, V2) acting on
Vi is the representation (GL(n) x SL(2),V;) with n > 2. As this representation
has no relative invariant we can apply Proposition 2.9, and obtain that this M F
space is @D1. The fundamental relative invariant is given by f(u,v) = Pf(*vJv),
0 1d,,
—Id,, 0
depend on v, the corresponding PV is not regular. It is case (8) in Table 3.

where v € My, 2, and where J = . As this invariant does only

b) Consider now the case where n = 2. Here each of the two subspaces
(G, V1) and (G, V3) has his own relative invariant (the determinant on V; and the
preceding invariant f(u,v) = Pf(*vJv) on V,). Therefore this space is not QD1
if n=2.

4.2.10. (Sp(n) ® SL(2)) ®sr) (SL(2) ® Sp(m)) x C*2, (n,m > 2).

Up to geometric equivalence we can take G = Sp(n) x GL(2) x Sp(m) x C*
acting on V =V, @ V, where V) = My, o and V5 = My, 5 by

(917 g2, g3, )‘)(X7 Y) - (ngt927 A93}/t92)7

where g1 € Sp(n), g2 € GL(2),93 € Sp(m), A € C*, X € Ma,2,Y € My, ».
According to the diagramatical rules in Remark 2.3 d) this space is not of
parabolic type.
As each of the representations (G,V;) and (G, V3) is of the type seen in

4.1.7. above, they have each their own fundamental relative invariant. Therefore
this M F space is not QD1.

4.2.11. Sp(n) Gspm) Sp(n) x C*2, (n > 2).
Here G = Sp(n) x C** acts on V = Ms,1 @ May, 1 by

(g, A\, p).(u,v) = (Agu, pgv), g € Sp(n), A\, u € C, u,v € My, ;.
At the infinitesimal level the Lie algebra g = sp(n) x C* acts on V by

(, A, ) (u, v) = (Au+ zu, po + zv), x € sp(n), A\, u € C, u,v € Moy, 1.
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First of all let us remark that there is at least one fundamental relative invariant,
0 Id,
—Id, 0 }
Consider the element Xy = (e1, €,41) € Mo, 1 & Mo, 1 where e; is the j-th
vector of the canonical base of My, 1 ~ C?". An easy calculation shows that the
isotropy subalgebra gx, of X is given by:

namely f(u,v) ='uJv where J = [

) 0 0
0 A 0 B

9% = 00 x o |'MA
0 C |0 —tA

where A € gl(n —1), B,C € Sym(n—1), A € C*. As dimg — dimgy, = dimV,
the point Xy is generic. As gx, is the Lie algebra of a reductive subgroup, this
PV is regular. Let g be the Lie algebra generated by [g,g] = sp(n) x {0} x {0}
and gx,. We have dim(g/g) = 1. Then according to Remark 2.1, the polynomial
f(u,v) = 'uJv is the only fundamental relative invariant. Therefore this space is
QD1. According to Remark 2.3 d), it is not of parabolic type. It is case (9) in
Table 3.

4.2.12. Spin(8) Bspin(s) SO(8) x C*2.
Let p be one of the Spin representations of Spin(8). Here G = Spin(8) x
C*? acts on V = C® @ C® by

(9, A 1) (u,0) = (Agu, pp(g)v), g € Spin(8),\, p € C*,u,v € C*,

This is a parabolic PV in Fg corresponding to the diagram:

w

As each of the two summands of this representation has his own fundamental
relative invariant (a quadratic form), this space is not @QD1.

Remark 4.1. There is an alternate way to check the (D1 condition. Let
(G,V) be a MF space of rank r, B C G a Borel subgroup and hy,...,h, €
C[V] fundamental relative invariants of (B,V). If A € C[V] is a non-constant
irreducible G’-invariant polynomial then A is necessarily a constant multiple of
one of the h;’s. Thus (G,V) is QD1 if and only if exactly one of hy,..., h, is
G'-invariant.

This condition can be checked using formulas for the h;’s. These can be
found in [6] for the irreducible M F' spaces and in [3] for the non-irreducible cases.
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Tables of indecomposable, saturated, multiplicity free representations

with one dimensional quotient

Table 2: Irreducible representations

(Notations for representations as in [2], see section 4.1.)

Representation, rank Weighted Dynkin diagram (if parabolic type Regular | Fundamental invariant
P g Y g p yp g
n=2p+1 @®—eo—o—o  e——0 Byi1
1) /p
SO(n) x C* (n > 3) _ @®—eo—0—0 06— Non degenerate
(n > 3), rank=2 n=2p \. Dp+1 Yes quadragc form
Commutative Parabolic (both)
2) —eo—o *—eo—9
2 * C
S2%(SL(n)) x C n Determinant
(n > 2), rank=n Commutative Parabolic Yes Sy?n%%%lﬁgl}ngg}ices
(3) o
2(s.L.(nYxC* | —e—eo—e- -
S, TN T | v | dammade
rank=p Commutative Parabolic s Symmetric matrices
() o —@ - ._@_. ......... o—e Agp1 ‘
[e51 Qn Qazn—1 Determinant on full
(SL(n)* ® SL(n)) x C* Yes matrix space
(n > 2), rank=n Commutative Parabolic
(5) E7
Eg x C* (dim=27)
rank=3 Yes Freudenthal cubic
Commutative Parabolic
(©) PF(XJX)
(SL(2) ® Sp(n)) x C - ® o o oo Bt
pM) X C* | @@ P f=pfaffian of
(n > 2), rank=3 Cnta Yes 2 {< 2 matrices
(M) o o @ oo Ce Yes Det(X), X € M(4)
SL(4) x Sp(2) x C*
rank=6
(8) Nonddegenferate
. * —o—o 0 uadratic form
Spin(7) x € Fa Yes Spin(7) — SO(8))
®) Non d t
. " i on degenerate
Spin(9) x C Non parabolic Yes quadratic form
rank=3
(10) Non degenerate
Non parabolic Yes quadratic form

G2 x C* (dim=T7)
rank=2

Ga — SO(T)
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Table 3: Non Irreducible representations
(Notations for representations as in [2], see section 4.2.)
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rank=2n-1

Representation Weighted Dynkin diagram (if parabolic type) Regular | Fundamental invariant
1
(SL(m)* By SL) % () -
u,v) = uv
raq( 3 @®—eo -0—0—0 0—@ A, Yes n M(1,n) ® M(n,1)
(2)(a) non parabolic except for the case:
2 *)2 _ faffian on skew
(SL(n) @ SL(n) A*(SL(n)) x (C*) Er,n =6 No Is)ymmetrlc matrices
Egni 4nn 2_p 2p even) (on 2nd component)
non parabolic except for the cases: flv,z :x v
(2)(b) Be,n =5, Pr 5]
(SL(n) @, A*(SL(n)) x (C*)? Yes veCn
(n>4,n=2p+1 odd) z e AS(2p+1)
rank=n=2p+1 @—o—g—o—o—o—c Eg,n="1.
® * 2 )2 /© Pf(x) (pfaffian)
(SL(n)" @4 () A*(SL(n)) x (C*) @®@—eo—0o—90 00 Day,
(n > 4,n = 2p even) \. No (on 2nd component)
rank=n
non parabolic except for the cases:
09 mosyeernrs | oo ga® Bnns
ranﬁQQe?lSL(n) (SL(n) ® SL(n)) x (€)% n = 2 \. No (on 2nd component)
o—o—g—@—o—o—c Eg,n = 4.
non parabolic except for the cases:
(4)(b) e det(; 2)
_ *)2 Ds, n=3 ’
(SL(n) ®¢p(y (SL(n) ® SL(n — 1)) x (C*)%,n >3 0—@—0\‘ Vs 0 € My, € My

o—o—é—@—o—c Er,n=4.

(5)
SL(n)* @51 (SL(n) ® SL(n)) x
rank=2n

(C*)?2,n>3

......... o—eo
A2n
aq Qn41 Q2n,

No

Determinant
(on 2nd component)

Continued next page.
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Table 3(continued): Non Irreducible representations
(Notations for representations as in [2], see section 4.2)

Representation, rank Weighted Dynkin diagram (if parabolic type) Regular Fundamental invariant
(6)
(SL(2) &5,z (SL(2) ® Sp(n)) PF(tXJX)
(xC)? ® o —@® o 0o —o——0 (.3 X € M(2n,2)
n>2 No Pf=pfaffian
rank=>5 (on 2nd component)
(7)
(SL(2)®SL(2)) EBSL(Q) (SL(Q)@SL(TL)) ._©_._@_. ......... o—eo
x (C*)2 a1 oo o s Ants No Det(X), X € M(2,2)
(n >'3) (on 1st component)
rank=>5
(8)
(SL(n) ® SL(2)) ®SL(2) (SL(2) ® Sp(m)) *—@ et ®—0—@ o—=9 Chnimt2 No Pf(tXJX)
X (C*)Q a1 a2 Qn Qn 42 AUn4+m-+2 X e M(2m7 2)
(n>3,m>2) Pf = pfaffian
rank=6 (on 2nd component)
(9)
(Sp(n) @,y Sp(1)) X (C*)*n>2 f(u,v) = tudv
rank=4 Non parabolic Yes on M(1,2n) ® M(1,2n)

Acknowledgement. I would like to thank the referee for her/his careful reading
of the manuscript and her/his valuable remarks and suggestions.




[10]

[11]

[12]

[13]

[14]

[15]

RUBENTHALER 457

References

Benson, C., and G. Ratcliff, On multiplicity free actions, in: “Representations
of Real and p-adic groups,”

Lecture Notes Series 2. Institute of Mathematical Sciences, National Univer-
sity of Singapore, Singapore University Press, World Scientific, 2004, 221-304.

Benson, C., and G. Ratcliff, A Classification of Multiplicity Free Actions, J.
of Algebra 181 (1996), 152-186.

—, Rationality of the generalized binomial coefficients for a multiplicity free
action, J. Austral. Math. Soc. Ser. A 68 (2000), 387-410.

Brion, M., Représentations exceptionnelles des groupes semi-simples, Ann.
Sci. Ecole Norm. Sup. 18 (1985), 345-387.

Howe, R., Perspectives on invariant theory: Schur duality, multiplicity-free
actions and beyond, The Schur lectures 1992, (Tel Aviv), Israel Math. Conf.
Proc. 8, Bar-Ilan Univ., Ramat Gan, 1995, 1-182.

Howe, R., and T. Umeda, The Capelli identity, the double commutant theorem,
and multiplicity-free actions, Math. Ann. 290 (1991), 565-619.

Kac, V., Some remarks on nilpotent orbits, J. of Algebra 64 (1980), 190-213.

Kimura, T., “Introduction to Prehomogeneous Vector Spaces,” Transl. Math.
Monogr. 215, Amer. Math. Soc., Providence, RI, 2003.

Kobayashi, T. Multiplicity-free representations and visible actions on complex
manifolds, Publ. Res. Inst. Math. Sci. 41 (2005), 497-549.

Knop, F., Some remarks on multiplicity free spaces, in: Representation
theories and algebraic geometry, (Montreal, PQ, 1997), NATO Adv. Sci. Inst.,
Ser. C, Math. Phys. Sci. 514, Kluwer Acad. Publ., Dordrecht, 1998, 301-317.

Leahy, A. S. A Classification of Multiplicity Free Representations, J. of Lie
Theory, 8 (1998), 367-391.

Levasseur, T., Radial components, prehomogeneous vector spaces, and rational
Cherednik algebras, Int. Math. Res. Not. IMRN 2009, n°3, 462-511.

Muller, 1., H. Rubenthaler, and G. Schiffmann, Structure des espaces
préhomogenes associés a certaines algebres de Lie graduées, Math. Ann. 274
(1986), 95-123.

Rubenthaler, H., FEspaces vectoriel préhomogénes, sous-groupes paraboliques
et sly — triplets, C. R. Acad. Sci. Paris Sér. A-B 290 (1980), A127-A129.

—, FEspaces préhomogenes de type parabolique, Lect. Math. Kyoto Univ. 14
(1982), 189-221.



458

[16]

RUBENTHALER

—, FEspaces préhomogenes de type parabolique, These d’Etat, Université de
Strasbourg, 1982.

[17] —, <Algebres de Lie et espaces préhomogeness, Travaux en Cours [Works in

[18]

Progress| 44, Hermann Editeurs des Sciences et des Arts, Paris, 1992, viii+209
pp.

—, Invariant differential operators on a class of multiplicity free spaces,
arXiv:1103.1721v1 [math.RT].

[19] —, Decomposition of reductive reqular prehomogeneous vector spaces, Annales

[20]

[21]

[22]

[23]

[24]

de l'institut Fourier 61 (2011), 2183-2218.

—, Non-parabolic prehomogeneous vector spaces and exceptional Lie algebras,
J. of Algebra 281 (2004), 366-394.

Sato, M., and T. Kimura, A classification of irreducible prehomogeneous vector
spaces and their relative invariants, Nagoya Math. J. 65 (1977), 1-155.

Sato, M. ; and T. Shintani, On zeta functions associated with prehomogeneous
vector spaces, Ann. of Math. (2) 100 (1974), 131-170.

Vinberg, E., On the classification of the nilpotent elements of graded Lie
algebras, Soviet Math. Dokl. 16 (1975), 1517-1520.

Vinberg, E., and B. Kimelfeld, Homogeneous domains on flag manifolds and
spherical subsets of semi-simple Lie groups, Funktsional. Anal. i Prilozhen.
12 (1978), 12-19, 96.

Hubert Rubenthaler

Institut de Recherche
Mathématique Avancée

Université de Strasbourg et CNRS
7 rue René Descartes

67084 Strasbourg Cedex,France
rubenth@math.unistra.fr

Received May 2, 2012
and in final form September 17, 2012



