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Overview

Part I: Singular Spaces of the Nullcone

Given a complex reductive group G and a complex representation V', one of the main
goals of invariant theory is to describe - in terms of generators and relations - the
ring of invariant polynomial functions, denoted by O(V)“. However, for most pairs
G and V, finding explicitly all generators of O(V)¢ is very difficult. An important
step in this search is to find homogeneous invariants whose zero set is the nullcone
Ny C V, ie. the zero set of all homogeneous non-constant invariant functions on
V. Such invariants are strongly related to O(V)% as HILBERT proved the following
result: If f1,..., f, are homogeneous invariants whose zero set is equal to Ny then
O(V)€ is a finitely generated module over the subalgebra C[f1, ..., f].

Given some invariants f; € O(V)% as above one can apply the so called polar-
ization process to obtain a set of functions lying in O(V®*)%. Our main interest in
this work is to analyze whether the set of functions obtained in this manner defines
the nullcone Ny ex. Due to an observation of KRAFT and WALLACH, this is equiva-
lent to the question whether for every linear subspace H C Ny of dimension at most
k there exists a one-parameter subgroup A : C* — G such that lim; g A(t) - H = 0.

For example, for G = SLy and V' = V,,, the binary forms of degree n, this
amounts to the question whether every subspace H that consists of forms having

a root of multiplicity greater than % consists of forms having a common root of

multiplicity greater than 4. This is indeed the case, as we will see. Furthermore
we settle the question for G = SL,, and V = S?(C")* (symmetric bilinear forms),
V = A’(C")* (skew-symmetric bilinear forms) and G = SL3 and V = S3(C3)*

(ternary cubics).

Part II: Multiplicities in Tensor Monomials

There exist a lot of formulas to decompose a tensor product of representations
V ® W into a direct sum of irreducible representations with respect to an algebraic
group G. However these formulas usually involve summing over the Weyl-group,
which makes explicit calculations often tedious. When considering multiple ten-
sor products, i.e. tensor monomials V1®"1 ® V2®"2 - V®  then, even with the
use of descent computers, an explicit decomposition is mostly impossible because
of the complexity that arises. For this reason problems involving tensor monomi-
als remain challenging. The starting point of this work was the following ques-
tion asked by FINKELBERG: For which (dy,ds,...,d,_1) € N*~! does the tensor

monomial C"®% @ /\QC"W2 ® /\?’(C”@d3 R ® /\n_l(C”@)d"*l, considered as SL,,-
representation, contain the trivial representation exactly once? We solve this prob-
lem and some related generalizations. However, representations occuring with mul-
tiplicity one in the decomposition of a tensor monomial V;®™ @ 1,%™ . ..@ V,&"
are rather rare as we prove that multiplicities of subrepresentations of tensor mono-
mials grow exponentially with respect to Y n;. More precisely, we prove, that if G
is a simple complex group and Vi,...,V, and W irreducible non-trivial representa-
tions then there is a constant N and a real number « > 1 such that if Y " n; > N
then mult(W, ;%™ @ 1,9 @ ... @ V") > a>™i ynless it is zero.

In its current form, this part is a preprint which evolved from my diploma thesis,
where I solved special cases of the two main results Theorem A and Theorem C.



Part I11: The Hilbert Nullcone on Tuples of Matrices and Bilinear Forms
In this joint work with Jan Draisma we explicitly determine the irreducible com-
ponents of the nullcone of the representation of G on M®P, where either G =
SL(W) x SL(V) and M = Hom(V, W) (linear maps), or G = SL(V') and M is one
of the representations S?(V*) (symmetric bilinear forms), A?(V*) (skew bilinear
forms), or V*@V™* (arbitrary bilinear forms). Here V and W are vector spaces over
an algebraically closed field K of characteristic zero. We also answer the question
of when the nullcone in M®? is defined by the polarisations of the invariants on M;
typically, this is only the case if either dim V' or p is small. A fundamental tool in
our proofs is the Hilbert-Mumford criterion for nilpotency.

This preprint has already been accepted for publication in the Mathematische
Zeitschrift. I mainly contributed to the first problem we solved: counting and de-
scribing the components of the nullcone of the symmetric bilinear forms. Most other
cases evolved from this one, however.
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CHAPTER 1

Introduction and Generalities

1. Introduction

Let p : G — GL(V) be a finite dimensional complex representation of a complex
reductive group G and denote by Ny C V the nullcone, i.e. the zero set of the
homogeneous non-constant G-invariant functions on V. The nullcone is in many
ways related to the geometry of the representation, in particular it encodes a lot of
information about the structure of orbits and their closure. There is also a strong
connection to the algebra of invariants O(V)¢ as Hilbert proved the following result
([Kra85, Kap. 11.4]): If fi,... f, are homogeneous invariant functions whose zero
set is equal to Ay then O(V)€ is a finitely generated module over C[fy,..., f,]. On
such fi,..., f» one can apply the polarization process (see below) to obtain a set
of invariants in O(V®*)¢. The aim of this work is to determine for which n and k
this set defines the nullcone Ny ex in the cases G = SLy and V = S™(C?)* (binary
forms), G = SL, and V = §2(C")* (symmetric bilinear forms), V = A*(C")*
(skew-symmetric bilinear forms) and G = SLz and V = S3(C3)* (ternary cubics).
Due to an observation of KRAFT and WALLACH this problem is equivalent to the
problem whether for every linear subspace H C Ny of dimension at most k& there
exists a one-parameter subgroup A : C* — G such that lim;_o A(t) - H = 0.

We have organized our results as follows: For the rest of Chapter 1 we collect
some general facts and explain the two equivalent problems.

In Chapter 2 we deal with the following situation: If the invariants fi,..., fr
defining the nullcone Ny er are algebraically independent and multihomogeneous
with respect to the multiple copies of V', then they are called a multihomogeneous
system of parameters (MHSP) for O(V®*)¢_ We prove that MHSP’s for O(V k)¢
exist only for small values of £ and give an explicit upper bound for k. This is of
interest as the polarization process yields multihomogeneous functions.

In Chapter 3 we consider the representation of SLy on the binary forms of
degree n, denoted by V,,. We prove that if fi,... f. define the nullcone Ny, then
the polarizations of the f;’s define the nullcone NVSB’“ for any k.

In Chapter 4 we let Sym,, be the quadratic bilinear forms in n variables
under the operation of SL,. The invariant ring O(Sym, )" is generated by the
determinant det. We prove that the polarizations of det define N m@* if and only
if n < 5 or k= 2. In addition, we classify linear subspaces of /\/};ym that fulfill
certain rank conditions.

Chapter 5 deals with the representation of SL,, on skew-symmetric forms B,
in n variables. For n even O(B,)5"" is generated by the pfaffian. We show that the
polarizations of the pfaffian define NBgak ifand only if n =2 or 4 or if k = 2.
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In Chapter 6 we consider the ternary cubic forms T as representation of SLs.
Its invariant ring O(T)S"s is generated by two invariants f4 and fs. We show that
the polarizations of f; and fg define Nper for any k.

In Appendix A finally, we examine the operation of GL,, on the quadratic
n X m-matrices M,, by conjugation. For n > 2 the polarizations of the invariants
O(M,)%" do not define any nullcone Ny ex but by analyzing the subspaces of
Nz, we found the following theorem on nilpotent rank one matrices: If Ay, ..., A,
are nilpotent rank one matrices that span a nilpotent space then all A; can simul-
taneously be triangularized.

2. Generalities

In this section we collect some basic results to which we will refer throughout
our work without further reference.
Our base field is the field of complex numbers C. Let p : G — GL(V) be a finite
dimensional representation of a connected reductive group G. The nullcone Ny C V
is defined by

Ny :={v e V| f(v) = 0 for all homogeneous non-constant f € O(V)“}

or equivalently by

Ny :={veV|Gv>0}.
It is also called null-fiber since it is the fiber m;,*(y/(0)) of the quotient morphism
my : V. — VG, where V//G is the algebraic quotient (see [Kra85, Kap. I1.3]). The
following theorem is known as HILBERT-MUMFORD criterion and is the main tool
in order to decide whether a v € V belongs to Ny:

THEOREM 1.1 ([Kra85, Kap. II1.2]). v € V belongs to the nullcone Ny if and
only if there exists a one-parameter subgroup (short: 1-PSG) X : C* — G such that
lim 0 A(t)v = 0.

This allows to describe the nullcone Ay, without the knowledge of the invariants
O(V)€. From now on for lim; .o A(t)v = 0 we will shortly say ‘\(t) annihilates v’.
Since the torus A(C*) C G is diagonalizable we can even restrict to diagonal 1-
PSG’s: A v € V belongs to the nullcone Ny if and only if some vg in the orbit Gv
is annihilated by a diagonal 1-PSG.

Our interest in finding functions defining the nullcone comes from the following
famous theorem of HILBERT:

THEOREM 1.2 ([Kra85, Kap. IL4)). If f1,..., fr are homogenous invariants
such that the zero set of fi,...,fr in V is equal to Ny then O(V)C is a finitely
generated module over the subalgebra Clf1,..., f].

Note that, as a consequence of the theorem of HOCHSTER-ROBERTS ([HoR74]),
this module is even free if f1,..., f, are algebraically independent.

Now we consider invariants in O(V®¥)C. Tt is obvious how an f € O(V)Y of
degree d can be trivially embedded in k different ways into O(V®*). However, by
the following polarization process, f gives rise to a much bigger set of functions in
O(VEF)E . Consider the decomposition

f(tl’Ul +t21}2 ++tk’l/k) = Z tilt? "'tzkpil,w,ikf(vla---avk)-
i1+ t+ip=d
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The functions P, ... ;, f(v1,...,vx) on the right-hand side are multihomogeneous
of different mulitdegree, and since G acts linearly and multidegree-preserving on
functions, they are elements of O(VEF)¢. We call them polarizations of f onto k
copies.

Note that functions obtained by polarization are multihomogeneous with re-
spect to the different copies of V. Furthermore, restricting a set of functions ob-
tained by polarization onto k copies to m < k copies yields the same functions
as those obtained by polarization onto m copies. As a consequence, if fi,..., fs €
O(V)% are invariants such that the polarizations onto m copies do not define the
nullcone Nyem then, since Nyom x {0} x ... x {0} C Ny ex, the polarizations onto
any k > m copies do not define the nullcone Ny or as well.

Now we are ready to state the theorem that gives a relation between singu-
lar spaces, i.e. linear subspaces of Ny and polarizations of invariants defining the
nullcones Ay ex. This theorem is crucial for all following work.

THEOREM 1.3 ([KrWO05]). Let V be a representation of a connected reductive
group G and let f1, fa,..., fs be homogeneous invariants defining the nullcone Ny .
For every integer m > 1 the following statements are equivalent:

(1) Every linear subspace L C Ny of dimension < m is annihilated by a
1-PSG of G.
(2) The polarizations of the f;’s define the nullcones Nyer for all k < m.

PROOF. A point (ay,...,a,) € VE™ on which all polarizations vanish gives
rise to a subspace H = (aj,...,an,) C Ny which is annihilated if and only if
(a1y...,am) is. O

We conclude this section with the dimension formula for quotients, which we
will often use:

THEOREM 1.4 ([Kra85, Kap. 11.4]). If G has a finite character group then
dimV)G =dimV — max dim Gv.
ve






CHAPTER 2

Polarizing and Homogenous Systems of
Parameters

A set of algebraically independent homogeneous functions in O(V)¢ whose zero
set equals the nullcone Ny is called a homogeneous system of parameters (HSP)
for O(V)%. Whenever a set of invariants fi, ..., f, defines the nullcone we can find
a HSP by taking dim O(V)¢ generic linear combinations of f{i/dl, cee f;-i/d’" where
d; := deg f; and d is the least common multiple of dy, ..., d,. As a drawback, unless
all f; are of the same degree, this procedure increases the degree of the resulting
functions, something that one usually wants to avoid in explicit calculations of
HSP’s.

Polarizing a function f of degree d onto k copies yields functions (as
many as there exist monomials of degree d in k variables) and hence sets of functions
that are obtained by the polarization process tend to be rather big. If such a set
defines the nullcone Ny ox it is therefore of interest to know, if some subset thereof
yields a HSP or if it is necessary to pass over to the generic linear combinations as
above.

If indeed such a subset exists then the resulting HSP for O(V®*)¢ has the
property that its functions are multihomogeneous with respect to the k copies of V'
(since they are obtained by polarization). Such a HSP is called multihomogeneous
system of parameters (MHSP).

("¢ )

REMARK. The restriction of a multihomogeneous function on V¥ to a subdi-
rect sum of VOF either vanishes identically (if it depends also on some other copy)
or remains unchanged. Hence MHSP’s have the following nice property: if one re-
stricts the functions of a MHSP of O(V®*)Y to a subdirect sum of V* then the
resulting functions are again a MHSP for this subdirect sum.

For G = SLs all representations whose invariant rings allow MHSP’s are classi-
fied in [Bri82]. There are only 13 of them. We will see now, that for most invariant
rings O(VE¥)E MHSP’s exist only for small values of k. Generically, they even
don’t exist for k > 2.

THEOREM 2.1. If there exists a MHSP for O(VE¥)E then

k(k—1)

kdim O(V)% + (dim O(V?)¢ — 2dim O(V)) < dim O(V®k)E,

PROOF. Let H be a MHSP for O(V®*)¢ and denote by H; resp. H;; the subset
of functions in H that depend exactly on the i-th resp. i-th and j-th copy of V in
V@ Since V(H) contains the sets {Ny x {0} x...x{0}},..., {{0}x...x {0} x Ny},
it follows from our remark above that |H;| = dim O(V)%. To count the bihomo-
geneous functions H;; consider the points {(0,...,0,a,0,...,0,b,0,...,0)} C VP

5
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with i-th coordinate a and j-th coordinate b where a,b € Ny . Indeed all functions
depending on one or three or more copies as well as all functions in H, , with
(p,q) # (i,7) vanish on these. We conclude |H;;| = dim O(V?)¢ —2dim O(V)¢ for
all 1 <1i < j < k. Summing up, we find that

UH,' U U Hij CH
i i<j
and hence

k(k—1)

kdim O(V)% + (dim O(VHY — 2dim O(V)%) < |H| = dim O(VE*)E,

O

COROLLARY 2.2. If Nye2 # Ny x Ny then there exists ko such that for all k >
ko there is no MHSP for O(VER)G | In particular, functions obtained by polarizing
invariants of O(V)E onto ko or more copies cannot provide homogeneous systems
of parameters.

PRroOOF. For every k satisfying

k(k

kdim O(V) + T’l)(dimow@)@ —2dim O(V)%) > dim (V)<

no MHSP for O(V*)% can exist, by the above theorem. But since Ny a2 # Ny x Ny,
we have |H;j| = dim O(V?)¢ —2dim O(V)“ > 0 and so the left-hand side of the
inequality grows quadratically in k&, hence only finitely many & do not satisfy it. O

It is convenient to use the contra positive form of Theorem 2.1 as a numerical
criterion:

COROLLARY 2.3. If k satisfies

k(k — 1)

kdim O(V) + (dim O(V?)¢ — 2dim O(V)%) > dim O(VEF)“

then no MHSP for O(V¥) can exist.

This has some remarkable consequences. Let us start with an application on
binary forms:

COROLLARY 2.4. Let Vi be the binary forms of degree d. C’)(Vd@k)SL"‘ has a
MHSP for a k > 2 if and only if the inequality in Corollary 2.3 is dissatisfied.

PrOOF. We have dim O(V;)5" = 0, dim O(V;#?)52 = dim O(V3)%" = 1 and
dim O(V,;??)Sk2 = 3. One deduces that for d = 1 and d = 2 the inequality is satisfied
for £ > 4 and in both cases the three polarizations of the determinant onto three
copies provide MHSP’s. For d = 1 this is well known and for d = 2 we will prove
it in the next chapter. As for d > 3, one has dimO(V,)5 = k(d + 1) — 3 and a
simple calculation shows, that for k£ > 2 the inequality is always satisfied. ([

COROLLARY 2.5. If dim O(V®*)¢ = kdimV — dim G for all k then O(V®™)¢
has no MHSP for m > 2.

PRrOOF. Under the given condition Corollary 2.3 becomes:

k1)

k(dim V—dim G) ((2dim V—dim G)—2(dim V—-dim G)) > kdim V—-dim G
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which simplifies to

-1y dimG 4 FED g6 - %(kf (k- 2)dimG >0

which holds true for £ > 2. O

This corollary can be applied to a wide variety of representations. For example,
due to the dimension formula for quotients, it holds true for every representation V'
of a semisimple group G whose generic orbit has finite stabilizer. As an application,
consider F, 4, the forms in n variables of degree d as representation of SL;,:

COROLLARY 2.6. Forn > 2 and d > 3 there exists no MHSP for O(ffﬁz)SL"
for k> 2.

PROOF. It is known that for n > 2 and d > 3 the stabilizer of a generic element
in F, 4 is finite (see for example [Bri96]), thus the requirements for Corollary 2.5
are met. 0

REMARK. We will see in Chapter 6 that the invariant ring of two copies of
ternary cubics O(ffg )Sts indeed has a MHSP.






CHAPTER 3

Binary Forms

Let V;, := Cl[z, y], denote the space of binary forms of degree n with the SLy
operation g - f = fg~!. The invariant rings O(V,?*)5L2 for k = 1, n < 6 and
k=2,n<A4 respectlvely were already considered by the geometers of the XIX-th
century. However only the cases (k,n) = (1,8) by SHIODA [Shi67] and recently
(2,5) by MEULIEN [Meu04] could have been completely solved since then. Even
more, several recent results show that the complexity in terms of generators and
relations increases dramatically in the unsolved cases and hence no fast progress is
expected in this area (see for example [Meu05, Pop92, DiL85]).

In this section we prove that for all n > 1 the polarizations of the generators
of O(V;,)%" onto any k copies generate the nullcone J\/'V@k Recall that from the
Hilbert-Mumford criterion follows that a form belongs to Nv if and only if it has a
linear factor of multiplicity > 7. The main step in the proof is the following lemma.

LEMMA 3.1. Let f(x), g(x) € Clx] be two polynomials with the property that
for infinitely many t € C the polynomial f(x) + tg(xz) has a root of order £ > 2.
Then f and g have a common root of order £.

Proor. Consider
X =V(f(x) +yg(@), f' (@) +yg' (x),.... f (@) +yg "V (x)) c C*.

Clearly, (zg,y0) € X if and only if z¢ is a root of order ¢ of f(z)+yog(x). From the
first equation in X follows that if g(zo) = 0 then z is a zero of f(z). Otherwise we

deduce yy = ;’Ziﬁ‘;), combined with the second equation we get
f(@o)
"(xg) — "(z9) =0
[ (o) (o) (zo)

Thus zq is a zero of

f(@)g(z) — f(z)g' (x)
which vanishes not identically since f - ¢g~! is not a constant. It follows that there
are only finitely many values for the z-coordinates of points in X, therefore we
can find two different points (s,t1) and (s,t2) in X. But thenf(z) + ¢19(z) and
f(z) + tag(z) have a common root of order £ and we are done. O

THEOREM 3.2. Every linear subspace of the nullcone Ny, is annihilated by an
1-PSG of SLs.

PrROOF. Let H C Ny, be a two dimensional subspace spanned by two forms
f(z,y) and g(z,y) and assume that they have no common factor of order > %. For
infinitely many ¢ € C the z-degree of the factor of multiplicity > % in f(z,y) +
tg(x,y) is nonzero, hence Lemma 3.1 can be applied to f(z,1) and g(x,1). It follows
that f(x,y) and g(x, y) have a common factor of desired multiplicity, a contradiction

9



10 3. BINARY FORMS

to our assumption. Since a binary form of degree n can only contain one factor with
multiplicity > 3, the case of higher dimensional subspaces follows from an easy
induction. (]

REMARK 1. After I finished my work on binary forms a preprint [LIMPO05]

with a completely different proof of Theorem 3.2 appeared.

REMARK 2. One may have noticed that in the proof of Lemma 3.1 above there
is no need for the existence of infinitely many ¢ with the given property. Let us
carry out the sharp condition in order that f and g have a common root of order
¢ = 2. It’s harmless to reduce to the case where f and ¢ have no common single
roots and degg = m < n = deg f. As the proof shows, it would then be sufficient
to only require that there exist deg(f'(z)g(z) — f(z)¢'(x)) + 1 = n + m different
values of ¢ such that f(z) + tg(x) has a root of order ¢ = 2. Due to the well-known
possibility of expressing the discriminant disc in terms of the resultant res we have
deg, disc(f +tg) = deg, res(f +tg, (f+tg)) <2n—1—(n—m) =n+m—1, as the
resultant in this case is a determinant of a 2n —1 x 2n — 1 matrix such that in n—m
columns the variable ¢ does not appear. Hence the requirement of n 4+ m different
values of ¢ is optimal. The generalization for roots of order ¢ > 2 is straightforward.

Let us now turn to the question for which cases polarizing leads to homogenous
systems of parameters. As a consequence of Corollary 2.6 we already know that for
n > 3 and k& > 3 no multihomogeneous system of parameters (MHSP) exists for
O(V,P*)SLz_ The precise answer is as follows:

THEOREM 3.3. Functions obtained by polarizing the generators of O(V;,)5"2
onto k copies yield homogenous systems of parameters if and only if (n,k) €

{(2,2),(2,3),(3,2), (4,2)}-

PROOF. O(V,)32 is generated by an invariant fo (the index indicating the
degree), O(V3)S2 by g4 and O(V4)SE2 by hy and hs. It is easily verified that in the
claimed cases the number of polarizations equals the dimension of the corresponding
quotient. To exclude all other pairs (n, k) we remark that all representations of SLo
that allow MHSP’s are classified in [Bri82]. The ones of the form V,®* n > 2 are
exactly the ones given in the theorem. O



CHAPTER 4

Symmetric Bilinear Forms

Consider the usual action of SL,, on symmetric bilinear forms in n variables
by means of (gq)(v,w) = q(¢g~'v, g~ w) or, equivalently, on the symmetric n x n
matrices Sym,, by gA = (¢g71)*Ag~!. From classical invariant theory it is known
that O(Sym,, )t = C[det] and that the n + 1 polarizations of det onto two copies
are algebraically independent and generate the invariant rings O(Sym®2)5t~ | see
[AGoT77]. Thus the first natural question to ask in this context is, whether the
polarizations of det onto three copies generate O(Sym®3)Stn at least for some

small n. The answer however is negative.

PrOPOSITION 4.1. The polarizations of det on k > 2 copies do not generate
the invariant rings O(SymSk)Stn

PROOF. It suffices to prove the claim for k = 3 as the restriction of a polarized
function onto three copies yields no new function on O(Sym®3)St». Consider the
dimension formula for quotients:

dimV)G =dimV — max dim Gu.
For G = SL,, and V = Sym,, ® Sym,, this yields
n+1=(n?+n)—(n?-1).

Hence the generic orbit is already of maximal dimension and we conclude for V =
SymP3:

2 2
<n+2> _n +3n +2 _3n +n _ -1,

2 2
But the number of functions obtained by polarizing det onto three copies equals
(”:2) as well and it follows that if the polarizations would generate all invariants,
then O(Sym$3)SLn is isomorphic to a polynomial ring. However representations of
SL,, with this property are classified in [Sch78] and Sym®? is not one of them. [0

n

MAIN THEOREM. The nullcone Nsym@k is defined by the polarizations of the
determinant if and only if n <4 or k = 2.

As an immediate consequence we get the following corollary:

COROLLARY 4.2. Forn < 4 the functions obtained by polarizing det onto three
copies are a multihomogeneous system of parameters for O(Sym®3)Stn .

PROOF. We have seen in the proof of the above Proposition 4.1 that the number
of these functions equals the dimension of the corresponding quotients. [

11



12 4. SYMMETRIC BILINEAR FORMS

We will establish the Main Theorem by proving that for n < 4 every subspace
H C Ngym,, is annihilated by a 1-PSG of SL,, and for n > 4 by exhibiting subspaces
of Ngym,, of dimension 3 that are not annihilated. Since the polarizations of det
generate the invariant rings O(Sym®2)Sk» it is clear that every two-dimensional
subspace is annihilated. Note that throughout this chapter we often change whether
we view an element A C Sym,, as matrix or as its corresponding bilinear form. For
simplicity’s sake however we introduce no additional notation.

The proof of the Main Theorem is divided into several steps. At first we state
the two crucial lemmas.

LEMMA 4.3. Let H be a singular subspace of Sym,, and let A be an element of
H. Then the restriction of H to rad A is still a singular space.

PROOF. We can assume that A corresponds to the form z% + ...+ 2, for some
m < n and so rad A is spanned by €41, ..., ¢e,. Now take an arbitrary element B

of H whose matrix we represent as
By B
Bl By

with B4 being an n — m X n — m block. Now we see that

sEn, + B1 Bs

det(sA+ B) = [ 5 B

} = 5" det(By) + {terms of s-degree < m} = 0.
Hence det(B4) = 0 and the claim follows. O

REMARK. Let A and H be as in the proof. The action of {SLm ] C SL,

SLn—m
preserves the image as well as the kernel of the restriction map B +— B := Blyxy
where U := rad A. Since dimrad(A) < n, it is clear how the classification of maximal
singular spaces of forms on less variables will come into play.

LEMMA 4.4. Let H be a singular subspace of Sym., with the property that there
exists a n — 1-dimensional subspace W of C™ such that the restriction of H to W
is still a singular space. Then H lies in a maximal singular subspace containing a
rank-one matriz.

PRrROOF. We can assume that W = {z; = 0} and then det;1(h) = 0 for all
h € H where det;; means the minor obtained by deleting the first row and column.
Let now A be the matrix corresponding to the form z? and then for all h € H we
find det(sA + h) = sdetq1(h) + det(h) = 0. This shows, that CA + H spans still a
singular space. O

1. The Case n =2

PROPOSITION 4.5. Every subspace of Ngym, is annihilated by a 1-PSG.

PRrROOF. This has already been proved in Theorem 3.2 since symmetric forms
in two variables are also binary forms of degree two. It is an easy consequence of
Lemma 4.3 as well. (]
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2. The Case n =3

Consider the following subspaces of Ngym,

* % ¥ ok %
W, = * ok and Wy = *
*

which are clearly annihilated by the one-parameter subgroups

t t?
A(t) = t , respectively  A\a(t) = t=1 )
t— 2

We claim that, up to the action of SL3, these are the two maximal subspaces
of Ngym, (in the set-theoretic sense).

PROPOSITION 4.6. Every subspace H C Ngym, is equivalent to a subspace of
W1 or Wy and thus is annihilated by a 1-PSG of SLs.

PROOF. We assume first that H contains the rank-one form z?. Note that we
can annihilate every singular space of Mgy, and so by Lemma 4.3 and its remark,
we end up with every h € H being of the form:

hi1 hia his

h=lhi2 hyp 0

his O 0
where the right lower 2 x 2 block corresponds to the singular space of the restriction.
Since det(h) = —h33h2e = 0 and H is a linear system we must have either hij3 = 0
for all h € H and hence H C Wy or hoy = 0 for all h € H and so H C W5. The
claim for arbitrary H follows now from the next lemma. O

LEMMA 4.7. Every mazimal subspace H C Ngym, contains a rank-one element.

PROOF. Otherwise let H be a maximal singular space of constant rank two.
Assume A € H corresponds to the form x125. Now for h € H consider tA + h and
due to Lemma 4.3 applied to A we find tA + h being of form

hi1 t+hi2 hiz
tA4+h= |t+ his hao ha3
his hos 0

Since for all h € H
det(tA + h) = 2thyshas + {terms of t-degree 0} =0

it follows that either h13 = 0 for all h € H or haos = 0 for all h € H. But then one
of the 2 x 2-minors dety;(h) = —h35 or detaa(h) = —h2; vanishes, a contradiction
to Lemma 4.4. 0
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3. The Casen =4

Consider the following subspaces of Ngym,

* % %
'/‘/1 = and ‘/‘/2 =
* * *

* X X %

which are clearly annihilated by the one-parameter subgroups

t +3
Ai(t) = respectively  Ao(t) = .
t_3 t_2

We claim, that these are the two maximal subspaces of Ngym,.

PROPOSITION 4.8. Every subspace H C Nsym, is equivalent to a subspace of
W1 or Wy and thus is annihilated by a 1-PSG of SLy.

PROOF. As before, assume first H contains the rank one form z%. By use of
Lemma 4.3 and the fact, that we can annihilate every subspace of Ngym,,, we may
assume that H is a subspace of either

* *
*
*

* % ¥

P = or Q:

EE R

*

*

where the right lower 3 x 3 blocks correspond to the two types of singular spaces
of the restriction. In the first case we find

det(P) = —p3, - det {pzz ng] =0
P23 P33

and conclude that either p14 = 0 and hence H C W7, or det B zz ZZ; zz] = 0, which
means that H|y is singular where U := Cey @ Ces. Since we can annihilate every
subspace of Ngym,, with a suitable base change in U we get H|y C { L); g} } and
so H C Ws.

For the remaining case where H C () we have

_ q13 Qqi14|\2 _
det(Q) = —(det {q% QQJ) =0

and hence B = { [313 314} } is a rank one space. For suitable g,h € SLo a base
23 q24

change of the form g h replaces B by gBh' which allows the form [: ] or

[* 1 ,(see Part III, proof of Theorem 2) and hence H C Wj resp. H C Ws. The

claim for arbitrary H follows now from the next lemma. |
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LEMMA 4.9. Every mazimal subspace H C Ngym, contains a rank-one element.

PrRoOOF. Let H be a maximal singular subspace not containing rank-one ele-
ments. From the normal form for symmetric matrix pencils due to Kronecker and
Weierstrass (see [Gan59, chap. XI1.4 ]) one reads off, that spaces of dimension > 1
of constant rank r exist only for even r. Hence we find in H a rank-two matrix A
which we may assume to correspond to the form xyx5. Now for h € H consider
tA + h and due to Lemma 4.3 applied to A we find tA + h being of form

hii  t+hia his hia
t+ hio hao hag  has

his hos  haz 0

hia hoy 0 0

tA+h =

Now one easily finds

det(tA + h) = 2thyshoshss + {terms of ¢-degree 0} =0

imposing h14h24h33 = 0. But h24h33 =0 yields detn(h) = 0 and h14 =0 implies
detaz(h) = 0, both a contradiction to Lemma 4.4. O

4. The Casen=2>5

Consider the following subspaces of Ngym;

* % k% ¥ % ok k% * %

¥ % ok ok * % % * %
Wi=|*x % x x Wo=|*x % x W3 = |* x
N * * %

* * %

which are annihilated by the one-parameter subgroups

AL(t) = diag(t,t, ¢, t,t7%), Aa(t) = diag(t!, ¢,,t73,¢7%)
respectively
Ao (t) = diag(t3, 3,72, 72, ¢72).

PROPOSITION 4.10. Every mazimal subspace H C Ngym, containing a rank-
one element is equivalent to a subspace of W1, Wy or W3 and hence annihilated by

a 1-PSG of SLs.

PROOF. Let H contain the rank-one matrix corresponding to the form x2. By
use of Lemma 4.3 and the fact, that we can annihilate every subspace of Ngym,,
we may assume that H is a subspace of either

* % % ko * % ok ok %

* % % % * % x k %
P=|x x x x or Q= |x *x =x

* % % % * %

* * %
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where the right lower 4 x 4 blocks correspond to the two types of singular spaces
of the restriction. The condition det(P) = 0 implies either p15 = 0 for all p € P
and thus H C Wy, or H|y is singular where U := Cey @ Cez @ Cey. After a
suitable base change in U we get H C Wy or H C W3. The condition det(Q) =

g3 (det BM 315] )2 = 0 implies either q33 = 0 for all ¢ € Q and so H C W3, or
24 425

else {[qM %5} } is a rank one space. Similarly as in the proof Proposition 4.8,

24 425
case of @@, we conclude that H ¢ Wy or H C Wh. O

In contrast to the cases n < 4 it is no longer true that every maximal singular
space contains a rank one form.

THEOREM 4.11. There exist mazimal spaces in Ngym that contain no elements
of rank one and thus cannot be annihilated.

PRrROOF. Consider H = {A;, As, A3} with

00 0 s t
0 0 s t 0
sA1 +tAy +uA3 =10 s O 0 -—-u
s t 0 2u O
t 0 —u 0 0

A direct computation shows that det(sA; + tAs + uAsz) = 0. Assume now H lies
in a maximal singular space containing a rank one element B corresponding to the
form (bywy + baxo + bsws + byxy + bsz5)%. The condition that sA; + B and tAy + B
are nullforms implies that b5 = b3 = 0. Furthermore the nullforms sA; + tA; + B,
tAs +uAsz + B and sA; + uAs + B show that by = by = by = 0. O

To finish the proof of the Main Theorem it remains to exhibit singular spaces of
dimension 3 for n > 5 that cannot be annihilated by a 1-PSG of SL,,. To this end we
need the following proposition which will also be of use later. Consider the operation
of SL,, x SL,, on the quadratic matrices M,, by means of (g,h) - A = gAh~!.

PROPOSITION 4.12. A subspace H C M, is annihilated by a 1-PSG (A(t), u(t))
of SL,, x SL,, if and only if there exists a subspace W C C" such that dim HW <
dim W.

PROOF. If lim; o A#)Hu(t)~! = 0 we may assume A(t) = diag(t®,...,t%")
and pu(t)~! = diag(tbl,...,tb") with ag > ... > a, and by > ... > b,,. Since
A(t), u(t) € SLy, we have > .a; = >, b; = 0. If a; + byy1—; > 0 for all 4, then
>i(a; +b;) > 0, a contradiction. Hence we must have as + b, 41— < 0 for some
s. But then a; +b; <0 fori>s, j > n+1— s, as the sequences of the a; and b;
are decreasing. Since for an h € H the ij-th entry of A(¢)hu(t)~1 is h;t% % we
conclude h;; = 0 for i > s, j > n+ 1 — s and hence

* *
* * k%

he**O...O
*

*
S
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where the left upper 0 is at position (s,n + 1 —s). Now set W = {ep11-5,.--,€n}
to see HW C {e1,...,es—1} and hence dim HW = s —1 < s = dim W.

On the other hand, assume such a W C C" exists. Given the operation of
SL,, x SL,, on H we may assume that W = {e;,...,e,} and HW = {eq,...,e;}
where i < n — j 4+ 1. So we see that

* ok X * *
* ok X * *

Hc |* * 0 ... 0
* * 0 0

where the left upper 0 is at position (i+1, j). We construct now a 1-PSG (A(t), u(t))
of SL,, x SL,, as follows (cf. Part III, first part of proof of Theorem 1): Let A(t)
having weights n—ion ey,...,e; and —t on e;11,...,e, and ,u(t)_1 having weights
n—j+loney,...,ej_1and —j+1lonej,...,e,. Since n—14—j+1>0 it follows
that (A(t),u(t)) annihilates every entry at position (p,q) as soon as p < ¢+ 1 or
q < j and so limy_o N¢)Hpu(t)~! = 0. O

As for the representation of SL, on Sym,, note that the image of SL, in
GL(M,,) is contained in the image of SL,, x SL,, under the representation

(9,h) - A= gAn™"

and hence when viewing the elements of Sym,, as linear maps we can formulate the
proposition above for SL,, on Sym,,:

PROPOSITION 4.13. A subspace H C Sym,, is annihilated by a 1-PSG \(t) of
SL,, if and only if there exists a subspace W C C™ such that dim HW < dim W.

The space H in Theorem 4.11 cannot be annihilated by a 1-PSG of SL5 hence
there exist no subspace W C C? such that dim HW < dim W. It is easy to see that
for n > 5 for the space

0 0 O ] t
0 0 s t 0
0 s 0 0 -—u
s t 0 2u O
SAl —+ tAQ —+ UAg = t 0 —u 0 O

S

there does not exist such a subspace W C C" as well and thus it cannot be anni-
hilated. This finishes the proof of the Main Theorem.

REMARK 3. Theorem 4.11 is remarkable as C.T.C. WALL in his paper [Wall78]
claimed that the nullcone Ngy,,, for any n is defined by the polarisations of the
determinant. As we have seen this is correct only for n < 4.
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5. The Casen >5

Under certain rank conditions we can give a somewhat more detailed picture of
the structure of singular spaces of Ngym,,, for n > 5. Note that the orbit structure
of Ngym, is given by the rank of the elements:

n—1
NSymn = U Om
m=0

where O,,, = SL,, «(2? + ... + 22)) is the orbit of the rank m elements and O,, =
OgU...UO,,. We say a subspace H is bounded by rank m if H C O,,. Consider
the following variant of Lemma 4.3:

LEMMA 4.14. Let H be a subspace of Sym,, bounded by rank m and let A € H
be an element of rank m. Then the restriction of H to rad(A) is zero.

PROOF. As before we may restrict to the case where A corresponds to the form
z?+...422,. Let B be another element of H with entries b;;. By assumption, every
m + 1 x m + 1-minor of tA 4+ B vanishes. Construct now minors like this: Delete
n—m —1 columns but none of the first m ones and delete n —m — 1 rows but again
none of the first m ones. From Lemma 4.3 we see that in every minor the entry in

the right bottom corner is zero, hence b;; = 0 for %, j > m and we are done.
O

PROPOSITION 4.15. Every singular subspace H C Ngym,, bounded by rank m :=

| 252 is annihilated.

PRrooOF. By the preceding Lemma 4.14 we can assume H to be of form

_|H1 H,
il )
with H; being an m x m block and Hy being an m x (n — m) block. Now for
A(t) = diag(t"™™, .. " T ™
we see that limy_g A(¢) - H = 0. O

In this context one may ask for spaces of low rank that are not annihilated. To

construct such spaces the following observation of JAN DRAISMA is helpful:
LEMMA 4.16. Let M C M, be a subspace that is not annihilated by a 1-PSG

of SL,, x SL,,. Then F = {[‘gt 61] | A e M} C Syma, is not annihilated by a

1-PSG of SLo,, as well.

PRrROOF. By Proposition 4.13 we have to show, that for all subspaces W c C2»
we have dim FW > dim W. Consider C?" as C2* = C* & C* =: V; ¢ V, with
projections p; : C* — V;, and the elements of M as linear maps Vo — V;. With
this notations we have

dim FW = dim p; (FW) + dim(FW N V).

But dim py (FW) = dim(M - p2(W)) > dim po (W) since M cannot be annihilated.
Furthermore, since FV; C Vo we see FW NV, D F(WNVy) = MY(W NV;) and
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dim MY (W NVy) > dimW NV; as M' cannot be annihilated as well. Summing up
we get
dim FW > dim po (W) + dim(W N Vi) = dim W.

(Il
Consider now the space M = {A, B,C} C M3 with
0 s t
sA+tB+uC=|-s 0 u
-t —u 0

By use of Proposition 4.12 it is easy to see that H cannot be annihilated by an
1-PSG of SL3 x SL3. Hence by the above Lemma 4.16 the space

M
|:Mt :| C Symfi
under the operation of SLg cannot be annihilated as well and is bounded by rank
4. Without much effort this can be generalized to spaces

A
H={ | Ae M} C Ms,, and {Ht H]CSyme
A

and thus for n = 6m we find subspaces bounded by rank %” that cannot be
annihilated. We conclude that - although there is still some gap - the bound found
in Theorem 4.15 is not that bad.

Since every singular space bounded by rank 2 can be annihilated and there
exists singular spaces bounded by rank 4 which cannot, the last open case are

spaces bounded by rank 3:

THEOREM 4.17. Every singular subspace H C Ngym, bounded by rank 3 can
be annihilated.

ProOOF. By Theorem 4.15 the remaining cases to consider are n = 5 and n = 6.
For n = 5 it is clear that a space H bounded by rank 3 remains singular after the
addition of a rank-one element. Thus H is annihilated due to Theorem 4.10.
For n = 6 due to Lemma 4.14 we may assume H to be of the form

_[H, H,

#= [ ]
with Hj, Hy being 3 x 3 blocks. Now det(H) = 0 imposes det(Hsz) = 0 and we
conclude that Hs is bounded by rank 1 since H is bounded by rank 3. A suitable

base change of form g

h] with g,h € SL3 replaces Hy by gHoh? which can be
brought in the form

* x ok ok

* or

*
and so H is annihilated by either \(t) = diag(t*,t!,t1,t72,¢t72,t72) or A(t) =
diag(t,t,t,t,t,t75).
O






CHAPTER 5

Skew-Symmetric Forms

Denote by B, the skew-symmetric forms in n variables with the usual SL,
operation. For n even it is well-known that the invariant ring O(B,,)5"" is generated
by the Pfaffian which we will denote by Pf and that the polarizations P?(Pf)
generate the invariants O(B,, ® B,,)%", see [AGo77]. Since By has no nonzero
singular elements we begin our analysis of the singular subspaces with the case
n=4:

PROPOSITION 5.1. Ewvery singular subspace H C Npg, is annihilated by a 1-PSG
Of SL4

PROOF. Since skew-symmetric forms are of even rank, H is of fixed rank two.
By similar arguments as in Lemma 4.14 we can assume H to be of the form
Hy, Hy
—-H! 0
with Hsy necessarily being a rank one space. A suitable base change of the form

[g h} with g, h € SLs puts H into form

|

]
=
* ¥ % %

and hence H is annihilated. O

THEOREM 5.2. The polarizations of Pf form a multihomogeneous system of
parameters (MHSP) for O(B*)Sbs if k < 6. For k > 6 no MHSP exists for
O(BF ).

PROOF. By the dimension formula for quotients we have

dim O(B6)St > 6.6 — 15 = 21.

However the number of functions obtained by polarizing Pf onto 6 copies is (2‘55) =

21 as well and since these functions define the nullcone they have to be algebraically
independent which proves the first claim. For the second, note that dim O(B$¢)St =
6-6 — 15 = 21 implies that dim O(BY*)SM = 6k — 15 for k > 6 as the generic orbit
is of maximal dimension. Thus the inequality in Corollary 2.3:

k(k—1)

kdim O(V)¢ + (dim O(V?) — 2dim O(V)€) > dim O(V*)¢

becomes
k(k—1)

k-1
2 > 6 5

k+

21
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respectively

(k=5)(k—6)>0
which is satisfied for k > 6. ([l

PROPOSITION 5.3. Forn > 3 there are singular subspaces H C Ng,, of dimen-
ston 3 which are not annihilated by a 1-PSG of SLy,,.

Proor. Consider the space H = {A, B,C} C M,, with

[0 st

—-s 0 u

—t —u 0
SA+tB+uC = s

S

By use of Proposition 4.12 one verifies that H cannot be annihilated by an 1-PSG
of SL, x SL,,. Hence by the obvious skew-symmetric version of Lemma 4.16 the

space {—Mt M} C Bs, is not annihilated by a 1-PSG of SLs,, as well. [l



CHAPTER 6

Ternary Cubic Forms

Let T be the vector space of ternary cubic forms endowed with the action of
G = SL3. According to [Kra85] the nullcone N consists of six orbits:

Nr ={0}UG2® UGz*yUGzy(z +y) UG(2? — y2)yUG(y*z — 23) = ByU...UBs

and the closure of the orbits is given by B; = By U ... U B;. Inspecting the weight
system reveals that, up to the action of the Weyl group, there is only one maximal
set of weights that is annihilated by a 1-PSG of SL3, namely {3, 2%y, 232, v3, y?2}.
We will show that under the action of SL3 every subspace H C N7 is equivalent to
a subspace spanned by these weights.

To this end, we need BERTINI’s classical theorem (see [Har92]) in the following
setting: let fo, ..., fs be linearly independent projective plane curves of degree three
and consider the linear system they span, that is the family

Ut2t0f0+...+tsfs :O
where t = (o, ...,ts) € P°. The base points of U, are the points in V(fo,..., fs)-

BERTINT’'S THEOREM. A generic member of Uy has no singular points outside
the base points.

Now we are ready to prove the following theorem:

THEOREM 6.1. Every singular subspace H C T is annihilated by a 1-PSG of
SLs.

PROOF. We have to deal with the five different cases where H lies in B; and
contains elements of B;, i =1,2,...,5.

(1) H lies generically in By = G(y2z — x3): Since B N H is a dense subset
of H we may choose a basis fy,...,fs of H such that every f; € Bs. Note that
Bs consists of irreducible elements, hence the corresponding linear system U, :
tofo + ... + tsfs = 0 has only finitely many base points as long as s > 1. A
generic member of H is a cusp and has therefore exactly one singular point. By
BERTINI’s Theorem, these singular points are base points and it follows that all the
fi have a common singular point. Without restriction we set fo = 3%z — 23 and
therefore [0, 0, 1] to be the singular point of the f;. A simple calculation shows, that
a ternary cubic having [0, 0, 1] as singular point lies in the span of the monomials
{22, wyz, 23, 2%y, 2y?, y3, y*2}. Thus we have to show, that the f; don’t depend on
the first two monomials as we can simultaneously annihilate the others. Indeed the
condition that the singularity at [0, 0, 1] is not a double point for f = ax?z+bzyz +
cy?*z+ ... amounts to the condition b* —4ac = 0 (in the via [z, y, 1] dehomogenized
coordinates the quadratic terms have to be a square of a linear form). But since U,

23
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is a linear system and the coefficient of 42z in fy is nonzero we deduce, that in all
fi the coefficients of the monomials zz? and zyz indeed are zero and hence H is
annihilated.

(2) H lies generically in By = G(22 — yz)y: We may assume that fo = (22 —

yz)y € H. If the linear system associated to H has only finitely many base points,
then the same argument as above shows that H is annihilated. If there are infinitely
many base points then there exists a common component. In case the common
component is the parabola z? — yz then the set of all lines tangent to p is given
by L = C{2tx —y —t?2 | t € C} and it is easy to see that a linear subspace
contained in L has dimension one. Otherwise the common component is the line
y = 0. A parabola ax? + bxz + cz? + dyz + ey® + lzy to which y = 0 is a tangent
satisfies b — 4ac = 0 and since the coefficient of x2? in f is nonzero we conclude
that H C {(az?® + dyz + ey® + lzy)y} and therefore is annihilated.

(3) H lies generically in B3 = Gry(x + y): A generic element of the correspond-
ing system U; consists of the union of three different lines meeting in one point.
If U; contains only finitely many base points then by BERTINI’S Theorem we may
assume that all f; meet in the same triple point, say [0,0,1]. This implies that
the f; are independent of the variable z, as they consist of lines passing through
[0,0,1] and thus H is annihilated. If otherwise the base points of U; consist of two
different lines then we may assume H C {zy(az + by)} which is annihilated as
well. Finally, when only one line ¢ lies in the base points we consider the system
U= tofol™ + ... + tyfsf~' = 0 which must contain only finitely many base
points. But then as above all f;¢~! share the same double point and thus all f; the
same triple point and we are in the case as above.

(4) H lies generically in By = G22y: We can assume that fo = 2%y € H and
then we claim that H C {2?(az + by + c2z)}. Assume that f; € By is an element in
H whose quadratic term is linearly independent of z2. After a suitable base change
we find, for all ¢,

fo+tfi =2p+ty’q = (ax + by + c12)4,

for suitable linear forms p, ¢ and ¢;. Note however that ¢; = 0 for all ¢ since the
left-hand side contains no term z2. Furthermore a;b; # 0 for ¢t # 0 as fy and f; are
not both divisible by 22 or y? and hence ¢; does not depend on z since the left-hand
side contains no term xyz. So finally fo and f; do not depend on z and thus are
binary forms of degree three. By Theorem 3.2 they must have a common quadratic
factor, a contradiction to our assumption.

(5) H lies generically in By = Ga3: The sum of two linearly independent cubes
is not a cube, hence dim H = 1. O

It is classically known that O(T)5s is generated by two invariants fy and fg
of degree 4 resp. 6, see [Aro58|. From Corollary 2.6 we already know, that for
k > 2 no homogeneous system of parameters for O(T%%)5s can be found among
the polarizations of f4 and fs. However for k = 2 the set of polarizations contains
5+ 7 = 12 functions and indeed we have

12=2-10 — 8 = dim O(T%®?)5ks

and thus
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THEOREM 6.2. The polarizations of fi and fg form a bihomogeneous system
of parameters for O(T%2)5Ls,
Using this result we were able to compute the Hilbert series of the invariant
ring O(T @ T)S%s. It is of the form H(t) = % with
f) =1+ 45 + 9% + 11419 + 30t + 62¢1* + 98416 4 125¢18 4 140t%°
+ 140t%2 + 125¢* + 98120 + 62¢ + 30t°0 + 11¢32 + 9¢34 + 4450 4 438,

From H (t) one reads off that a set of generators for O(T @ T)S" contains at
least 76 elements.






APPENDIX A

Conjugacy Classes of Matrices

Consider the action of GL,, on the quadratic n x n-matrices M,, by conjugation.
It is well known that the invariant ring O(M,,)%%" is generated by the n traces of
the powers : try : A +— tr(A¥), k = 1...n and hence the nullcone N} consist of
the nilpotent matrices. A space H C N}y, is annihilated by a 1-PSG of GL,, if and
only if it is triangularizable, that is gHg~' C M,, for some g € GL,,, where 9,, are
the strictly upper triangular n x n-matrices.

For n = 2 it is easy to see that every subspace H C Ny, can be triangularized
(dim H < 1 since it consists of nilpotent rank one matrices). But for n > 3 the
two-dimensional space

0t 0 0
s 0 —t
H=sA+tB= |0 s 0
0 0

which consists entirely of nilpotent matrices has some interesting properties. In
fact AB is not anymore nilpotent, and for n = 3 this space was already used in
[MoT52] to show that there exist spaces sA + tB of nilpotent matrices such that,
as an algebra, A and B generate M3. In our context, this means that for every
n > 3 the space H cannot be triangularized.

In contrast to the symmetric bilinear forms or the skew-symmetric forms, where
every singular space - when embedded in some large enough space - could be an-
nihilated (see Prop. 4.15), H has no such property. Moreover, H is of fixed rank
2, thus besides spaces bounded by rank 1 (which are clearly annihilated) not even
spaces of small rank can be annihilated in Ny, .

If H C N, can be annihilated by a 1-PSG of GL,, then obviously H can be
spanned by rank one elements or is a subspace of a space that is spanned by rank
one elements. We prove now that the opposite is also true: If H C Ny, is spanned
by rank one elements then H is annihilated. This gives an interesting statement on
triangularizability of nilpotent rank one matrices.

Recall that for an element A € 9, of rank one there exist v,w € C™ such that
A = v - wt. Moreover, if the last non-zero entry of v is v; then w; = ... = w; = 0.

LEMMA. Let Ay,..., A €N, be elements of rank one with the property that
Ay Ag - - A #£0.
Then, for all o € Sy, 0 # id, we have
Asry - Aoy -+ Age) = 0.

27
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PROOF. Fori=1...klet A; = v;-w! and define ¢; to be the index of the last
non-zero entry of v;.
Now since

Ay Ay A= - (whvg) - (whg k) s wh £ 0

it follows that each (w;5 - v;+1) # 0. Since the first ¢; entries of wy are zero, we

conclude that co > c¢;. But then the first ¢, entries of wo are zero, hence c3 > ¢
and so on to finally find ¢; < ¢ < ... < ¢. Obviously there is no o # id satisfying
Co(1) < Co(2) < ... < Co(k) hence we are done. ([l

THEOREM. If H is a nilpotent space spanned by rank one matrices then H can
be triangularized.

PROOF. Let H be spanned by A1, ..., A,,. It suffices to prove that every m+1-
fold monomial in the A; is already zero: in this case the subalgebra - and hence the
Liealgebra - generated by the A; is nilpotent and so by LIE’s theorem, all A; can
simultaneously be triangularized. We proceed by induction on m. For m = 2, since

(tlAl + tQAQ)S = t%tgAlAQAl + tltgAQAlAg =0

we find A1A2A1 = A2A1A2 =0.

Let’s assume the statement has been verified up to m — 1, so we have to show
that every m + 1-fold monomial in Ay, ..., A,, vanishes. To this end consider the
coefficient of, say, t3tg -t in (t1 A1 + ...+t Ay)™ L It consists of the sum of
all monomials containing A; twice and every other A; exactly once. By induction
hypothesis it is clear, that every monomial not being of the form A1 A4;, ... A;, A1
is zero (would contain a ! + 1-fold monomial in [ < m factors) and also, that we can

assume that As, ..., A, € N,. If any such monomial is non-zero, then every other
of this type is, by the above lemma. Since the coefficient is zero, in fact all of them
are. U

REMARK. A famous result in this context is the classical theorem of GERSTEN-
HABER which states that if H C M, is a nilpotent space of dimension (g) then H
is triangularizable. This has recently been considerably generalized in [DKKO06].
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MULTIPLICITIES IN TENSOR MONOMIALS

MATTHIAS BURGIN

ABSTRACT. This paper is about multiplicities occuring in the decomposition
of tensor monomials V171 @ V5®"2 ® ... ® V,.©"r where the V; are irre-
ducible representations of a simple complex algebraic group. We show that
there is a constant N and a real number o > 1 such that if > n; > N then
mult(W, V1™ @ 1,972 @ ... @ V,87r) > a2 ™i unless it is zero.

Also we provide some tools to compute all tensor monomials V3 ®™1 @ 15972 @
-+ ® V,-®7r that contain a given representation W at most a given time. Es-
pecially we find all (d1,da,...,dn—1) € N*~1 such that C"®% /\ZC"QMZ ®
/\3(C”®d3 R ® /\"_1(C"®d"71, considered as SLj-representation, contains
the trivial representation exactly once, a question that was asked by FINKEL-
BERG. Also, using our tools we answer the question of FINKELBERG generalized
to the exceptional groups.

1. INTRODUCTION
The starting point of this work was the following question asked by FINKELBERG.

Question. For which integers di,ds, ... ,d,—1 does the tensor product

d ®dn—1

(Cn®d1 ® /\2(Cn® 2 ® /\3Cn®d3 Q- ® /\n—l(cn

considered as a representation of SL,, (C) contain the trivial representation /\O(C" ezactly
once?

From classical invariant theory there are some candidates, namely all tensor
monomials such that dy + 2ds 4+ 3ds + - - - + (n — 1)d,,—1 = n. They cannot exhaust
the list since every solution produces another one, by dualizing. However, both
together give the full solution as we will prove in Section 2. A similar result holds
for the single occurence of an arbitrary \'C".

Theorem A. Considered as a representation of SL,(C), the tensor monomial
d d _ dn—
Cr®d ® /\2(Cn® 2 ® /\3(Cn® 3 R ® /\" l(cn® 1
contains the trivial representation /\O(C" with multiplicity one if and only if either
Shkdp = noor Y, (n—k)d, =n. For 1 <i < n—1, it contains \'C" with
multiplicity one if and only if either ), kdy =i or Y, (n — k)dy =n —i.

A priory, it is not clear that the number of solutions to the question above is
finite. However, in Section 3 we prove the following general result.

Date: August 2005.
The author is supported by the Swiss National Science Foundation (Schweizerischer National-
fonds).
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Theorem B. Let G be a simple complex algebraic group and Vy,Va, V3, --- |V,
non-trivial irreducible representations of G. For every integer k > 0 and every
irreducible representation W of G the following set is finite:

{(n1,n2,...,n;) EN" |1 <mult(W, ¥ @ ¥ ® ... @ V,®") <k}

This statement can be improved considerably. In fact, we will show that the
multiplicities “grow exponentially” in the following sense.

Let A1, Ag, ..., A be the highest weights of V1, Vs, ...V, and let p be the highest
weight of W. In order that W appears in the tensor monomial

V1®'ﬂ1 ® ‘/2®712 R ® ‘/'T®n'r~

it is necessary that f is of the form pp = Y, n;A\; =) positiv roots [Hu72, 21.3 Propo-
sition]. Let us denote by A0t the root lattice, i.e., the sublattice of the weight lattice
spanned by the roots.

Theorem C. With the notation above there is a constant N and a real number
a > 1 such that the following holds:

mult(VV, V1®n1 ® V2®n2 R--® ‘/T®77/7*) > O(E n;
if p € Zz niAi + Moot and Zz n; > N.

Finally, in Section 4 we introduce a tool which can be used to calculate the finite
sets

{(n1,n9,...,n,) € N" | 1 <mult(W, V;®™" @ 1% @ - @ V,.%") < k}

that appeared in Theorem B above. As an application, we solve the question of
FINKELBERG for the exceptional groups Gs, F4, Eg, E7 and Eg by use of the computer
program LiE [Li96].

2. TENSOR MONOMIALS OF EXTERIOR POWERS

The irreducible representations of GL,, = GL,,(C) are parametrized by the par-
titions A = (A1, Ao, ..., \,) of height < n where A corresponds to the GL,-module
V) of highest weight A\je1 + Aoeg + -+ - + A&y, in the usual way (see[Kr85, 111.1.4
Satz 1] , cf. [GW9S8, 5.2.1] ). In particular, we have A\ > Ao > --- > A, > 0, and
the height of X is the maximal index 7 such that A\; > 0.

Restricting to SL,, the module V) remains irreducible, and V/\|SLn is trivial if
and only if A = (m,m,...,m) for some m > 0. Finally, define the degree of \ by

The fundamental weights are given by
wr = (1,1,...,1,0,0,...,0) for k=1,2,...,n
—_———
k times

and the corresponding fundamental representations are V,,, = /\k(C". For simplic-
ity’s sake we use in this section the notation Vj := /\k(C”. Furthermore we identify
Vo with the trivial representation.
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We will represent a partition A\ by a Young diagram consisting of square boxes
whose i-th row has length A;, e.g.

represents the partition (4,3,2,2,1) of height 5 and degree 12.

Remark 1. By what was said above, we see that V) and V). are isomorphic as SL,,
modules if and only if A’ is obtained from A by adding or removing columns of
lenght n.

Most of the combinatorics involved has a nice description in terms of Young
diagrams. As an example let us recall PIERI’s formula (see [FH91, page 79, formula

(6.9)].

Proposition 1. For any partition A of height < n we have the decomposition as
GL,,-module

weANC ~ @V,

where v runs through all partitions of degree |v| = |A| + k and height < n whose
Young diagrams are obtained form the Young diagram of X\ by adding k bozxes, at
most one to each row.

Example 1. We have the following decomposition
Vo) ® A°CH 2 Vig o) & Vi) ® Vie2) ® Viz,1)

according to the YOUNG diagrams

o |

°]

When decomposing a multiple tensor product V) ® Vi, ® -+ @ Vj,_ via PIERI’s
formula above, then one YOUNG diagram can always be constructed in a canonical
way which is best described as ‘move as many boxes as possible in the leftmost
columns’. An example will make everything clear:

Example 2. As a GLs-module the canonical YOUNG diagram obtained from the
four-fold tensor product V(1) @ Vo @ V3 @ Vy is

4
4

2]
2

.nppoo‘oa

3

where the boxes coming from the module V; are labeled with 3.
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Using this construction of the canonical YOUNG diagram it is obvious that for
0 <i<n—1a tensor monomial V;¥™ @ 5™ @ ... ® V,_;®™" ! contains the
representation V; with respect to SL,, if and only if ), mik = ¢ mod n. Let us
write now (2, 1) for the partition
(2,1,1,...,1,0,0,...,0)
—_——
£ times

whose Young diagram has one row of length 2 and ¢ rows of length 1, e.g.

|

(27 13) =T

Using again the construction of the canonical YOUNG diagram the following
lemma is clear:

Lemma 1. Consider the partition = (2,1%) of height £+1 < n and let k1, ..., ks <
n be positive integers such that Y, k; + || =0 mod n and ), ki + || > 2n. Then
as an SLy-module V,, @ Vi, ® Vi, @ --- @ Vi, contains the trivial representation.

Now we can prove our first main theorem.

Theorem A. Considered as a representation of SL,(C), the tensor monomial
V1®m1 ® V2®m2 ®---QV 71®mn71

contains the trivial representation with multiplicity one if and only if either ), kmj, =
nory . (n—k)my=n. For 1 <i<n—1, it contains V; with multiplicity one if
and only if either Y, kmy =i or )", (n — k)mi =n — 1.

Proof. (a) We already know that the trivial representation occurs in a tensor mono-
mial Vi @ ... ® V,,_1%™ =1 if and only if Dopkmp =0 modn. If Y, kmy =n
then the tensor monomial Vi®™ @ ---®V,,_1®"™"~! is a quotient of V™. It is well
known from the SCHUR-WEYL duality that (V®7)Sk» = A"V which shows that the
trivial representation occurs exactly once in Vi®"™ @ --- ® V,,_1®™"~1. By duality,
ie. Vj ~V,_g4, the same holds if ), (n — k)k = n.

(b) Assume now that ), kmy =0 mod n and that ), kmy and ), (n — k)my,
are both > 2n. Write the tensor monomial V1™ @ --- @ V,,_1©™"~1 in the form
Vi@V, ®---QV,, where 0 <ry <rg <--- <ry <n.Ifri+ry <nthenV, ®V,,
contains the irreducible summands V., 4., and V(2717-1+7~272). Lemma 1 above implies
that Vig 1r14r-2) @ Vg @ -+ - ® V. contains a trivial summand, and the same holds
for Vo 4r, ® Viy ® -+ ® V4. Thus the multiplicity of the trivial representation in
Vi, @V, ® -+ @V, is at least two. By duality the same argument applies to the
case when (n—ry_1)+ (n —ry) <n.

(c) It remains to show that if >, r; and 3°;(n —r;) are both > 2n then either
ri4+ry <nor (n—ry_1)+(n—ry)<n. Infact, ry + 72 > n implies that r; > 5
for j > 2. Moreover, N > 3 because Zj r; > 2n. Now the claim for the trivial
representation follows.

() For1 <i<n—1letT:=V®" @ ---@V, 1" be a tensor monomial
with >, kmy, = i. We have
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mult(V;,T) =1 < mult(Vp, T @ V,—;) =1

@kak+n—i:n or Z(nfk)kari:n
k k

@kak:i or Z(n—k)mkzn—i
%

k
(]

We like to prove a similar result for tensor products of symmetric powers S¥C" =
Viw, - First of all there is also a PIERI formula for this situation (see [FH91, page
79, formula (6.8)] ).

Proposition 2. For any partition A of height < n we have the decomposition as
GL,,-module
Ve stcr ~ PV,
v

where v runs through all partitions of degree |v| = |A| + k and height < n whose
Young diagrams are obtained form the Young diagram of A by adding k bozes, at
most one to each column.

Example 3. We have the following decomposition
Ve ® 5*C* ~ Via) ® Viz2) ® Viz1,1) © Viz2,1)

according to the YOUNG diagrams

oo 9 H [+

Recall that the dual partition AV of X is obtained by interchanging rows and
columns of the corresponding Young diagrams, i.e.

A =i |\ > ).

In particular, [A| = |AY| and AV has heigt A;. By definition, A"C" and S¥C"
correspond to dual partitions, and the two PIERI formulas (Proposition 1 and 2)
are dual with respect to this duality of irreducible representations. As a consequence
we get the following result.

Proposition 3. Let m,n be two positive integers and A\ a partition of height < n
such that A1 < m. For any finite set of integers 0 < ky, ko, ..., k. <n we have

multgr, (Va, /\kl(C” X /\k2(C" R /\kT(C") =
multgr,, (Vy/, SFC™ @ S2C" @ --- @ SFC™)
This enables us to carry over the results from Theorem A. We do it explicitely

for the case of the trivial representation. For this we consider, under the assumption
above, the partition A = (n™) := (n,n,...,n).
—_——

m times
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Corollary. (a) The tensor product S¥*C™ ®@ Sk2C™ ® ... ® Sk¥*C™ contains the
trivial representation with respect to SLy, if and only if there is an integer n > 0
such that 37, kj =m-n and k;j <n for all j.

(b) If -k =m-n and 0 < ky,...k, < n then Skicm @ Sk2C™m ® .- @ Sk-C™
contains the trivial representation (with respect to SL,, ) with multiplicity one if and

only if NF'C" @ A\¥2C" @ - @ N*"C") does (with respect to SLy,).
Summing up we obtain the following result.

Theorem. Let k1 < ko < --- < k,. be positive integers. Then the tensor product
SkCm @ SF2C™ ® --- @ SF*C™ contains the trivial representation of SL,, with
multiplicity one if and only if there is an integer n > 0 such that the following
holds:
(i) >°;kj =n-m and kj <n for all j.
(ii) k; = n for all i and hence r =m or ij<n kj =n or Zk1<n(n —kj) =n.

3. GROWTH OF MULTIPLICITIES

Let G be a simple complex algebraic group, with maximal torus 7' C G and
Lie algebra g. We choose a set A = {a1,as,...,ay} of simple roots and denote
by {w1,wa,...,ws} the corresponding fundamental weights. They span the weight
lattice A := ), Zw; which contains the root lattice Avoor := ), Zoy. For every
simple root a; we choose a root vector X; € g, . If W is a representation of G and
A € A then W(X) denotes the weight space of weight A.

A basic tool in the study of multiplicities of tensor monomials is the following
result due to ZELOBENKO [Ze73].

Proposition 4. Let V), Vs be irreducible representations of G of highest weights
[, 0 where 6 =y . riw;. For any representation W of G we have

mult(V,,, Vs @ W) = dim{w € W(u —0) | X" w =0 fori=1,2,...,¢}.

The following corollary was pointed out by EVGUENI TEVELEV:

Corollary 1. Let Vi be an irreducible representation of highest weight § =", riw;
and let Wi, Wa, ..., Wy be arbitrary representations of G such that r; > dim W; for
all i,j. Then

mult(Vs, Vs @ W™ @ W™ @ - @ W) > [ [ (dim W;(0))™.
j

Proof. The proposition above shows that mult(Vs, Vs ® W;) = dim W;(0) since
XZT"'+1|W_7. = 0 by assumption. Now the claim follows by induction. O

Proposition 5. Let Vs be an irreducible representation of highest weight 6 =
Yo miwi and let Wi, Wa, ..., Wy be arbitrary representations of G. Assume:

(1) d € Aroot;

(2) ry > dimW; for all i and j;

(3) W;(0) #0 for all 5.
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Then there exists an Nog > 0 such that Vs occurs in the tensor monomial

Wl®m1 ® W2®m2 R ® Ws®m‘9
as soon as Zj mj > Ny.
Proof. Tt follows from Lemma 2 below that, for every j, Vs occurs in some tensor
power Wj®Nj , and Corollary 1 above implies that Vs occurs in Vs @ W™ @ W™ @
<o ® W for all ny,...,ns > 0. Define Ny := Zij. If ijj > Np then
m; > N; for at least one j and so
Vs C Vs ® Wl®ml @ ® WJ@mj—Nj R ® Ws®ms c W1®m1 ® Wg@mz R-® Ws®ms
which proves the claim. [

The following well-known result was used in the proof above.

Lemma 2. Let V be an irreducible representation and W a faithful representation
of a semisimple group G. Then V occurs in WOV for some N.

Now we are ready to formulate the main result of this section. Let A1, Aa,..., A,
be the highest weights of V1, V5, ..., V., and let p be the highest weight of W. In
order that W appears in the tensor monomial

V1®'ﬂ1 ® ‘/‘2®7l2 R ® ‘/‘T®'ﬂrr~
it is necessary that p is a weight of the tensor product, hence of the form p =

>; miAi — Y positiv roots [Hu72, 21.3 Proposition).

Theorem C. Let Vi, Vo,..., V. and W be irreducible representations of highest
weights A1, Ao, ..., A\ # 0 and p. Then there is a constant N and a real number
a > 1 such that the following holds:

mult(W, V%™ @ 155" @ .- @ V@) > 2™
if p €3, miAi + Moo and Y, n; > N.
Proof. Since
mult(W, Vi @ --- @ V™) = mult(C, V,®™ @ --- @ V%" @ W*)

it suffices to consider the case W = C, the 1-dimensional trivial representation.
Define

M:={a=(ay,...,a;) €N"| D a;Xi € Aroot}-
By GORDAN’s Lemma this is a finitely generated monoid: M = 377, Na¥). Put

(4) (7) (4)
W, = V2 @ V2% @@ VEY

for j =1,2,...,s. By construction, the weights of every W; are in the root lattice.
In particular, W;(0) # 0. Moreover, dim(W; ® W;)(0) > 2, because W; @ W; is not
irreducible.

Now choose an irreducible representation Vj of highest weight 6 = 3~ r,w; € Avoot
such that r; > (dim Wj)2 > dimW; for all 4,j. It follows from Proposition 5
above that there is an Ny > 0 such that Vs and V;* occur in every tensor product
WE™ @ W™ ® - @ W™ as soon Y. m; > No.

If > m; > 2Ny + 2 then m := (my,...,ms) € N° can be written in the form

m:p+Q+2T7 p:(pla"'vps)aq:((ha"'vqs)vr:(Tlv"'ars)eNS
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where Y p; = Ny, Y q; = Np or Nop+ 1 and Y r; > 0. Then we see that W®™ =
WP @ W& @ W contains Vi @ Vs @ @,(W; @ W;)®"5. Since

mult(Vs, Vs @ Q)(W; @ W;)®"7) = [ [(dim(W; ® W;)(0))" > [] 2"

we get mult(C, W™ @ --- @ W&™:) > 2I"l where |r| := Zj r; = Lizj mj_QNUj.

2

Now start with a tensor monomial V®" = V" @ ... ® V,¥" where n =
(n1,...,ny) € M, and write n = 3, mja?). Then V&" = W™ where m =
(m1,...,ms), and we have the estimate |n| < |m|- A where A := max; [a/)|. This

implies that
mult(C, ;¥ @ 1h¥? @ -+ @ V") > 2!

for (n1,...,n.) € M, |n|:=> n; > (2Np+2)A and t = L‘z% — Np|. From this the

claim follows easily. O

4. COMPUTING TENSORMONOMIALS (JOINTLY WITH H. KRAFT)

In this section we provide tools to compute the finite sets
MY ={(ni,ng,...,n.) €N"| 1 <mult(W, ;¥ @ 15" @ ... @ V,O") < k}

from Theorem B in Section 1. Using these tools we can answer the question of
FINKELBERG for the exceptional groups Gz, Fy4, Eg, E; and Eg by use of the com-
puter program LiE [Li96].

to be written
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ABSTRACT. We describe the null-cone of the representation of G on MP, where
either G = SL(W) x SL(V) and M = Hom(V,W) (linear maps), or G =
SL(V) and M is one of the representations S2(V*) (symmetric bilinear forms),
A2(V*) (skew bilinear forms), or V* ® V* (arbitrary bilinear forms). Here V
and W are vector spaces over an algebraically closed field K of characteristic
zero and MP is the direct sum of p of copies of M.

More specifically, we explicitly determine the irreducible components of
the null-cone on MP. Results of Kraft and Wallach predict that their number
stabilises at a certain value of p, and we determine this value. We also answer
the question of when the null-cone in MP is defined by the polarisations of the
invariants on M; typically, this is only the case if either dim V' or p is small. A
fundamental tool in our proofs is the Hilbert-Mumford criterion for nilpotency
(also known as unstability).

1. INTRODUCTION

For a group G and a finite-dimensional G-module M over an algebraically closed
field K, we denote by K[M]® the algebra of G-invariant polynomials on M. An
element m € M is called nilpotent (or unstable) if it cannot be distinguished from 0
by K[M]%, or, in other words, if all G-invariant polynomials on M without constant
term vanish on m. The nilpotent elements in M form a (Zariski-)closed cone in M,
called the null-cone in M (G being understood) and denoted N (M) = Ng(M); it
is a central object of study in representation theory. In this paper we will describe
the irreducible components of the null-cone in some concrete representations.

We will, in fact, be studying the null-cone in a direct sum MP of p copies of
M, regarded as a G-module with the diagonal action. We recall some relations
between the invariants and the null-cone of M9 and those of MP, where p and
q are natural numbers. It is convenient, for this purpose, to identify MP? with
KP ® M where G acts trivially on the first factor, and also, given a linear map
m : KP — K9 to use the same letter m for the G-homomorphism M?P — M?
determined by 7m(z @ m) = w(z) @ m, x € KP,m € M.

First, from an invariant f € K[M9]% we can construct G-invariants on MP as
follows: for any linear map 7 : K? — K9 the function f o 7 is an invariant on
MP. The functions obtained in this way as 7 varies are usually called polarisations
of f if ¢ < p and restitutions of f if ¢ > p. Using this construction, due to Weyl
[18], it is easy to see that any linear map 7 : K — K% maps N (MP) into N'(M1):

The authors are supported by the Swiss National Science Foundation (Schweizerischer
Nationalfonds).
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indeed, an element v of the former null-cone cannot be distinguished from 0 by any
G-invariants on MP, let alone by those of the form f o7 with f € K[M9]%; hence
m(v) € N(M4Y). Using this observation, we can prove that the number ¢(MP) of
irreducible components of the N/(MP) behaves as follows.

Proposition 1. If p > q, then ¢(MP) > ¢(M?). If in addition ¢ > dim M, then
c(MP) = ¢(M9) and the polarisations to MP of the invariants on M? without
constant term define the null-cone set-theoretically.

Proof. Fix any surjective linear map 7 : K? — K9; we claim that it maps N (MP)
surjectively onto N (M?). Indeed, if o : K¢ — KP is a right inverse of 7, then any
v € N(M1) is the image under 7 of ov € N (MP). This shows the first statement.
For the second statement it suffices to prove that the map

¢ : Hom(K?, K?) x N(M?) — N (MP), (o,v) — ov

is surjective for ¢ > dim M, because the right-hand side has precisely ¢(M9) irre-

ducible components. To prove surjectivity of ¢, let v = (mq,...,m,) € N(MP).
As g > dim M, we can find a w € M? whose components span the K-subspace
(ma,...,mp)r in M. It follows that there exist linear maps = : K? — K? and

o : K9 — KP? such that mv = w and cw = v. We conclude that w = 7v lies
in N(M?) and v = ¢(o,w). The last statement is proved by a similar argument:
suppose that all polarisations f o m with 7 € Hom(K?,K9) and f € K[M4)“
without constant term vanish on v € MP, and let h € K[MP?] be without con-
stant term. We can choose m and o with omv = v as before, and we find that
h(v) = ((hoo)om)v = 0, because (ho o) o is a polarisation of the G-invariant
hoo on M1. O

Remark 1. In characteristic zero the last statement of Proposition 1 also follows
from from Weyl’s stronger result that the invariant ring on MP? is generated by the
polarisations of invariants on M? for ¢ > dimV [18]. Weyl’s theorem no longer
holds in positive characteristic, though a weaker statement is still true [12]. How-
ever, an analogue of Weyl’s theorem, for separating invariants, is true in arbitrary
characteristic [5]—and, again, implies the last statement of Proposition 1.

Proposition 1 shows that ¢(MP) is an ascending function of p that stabilises
at some finite p < dim M. This phenomenon was first observed by Kraft and
Wallach in the case of reductive group representations [14], to which we turn our
attention now. Suppose that G is a connected, reductive affine algebraic group over
K and M is a rational finite-dimensional G-module. One of the most important
results on the null-cone in this setting is the Hilbert-Mumford criterion [15, 16]
for nilpotency: v € M lies in N (M) if and only if there exists a one-parameter
subgroup A : K* — G such that lim;_,o A(t)v = 0; we then say that A annihilates
v. In this setting much more can be said about the irreducible components of the
null-cone in MP: one verifies that for every one-parameter subgroup A, the set

(1) G'{’UEMP|PLI(1)/\@)U=O}

is a closed G-stable irreducible subset of N'(M?), and that a finite number of them
cover N (MP). Moreover, for p sufficiently large, there are only the “obvious”
inclusions among these sets [14] and this observations gives rise to a combinatorial
algorithm for counting the irreducible components of N’ (M?),p >> 0 [3]. However,
for smaller values of p, there are usually many more inclusions, and our goal in this
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paper is to determine the exact “stabilising” value of ¢(MP) for the pairs (G, M)
in the abstract.

We note that the notion of “optimal” one-parameter subgroups for elements of
the null-cone gives yet a finer description of the geometry of N'(M) [10, 16]—but
this notion is not needed here.

Summarising, we will settle the following two fundamental problems for the pairs
(G, M) of the abstract: first, we describe the irreducible components of N (M?) and
determine at which value of p their number stabilises; and second, we determine
when N (MP) is defined by the polarisations of the invariants on M. Note that in
this case, by a result of Hilbert, the invariant ring of MP? is finite over the subring
generated by these polarisations [13, Section I1.4.3]. The remainder of this paper
has the following transparent organisation: Sections 2, 3, 4, and 5 deal with tuples of
linear maps, symmetric bilinear forms, skew bilinear forms, and arbitrary bilinear
forms, respectively. In the rest of the text we assume that K has characteristic
0; this allows for the use of some “differential” arguments in the case of linear
maps, while avoiding problems in small characteristics in the case of bilinear forms.
However, most of what is proved here remains valid in arbitrary characteristic.

2. NILPOTENT TUPLES OF LINEAR MAPS

For an m-dimensional vector space V and an n-dimensional vector space W,
both over our fixed algebraically closed field K of characteristic 0, the group G =
SL(W) x SL(V) acts on the space M = Hom(V, W) of linear maps by (g,h)A :=
gAh™!. By duality we may assume that 0 < m < n, and we let ¢ := [+] be the
smallest integer > n/m. Then N (MP) is as follows.

Theorem 1. The null-cone of SL(W) x SL(V') in MP? = Hom(V, W)P consists of
all p-tuples (A1, ..., Ap) of linear maps for which there exist subspaces V' of V' and
W' of W such that n-dim V' >m - dim W’ and A;V' C W’ for all i.

The p-tuples for which V' can be chosen of a fived dimension k € {1,...,m} form
a closed irreducible subset of N'(MP), denoted C,gp). For p < q the sets C’,ip) are all
equal to MP, and for p > q they are precisely the distinct irreducible components
of N(MP). For p = q there are still inclusions among the C,(Cq), unless m = 1, in
which case C%q) = C’fn) = N(M") is the irreducible null-cone consisting of singular

n X n-matrices; orn = (¢ — 1)m+ 1 with ¢ > 3, in which case the C’,(Cq) are already
the distinct components of the null-cone.

This theorem does not completely answer the question of how many irreducible
components the null-cone on ¢ copies has. Some remarks on this matter can be
found after the proof of the theorem, just before Example 2.

Somewhat prematurely, we will from now on call a pair V', W’ as in the theorem
a witness for the nilpotency of (A4i,...,A4,). In the proof that follows we use
a theorem from elementary optimisation theory, the maz-flow-min-cut theorem,
which states that the maximal size of a flow from a source s to a sink ¢ in a network
equals the minimal capacity of a cut disconnecting s from ¢t. Here a network is
a directed graph with two distinguished vertices s and t and a prescribed real-
valued capacity function ¢ on the arrows; a flow is a real-valued function f on the
arrows that is bounded by ¢ and for which at every vertex other than s and ¢ the
sum of the f-values on the incoming arrows equals the sum of the f-values on the
outgoing arrows; a cut is a set of arrows whose removal disconnects s from ¢; and
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Cut of capacity 1€

F1GURE 1. The graph I' with a cut.

the capacities of a flow and of a cut are defined in the obvious manner. See [2,
Chapter 3] for details.

Proof of Theorem 1, part one. Suppose that A = (A;,...,A,) lies in the null-cone
and let (p, A) : K* — SL(V) x SL(WW) be a one-parameter subgroup annihilating A.
Let v1, ...,y be a basis of V with A(t)v; = t*%v;, where a; € Z, let w1, ..., w, be a
basis of W with p(t)w; = tY*w;, where b; € Z, and note that det A(t) = det u(t) = 1
implies >, a; =32, b; = 0.

Now construct a directed graph I" with arrows of capacity n from a source s to m
vertices 1,...,m, arrows of capacity m from n vertices 1,...,7 to a sink ¢, and an
arrow—for convenience, of infinite capacity—from j to ¢ if and only if b; — aj > 0.
See Figure 1 for an example with m = 4 and n = 6. From

}in}] p(t)ApA(t) Ty = }111(1) p(t)Agt™%v; =0

it is clear that each Ay maps v; into the space spanned by the w; with j — iin L.
We claim that the maximal flow from s to ¢ in I is strictly smaller than the obvious
upper bound mn. Indeed, suppose that this upper bound were attained by a flow
in which ¢;; is the flow from j to i. Then > ¢ji =n for all j and Zj ¢ji = m for

all 4, so that
0= mZbi —nZaj = ch,i(bi —aj);
i J Jri

but ¢;; = 0 whenever b; — a; < 0, so that the right-hand side is strictly positive,
a contradiction. Now the max-flow-min-cut theorem assures the existence of a
cut of capacity strictly smaller than mn and in particular not containing edges of
infinite capacity. Let T C {1,...,7} be the set of vertices cut off from ¢, and let
S C{1,...,m} be the set of vertices not cut off from s. By definition of a cut, no
vertex j of S is connected to any vertex i outside of T so that V' := (v; | j € S)k
is mapped by every Ay into W’ := (w; | i € T)g. Finally, the capacity of the cut
is equal to
m|T| + n(m — |S|) and by assumption < mn,

so that m dim W’ < ndim V' as required.
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Conversely, suppose that V’, W’ is a witness for the nilpotency of A, set (k,1) :=
(dim V', dim W), and choose complements V" and W of V' and W, respectively.
Let A be the one-parameter subgroup of SL(V) having weights a1 := n(m — k)
on V' and ag := —nk on V”; note that ka; + (n — k)as = 0. Similarly, let p be
the one-parameter subgroup of SL(WW) having weights b; := m(n — 1) on W’ and
by := —ml on W”. From the inequalities

b1—a1>0, bl—l)2>07 bg—algo, and by —as >0

we infer that (u,A) annihilates any linear map sending V' into W', so that A €
N (MP). This proves the first statement of the theorem. O

The sets C,gp ) from Theorem 1 are closed and irreducible by a general argument:
they are of the form (1). Hence to prove the theorem we need only determine
for what values of p there are inclusions among the C,(f ). For this we need some
auxiliary notation and results, which are of independent interest and which also
give a formula for the dimensions of the irreducible components of N (MP?). We
write M, for the space of a x b-matrices with entries in K.

Definition 1. Let a,b, ¢, d, and p be non-negative integers and let
X, € Mc,a and Y; € Mb,d fori=1,...,p.

Define the cut-and-paste map CP = CP x, y;), : Map — M a by
P
CPA=> XAV,
i=1
Now the rank of the linear map CP is clearly a lower semi-continuous function
of the p-tuple (X;,Y;);, and we let cp)(a,b, c,d), the cut-and-paste rank, be the
maximal possible rank of CP, i.e., the rank for a generic p-tuple (X;, Y;);.

Remark 2. The following properties of the cut-and-paste rank are easy to check:
cp® (¢, d, a,b) = cp® (a,b,c,d) = cp® (b, a,d, c).

Indeed, the second equality comes from the fact that, upon composition with trans-
position on both sides, the cut-and-paste map CP(x,y,), : Map — M.q yields
CP(YL_t,X;,)i : My, — Mg,; and the first equality reflects the fact that the transpose
of CP(x, y,), can be identified, via the trace form, with CP(XE,%t)z_ tMeg — Map.
Moreover, if a < ¢ and b < d then Cp(p)(a7 b,c,d) = ab for all p > 1. Thus we reduce
the computation of the cut-and-paste-rank to the case where ab < cd,a > ¢, and

b < d. Then each of the maps A — X; AY; generically has rank bc, so that
ep?(a, b, ¢, d) < min{ab, pbc}

Moreover, for p < a/c it is easy to see that cp(p)(a7 b,c,d) is in fact equal to pbe:
by using suitable X; and Y;, one can “cut” p non-overlapping ¢ x b-blocks from an
a X b-matrix, and “paste” them in a non-overlapping way into a ¢ X d-matrix. The
same argument shows that for p sufficiently large cp(p)(a, b, c,d) equals ab; this is
the case, for example, as soon as one can cut an a X b-matrix into p non-overlapping
rectangular blocks that fit without overlap into a ¢ x d-matrix. One might think
that the inequality for the cut-and-paste-rank given above is always an equality,
but this is not true: for (a,b, ¢, d) = (5,4, 3,7), for instance, we find cut-and-paste-
ranks 12,19, 20 for p = 1,2, 3, respectively. In short, we have no closed formula for
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cp and it would be interesting—but too much of a digression at this point in the
paper—to find such a formula. In small concrete cases, however, the cut-and-paste
rank can be computed easily; see below for some examples.

Proposition 2. Let k,l,m,n,p be integers satisfying 0 < k < m, 0 <11 < n, and
p>0. Then

P
Q:={(A1,...,Ay) e MP | 3U C K™ : dimU = k and dim() _ A;U) <1}
i=1
is an irreducible closed subvariety of ML ., , and a sufficient condition for Q to be
strictly smaller than MY, is

Moreover, dim Q equals pmn if pk <1 and
pmin — (pk = D) (n = 1) + cp® (m — k, k, min{p(m — k),n — I}, pk — 1)
otherwise.

Proof. The set @ is an irreducible closed variety because it is of the form (1), that
is, the result of a vector space stable under a Borel subgroup of G = SL,, x SL,,
being “smeared” around by G. For pk <[ the proposition is evident: any p-tuple
maps any k-space into an [-space. Suppose therefore that pk > [. In the diagram
MP

n,m

X (Mm,k)rcg *ﬂ> Mn,pk

w maps (Ai,..., Ay, B) to (Ai1B|...|Ap,B), T is the projection, and (My, k)reg is
the set of rank k matrices. Hence Q = 7(u~'(X;)), where X; is the variety of
matrices in Mf:ypk having rank at most . We will first compute the dimension of
Z = p~1(X;) and then the dimension of a generic fibre of 7 := 7|z : Z — Q; the
difference between these numbers is the dimension of Q.

First, u is surjective and all its fibres have the same dimension km + pn(m — k).
Indeed, for (Ai,...,Ap, B) to lie in the fibre over (C4,...,Cp) we may choose
B € (M k)reg arbitrarily, and then each A; is determined on the k-dimensional
image of B, but can still be freely prescribed on an (n—k)-dimensional complement.
As X, has dimension nl+pkl—1? [9], Z has dimension km+pn(m—k)+nl+pkl—I2.
Now GLj, acts freely on the fibres of 7 by g((A;)s, B) := ((A;)s, Bg~1), so that

dimQ = dim7(Z) < dim Z — k? = pnm — (pk(n —1) — k(m — k) — I(n — 1)).
This implies the first statement of the proposition.

For the dimension of Q we compute the dimension of a generic fibre 7 =17 (2) by
computing the Zariski tangent space T,7m~!7(2), as follows. First, we show that Z

is irreducible and determine T, Z for generic z € Z. Observe for this that the group
GL,, acts on the fibres of u by g((4;):, B) := ((4ig~1)i, gB). Now the map

. 14 14
¢ GLyy X My pe X M2 — MP X M1,

(9. (Cu].-.1Cp), (ED):) = g((CHlE)s, (Ofk)>

m—k,k
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maps GL,, x X; x MS’mfk surjectively onto Z, so Z is irreducible as claimed.
Furthermore, the map

s: MP

n,m—=k

— M} X My g, ¢(1,2,(0):)

is a right inverse of p, so by the chain rule d.p maps ME, X My, surjectively

n,m

onto T),,)X; for all z € ME, x My, . In particular, if z lies in Z and pu(z) has

n,m

rank exactly [ so that it is a smooth point of X, then we have
(2) T.Z = (dop) ' Ty X

Now recall that if p(z) has rank [, then

(3) Ty Xt = {N € My pr, | Nker p(2) Cimp(z)};

see [9, Example 14.16]. This will enable us to interpret the right-hand side in (2).
On the other hand, because char K = 0, we have

(4) T.r 'w(2) = ker(dow : T.Z — Tr()@Q)

for generic z € Z. Now let z = ((A;):, B) € Z be generic. In particular, we require
(2) and (4), and what further open conditions on z are needed will become clear
along the way. By the action of GL,, above we may assume that B is of the form

Iy,
B = ,
[Om—k,k:|

and we split each A; = (A;,1|Ai2), accordingly. By genericity of the A; the matrix
pu(z) = (A11]...]A, 1) has rank [, and by (2), (3), and (4) we find that T,7 =1 (7 (2))
is isomorphic to the space of all m x k-matrices

o= 5]

<A1)1D1 + A1,2D2‘ ce |Ap)1D1 + Ap72D2) ker /,L(Z) g im /.L(Z)

such that

This is clearly the case for Dy = 0 (this reflects the GLg-action used earlier), hence
to determine what other D have this property we may assume that D; = 0. The
kernel of ;¢(z) has dimension pk—I, so we can choose p matrices Y1,...,Y, € My pr_;
such that the columns of the matrix

Y1

Yy
form a basis of the kernel of u(z). Again by genericity—the A; 2 are “independent”
of the A; ;—the pre-image of im p(z) under (Aj2|...|Ap2) has codimension ¢ :=
min{p(m—k),n—1} in KP(m=F) "and we may choose matrices X1, . .. s Xp € Mem—k
such that the rows of (X1]...|X,) give linear equations for that inverse image. We
now have

{D2 c Mmfk,k | (A1’2D2| N ‘ApﬁQDQ) ker(ALl\ RN |Ap’1) Q im(ALl\ . |Ap’1)}
={Dy € My | »_ XiDaY; =0}

= ker(CP(X“yi)i : Mmfk,k — Mc,pkfl)~
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Finally, because the X; and Y; are generic along with the A;, the dimension of this
space is (m — k)k — cp®) (m — k, k, ¢, pk — 1). The dimension of the fibre 7! (7(z))
is therefore k2 plus this number, and we find

dim7(Z) =dim Z — dim 7~ 7 (2)
=km + pn(m — k) +nl + pkl — I
—(k? + (m — k)k — cp® (m — k, k, min{p(m — k),n — I}, pk — 1))
—pmn — (pk — 1)(n — 1)
+ep® (m — k, k, min{p(m — k),n — 1}, pk — 1),
as claimed. O

Remark 3. The difference dim 7~ !(7(2)) — k2, expressed above as the nullity of a
certain cut-and-paste map, is the dimension of the variety of k-dimensional sub-
spaces U for which ), A;U is at most [-dimensional.

Example 1. Proposition 2 is particularly useful to prove the existence of tuples of
matrices not mapping any subspace of dimension k into a subspace of dimension [.
Consider the following two questions.

(1) Do all triples (Aj, Aa, A3) of 8 x 5-matrices map some 4-dimensional sub-
space into some 7-dimensional subspace? Set (m,n,k,l,p) = (5,8,4,7,3)
and compute

Uymek 7T 1

Rl B T
hence by the proposition the answer is no: there exist triples (A, As, A3)
such that for all U of dimension 4 we have Y A;U = K®. This may not
come as a surprise; however, it is not entirely obvious how to construct such
a “generic” triple. For instance, we cannot choose them such that each A;
is monomial in the sense that it maps every standard basis vector of K° to
some multiple of a standard basis vector of K®: if this is the case, then the
inequality 8 -2 > 5 -3 implies that there is a basis vector e; of K® which is
“hit only once” by some A, applied to some e;. But then U = @#k Ke
is mapped into @,; Ke;.

(2) Do all triples of 5 x 5-matrices map some 2-dimensional space into some
3-dimensional space? Set (m,n,k,l,p) = (5,5,2,3,3) in the proposition.
Now we find

I m-k 3 3 53—

KT T2ty
so we need a more detailed analysis. The cut-and-paste rank in the propo-
sition is

cp®(3,2,2,3),

which is 3-2 = 6 as one can cut a 3 X 2-matrix into p = 3 rectangular
pieces that can be put together without overlap to make up a 2 x 3-matrix.
It follows that the dimension in the proposition is in fact pmn, i.e., that
indeed, every triple of 5 x 5-matrices maps some 2-dimensional space into
some 3-dimensional space. To prove this is a nice exercise for students in
linear algebra. (It is also true in positive characteristic.)

To conclude the proof of Theorem 1 we need the following lemma.
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Lemma 1. Let V,W,m = dimV,n = dim W, and the C\") for k = 1,...,m and
p € N be as in Theorem 1. Fix k € {1,...,m} and let | be the mazimal integer with
l/k <n/m. Then the following two statements are equivalent:

(1) C,(cp) is not contained in Cg) for any k' # k.
(2) There exist a p-tuple (AY,..., A,) € M[, such that

) S ARt - K
and

(**) dim() " AjU') > — dim U’

3=

for all proper subspaces U’ C K*; as well as a p-tuple (A7,...,A)) €
M, m—1 such that

() (I + dim(3" ALU")) = %(k +dimU")

K3

for all non-zero subspaces 0 # U" C K™k,

Proof. First suppose that the second condition is not satisfied, let (4;,...,A4,) be

in C,(f ), and let V', W’ be subspaces of V, W of dimensions k, [, respectively, such
that A; V' C W' foralli=1,...,p.

Suppose that no p-tuple (A}) as above exists. Then for some k' < k the closed
set consisting of all (Aj) € M, for which there is a &'-dimensional U” satisfying
dim (3>, AjU) < k'n/m fills the entire space M},. Taking for the A} the restrictions

Aily: : V! — W’ we conclude that C’,ip) - C’,i’,’).

Similarly, if no p-tuple (A7) as above exists, then some k" € {1,...,m — k}
has the property that any p-tuple (A}) € M, _;m—, maps some k”-dimensional
space into a space of dimension < (k + k”)n/m — [. In particular, for the p-
tuple of induced linear maps A; : V/V' — W/W’ there is a k”-dimensional space
U” for which dim )", 4;,U’" < (k + k”)n/m — [. But then the preimage U of U”
in V is a space of dimension k + k” that is mapped into a space of dimension
< (k4+ k" n/m—-1+1=(k+k")n/m, and we conclude that C,ip) C C,E,’_fk/,.

Conversely, suppose that p-tuples (A}) and (AY) as above do exist. For i =

K3

.,plet A; € M, , be the block matrix

Al
Ai = |: ‘ A//] )

and let U be a subspace of K™ unequal to K*. Let U’ be the intersection of U
with K* and let U” be the projection of U on K™% along K*. Then dimU =
dim U’ + dim U"” and one readily sees that

(5) dim() ~ A;U) > dim(Y | AjU") + dim (Y A/U”).

1

P

?

Now there are two possibilities: either U’ # K*, or U’ = K* but U” # 0. In the
first case one finds that the right-hand side is at least

2 gm0’ + L dimu” = 2 dimv,
m m m
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where we have used (**) for the first term, and (***) with k& and [ replaced by 0 for
the second term—mnote that under this replacement (***) remains valid for U” # 0
by the choice of I, and becomes valid for U” = 0, as well.

If, on the other hand, U’ = K* but U” # 0, then using (*) and (***) we find
that the right-hand side in (5) is at least

1+ di AU") > Z(k+ dimU”) = = dim U.
+ 1m(Zi: JU") > m( + dim U") — dim
In other words, the pair (K*, K') is the only witness for the nilpotency of (A1, ..., 4,),

and a fortiori this p-tuple lies in a unique C’,gp ).
O

Proof of Theorem 1, part two. It is clear that if p < ¢ := [L], then for any sub-
space V' of V' we have dim(}_7_; A;V’) < pdim V' < £ dim V", so that all C,(Cp)
are equal to MP? = Hom(V, W)P. In other words: there are no invariants on M? for

p<gq.
Next suppose that p > ¢ + 1; then we have to show that there are no inclusions

among the C,({p). For every k € {1,...,m} let I := [kX] — 1 denote the maximal
1€{0,...,n—1} with £ < 2. One readily verifies that

(6) 1<lppyr =l <qforallke{l,...,m—1}

(the first inequality follows from our standing assumption n > m). Fix k €
{1,...,m} and set [ := [}, so that every p-tuple in C,gp) maps some k-space into an
I-space. We will prove the existence of p-tuples (A7) € My, and (A]) € M}_, =,
as in Lemma 1, so that C,ip) is not contained in any C,(f,)) with k' # k.

To find the A, we show that for all &' € {1,...,k — 1} and I’ € {0,...,1 — 1}
with ,i—'/ < ;= the dimension of the set of p-tuples (A7,..., A}) € M; ) that map a
k’-space into an I’-space is smaller than plk. To this end we want to apply the suf-
ficient condition of Proposition 2 with m,n, k,[ replaced by k, [, k’,l’, respectively.
Compute therefore

LRl o m gtz

e
where for the second term we used I’ < l» and the strict increasingness of the I.
This shows the existence of A7, ..., A} as required.

Similarly, to find the A} we show that for all &' € {k+1,...,m} and I’ €
{l,...,n — 1} with r o< - there exists a p-tuple (A7,..., A}) € My, 4 n— that
does not map any (k' —k)-dimensional space into an I’ —I-dimensional space. Again,
we apply the proposition, but now with m, n, k, [ replaced by m—k,n—1,k'—k,l'—1,
respectively. Consider therefore the expression

-1 L m= K

K-k n-=10
As I <l and | = [, the first term is at most ¢ by (6). On the other hand, as
I" < k', the denominator of the second term satisfies

n—l’>nf£k’:2(mfk’)2m—k’,
m m
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hence the second term is smaller than 1. We conclude that
p > q +1> l/;l + M
- K—k n-=10"
hence by Proposition 2 there exists a p-tuple (A7) as required, and by Lemma 1
we conclude that C,(f ) is not contained in any C,(f,’ ) with &’ # k. This concludes the
case where p > q.

Finally, we assume that p = ¢. First suppose that there existsa k € {1,...,m—1}
with ly41 — I = ¢. Then any g¢-tuple (A4;,...,4,) € C’,gq) maps a k-space into an
lx-space, and adding one arbitrary dimension to that k-space yields a (k + 1)-space
mapped by all A; into a space of dimension Iy + ¢ = I 41. In other words, we have
C’,(Cq) - C,(C‘i)l, so that there are indeed inclusions among the C,iq). Next suppose
that no such k exists. Then we have

n—lzlmszl+(m—1)<q—1)=m(q—1)<m%:n,

so that n = m(q — 1) + 1, where ¢ > 2. In this case Iy = (¢ — 1)k for all k, and for
q > 2 the inequalities

Ly k—k 1
— 4+ ——=(¢q—1 —— <qfork <k
k;’+lk—lk/ (¢ )+q—1 q for
and
lk/—lk m—k' m—k’

(g—1)+ <qfork' >k

k’—k+n—lk/: (g—1)(m—-Fk)+1
readily imply that the construction of the A; above still works to show that CIEQ)

is not contained in any other C (?). The last case to be considered is ¢ = 2 and
n=m++ 1. Then [, = k for all k, and any pair of matrices mapping a k-space into
a k-space also maps a (k — 1)-space into a (k — 1)-space, so that the null-cone on
q = 2 copies is irreducible. O

We should point out that, although Theorem 1 does settle the question of when
all irreducible components of the null-cone in Hom(V, W)P become visible, it does
not conclusively describe the irreducible components in the case where p = ¢ :=
[n/m]. Frankly, we do not fully understand the null-cone in this representation:
although an easy dimension count shows that SL(V') x SL(W) cannot have a dense
orbit on Hom(V, W)?, so that the null-cone does not fill up the entire space, it seems
hard to predict which inclusions there exist among the C’,g‘n. The only thing that we
venture to say in general is that there seem to be many inclusions when 7 is close or
equal to gm and few inclusions when ¢ > 3 and n is close to (¢ — 1)m. In concrete
cases, however, Lemma 1 and Proposition 2 allow one to determine explicitly which
of the C,(Cq) are maximal. We have thus reduced the problem of determining the
irreducible components of the null-cone on ¢ copies to the computation of cut-and-
paste ranks—as this is the only non-trivial thing one has to do to apply Lemma
1 and Proposition 2. We conclude the discussion of the null-cone on Hom(V, W)?
with a few examples.

Example 2. (1) If n = gm, then C’,gq) is the set of ¢g-tuples mapping some
k-dimensional space into a (kg — 1)-dimensional space. Clearly, they form
a chain qu) C C’Q(Q) C...C C’,(,?), so that the null-cone is equal to the last
term and irreducible.
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(2) Let m =4,n=6,p=¢q = 2. Then Cy := C’]ig) is the set of pairs of linear
maps K* — K% mapping some k-dimensional space into an {;-dimensional
space, where [, = 1,2,4,5 for k = 1, 2, 3,4, respectively. One has the inclu-
sions C4,Cs,Cy C (s, so that the null-cone is equal to C3 and irreducible
(we do not claim that these are all inclusions among the C;). Indeed, the
inclusion Cy C Cj is easy. To see that Cy C C5 we apply Proposition
2 with (m,n, k,1,p) equal to (4,5,3,4,2): the dimension of the variety @
there equals

40 —2-1+¢p@(1,3,1,2) = 40,

so that every pair of 5 x 4-matrices maps some 3-dimensional space into a
4-dimensional space (this can, of course, also be seen directly).

Similarly, to see that C; C C3 we apply Proposition 2 with (m,n, k, [, p)
equal to (3,5,2,3,2). The dimension of @ is now

30—1-2+cp@(1,2,2,1) = 30,

so that every pair of 5 X 3-matrices maps some 2-dimensional space into a
3-dimensional space. Applying, as in Lemma 1, this fact to the linear maps
induced by a pair (A1, As) € Cy, which go from a 3-dimensional quotient
space to a b-dimensional quotient space, we find that C; C Cs.

(3) Let m = 5,n = 12,p = 3. Then I, = 2,4,7,9,11 for k = 1,2,3,4,5,
respectively; write Cj = 0153). We readily find Cy; C C3. We claim that
no Cy with k # 2 is contained in any Cjs with k' # k. Again, one can
prove this using Lemma 1 and Proposition 2. Indeed, it turns out that for
k =1,3,4,5 the sufficient criterion

S=p>U/K +(m —K)/(n —1)

of Proposition 2 is verified for all values m’ := k,n' ==,k < k,l' .=} as
well as for all values m' :=m—k,n’ :=n—I, 1 <k’ <m—k,l' .=l —l.
Using Lemma 1, this proves that the null-cone has 4 irreducible components,
namely C7,Cs, Cy, Cs.

As promised in the Introduction, we now investigate when the polarisations
of invariants on one copy of Hom(V, W) define the null-cone on p copies. This
question is interesting only in the case where there are non-trivial invariants on
one copy—hence if dim V = dim W, in which case we may as well assume V = W.
The invariant ring of SL(V') x SL(V) on End(V) is generated by the determinant;
this readily follows from the fact that every invertible matrix A has the matrix
diag(det A, 1,...,1) in its orbit. Note that by Theorem 1 the p-tuples in the null-
cone on End(V')? are precisely those whose span in End(V) is a “compression space”
in the sense that it maps some subspace of V' into a strictly smaller subspace; see
[6] for this terminology. On the other hand, the p-tuples on which all polarisations
of det vanish are those that span a “singular space”, i.e., a vector space in which
every linear map is singular. Hence, the polarisations of det define the null-cone
on End(V)? if and only if every singular space in End(V') spanned by p matrices
is is a compression space. See [4] for interesting small examples of singular non-
compression spaces.

Theorem 2. The null-cone in End(V)? is defined by the polarisations of det if and
only if dmV <2 orp < 2.
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Proof of Theorem 2. The result for p = 2 follows from the Kronecker-Weierstrass
theory of matrix pencils, see [7]; for completeness we include a short proof in
our terminology. By Theorem 1 we have to show that if A, B € End(V) satisty
det(sA +tB) = 0 for all s,t € K, then there exists a witness V', W' C V for the
nilpotency of (A, B). Indeed, regarding s,t as variables, sA 4+ ¢tB has a non-zero
vector u(s,t) in Kls,t] ®k V in its kernel. But then any non-zero homogeneous
component of u(s,t), say of degree d, is also annihilated by sA + tB; hence we find
Up, - .., uqg € V such that (sA+tB)(s%g+ s uy +. .. +tuy) = 0, where we may
assume that ug # 0. Taking the of coefficients of s?+1 s, ... t%*1 we find

Aug =0, Au; = —Bug, ..., Auqg = —Bug_1, and Bug = 0.

But then every element of KA+ K B maps the space V' := )", Ku; into the space
U':= )", KAu;, which is strictly smaller because Auy = 0 while ug # 0.

The statement for dimV = 2 is easy: in a linear space of matrices of rank
< 1 either all matrices have the same image, or all matrices have the same kernel
(otherwise the space contains an A = A ® u and a B = p ® v such that both
A € V* and u,v € V are linearly independent—but then A 4+ B has rank 2).
Now suppose that m,n > 3. To show that the null-cone in End(V)?3 is then not
defined by the polarisations of det, it suffices to construct a 3-dimensional singular
subspace of End(V') for which there do not exist V', W’ as above. The space

[0 a b T
—a 0 ¢
b —c O
a | a,b,c € K ) (empty entries are always zero),
a
L a_
is such a space, as one easily verifies. (I

3. SL(V) ON SYMMETRIC BILINEAR FORMS

The group SL(V) acts on bilinear forms as follows: if « is a bilinear form and
g € SL(V), then (ga)(v,w) = a(g~tv, g~ 1w). It will be convenient to associate to
every bilinear a linear map as follows: we fix, once and for all, a non-degenerate,
symmetric bilinear form (.,.) on V', and denote the transpose of A € End(V) relative
to this form by Af. If « is a bilinear form on V, then we associate to « a linear
map A by the requirement that a(z,y) = (x, Ay) for all x,y € V. Then g acts on
Abyg-A:=(g71)*Ag~!. Note that the image of SL(V) in GL(End(V)) under this
representation is contained in the image of SL(V') x SL(V') under the representation
of Section 2.

If « is a symmetric or skew symmetric bilinear form on V', and if U is a subspace
of V, then we will call the space {v € V | a(v,U) = 0} the a-perp of U. If A is the
linear map associated to «, then this also the (.,.)-perp of AU.

As in Section 2 the invariants of SL(V) on S?(V*) are generated by the deter-
minant of (the linear map associated to) the form, and the null-cone on one copy
is therefore the irreducible variety of singular forms.
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Theorem 3. For p > 2 and n := dimV, the null-cone of SL(V) on S?*(V*)P has
L%‘HJ irreducible components given by

C .= {(ar,...,a,) | U CW CV :dimU = k,dimW =n — k+ 1, and
n+1
.

2
In contrast to our proof for tuples of matrices, we will give explicit pairs of
symmetric forms representing the various components of the null-cone; for this the
following lemma is useful.

a;(UW)=0 foralli=1,...,p}, k=1,...,|

Lemma 2. Let m,n, k be non-negative integers and let m,...,m, be partially de-
fined strictly increasing functions {1,...,m} — {1,...,n}, that is, every m is de-
fined on a subset dom(m;) of {1,...,m} and satisfies

i <j=m@) <m(j) whenever the right-hand side is defined.

Forl =1,....,plet A; : K™ — K" be a linear map mapping e; to a non-zero
multiple of ex, iy if m is defined at i, and to zero otherwise. Let U be a subspace of
K™ and set

gI‘UI: {ZE {1,,m} | Uﬁ<€i+<€17...,€i,1>[{) #@}
Then

dimZAlU > Um(grU N dom ;)
1 l

We will call a p-tuple (A1,...,A,) of linear maps as in this lemma standard.

Proof. We have |gr(U)| = dim U, and defining gr W for subspaces W of K™ in a
similar way the conditions on the A; guarantee that

gr(z AU) D Um(grUﬂdomm),
1 1

whence the lemma follows immediately. (Il

Proof of Theorem 3. Suppose that (aq,...,cp) lies in the null-cone, and let A;
be the linear map associated to a;. Then (Ay,...,Ap) lies in the null-cone of
SL(V) acting on End(V) as indicated above and, a fortiori, in the null-cone of
SL(V) x SL(V) on End(V) discussed in Section 2. Hence by Theorem 1 there exist
subspaces U’ and W’ of V with dim W’ = n — dim U’ + 1 and such that every A4;
maps U’ into the (.,.)-perp of W’ relative to (.,.) (So W’ here is the (.,.)-perp of
the space W’ in Theorem 1.) But then o;(w,u) = (w, A;u) = 0 for all uw € U’
and w € W'. Now set U := U' NW’' and W := U’ + W’. Then clearly U C W,
dimU 4+ dim W = dim U’ + dim W' =n + 1, and o;(U, W) = 0 for all .

The C’,Ep ) are closed and irreducible as usual (see the Introduction), and so it only
remains to check that there are no inclusions among them for p > 2. To this end, let
ke{1,....[21]}; we will construct a pair (a,3) € C’,(f) that does not lie in any
C’,g) with k # k’. Take V = K™ and (2,y) := > | T;Yn+1—i, S0 that transposition
relative to this form corresponds to reflection of the matrix in the “skew diagonal”;
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we will refer to this symmetric form as the skew diagonal symmetric form. Now
take the standard pair (A, B) for which

s t

sA+tB = ,

t
s

where the diagonal block sizes are, from top left to bottom right, (k — 1) x k,
(n—2k+1)x(n—2k+1), and kx(k—1). Let o and (3 be the forms defined by A and B,
respectively. Now if U and W are subspaces of K™ with dim U +dim W = n+1 and
a(U,W) = B(U,W) = 0, then one finds dim(AU + BU) < dimU. But by Lemma
2 the only pair of subspaces of K™ having this property are U = (ej,...,ex) K
and W = {eq1,...,€k,...,en_g+1) k- This shows that (U, W) is the unique witness
for the nilpotency of («, ), and hence (¢, 3) does not lie in any other component
. O

We now proceed with our second fundamental problem: for which p,n is the
null-cone on p-tuples of symmetric bilinear forms on V' defined by the polarisations
of det? Suppose that (a1, ..., ;) liesin C’,gp), and that U and W are a witness of its
nilpotency as in Theorem 3. A dimension argument shows that U must intersect
the radical of each «; non-trivially; in particular, if «; has rank n — 1, then its
radical is contained in U, and W is precisely the a;-perp of U.

Suppose now that all a; have rank n — 1. Then a geometric interpretation of
U,W as in the theorem is the following: PU is a linear subspace of PV common
to all quadrics Q; = {x € PV | a;(v,v) = 0} and containing their radicals, and
for each i, PW is the space tangent to @); at all of PU. For example, if n = 4 and
p = 2, then a pair (aq, as) of rank 3 forms lies in 01(2) if and only if a7 and as have
the same radical (a projective point); if (a1, as) & C’{Z), then the pair lies in 0252)
if and only if the quadrics @1, Q2 are tangent along the (projective) line through
their radicals. This interpretation yields a nice proof of the following theorem.

Theorem 4. The null-cone on S*>(V*)P is defined by the polarisations of det if and
only if dim(V') <4 orp < 2.

Proof of Theorem 4. On p = 2 copies the null-cone is defined by the polarisations
of the determinant. This follows either from the Kronecker-Weierstrass theory of
pencils of forms [7] or from a direct construction of U and W as in Theorem 3 for
any two-dimensional space of singular forms.

Next we prove that for n < 4 the null-cone on any number p of copies is defined
by the polarisations of det, or, in other words, that any space A of singular sym-
metric bilinear forms is spanned by a tuple (a1, ..., ) lying in some C,(f ); slightly
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FIGURE 2. Proof of Theorem 4 for n = 3
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FIGURE 3. Proof of Theorem 4 for n =4

inaccurately, we will then say that A lies in C;. Note that we need only prove
this for maximal spaces of singular forms; in particular, we may assume that A
contains forms of rank n — 1, because if it does not, we may add any rank 1 form to
A without creating non-degenerate forms. In what follows we heavily use the fact
that any 2-dimensional space of singular forms does already lie in some Cy.

For n = 2, the quadric of a rank 1 form is a point on the projective line PV. As
for any two non-zero forms in 4 this point coincides, it is the same for all forms in
A. Hence A lies in Cf.

For n = 3, the quadric of a rank 2 form « is the union of two lines in the
projective plane PV | whose intersection is the radical of «. If the radicals of any
two forms in A of rank 2 coincide, then A lies in C7; suppose, therefore, that there
exist forms «g, a in A of rank 2 whose radicals are distinct. We have (ag, o) € Ca,
so that their quadrics Qo and Q1 have a line L in common (see Figure 2). Now a
generic element 8 € A has rank 2, does not have the same radical as «ag or ay, and
its quadric Q3 is not the union of the non-common lines of @y and @;. But Qg
must have lines in common with both Qg and @1, and therefore it contains L. But
then L is isotropic relative to all forms in A, and A lies in Cs.

For n = 4, suppose that there exist forms ag,a; € A of rank 3 whose radicals
do not coincide (otherwise A lies in C}). The corresponding quadrics Qo, Q1 C PV
are tangent along the line L connecting their radicals (see Figure 3, left). For t € K
set ap := (1 — t)ap + tag and

T:={te K |rk(a:) = 3}.

For each t € T, the quadric @ of a; is tangent to Qg along L, and its radical lies
on L; the set of all radicals thus obtained forms a dense set of L.
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If all rank 3 forms in A have their radicals on L, then their quadrics are all
tangent to Qo along L and A lies in C3. Suppose, on the other hand, that there
exists a rank 3 form 8 € A whose radical does not lie on L. Then its quadric
Qg is tangent to each @, with ¢ € T along the line connecting P := Prad((3) and
Prad(e;); in particular, Qs contains all lines connecting P with a dense subset of L
(see Figure 3, right). The closure of the union of these lines—the projective plane
spanned by L and P—is therefore contained in ()g. Hence, the pre-image in V' of
this plane is a 3-dimensional S-isotropic space—but this contradicts the assumption
that rk(5) = 3.

Finally, we need to show that if n > 5 and p > 3, then the null-cone is not defined
by the polarisations of det. To this end, take for (.,.) on V = K™ the orthogonal
sum of the skew diagonal symmetric form on K® and the skew diagonal symmetric
form on K"=5. Consider the triple (a1, ag,az) of bilinear forms on K™ for which
the linear map associated to sa + t3 + w7y relative to (.,.) equals

s t 0[]0 O
0 s t |0 0
0 0|t O
sdi+1As +uds = 0“ 2u 0 s t
0 0 —u|0 s
5177,75

A direct computation shows that det(sA; + tAs + uA3) = 0. On the other hand,
by Lemma 2 there exists no subspace U of K™ with dim(}_, A;U) < dimU. We
conclude that (aq, g, ag) is not nilpotent, and this concludes the proof of Theorem
4. O

Remark 4. The description of the null-cone in Theorem 3 already appears in [17,
Theorem 0.1(ii)]. However, Wall claims in Corollary 1 of loc. cit. that the null-cone
on any number of copies is defined by the polarisations of det—which, as we have
just seen, is only the case for n < 5.

4. SL(V) ON SKEW-SYMMETRIC FORMS

Our results for skew-symmetric forms are similar to those for symmetric forms,
except that the irreducible components of the null-cone become visible only from
3 or 4 copies onwards. Recall that if n := dim(V) is odd, then all skew bilinear
forms are singular and there are no invariants on one copy of A*(V*), so that the
null-cone is the whole space. If n is even, then the invariant ring is generated by
the Pfaffian and the null-cone is irreducible.

Theorem 5. The null-cone SL(V) on A*(V*)? is equal to
{(ev1,...,ap) |3U CW CV with dimU +dimW =n+1 and
a;(UW)=0 foralli=1,...,p}.
Let C’,ip) denote the subset of the null-cone where U can be chosen of dimension

k(= 1,....[5] =: q). Then the irreducible components of the null-cone are as
follows.

(1) If n = 2q > 2 is even, then the null-cone on p = 2 copies is C’éz) (hence
irreducible), while the null-cone on p > 3 copies has precisely q components,

namely C,(f) fork=1,...q.
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(2) Ifn =2q—1> 3 is odd, then the null-cone onp = 2 copies is all of N> (V*)?;
on p = 3 copies there are non-trivial invariants, and the components of the
null-cone are precisely the C,gg) with k € {1,2,...,9 —4,q} (in particular,
forn <7 the null-cone is irreducible); on p = 4 copies the components of the
null-cone are precisely the 0,24) with k € {1,2,...,9—3,q} (in particular, for
n < 5 the null-cone is irreducible); and on p > 5 copies the components of
the null-cone are precisely the C,(Cp) withk € {1,2,...,9—2,q} (in particular,
for n < 3 the null-cone is irreducible).

For the proof of this theorem we need a result from [11], which uses the following
notation: d(n,p) is the minimum, taken over all p-tuples (o, ..., ) of skew bi-
linear forms on K™, of the maximal dimension of a subspace that is isotropic with
respect to all ;. In other words, d(n,p) is the maximal dimension of a common
isotropic subspace of a generic p-tuple of skew bilinear forms on K".

Theorem 6 ([11, Main Theorem]). d(n,p) = L%J.

Corollary 1. For n = 0,2,4,6 any triple of skew bilinear forms on K™ has a
common isotropic subspace of dimension n/2. On the other hand, for all oddn > 3
and for all even n > 8 there exist triples (a1, as, a3) of skew bilinear forms on K™
for which there are no subspaces 0 C U C W of K™ with dimU + dimW =n and
a; (U, W) =0 for all i.

Proof. The first statement is immediate from Theorem 6. Now let n = 2¢ > 8 be
even, fix k € {1,...,q}, and suppose that for any triple oy, o, ag of skew bilinear
forms on K™ there exist subspaces 0 # U C W of K™ with dimU =k =n—dim W
and o;(U,W) = 0 for all ¢ = 1,2,3. The induced forms &;, i = 1,2,3, on the
space W/U of dimension 2(q — k) have a common isotropic subspace U’ C W/U of
dimension d(2(q — k), 3), by definition of the latter quantity. The pre-image of U’
in W is then isotropic relative to all «; and has dimension d(2(q — k),3) + k. We
thus find the inequality d(2q,3) > d(2(q — k), 3) + k, which by Theorem 6 reads

49+ 3 (g—k)+3 49+ 3
(7) = z z
For n = 2¢ = 8, however, this inequality does not hold for any k € {1,2,3,4}. For
n = 2q = 10 the only k € {1,...,5} for which it holds is k = 1, but it is easy to
construct a triple of bilinear forms on K'° for which there are no U, W as above of
dimensions 1,9—indeed, one can use for this the construction that follows.
Suppose that n = 2¢ > 12, and note that inequality (7) can only hold for k£ < 5.
On the other hand, let oy, as, ag be the skew bilinear forms on K™ corresponding
to the triple (A1, Aa, A3) of matrices, standard in the sense of Lemma 2, satisfying

[t2  t3

1> 2 Jre= 22

t1  t2

.t
t1 t2
t1AL +t2As +13A3 = —toy  —t3
_tl

—ty  —13
—t1  —ta
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Using Lemma 2 one verifies that any subspace U of K" satisfying dim(A U +
AU + A3U) < dimU has dimension 0,n/2, or n. In particular, we should have
k € {0,q,n}—but we saw above that 1 < k < 5, a contradiction.

We conclude that for n = 2¢ > 8 and fixed k € {1,...,q} there exist triples
(a1, g, a3) of skew bilinear forms on K™ for which there are no subspaces U C W
of K™ with dimU = k = n—dim W and a; (U, W) = 0 for all i. As the non-existence
of such a pair U, W with dimU = k is an open condition on the triple (a1, as, as),
there also exist triples for which there is no pair (U, W) with U of any dimension.
This proves the corollary for even n.

For n = 2q — 1 > 3 odd we can construct aq, as, a3 explicitly by a construction
similar to that above: choose them corresponding to a standard triple (A1, A, A3)
of matrices satisfying

[to i3
t1
. to ts
t1 A1 + taAs + t3As = t1 0 —t3
—t1 —t2
—t5
L —t1  —ta]

Using Lemma 2 one verifies that there are no subspaces U # 0, K™ of K" with
dim(}", A;U) < dimU. O

Proof of Theorem 5. The description of the null-cone is proved in exactly the same
way as for symmetric bilinear forms; we do not repeat the argument here. We pro-
ceed to prove the inclusions C’,ip ) C C'(Sp ) for the following values of the parameters:

) n arbitrary, k arbitrary, and p = 2;

) n=2¢—12>3, k=g—1, and p arbitrary;
yn=2¢—1>5,k=q—2,and p € {3,4}; or
Yn=2¢—1>7,k=q—3,and p=3.

These statements are proved as follows: let (aq,...,ap) € C}gp) and let U C W be
a pair with dimU = k,dimW =n—k+ 1, and «;(U, W) = 0 for all . Then the «;
induce bilinear forms &; on the space W/U of dimension n — 2k 4+ 1, and we find a
subspace U’ of W/U of dimension d(n — 2k + 1,p) that is isotropic relative to all
@;. The pre-image of U’ in W is then a space of dimension d(n — 2k +1,p) + k and
isotropic relative to all «;. Using Theorem 6 one finds that for the above values of
the parameters this value d(n — 2k + 1, p) + k is at least | 5] 41, which shows that

(a1,...,0p) € C’CSP ). This proves all inclusions above.

Now we prove that there are no other inclusions among the Clgp ) for other values
of n, k, and p. Suppose first that n = 2¢ is even, p > 3 and k € {1,...,¢q}. Then
we find a p-tuple in C,(cp ) not lying in any other C’,g’,) ) by a construction similar to
the constructions in the proof of Corollary 1: Let a1, g, ag be forms with matrices
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Al, Ag, A3 for which t1A1 + tQAQ + t3A3 equals

byt -
t1  ta t3
t1 to t3
t1 A} + t2 A + ts Al
(8) —t3 :
—t5 :
—t1 . —t3
—to —13
L —t1  —t2]

where the diagonal blocks have sizes (k — 1) x k, (n — 2k + 1) x (n — 2k + 1),
and k x (k — 1) from top left to bottom right, and where the A} are chosen such
(skew relative to the skew diagonal) that they map no subspace U # 0, K"~ 2F+1
of K" 2k+1 into a subspace of dimension < dim U; such A’ exist by Corollary 1.
Write Vi := (e1,...,ex) i, Vo := (€41, sen_k)K, and V3 := (epn_k11,...,€n)K.
Now suppose that U is a subspace of K" for which dim >  A;U < dimU. Let
Uy := U NV, let Us be the projection of U N (V4 @ V) to Vo along Vi, and let Us
be the projection of U to V3 along Vi @ V,. Then dim ), A;U; > dim U; unless
Uy =Vi,dim), A;Usy > dimU; unless Uy = 0 or Vs, and dim ) ; A;Us > dim Us
unless Uz = 0. Summing up these dimensions, we find dim »;, A;U < dim U implies
Uy =Vi,Us =0 or Uy = Va, and U3 = 0. We conclude that (V1,V; @ V,) is the
only pair of subspaces U C W with a;(U,W) =0 and dim U + dim W > n. Hence
(a1, a9, as) lies in C’,(:’) but not in any other C’S).

Next suppose that n = 2¢ — 1 > 9 is odd. Then we have to show that that
C’,is) for k & {¢ — 1,9 — 2,q — 3} is not contained in any other C’,(C?’). This goes
using a construction similar to that above for even n, choosing the A,—mnow square
skew matrices of size n — 2k + 1 = 2(¢ — k) > 8—such that for all spaces U with
0 C U ¢ K24=%) we have dim A}U + ALU + A4U > dim U; such matrices exist by
Corollary 1.

Next, assuming n = 2¢—1 > 7, suppose that p >4 and k € {1,...,¢—3,q}. By
writing down an appropriate standard quadruple of skew matrices (Ay, ..., As) we
show that C,Ep) is not contained in any other C,g’,)): take Aq, Ao, A3, A4 such that
>, tiA; has the block shape of (8), where the outer two blocks are unchanged (i.e.,
A4 has no non-zero entries there), but the inner block of size 2(q — k) > 6 is as
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follows: ) :
ta 13 14
0 2
t1 0 t3 ta
to 0 —t4
t1 0 —ta  —t3
—t 0 —ty
—t2 —t3
L —t 0 —to]

Again, applying Lemma 2, one readily verifies that this quadruple of skew matrices
does not map any space U into a space of dimension < dimU.
A similar construction for n = 2g — 1 > 5 with the following 4 x 4-block in the
middle:
t3 ta ts 0

t2 t3 0 _t5
t1 0 —t3  —t4
0 —t1 —ts —t3

shows that on p > 5 copies the set C@Q is not contained in any other Clip ),
either. 0

Finally, we settle the question, for n even, of when the null-cone on p copies of
A’(V*) is defined by the polarisations of the Pfaffian.

Theorem 7. The null-cone N(\*(V*)P) with dimV =: n even is defined by the
polarisations of the Pfaffian if and only if either p =2 or n € {2,4}.

Proof. The proof for p = 2 goes exactly as for symmetric bilinear forms, and for
n = 2 the statement is trivial.

Suppose therefore that n = 4. As the referee of this paper kindly pointed out,
the theorem for this case can be proved using classical invariant theory: the image
of SLy in GL( /\2 K*) is precisely SOg, hence by the First Fundamental Theorem for
SOg [8] one knows precisely the invariants on p copies of this representation, and
from this knowledge one can deduce that the null-cone is defined by the polarisations
of the invariants on one copy.

In keeping with the more geometrical arguments used for the case of symmetric
bilinear forms, we include a short, self-contained proof for the case where n = 4
that does not rely on classical invariant theory: Let A be a vector space consisting
of singular skew forms on K*. We have to show that either the radicals of all forms
in A intersect in a projective point, or there exist a line U and a plane W D U in
P3 with a(U, W) = 0 for all « € A. By the statement for p = 2 we know that any
pair of elements in A is of one of these two types.

We prove that in fact every pair a, 8 € A is of the first type. Indeed, take o, 8 €
A non-zero (and hence of rank 2), suppose that rad @ and rad § are disjoint lines in
P3 and let U C W be a line and a plane in P? such that o(U, W) = 3(U,W) = 0.
For dimension reasons, U must intersect both rad a and rad 3, and hence U is
distinct from both of these lines. But then the a-perp of U and the -perp of U are
both planes containing W, and hence equal to W. On the other hand, the radicals
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of @ and [ are contained in the a-perp and the (-perp of U, respectively, hence
in W. But this contradicts the assumption that the projective lines Prad o and
Prad 8 do not intersect.

We conclude that all radicals of elements in A intersect. But then they all lie in
some plane W. Now if U is any line in W, then (U, W) = 0 for all o € A, so that
A “lies in” Cy. This proves the theorem for n = 4.

Finally, for n > 6, we have to exhibit a triple of skew bilinear forms that is
not nilpotent but whose span lies in the null-cone on /\2 V*. Choose for instance
a1, o, ag with matrices Ay, Ay, Az such that

to

to
t1 A1+t As+itsAs =

n o
(=)

ta  t3 0
5 where S = |1 0 —t3 .
0 —t1 —t2

—tg

7t2_

Using arguments like those for Lemma 2 one verifies that no subspace of K™ is
mapped by all A; into a strictly smaller subspace. This concludes the proof of the
theorem. (]

5. SL(V) ON ARBITRARY BILINEAR FORMS

The invariants of SL(V) on (V* ® V*) are known [1], but in contrast to the
situation for linear maps and symmetric bilinear forms, it is not clear from them
that the null-cone on one copy of V* & V* is irreducible. The following theorem
states that it is, and also describes the components in several copies.

Theorem 8. For p > 2, the null-cone of SL(V) on (V* ® V*)P has q := [ %]
irreducible components given by
C’,(Cp) ={(ov,...,ap) | VCWCV :dimU =k, dimW =n—-k+1, and
a; (U, W) =a;(W,U)=0 foralli=1,...,p}, k=1,...,q.

On p =1 copy the sets C,il) form a chain Cfl) c...C Cél), and hence the null-cone

equals the irreducible set C(gl).
In the proof of this theorem we use the following lemma.

Lemma 3. Let 8 be a symmetric form and v a skew form on the vector space V
of dimension > 2. Then there exists a 3-isotropic vg € V' for which

dim{v € V' | B(vo,v) = y(vg,v) =0} > dimV —1

Proof. 1f the radical of v has dimension > 2, we may take for vy any S-isotropic
vector in rad~y. If rad vy has dimension 1 and is spanned by vy, then there are two
cases: either vy is (-isotropic and we may set vy := v1, or V. = Kv; & V', where
V= Uf %, Then 7 is non-degenerate on V' and if we find a vy in V' satisfying
the conclusion of the lemma for V' instead of V, it also does the trick for V, as
B(v1,v9) = v(v1,v0) = 0.
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Hence the case remains where y is non-degenerate. Let B, C be the linear maps
corresponding to f3,7 relative to (.,.) and choose any eigenvector vy of C~1B.
Then we have Bvy € KCuvy so that vy(v,v9)(= (v,Cuv)) = 0 implies B(v,vo)(=
(v, Bug)) = 0. In particular, vg is -isotropic, and the vector space on the left-hand
side in the lemma is the y-perp of vg. O

Proof of Theorem 8. For the first statement, let (a1, ..., a;) be a nilpotent p-tuple
of bilinear forms and write o; = §; + y; for all i, with §; symmetric and ~; skew.
Let B;, C; be the linear maps associated f;,;, respectively. By assumption there
exists a one-parameter subgroup A : K* — SL(V) with lim; .o A(t)oy; = 0 for all
i. But this implies that also A(¢)5;, A(t)y; — 0 for t — 0. A fortiori, the 2p-tuple
(Bi1,...,Bp,C1,...,C)) is nilpotent under the larger group SL(V') x SL(V), and by
Theorem 1 there exist subspaces U’,U"” C V of dimensions k& and k — 1 such that
B;U’',C;U" CU"” for all i. Let W’ be the perp of U’ relative to our fixed form (.,.),
set U:=U'NW and W :=W’'+U’. Then U CW,dimU +dimW =n+ 1, and
Bi(U,W) =~;(U, W) = 0. But then also o;(U,W) = a;(W,U) = 0, as claimed.

Now we prove C’,(Cl) C C,gr)l for k < g. To this end, let U C W be subspaces
of V with dimU + dimW = n + 1. We want to prove that a form o € V* @ V*
lying in C,(:) by virtue of a(U, W) = «(W,U) = 0 also lies in C’,g:_)l. Indeed, write
a = 3+, where (§ is symmetric and + is skew. The forms 3, induce a symmetric
form 3 and a skew-symmetric form 4 on W/U, respectively, and by the preceding
lemma there exists a wy € W/U for which

dim{w € W/U | B(w, wo) = ¥(w,wg) = 0} > dim W/U — 1.

Let wy be a pre-image of w in W, set U’ := U @ Kwg, and let W C W be a
subspace of codimension 1 that contains wo and whose image in W/U is contained
in the space above. Then we still have a(U’, W) =0 and dim U’ +dim W' = n+1,
but now dim U’ = k + 1, as claimed.

Finally, we have to show that on p > 2 copies there are no inclusions among
the sets C(®) with k = 1,...,q are distinct. But their intersections with the set of
p-tuples of symmetric bilinear forms are already distinct, see Theorem 3. [

The last question to be answered here is whether the polarisations of the invari-
ants on one copy of V* ® V* define the null-cone on more copies. The answer can
be deduced from the answers for symmetric forms and for skew forms.

Theorem 9. The null-cone of SL(V) on (V* @ V*)P is defined by the polarisations
to p > 2 copies of the invariants on V* @ V* if and only if dimV < 2.

Proof. For dimV = 1 the statement is trivial. Suppose that dimV = 2 and let
A be a space of nilpotent bilinear forms on V. If « € A, then by theorem 8 both
the symmetric component and the skew component of o are singular. As the skew
component has even rank, it is then zero. Hence A consists of symmetric forms
only, and therefore the existence of a common radical for forms in A follows from
Theorem 4.

Suppose now that n > 3. Let (31,02,71 be the bilinear forms on K" whose
matrices By, Ba, C1 relative to the orthogonal sum (.,.) of the skew diagonal forms
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on K3 and K"~3 satisfy

S1 S92 0
tl 0 S92

$1B1 + 89By +t1C1 = 0 —t; s

‘ SInffi

A direct computation shows that det(s;B; + sa By + t1C4) is identically zero. We
claim that actually A := (51, 82,71) k consists entirely of nilpotent bilinear forms;
as the determinant is not the only invariant, the preceding computation does not
prove this yet. But let o be in A with matrix A. Then A*—where transposition,
as always, is relative to the form (.,.)—defines the form !, which by the definition
of A also lies in A and the singular matrix pencil (A4, A*) has a subspace U
of K™ for which W’ := A'U + AU has dimension < dimU. But then the perp
W of W' relative to (.,.) is a subspace of K™ of dimension > n — dim U satisfying
a(W,U) =o' (W,U)(= «(U,W)) = 0. Replacing (U, W) by the pair (UNW,U+W)
as usual, we find a witness for the nilpotency of a.

However, the pair (31 + 71, 82) of bilinear forms is not nilpotent. Indeed, if it
were, then there would be U C W with dimU 4+ dimW =n+ 1 and 8, (U, W) =
Ba(U, W) =y (U, W) =0, ie., with dim B1U + BoU + C1U < dimU. By Lemma
2 no U with this property exists. ([l

REFERENCES

[1] Adamovich, O., Golovina, E.: Invariants of a pair of bilinear forms. Mosc. Univ. Math. Bull.
32(2), 11-14 (1977)

[2] Bollobas, B.: Bla Modern graph theory, Graduate Texts in Mathematics, vol. 184. Springer-
Verlag, New York (1998)

[3] Draisma, J.: Counting components of the null-cone on tuples. Preprint (2005). Presented at
MEGA 2005, to appear in Transformation Groups.

[4] Draisma, J.: Small maximal spaces of non-invertible matrices. Preprint (2005). To appear in
Bull. Lond. Math. Soc.

[5] Draisma, J., Kemper, G., Wehlau, D.: Polarization of separating invariants. preprint (2005).
Submitted.

[6] Eisenbud, D., Harris, J.: Vector spaces of matrices of low rank. Adv. Math. 70(2), 135-155
(1988)

[7] Gantmacher, F.: The theory of matrices. Vol. 2. AMS Chelsea Publishing, New York (1959)

[8] Goodman, R., Wallach, N.R.: Representations and Invariants of the Classical Groups. Cam-
bridge University Press (1998)

[9] Harris, J.: Algebraic geometry. A first course. No. 133 in Graduate Texts in Mathematics.
Springer-Verlag, Berlin etc. (1992)

[10] Hesselink, W.H.: Desingularizations of varieties of nullforms. Invent. Math. 55, 141-163
(1979)

[11] Joe Buhler Renee Gupta, J.H.: Isotropic subspaces of skewforms and maximal abelian sub-
groups of p-groups. J. Algebra 108, 269-279 (1987)

[12] Knop, F.: On noether’s and weyl’s bound in positive characteristic. In: Invariant theory
in all characteristics, CRM Proc. Lecture Notes, vol. 35, pp. 175-188. Amer. Math. Soc.,
Providence, RI (2004)

[13] Kraft, H.: Geometrische Methoden in der Invariantentheorie. Friedr. Vieweg & Sohn, Braun-
schweig/Wiesbaden (1984)

[14] Kraft, H., Wallach, N.R.: On the nullcone of representations of reductive groups. Preprint
(2005). To appear in Pac. J. Math.

[15] Mumford, D., Fogarty, J., Kirwan, F.: Geometric invariant theory, Ergebnisse der Mathe-
matik und ihrer Grenzgebiete, 3. Folge, vol. 34. Springer-Verlag, Berlin (1993)

[16] Popov, V., Vinberg, E.: Invariant Theory, Encyclopaedia of Mathematical Sciences, vol. 55,
chap. II. Springer-Verlag, Berlin (1994)



THE HILBERT NULL-CONE ON TUPLES OF MATRICES AND BILINEAR FORMS 25

[17] Wall, C.: Nets of quadrics, and theta-characteristics of singular curves. Philos. Trans. Roy.
Soc. London Ser. A 289(1357), 229-269 (1978)

[18] Weyl, H.: The classical groups, their invariants and representations. Princeton University
Press, Princeton, New Jersey (1939)

MATTHIAS BURGIN, MATHEMATICAL INSTITUTE, UNIVERSITY OF BASEL, RHEINSPRUNG 21, 4051
BASEL, SWITZERLAND,
E-mail address: matthias.buergin@stud.unibas.ch

JAN DRAISMA, DEPARTMENT OF MATHEMATICS AND COMPUTER SCIENCE, TECHNISCHE UNIVER-
SITEIT EINDHOVEN, P.O. Box 513, 5600 MB EINDHOVEN, THE NETHERLANDS,
E-mail address: jdraisma@win.tue.nl






Curriculum vitae

Matthias Biirgin

Ich wurde am 24.11.1976 in Basel geboren. Ich bin verheiratet und Biirger von
Eptingen BL.

1988 - 1996 Besuch des Realgymnasiums in Basel, Matura 1996,
Typus B

1996 - 2001 Studium der Mathematik an der Universitdt Basel
Nebenfach Informatik, Wahlfach Versicherungs-
mathematik

Oktober 2001 Diplom in Mathematik, Diplomarbeit ” Uber Multi-

plizitaten von Darstellung in mehrfachen Tensorpro-
dukten” unter Anleitung von Prof. Dr. H. Kraft
Seit Oktober 2001 Doktorand an der Universitdt Basel unter Anleitung
von Prof. Dr. H. Kraft
April 2002 - Marz 2006 Angestellt durch den Schweizerischen Nationalfonds

Seit April 2006 Assistent am mathematischen Institut der Univer-
sitat Basel
5. Juli 2006 Doktorkolloquium

Meine hauptsiachlichen akademischen Lehrer:

Prof. Dr. H. Kraft, Prof. Dr. B. Scarpellini, Prof. Dr. D. W. Masser, Dr. Y. Bilu,
Dr. A. Shumakovitch, Prof. Dr. H. Burkhart



