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0. Introduction.

In this paper we continue the study of hyperdeterminants recently
undertaken in [4], [5], [12]. The hyperdeterminants are analogs of deter-
minants for multi-dimensional “matrices”. Their study was initiated by
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Cayley [1] and Schléfli [11] but then was largely abandoned for 150 years.
An immediate goal of the present paper was to prove the following state-
ment conjectured in [4], Section 5: for matrices of dimension > 3 and format
different from 2x2x 2, the singular locus Vg of the variety V of “degener-
ate” matrices has codimension 1 in V. As shown in [4], Section 5, this gives
a complete description of the matrix formats for which the hyperdetermi-
nant can be computed by Schléfli’s method of iterating discriminants. Our
main result (Theorem 0.5 below) not only proves the above conjecture, but
presents a classification of irreducible components of Vi, for all matrix
formats.

Even leaving aside applications to Schléfli’s method, we believe that
the study of Vgine is important on its own right. To illustrate this point,
we remark that the ordinary square matrices have a natural stratification
according to their rank. The set V of degenerate matrices is the largest
closed stratum of this stratification, and the next closed stratum (that is,
the set of matrices of corank > 2) is exactly the singular locus Vgjne. Thus,
studying the varieties V and Vg, for multi-dimensional matrices can be
seen as a natural first step towards their meaningful classification. (This
gives an alternative approach to the classification by means of the tensor
rank; the relationships between these two approaches are not clear.)

Our results can be also interpreted in the context of projective
algebraic geometry. For a given matrix format, the variety V is the cone
over the projectively dual variety of the product of several projective spaces
taken in its Segre embedding (see [8], Section IV.D for an overview of
enumerative problems related to projective duality). We hope that the
results and methods of the present paper can be extended to a more
general class of projectively dual varieies. For example, it would be very
interesting to classify irreducible components of the singular loci of the
projectively dual varieties (G/P)V, where G is a complex semisimple group,
P is a parabolic subgroup of G, and G/P is projectively embedded as
the orbit of a highest weight vector in some irreducible representation of
G. Our classification can be seen as the first step in this direction. The
methods that we use involve an analysis of incidence varieties and their
tangent spaces, and a homological approach based on the interpretation
of hyperdeterminant as the determinant of a certain Koszul type complex.
We hope that these methods will prove useful in more general situations.

Now we present a systematic account of our results and introduce
the notation to be used throughout the paper. We fix r > 3 and positive
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integers ki, ks, ..., ky, and denote by M = Ckr+1)x-x(kr+1) the space of
all matrices A = ||a;, ..., llo<s;<k; of format (k3 4+ 1) x --- x (k, +1). For
each j = 1,...,r let V; be a vector space of dimension k; + 1 supplied
with a coordinate system (x(()j ), :cgj ), . ,xfc]] )). Each A € M gives rise to a
multilinear form on V; X .- x V,., that we write as

(0.1) F(Az)= Z ail,m’irxl(ll) .- xE:)
1 yeenyir

In more invariant terms, we can think of A as an element of V*®---® V¥,

or, more geometrically, as a section of the vector bundle O(1,...,1) on the

product of projective spaces P(V;) x --- x P(V;). There is a natural left

action of the group
G =GL(V) x -+ x GL(V,)
on Vi x .-+ x V, and a right action of G on M such that
F(Ag,z) = F(A,gz) (Ae M,z eVy x---xV,).

We denote by 9} the partial derivative % Let Y = (V4 — {0}) x
Z;

-+« X (V. — {0}). We say that z € Y is a critical point of a matrix A € M
if F(A,z) = 8iF(A,x) =0 for all 4,j. By definition, A € M is degenerate
if it has at least one critical point in Y. In a more geometric way, let
X = P(V7) x --- x P(V;). There is a natural projection pr : ¥ — X (so
the coordinates xgj ) of a point y € Y are the homogeneous coordinates of
pr(y) € X). This projection makes Y a principal fiber bundle over X with
the structure group (C*)". It is clear that for every A € M the set of critical
points of A in Y is a union of fibers of the projection pr: Y — X. We shall
say that a point z € X is a critical point of A if the fiber pr~(z) C Y
consists of critical points of A. Now we consider the incidence variety
(0.2) Z ={(A,z) e M x X :z is a critical point of A}.
Then the variety V. C M of degenerate matrices is the image pry(Z),
where pr; is the projection (A, z) — A. This description implies at once
that V is irreducible (the irreduciblity of V follows from that of Z, and Z
is irreducible, since it is a vector bundle over an irreducible variety X). It
is known (see, e.g., [4], [5]) that V is a hypersurface in M if and only if the
matrix format satisfies the “polygon inequality”
(0.3) ki <Y ki (j=1,...,7);

i#]
in this case the defining equation of V is the hyperdeterminant Det(A).
Unless specifically stated otherwise, we shall always assume that (0.3)
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holds. Our goal in this paper is to describe the irreducible components
of the singular locus Vg of the hypersurface V.

We shall show that Vg,s admits the decomposition
(04) Vsing = Viode U chsp

into the union of two closed subsets that we call, respectively, node and cusp
type singularities. The variety Vpode is the closure of the set of matrices
having more than one critical point on X. In other words, consider an
incidence variety

05) 2@ ={(Az,y) e MxXxX:z#y,(Az)€Z(Ay) € Z},

and let VO, C M be the image pr,(Z(?), where pr, is the projection

node

(A, z,y) — A. Then Vpoqe is the Zariski closure of VO_, in M.

node
Informally speaking, Vcusp is the variety of matrices A € M having a
critical point z € X which is not a simple quadratic singularity of the form
F(A, ). To be more precise, let z° € Y be the point with the coordinates
xgj ) = i,0- The quadratic part of A at 20 is, by definition, the matrix

(0.6) B(A) = 18305 F(A,2°) 1<) jr<rit<ihyi<i<iy s

here the pair (4, j) is considered as the row index, and (¢, j') as the column
index. We define H(A,z°) = det B(A) and call H(A,z°) the Hessian of A
at 29. Now consider the variety

(0.7) Veuwsp = {A € M : (A,pr(2°)) € Z, H(A,2°) = 0}
and define
(08) vcusp = v2usp : G7

the set of matrices obtained from Vgusp by the action of the group G on
M. (It is easy to see that V., is closed, so we do not need to take the

Zariski closure here.)

We postpone the proof of (0.4) until Section 6, after we get more
information on the structure of the varieties Vyode and Veusp (we will
show that the inclusion Vging € Viode U Veusp is a special case of a general
result by N.Katz [7]).

The variety Vpoge can be further decomposed into the union of several
irreducible varieties labeled by the subsets J C {1,...,r} (including the
empty set J but excluding J = {1,...,7}). Namely, we set

(0.9) ZAJ) = {(A,z,y) € Z? : 2 = y0) & j € J}
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and define Vy4e(J) as the Zariski closure of the image pr, (Z(®(J)). The
same argument as the one used above to establish the irreducibility of V,
shows that each Vpoge(J) is irreducible. It is clear that

(0.10) vnode = U vnode(J)-
J

In view of (0.4) and (0.10), the list of irreducible components of Ving
can be obtained as follows. We take all the irreducible components of V¢yusp
and all the varieties Vpode(J), and then eliminate from this list all the
varieties that are contained in some other varieties from the list. Our main
result is a complete description of irreducible components of Vging for all
matrix formats satisfying (0.3) (Theorem 0.5 below).

Without loss of generality, we can assume that ky > kg > --- > k.
Then (0.3) simply means that k; < ka + - - - + k. Following [4], [5], we say
that the matrix format is boundary if k; = kg + --- + k, and interior if
k1 < kg + - - - + k.. We shall see that for the boundary format the singular
locus Vging is always an irreducible hypersurface in V. This is in sharp
contrast with the case of interior format: we shall see that generically in
this case Vging has two irreducible components, both of codimension 1 in
V. The origin of this difference between the interior and boundary formats
lies in the fact that for the boundary format the hyperdeterminant has
another interpretation as the resultant of a system of multilinear forms
([4], Section 4).

We start our investigation with the structure of irreducible compo-
nents of Veugp.

THEOREM 0.1.

(a) If the matrix format is interior and (k1,...,k;) # (1,1,1) then
Vcusp Is an irreducible hypersurface in V (that is, an irreducible subvariety
of codimension 2 in the matrix space M ). In the exceptional case of 2x 2 x 2
matrices (i.e., when (ki1,...,k;) = (1,1,1)), the variety Vcusp has three
irreducible components, each of codimension 2 in V.

(b) If the matrix format is boundary then Vusp is an irreducible
subvariety of codimension 2 in V.

Theorem 0.1 is proved in Section 2. The main ingredient of the
proof is a solution of the following linear algebra problem, that we find
of independent interest. It stems from the observation that the Hessian
matrix in (0.6) is a symmetric (k1 + - + k) x (k1 +- - - + k;) matrix with
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zero diagonal blocks of sizes k; X k1, . .., k» X k. In Section 1 we investigate
the prime factorization of the determinant of such a matrix, in particular,
find for which ki,...,k, this determinant is an irreducible polynomial in
matrix entries.

Turning to the node type singularities, we shall call V;4.(f) the
generic node variety, and the varieties Vyoqe(J) with J # @ the special
ones. It turns out that in most of the cases the special node varieties are
contained either in Vyede(P) or in Vgusp. More precisely, in Section 3 we
prove the following.

THEOREM 0.2.

(a) Suppose that either #(J) = r — 1, or #(J) = r — 2 and
kj > > ki — 1 for one of the two indices j € {1,...,r} — J. Then

i#£j
vnode(J) C vcusp~
(b) Suppose that either #(J) <r—2,or #(J) =r—2and ) k; > 2.
jEJ
Then Vnode(J) (- Vnode(@).
We proceed to consider the generic variety Vyode(f) and its relation-
ship with Vcusp. The following theorem is proved in Section 4.

THEOREM 0.3.

(a) If the matrix format is interior and different from 2 x 2 x 2
and 3 x 3 x 2, then Vpoqe() is an irreducible hypersurface in V neither
containing nor contained in Vysp. In the exceptional cases of 2 x 2 x 2 and
3 x 3 x 2 matrices we have Vyode(0) C Veusp-

(b) If the matrix format is boundary and different from 3 x 2 X 2,
then Vnode(0) is an irreducible hypersurface in V containing Vcysp. In the
exceptional case of 3 x 2 X 2 matrices, Vnode(?) C Veusp-

An easy check shows that Theorem 0.2 covers all special node varieties
Vnode(J) with the following list of exceptions:

(1) The format 3 x 2 x 2; J ={1}.

(2) The format 3 x 3 x 3; J={1}, {2} or {3}.

(3) The format m x m x 3, m > 3; J={3}.

(4) The format 2 x 2 x2x2; J={i,j} (1<i<j<4).

(5) The format m x m x2x 2, m>2, J={3,4}.
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These exceptional cases are treated in Section 5. The results can be
summarized as follows.

THEOREM 0.4. — In each of the cases (1) to (5) above, Vpoae(J) is
an irreducible hypersurface in V, and all these hypersurfaces are different
from each other. In Case (1) (i.e., for 3 x 2 x 2 matrices), Vpode({1})
contains Vcysp. In the remaining cases (2) to (5), all Vyoae(J) are different
from Vpode(?) and Veysp.

Putting together all the above results, we obtain our final classifica-
tion of irreducible components of Ving.

MAIN THEOREM 0.5.

(a) If the matrix format is boundary then Vg is an irreducible
hypersurface in V. Furthermore, we have Ving = Vnode(0) if the format is
different from 3 x 2 x 2; in the exceptional case of 3 X 2 x 2 matrices we
have vsing = vnode({l})'

(b) If the format is interior and does not belong to the following list of
exceptions, than Vg has two irreducible components V cysp and Vyoae (),
both having codimension one in V. The list of exceptional cases consists of
the following three- and four-dimensional formats:

(1) For 2 x 2 x 2 matrices, the singular locus Vsing coincides with
Veusp and has three irreducible components, all of codimension 2 in V.

(2) For 3x3x2 matrices, Vging coincides with V,sp and is irreducible.

(3) For 3 x 3 x 3 matrices, the singular locus Ving has five irreducible
components Veusp, Vinode(9); Viode({1})s Vnode({2}), Vnode({3})-

(4) For m x m x 3 matrices with m > 3, the singular locus Ving has
three irreducible components Vcusp, Vnode(8), Vinode({3})-

(5) For 2 x 2 x 2 x 2 matrices, Vsing has eight irreducible components
chspy Vnode((Z)) and Vnode({i,j}) (1 <i<j< 4)

(6) For m x m x 2 x 2 matrices with m > 2, the singular locus Ving
has three irreducible components Veusp, Vinode(9), Vnode({3,4}).

In each of the cases (2) to (6), all irreducible components of Ving
have codimension 1 in V.

Our main tool in proving the above results is an analysis of the tangent
space of each of the varieties Veusp, Vnode(#) etc., at its generic point.
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Some of the proofs could be simplified if we had explicit representatives of
these varieties. Unfortunately, in most of the cases, these representatives
are not known. In the concluding Section 7 we present some interesting
special matrices: the multi-dimensional analogs of diagonal matrices and
the Vandermonde matrix.

This work was partly done during the visit of A. Zelevinsky to the
University of Marne La Vallée, France, May - June 1994. He is grateful to J.
Désarménien, A. Lascoux, B. Leclerc, J.-Y. Thibon and other members of
the Phalanstére de Combinatoire Algébrique at Marne La Vallée for their
kind hospitality. We thank the referee for helpful remarks that allowed us
to simplify some of the original arguments.

1. Symmetric matrices with diagonal lacunae.

In this section we present a solution of the following linear algebra
problem. Let k1, . . ., k- be some positive integers, and suppose for each (4, 5)
with 1 <4 < j < r we are given a generic k; x k; matrix B; ;. Consider the
symmetric matrix

0 Bis Bis ... By,
tBl,g 0 32,3 ‘e Bz,,-
B = . X . .
By, 'By, ‘Bs, ... 0

of order k1 + --- + k,, where th_ stands for the transpose matrix. We
will refer to such a matrix as a symmetric matrix of type (ki,...,k;).
The determinant det(B) is a polynomial in the matrix entries of all the
B; ;. The problem is to decompose this polynomial into the product of
irreducible factors. Without loss of generality we can and will assume that
k1 > kg > --- > k.. Then the answer is given by the following theorem.

THEOREM 1.1.

(a) If ky > ko + - - - + k, then det(B) is identically equal to 0.

(b) Ifky = ko+- - -+k, then det(B) = (—1)*1(det(C))?, where C is the
k1 x ki matrix (B12,B13,...,B1,). The polynomial det(C) is obviously
irreducible.

(c¢) If ky < ko + -+ + k. then det(B) is always irreducible, with the
only exception when r = 3 and (ki, k2, k3) = (k, k,1) for some k > 1.
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(d) In the exceptional case r = 3, (k1, ko, k3) = (k,k,1) we have

(1.1) det(B) = 2 (—1)* det(B; 2) det (tBLQ Bl"“) )

’ By 3 0
If k > 2 then two determinants in the right side of (1.1) are distinct
irreducible polynomials. Finally, if k = 1 then (1.1) takes the form

det(B) = 2B 2B1 3B2 3,

so in this case det(B) is the product of three distinct irreducible factors.

Proof. — The statements (a) and (b) are obvious because B has a
k1 x k; block of zeros. The equality (1.1) can be seen by a direct calculation,
for instance, by using the Laplace expansion in the first k£ rows of B. So it
remains to prove (c).

We start with the case r = 3. Let us put our question in a more
invariant setting. Let Ep, E5, E3 be three vector spaces of dimensions
k1, ko, k3, respectively. We think of each B;; as the matrix of a linear
map E; — E;. Using the canonical isomorphism Hom (Ej, E}) = E} ® EJ,
we identify the ring of polynomial functions in the entries of B with the
symmetric algebra

S = S.((E1 ® E3) ® (E1 ® E3) ® (E2 ® E3)).

The group G = GL(E;) X GL(E3) X GL(E3) has a natural representa-
tion in S; in the matrix form, each g; € GL(E;) is represented by an invert-
ible k; x k; matrix, and for every f € S we have 9f(B) = (91:92:93) f(B) =
f(B9), where (BY); ; ='g;B; ;g;. For every triple of non-negative integers
(a, B,7) we say that an element f € S is a relative G-invariant of degree
(o, B,7) if

9f = (det(g1))*(det(g2))” (det(g3))" f-

Clearly, det(B) is a relative G-invariant of degree (2,2, 2). Therefore, every
irreducible factor of det(B) is also a relative G-invariant of some degree
(a, B,7y) with a, 5,7 < 2. So our first task will be to describe all relative
G-invariants in low degrees. Looking at the action of the center of G on S,
we obtain the following necessary condition for an occurence of a relative
G-invariant of given degree.

LEMMA 1.2. — If a non-zero relative G-invariant of degree («, 3,7)
occurs in S then the triple (aky,Bke,vks) is in the additive semigroup
generated by (1,1,0), (1,0,1), and (0,1,1).
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Using this lemma, we will obtain the existence and uniqueness prop-
erties of relative G-invariants.

LEMMA 1.3.

(a) A non-zero relative G-invariant of degree (a, 3,0) occurs in S if
and only if o = 3 and ki = ko; in this case it is proportional to det(B; 2)*.
Similarly, an invariant of degree («,0,v) occurs when oo = v and ky = ks,
and is proportional to det(Bi3)%; an invariant of degree (0,(3,7) occurs
when 3 =~ and ks = ks, and is proportional to det(Ba 3)P.

(b) A non-zero relative G-invariant of degree (1,1,1) occurs in S if
and only if k1 < ko + ks and ky + ko + k3 is even (recall the assumption
k1 > ko > ks); in this case it is proportional to the Pfaffian of the skew-
symmetric matrix

0 Bi2 Bigs
(1.2) Baiy = | —*Bi,2 0 By 3
—'B1z3 —'Bas 0

Proof. — The “only if’ part in all the statements follows from
Lemma 1.2. If k; = ko then it is clear that det(B 2)® is a non-zero relative
G-invariant of degree (a, , 0). It is also clear that the Pfaffian of the matrix
B,y given by (1.2) is a relative G-invariant of degree (1,1, 1). Let us denote
this Pfaffian by Q(B). Our next task is to show that if k; < ko + k3 and
k1 + ko + k3 is even, then Q(B) is a non-zero polynomial. To do this, it
suffices to construct B such that det(Bay) # 0.

Notice that in the category of triples of vector spaces (E1, Eq, E3)
endowed by three linear maps B;; : E; — Ef (1 < i < j < 3), there
is a natural notion of the direct sum. With some abuse of notation, we
shall denote a triple as above by the same symbol B as the corresponding
symmetric matrix. We write the direct sum of such triples by B = B’ & B”.
Clearly, the ranks of B, B,i; and of each B; ; are additive with respect to
the direct sum.

Let B(Y be the triple with E; = 0, dim(E;) = dim(E3) = 1 and
such that Bé}g is an isomorphism. We define the triples B?) and B® in a
similar way, so that each B® has E; = 0. Take
(1.3) B=(p—k)BY @& (p—ky)B® & (p—k3)B®,
where 2p = k1 + ko + k3. Then B has type (k1, k2, k3). Since for each of the

triples B (1), B® and B® the corresponding matrix B,y has full rank, the
same is true for B. Thus, Q(B) # 0, as desired.
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To prove the uniqueness of the above invariants, we shall use the
language of Schur modules (see, e.g. [3]). Using the Cauchy decomposition
of the symmetric algebra of the tensor product of two vector spaces, we
can decompose S as follows:

(1'4) S = @ (Sd12 (El ® E2) ® Sdm(El ® E3) ® Sdzs(E2 ® E3))
d12,d13,d23>0

= @ (S/\m (El) ® S)\u (E2)) ® (S/\m (El) ® S)qa (E3))
e ® (Sras(F2) © S ()
= @ (S)\u(El)®S/\13(E1))®(S)\12(E2) ®S)\23(E2))

A12,A13,A23
® (‘5’)\13 (E3) ® S)\zs (E3))7

the summation over all triples of partitions (Ai2, A13, A23) such that I(A;;) <
min (k;, k;), where [()\) is the number of non-zero parts of a partition
A. Using this language, a relative G-invariant of degree (o, 3,7) is an
occurence of the Schur module

S(ar1)(B1) ® S(gra) (E2) ® S(yrs) (E3)

in the decomposition of (1.4) into irreducible G-modules. Let cl’)y denote
the multiplicity of S\(F) in the tensor product S,(E) ® S,(E). The
multiplicities cf‘“, are given by the well-known Littlewood-Richardson rule;
in particular, it is known that c;\w is independent of E when dim(E) >
max (£(A), 4(u), £(v)). We see that the dimension of the space of relative
G-invariants of degree (o, 3,7) in S is equal to
k k k

(15) Z 05\01‘2 ,1)?13 c&ﬁlz?))\zs 65\23?2\23’

A12,A13,A23
the sum over all triples of partitions (Ai2,A13,A23) such that I(A;;) <
min (k;, k;). In particular, this dimension is equal to 1 when (a,3,7) =
(a, @, 0) and k1 = ko; in this case, the only triple (A12, A13, A23) contributing
to (1.5) is ((*1),(0), (0)). This completes the proof of Lemma 1.3 (a).

To complete the proof of (b), we use the following well-known property
of Littlewood-Richardson coefficients: cf;,, = 0 unless |A| = |u|+ |v| and the
diagram of the partition A\ contains each of the diagrams of u and v (see,
e.g., [9]; as usual, |A| stands for the sum of all the parts of \). It follows that
for (o, 3,7v) = (1,1,1), the only non-zero contribution to (1.5) is from the
triple (/\12, A13, )\23) = ((1p—k3), (1p—k2), (lpmkl)), where ki + ko + k3 = 2p.
This contribution is 1, because Cgk),()le) = 1 for all k,¢. Lemma 1.3 is
proved.
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According to Lemma 1.3 (a), S has no relative invariants in degrees
(0,0,1),(0,0,2),(0,1,2) and the degrees obtained from them by permuta-
tions of the components. This easily implies that det(B) fails to be irre-
ducible only if it is either divisible by some det(B; ;) (in the case when
ki = k;), or is a scalar multiple of Q% = det(Bay) (for instance, the latter
opportunity takes place in the case k; = k2 + k3.) Recall that we are in the
situation of Theorem 1.1 (c), so we assume that

(1.6) ko + ks >k > ke > ks > 2

we have to show that in this case neither det(B; ;) nor det(Bay) divide
det(B).

In view of Lemma 1.3, there are three cases to consider:

Case 1. — (k1,ko,k3) = (k,k,£) with k > £ > 2. We have to show
that det(B) is not divisible by det(Bj,2). It is enough to construct a matrix
B of given type such that det(B) # 0 but det(B; 2) = 0.

Case 2. — (ki ko, ks) = (k,£,€) with 2¢ > k > £ > 2. We have to
show that det(B) is not divisible by det(Bz3). It is enough to construct a
matrix B of given type such that det(B) # 0 but det(Bz 3) = 0.

Case 3. — ki + ko + k3 = 2p is even. We have to show that det(B)
is not proportional to det(Ba,y). It is enough to construct a matrix B of
given type such that det(B) # 0 but det(Bay) = 0.

In each of these cases, we construct a desired matrix as a certain direct
sum in the category of triples (cf. (1.3) above). We will use the triples B(Y),
B®_ and B® defined above, and one more triple B(?) with all E; one-
dimensional and such that each Bfg-) is an isomorphism. We can choose a
basis in each E; so that the matrix representing B(®) has the form

011
1 01
110

Clearly, for each of the triples B(, ..., B® the corresponding matrix B
has full rank. On the other hand, By 2 obviously does not have full rank
for any triple having B(Y or B® as a direct summand, and similarly for
B, 3 and Bs 3. Similarly, B,y does not have full rank for any triple having
B(©) a5 a direct summand.

Now we can construct a desired matrix B as follows. In Case 1 take

B=(t-2BYeBY e B? g (k-t+1)BO.
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In Case 2 take
B=(2-k)BO g (k-0B? o (k- )B®.
Finally, in Case 3 take
B = (ky+ ks —k1)BO @ (ky — k2)B® @ (k1 — k3)B®.
This completes the proof of Theorem 1.1 (c) for r = 3.

Now we consider the case r = 4. We assume that ko + k3 + ks > k1 >
ka > k3 > k4 > 1, and we want to show that in this case det(B) is an
irreducible polynomial (in particular, that it is not identically equal to 0).

If we set B3 4 = 0 then our matrix B becomes a symmetric matrix
of type (ki, k2, k3 + k4). Let us denote this specialized matrix by B’. Since
k3 + k4 < k1 + ko, the sizes of zero blocks are such that det(B’) (and
hence det(B)) is not identically equal to 0. Furthermore, the irreducibility
of det(B’) implies that of det(B). By the above analysis of the case r = 3,
det(B’) fails to be irreducible only if one of the numbers (k1, k2, k3 + k4) is
equal to the sum of two others, or if (k1, k2, ks + k4) is a permutation of the
triple of the kind (k, k,1). This leaves us with only two cases to consider:

Case 1. — All the numbers k; are equal to each other, that is,
(kl,kg,k;g, k4) = (k, k,k, k) for some k > 1.

Case 2. — (kl,kg,kg,k4) = (2,1,1,1).
First we treat Case 1. Consider the specialization
(1.7) Bi,4=B24=Bs4=1d,

the identity k£ x k matrix. Subtracting the first row block of B from the
second and the third, and doing the same thing with column blocks, we see
that det(B) is equal (up to sign) to the determinant of the 2k x 2k matrix

( —(B12+'B12) By3—Bi3— tBl,2)
‘(Bog— B13—'B12) —(Bis+'Big3)

Clearly, the matrix in (1.8) can be made an arbitrary symmetric matrix.
Hence, the specialization (1.7) makes det(B) irreducible. This means that
if det(B) has several irreducible factors, then at least one of them (in fact
all but one) specializes under (1.7) to a non-zero constant. Let us denote
this factor by P(B).

(1.8)

Clearly, P(B) must be relative invariant with respect to the natural
action of the group G = GLy x GLi X GLx x GLg. Under this action, a
matrix satisfying (1.7) can be transformed into an arbitrary matrix having
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all blocks B;4 invertible. Since such matrices form a dense set in the
variety of all matrices B, we conclude that P(B) must be one of the minors
det(By,4), det(Bgy,4) or det(Bs 4). However det(B) is not divisible by either
of these minors: by the obvious symmetry, it is enough to show that det(B)
is not divisible by det(Bs 4), and we have seen this already. This shows that
in Case 1 det(B) is irreducible.

Case 2 can be treated in exactly the same way. We specialize

1
B4 = (0) y Baa=B3zs=1,

and, after the calculations parallel to those in Case 1, see that this special-
ization makes det(B) irreducible (it becomes, up to sign, the determinant
of a symmetric 3 X 3 matrix with the only restriction that its (1, 1) entry is
0). An argument similar to that in Case 1, shows that if det(B) is reducible
then it must be divisible by Bg 4 or Bs 4; we have already seen that this is
not the case.

To complete the proof of Theorem 1.1, it remains to show that det(B)
is irreducible in the case when r > 5and ko +---+ k. > k1 > ko > -+ >
k. > 1. We prove this by induction on r starting with the case r = 4
considered above. Setting B,_1, = 0, we obtain the matrix B’ of type
(K1, .. kr—2,kr—1+k;). When r > 5, we have k,_1+k, < k1+:--+kr_2,80
det(B’) is irreducible (in particular, non-zero) by the inductive assumption.
Hence, det(B) is also irreducible. Theorem 1.1 is proved.

We conclude this section with one more result about symmetric
matrices B, to be used later for the analysis of cusp type singularities.
LEMMA 1.4.

(a) Suppose ko + -+ k, > k1 > ko > --- > k,. Then there exists a
symmetric matrix B of type (k1,...,k,) having rank ky +---+ k, — 1 and
such that for every i = 1,...,r the ith row block

Bie=('B1; 'Ba; -+ 'Bi_1; 0 Bjj41 -+ Bi,)
of B has full rank k;.

(b) If r = 3 and (ki,ko,ks) = (k,k,1) for some k > 1 then there
exists a symmetric matrix B of type (ki,...,k,) satisfying the conditions
in (a) and the additional conditions

det(Bl’Q) = 0, det (;%12’23 B(;’S) 75 0.

)
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Proof. — First we give another description of the types (ki,..., k)
for which det(B) is not identically equal to 0. Let ®, denote the semigroup

of all non-negative integer vectors k = (ky, ..., k) such that
(1.9) ki <Yk
diati

for alli =1,...,r. For every subset of indices I C [1,7] let §; € Z7, denote
the indicator vector of I, that is, 67; is 1 for s € I and is O for ¢ € [1,7] —I.

LEMMA 1.5. — The semigroup ®, is generated by the vectors 6y for
all the subsets I C [1,7] of cardinality 2 or 3. Furthermore, if k € ®, is
such that all the inequalities (1.9) are strict, and k is not of the form é; for
#(I) = 4, then k can be represented as a sum 6, + - -+ + 81,, where each
of the subsets I; C [1,r] has cardinality 2 or 3 and # (I,) = 3.

Proof of Lemma 1.5. — Without loss of generality, we can assume
that k € ®, has ky > --- > k.. If k1 = ko + --- + k, then we have

k = Z;kié{l,i}. So let us assume that k1 < k2 + -+ + k.. Clearly, in this

case we have k3 > 1, so the vector k' = k — 671 2.3} has all components
non-negative. Proceeding by induction on k; + - -- + k., we see that our
lemma is a consequence of the following statement: if k # 6123 4) then
k’ € ®,. To prove this statement, we observe that the only condition in

(1.9) that is not automatically fulfilled for k' is

(1.10) ks < (k1 —1)+ (ke — 1)+ (ks — 1) + zr:ki.
1=5

Rewriting (1.10) in the form

(k1 — 1)+ (k2 — 1) + (ks — ka) + Y ki >0,
=5

we see that it can fail only when k = 8153 4. Lemma 1.5 is proved.

Returning to the proof of Lemma 1.4, let us put the question into
a more invariant setting, just as in the proof of Theorem 1.1 above. A
symmetric matrix B of type (ki,...,k,) represents an r-tuple of vector
spaces Ei,...,E, of dimensions ki,..., k., endowed with a collection of
linear maps B; ; : Ej; — E} for all i # j such that B;; =*B; ;. There is an
obvious notion of the direct sum of such r-tuples, and the ranks in Lemma
1.4 are additive with respect to this direct sum. As above, we shall write
the direct sum simply as B & B’.
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We shall construct a matrix B with desired properties as the direct
sum of some standard matrices. First, for each subset I C [1,7] of
cardinality 2 or 3 we consider a symmetric matrix B of type 6; such that
all the maps BZ-(,Ij) for i,5 € I, i # j are isomorphisms of (one-dimensional)
vector spaces. If #(I) = 3, I = {i,7',3"}, we also consider another matrix
B((,I) of type 6r such that B;» and B;;» are isomorphisms but By ;» = 0.
Clearly, for each of these matrices the ranks in Lemma 1.4 (a) have their
maximal possible value, with the exception of the matrix B for B((,I) that
has corank 1.

Now suppose that k = (ki,...,k,) is as in Lemma 1.4 (a). First we
assume that k # (1,1,1,1). By Lemma 1.5, there exists a decomposition
k = 61, +---+46r,, where each of the subsets I; C (1, r] has cardinality 2 or
3 and # (I;) = 3. Then we can choose a matrix B satisfying the properties
in Lemma 1.4 (a), in the following way:

(1.11) B=B{MeBW g...¢ BU.
For k = (1,1,1,1) an obvious check shows that we can choose
0111
1 011
B=11100
1 1 00

~~

This completes the proof of Lemma 1.4 (a). Finally, a matrix B satisfying
the conditions in Lemma 1.4 (b) can be constructed by the same decompo-
sition (1.11), where we choose the first summand B((,Il) in such a way that
its component Bj 7 is an isomorphism.

2. Cusp type singularities.

In this section we study the cusp type variety Vcusp introduced in
(0.8); our goal is to prove Theorem 0.1 that provides a description of
the irreducible components of V.. We shall use the notation of the
Introduction. In particular, we denote by z° € ¥ = (V1 — {0}) x -+ x

(V- — {0}) the point with the coordinates xgj ) = i,0- It will be convenient
for us to dehomogenize the multilinear form

F(A’ .’E) = Zail,-u,irxgll) o :1)5:)

corresponding to a matrix A, by setting all mgj ) equal to 1. More precisely,
consider the subset

Ez{wEY::c(()j)zl G=1,...,n}
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Clearly, E is isomorphic to the affine space
Ckl+“'+kr — Ckl X ooee X Ck'r

with the coordinates x(J ), j € [1,r], i € [1,k;]; this is an affine chart in
X = Pk x . ka'nearthepoint((1:0:---:0),...,(1:0:---:0))
which is the image of z° under the natural projection Y — X.

In order to write down the form F(A,z) for ¢ € E in a more
convenient way, we shall use another notation for the matrix entries of
A. Namely, we shall write an entry a;, . ;. of A as a;; - J,,, where the lower
indices stand for the positions j € [1,r] for which ¢; # 0, and the upper
indices are these non-zero values i; in the same order. Thus, we write simply
a for ay,... 0, a§ for ap,...;,....,0 with a non-zero 7 in the jth place, and so on.

In this notation, for x € E we have

(2.1) F(A,z) =a+ Za}x?) + Za“ xmx(’ )

For every z € Y let V(z) denote the set of matrices A € M having z
as a critical point; equivalently, V(z) = {A : (A,pr(z)) € Z}, where Z is
the incidence variety in (0.2). In particular, in view of (2.1), we have

(2.2) V(@) ={AeM:a=a;=0 for all i,j}.

Let B = B(A) be the quadratic part of A at z° (see (0.6)). Thus, B
has matrix entries (a“ ), with (¢,7) the row index and (¢, ;') the column
index. In this notation, the definition (0.7) takes the form

(2.3) V0. = {A € V(z°) : det(B(A)) = 0}.

cusp

According to (0.8), the variety Vcysp is equal to VO, - G, where

cusp

G= GLk‘l-}-l X e+ X GLkr+l-

In view of the equality Veusp Vo G, to show that Ve usp

cus
is irreducible it is sufficient (but not necessa]:‘y') to show that V9, is
irreducible. In the terminology of Section 1, the quadratic part B of a
matrix A € M is a symmetric matrix of type (ki,..., k). In view of (2.1)
and (2.2), Theorem 1.1 implies that V2, . (and hence Vysp) is irreducible
for all the interior and boundary formats except (k1,...,k.) = (k, k,1) for

some k > 1.

In our treatment of the exceptional case (ki,...,k,) = (k,k,1) and
in a subsequent computation of the dimension of V usp, we shall replace G
by the subgroup C¥t x - -- x C*r, where each factor C*: is the subgroup of
matrices of the form
1 0
(a: Iy, >
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in GLg;41 (here z € Ck, and I, k; is the identity k; x k; matrix). Clearly,
the subgroup C*1 x ... x C*r acts simply transitively by translations on
the affine space E. With some abuse of notation, we identify this subgroup
with E: thus, for every z = (z(,...,2(") € E we denote by the same
symbol z the element

(gl,...,g,ﬂ)GCk1 x - x Ckr @,

where each g; has the first column 2. An easy calculation shows that the
right action of E on the matrix space M is given by the following formula:

Returning to the cusp type singularities, it is clear from the definitions
that for g € G the variety V9, - g depends only on the point g~'z°. It
follows that

(245) chsp = Vgusp B,
the bar meaning Zariski closure.

Now let us consider the exceptional case (ki,...,k.) = (k,k,1) for
some k > 2. By Theorem 1.1 (d), in this case V.., has two irreducible
components. To show that V¢, is still irreducible, we shall prove that
one of the components of Vgusp is contained in the closure of the image of

another one under the action of E.

To keep up with the notation of Section 1, we shall represent a matrix
A € V(2°) as a pair of ordinary (k+1) X (k+1) matrices written as follows:

0 0 0 ‘'Bys
R CRCR R )

Here B; 2 and B’ are k x k matrices, and B; 3 and By 3 are columns of
length k. By Theorem 1.1 (d), two irreducible components of V re
given by

(1]
cusp a

V' = {4 € V(2°) : det(B1,2) = 0},

B, B
V" = {A € V(z°) : det (tBlg’é 8’3) = o}.

)

2.7)

The irreducibility of V¢,sp becomes a consequence of the following lemma.

LEMMA 2.1. — The set of matrices A € V' such that A-x € V" for
some z € E, is dense in V'. Therefore, Vewsp = V7 - E.

Proof. — The group E has the natural direct sum decomposition
E = E1®E;®C, where dim(E;) = dim(E;) = k. We can think of B, » and
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B’ as representing linear maps E; — Ef, or, equivalently, bilinear forms on
E, x Es; we can think of B; 3 and Bj 3 as lying in ET and EJ, respectively.
We write ¢ € E as a triple (u,v,2) with u € E1, v € Es, z € C. Using
(2.4), we see that the matrix A - z has the following form:

(A-2)es0 = (B1,2(u,v)+Z(B'(u,v)+B1,3(u)+Bz,s(v)) tBl,z(u)+ztB/(u)+ZB2,3) ’

Bi1,2(v)+2zB'(v)+2B1,3 By,2+zB’
(A-z)eer = [ B'(w?) + Brs(w) + Bag(v) *B'(u) + Bas
ool ™ B'(v)+ B3 B’ :

The matrix A - z lies in V(x°) if all the components of (A - x)es0 €xcept
By + zB’ are equal to 0. These conditions can be rewritten as follows:

(28) t(Bl'z + ZBI)(U) = —ZBg’g,
(2.9) (Bi2+2B")(v) = —2B 3,
(2.10) (Bi,2 + 2B")(u,v) = 0.

Now let us assume that B; 2 + 2B’ is invertible for some z # 0. Then
(2.8) and (2.9) imply

u = —Zt(Bl,z + ZBI)_I(BQ’;;), v = —z(Bly2 + ZB/)_I(BL;;).
Substituting this to (2.10), we get
(2.11) By 3((Bi2+2B')"'(B13)) = 0.

If one of By 3 and Bg 3 is equal to 0 then (2.11) is trivially true. If both
B3 and By 3 are non-zero, then (by changing bases in E; and E2) we can
assume that both of them are represented by a column vector (1,0,0,...,0).
Then (2.11) means simply that the cofactor of the matrix By o + 2B’
corresponding to its (1,1) entry is equal to 0. Let us denote this cofactor
by det’'(B1,2 + 2B’). Thus, if det’(By 2 + 2B’) = 0 then A - z belongs to
Vgusp but not to V'’ since By 2+ 2B’ is assumed to be invertible. Therefore,
A-z € V". To complete the proof of the lemma it remains to establish the
following elementary statement:

(*) every pair (Bj,2,B’) of k x k matrices such that det(By,2) = 0,
lies in the closure of the set

(2.12)  {(Bi2,B’) : det(B12) =0, det'(Bi2+2B’) =0,
det(B12 +2B’) #0 for some z € C}.
To prove (*), we construct explicitly a polynomial function R(B 2, B)
such that the set (2.12) contains the set
{(Bl’g,B/) : det(Bl’z) =0, R(Bl’2,BI) #* 0}.
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If k > 3 then we define R(Bj 2, B) to be the resultant of two polynomials
det(Bi 2 + 2B’) and

z
z — det/(Bi,2+2B’) (the first map is indeed a polynomial since we assume

det(B1,2) = 0). For k = 2, two above polynomials are linear functions of z;
if they are written as az+b and cz+d then we define R(B 2, B') = ad—bc.
The function R(Bi 2, B’) has the desired property by the definition of the
resultant. It remains to prove that R(B; 2, B’) is not identically equal to

0. We can take B’ = —I; (where Ij is the identity k x k matrix). Then
det(Bl’Q + ZB/)

of degree < (k — 1) in one variable z given by z —

the roots of are the non-zero eigenvalues of B; 2, and the

roots of det’(B; 2+ zZB' ) are the eigenvalues of the submatrix Bj , obtained
from B o by taking off the first row and the first column. Adding to By 2 a
scalar matrix ay, we shift all the eigenvalues of B; 2 and B§’2 by a. So it is
enough to exhibit a k£ x k matrix C having k distinct non-zero eigenvalues
and such that the truncated matrix C’ has all eigenvalues distinct from
those of C. We can choose C to be the companion matrix

00 --- 0 ag
10 -+ 0 a
01 - 0 as
00 -+ 1 ap

with generic coefficients ao, ..., ax—1. Then the characteristic polynomials

of C and C’ are

P(\) =det(\ Iy — C) = A —ap_1 A1 — ... —qq
and
Q) =det(\ —C") = X"t — a1 M2 — . —qy.

They are related by P(A) = AQ(X) — ag, hence have no common roots
if ap # 0. This completes the proof of the lemma (we are grateful to
A. Lascoux and M. Nazarov for suggesting the use of companion matrices
in the above argument).

We leave the exceptional case when (k1,...,k,) = (1,1,1) until the
end of the section, and turn to the computation of dim (V¢ysp). Our strategy
will be to find the tangent space T4 Vcusp at a generic point A of Vgusp.
This tangent space is a subspace in T4 M; we shall use the differentials

da,daj, ... as the coordinates in Ty M.

PROPOSITION 2.2. — If the matrix format is interior and (ki,...,
kr) # (1,1,1) then the tangent space T4V cusp at a generic point A of V9

cusp
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has codimension 2 in TgoM. One linear equation defining TaVcysp in TaM
is da = 0, and another one has the form

> e — 0
,J

for some coefficients c.

Proof. — The first part of the argument makes sense for arbitrary
interior or boundary format. Let
(2.13) Z={(A,z)e MxE:A-zeV(z")}.

In view of (2.2) and (2.4), for every A € V(z°) the tangent space T{ A,zo)Z
is given by the equations

(2.14) da=0, dai+ aidz) =0 forall i,j

i’ jl

where the differentials da, daj-, ... and the dxz(-j ) are the usual coordinates
in TgoM and T,oFE, respectively.

Now consider the variety

(2.15) Zewsp ={(A,x) EM XxE: A -z €V}
In view of (2.3), we have
(2.16) Zewsp = {(A,z) € Z : det(B(A - z)) = 0}.

At this point we would like to use the assumption that the matrix
format is interior. Let us also assume that (k1, ..., k) # (k, k, 1). According
to Theorem 1.1 (c), the polynomial det(B(A)) in (2.3) is irreducible. By
(2.16), T, A,mo)ZcuSp is given by the equations (2.14) combined with the
additional equation

(2.17) d(det(B(A-z))) =0.
Let B4’

g

to the entry a;'.ij',. Then the equation (2.17) evaluated at z = z
written as

(2.18) Z B3 (da” + Z a;’jj,,dw ) =0.

%,5,¢,3" i3

denote the cofactor of the quadratic part B = B(A) corresponding
0
can be

In view of (2.5), the tangent space T4Vcusp at a generic point A of
chsp is the image of T( 4 5o )Zcusp under the map pr, , induced by the first
projection. In other words, T4V ysp is defined by all the linear relations
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between the coordinates da, daj.ij/,, ..., that are the consequences of (2.14)
and (2.18), that is, by the linear combinations of the equations in (2.14)
and (2.18) not containing the terms with the d:z: . One of these defining
equations for T4 Vysp is, of course, the equation da = 0in (2.14). According
to Lemma 1.4 (a), for A generic we can assume that B has corank 1. This
implies that the second group of equations in (2.14) produces exactly one
linear relation between the coordinates daﬁ-. This relation has the form

(2.19) > clddi =0,

where the ¢/ are the coefficients of the linear dependency between the rows
of B.

To complete the proof of Proposition 2.2 in our case, it remains to
show that we can choose A so that the linear form in the variables dx(J )
appearing in (2.18), is not a linear combination of the rows of B, and so,
does not produce additional equations for T4V cusp. Since B is symmetric,
its columns satisfy the same linear relation as its rows. So it is enough to
produce a matrix A satisfying the single inequality

(2.20) S Bidaii, #o.

23’
1,5,47,5" 54" ,5"
Since B has corank 1, its cofactor matrix B has rank 1, and we can

choose any non-zero row of B as the vector of the coefficients cZ in (2.19).
Let (3", j") be the index of this row, so we have

(2.21) d =B

7/1“
for all ¢, j. To prove (2.20), we observe that a generic matrix A also satisfies
the last condition in Lemma 1.4 (a). This means that there exist at least
two pairs of indices (3, ;) and (', ;') such that j # j’ and ¢, # 0, cz, # 0.
In view of (2.21), this can be written as
(2.22) B #0, Bii #o0.
Now, if we choose (i”,j") according to (2.21) and choose (,9), (7,3
satisfying (2.22), then we see that the coefficient of a S in (2.20) is equal
to

IIAIII

BY ) + B, d, + B, J = 2B¥ B

(14 )

and so is non-zero. Since we do not have any restrictions on the matrix

entries of type aj-g,ijl-i,, the last statement allows us to satisfy (2.20).

This completes the proof of Proposition 2.2 under the assumption that

(k1. k) # (k, K, 1).
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Now let us assume that (ki,...,k.) = (k,k,1) for some £k > 1. In
this case the argument is practically the same as above, with the following
modification. Now, in accordance with Theorem 1.1 (d), the polynomial
det(B(A - z)) in (2.16) is the product of two irreducible factors H'(A, x)
and H"(A,z), . Since we have

d(det(B(A - z))) = H'dH" + H"dH',

the equation (2.17) evaluated at z = 0 is equivalent to dH"(A,z) = 0
provided a matrix A is chosen in such a way that its quadratic part B
satisfies the conditions in Lemma 1.4 (b). For such a matrix A the above
analysis shows that T4 Vcysp is given by the same equations da = 0 and
(2.19) as above. Proposition 2.2 is proved.

PROPOSITION 2.3. — If the matrix format is boundary then the
tangent space TaV.usp at a generic point A of VO, has codimension 3 in
TaM.

cusp

Proof. — The proof is quite similar to that of Proposition 2.2. In the
case of the boundary format, the matrix B = B(A) has the form

b= (tc(()A) 01(5:1)) !

where C(A) and B’ are k; X k; matrices, and B’ is a symmetric matrix
of type (kz2,...,k:). Thus, det(B(A4)) = (—1)*(det(C(A)))?, and so, the
equation (2.17) is replaced by

(2.23) d(det(C(A-z))) =0

Computing the differential in (2.23) at z = z°

replaced by

(2.24) > Cl (dats + ) aggg,,dzz,, =0,

i ’i,,j 1// 17

, we see that (2.18) is now

where the terms C are the cofactors of C' = C(A).

i’

It is easy to see that if C is a generic matrix of corank 1, and B’ is a
generic symmetric matrix of type (kz, ..., k) then B has corank 1, and the
unique linear dependency between rows of B involves only the first k; rows.
(This is the place where the condition r > 3 is needed; if r = 2 then B’
= 0, and B has generically corank 2.) As in Proposition 2.2, the equations
(2.14) give rise to two linear equations for the subspace Ty Veysp C T4 M.
One of them is again da = 0, and another one has the form (2.19), where
now all the coefficients CZ with j # 1 are equal to 0.
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The condition that (2.24) does not give rise to an additional equation
for T'AV cusp, is equivalent to the fact that it is possible to choose a matrix
A satisfying the following analog of (2.20):

(2.25) S G aii, #o.

MRSV
However, since cZ,l,l = 0 for j” # 1, the left hand side of (2.25) is always
equal to 0. We conclude that there is a linear combination of (2.24) and
the second group of equations in (2.14) that produces one more linear
equation for T4V cusp C TaM. Hence, T4V cusp has codimension 3 in T4 M.
Proposition 2.3 is proved.

To complete the proof of Theorem 0.1, it remains to treat the case
(k1y-..,kr) =(1,1,1), that is, the 2 X 2 x 2 matrix format. In this case it is
known and easy to check (see [4], [5]) that the group G = GL2 x GLy X GL,
has six orbits on the set M — {0} of non-zero matrices. The variety
Vcusp—{0} is the union of four G-orbits that we shall denote Q1, Q22, Q3 and
Qo; their representatives are, respectively, e110+€101, €110+€011, €101 +€011
and eq11, where the e;;i are the standard basis (“matrix units”) in M. Each
of the orbits 1, Q9, Q3 has dimension 5, i.e., is of codimension 3 in M, and
contains ) in its closure. Thus, V¢usp has three irreducible components,
namely, the closures Q;, 2, Q3. This completes the proof of Theorem 0.1.

Before leaving the case of 2 x 2 x 2 matrices, let us make two more
remarks. First, it is easy to see that Q; is the set of all matrices A such
that the “flattened” matrix

Gpoo Qaoo1  G@pi0 QAo11
@100 Q@101 G110 Q111

has rank < 1. The components Q2 and Q3 have similar descriptions,
using flattenings in two other directions. Thus, each of the components
is isomorphic to the determinantal variety of 2 x 4 matrices of rank < 1.

Finally, the remaining two G-orbits whose union is M — Vyep, are
the 8-dimensional orbit M — V (with a representative eggp + €111) and the
7-dimensional orbit V — V¢,sp (With a representative e110 + €101 + €o11)-
Since all the points in V — Vg, are G-conjugate, it follows that all of them
are smooth points of V. Thus, we conclude that

(2.26) vsing = chsp .
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3. Eliminating special node components.

In this section we prove Theorem 0.2. We need some notation. We
denote by [1,7] the set {1,...,7}, and for every subset J C [1,7] let J be
the complement [1,7] — J. Let z(J) € Y be the point with components
z¥) = (1,0,...,0) for j € J and zU) = (0,0,...,0,1) for j € J (in
particular, z([1,7]) is the point previously denoted by z°). Recall from
Section 2 that for every € Y we denote by V(z) the set of matrices having
z as a critical point. Clearly, V(z) is a vector subspace in M of codimension
ki+---+kr+1. In particular, for z = z(J) this subspace has the following

description. Following [4], we call the star of a multi-index (i1,...,%,) the
set of all multi-indices (#,...,4.) that differ from (¢1,...,%,) in at most
one position. We denote by i(J) the multi-index (41,...,%,) having i; = 0
for je Jandi; =k; for je J. Then we have

(3.1)

V(z(J)) = {AeM:aq;, ... ;,=0 for all (i1,...,i,) in the star of i(J)}.

(In particular, when J = [1,7], (3.1) amounts to (2.2).) Now the definition
of the varieties Vyode(J) given in the Introduction can be rewritten as
follows:

(3.2) Viode(J) = (V(z([1,7])) N V(2(]))) - G,

where G is the group GLg,+1 X -+ - X GLg, 41 naturally acting on M, and
the bar stands for the Zariski closure.

Now we are ready for the proof of Theorem 0.2 (a). In view of (3.2),
to show that Vyjode(J) C Veusp it is enough to prove that for every
A € V(z([1,7])) N V(z(J)) the quadratic part B(A) is degenerate. We
recall from Section 2 that B = B(A) is a symmetric square matrix of order
k1 + - -+ + k, with entries agg, (4,7 € [1,r], i € [1,k;], " € [1,kj:]), where
(,7) is the row index and (i',j’) the column index. Now suppose that
#(J)=7r—1, and let J = {j}. By (3.1), we have a;?;:,i/ =0 for all ¢/, 5" as
above. This means that the row of B indexed by (k;, j) is equal to 0, hence
det(B) = 0, as required.

The second statement in Theorem 0.2 (a) is only slightly more

complicated. So suppose that #(J) =r—2, J = {j,j'}, and k; > 3 k; — 1.
i#j

It follows from (3.1) that a?}f = a;’;?' =0 for all 4,7’. Hence the submatrix

of B with the set of row and column indices {(%,7) : 1 < i < k; }U{(k;s,5')}

is identically zero. Since this submatrix is of size (k; + 1) x (k; + 1), and
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2(kj +1) > ki + -+ + kr, we conclude that in this case we have again
det(B) = 0. This completes the proof of Theorem 0.2 (a).

Let us turn to the proof of Theorem 0.2 (b). We start with an
observation that the stars of the multi-indices i([1,7]) = (0,0,...,0) and
i(0) = (k1, k2, - - -, kr) do not meet each other (this is where the assumption
r > 3 comes into play). It follows that the vector space V(z([1,7]))NV (z(0))
has codimension 2(k; + -+ + kr + 1) in M. Using the action of the group
G on M, we see that V(z) N V(y) has codimension 2(k; + --- + k. + 1)
in M whenever V(z) N V(y) C Vnoge(d). The same argument with the
stars as above shows that V(z([1,7])) N V(z(J)) also has codimension
2(ky+ -+ kr+1) in M whenever #(J) <r—-3. If #(J) =r—2 and
J = {j’,7"} then the intersection of the stars of i([1,7]) and i(J) consists
of two multi-indices i(J U {j'}) and i(J U {j”}); therefore, in this case
V(z([1,7])) N V(z(J)) has codimension 2(k; + - - + k,.) in M.

For every J and every t # 0 we define the point z(J,t) € Y as
follows: its component () is equal to (1,0,...,0,t) for j € J and is
equal to (1,0,...,0,t71) for j € J. The above arguments show that
V(z([1,7])) N V(x(J,t)) is a vector subspace contained in Vege(?) and
having codimension 2(k; + -+ + k, + 1) in M.

LEMMA 3.1.

(a) If #(J) <r — 2 then
33)  lim(V(e([1,7]) N V(2(J,1) = V(z([1,r])) N V(2(J)),
the limit taken in the Grassmannian of subspaces of codimension 2(k; +
otk +1)in M.

(b) I #(J) = r~2 and J = {§',3"} then lim(V (a([L, 1)) "V (2(7; 1)))
exists and is equal to the subspace in V(z([1,7])) N V(z(J)) given by two

additional equations

kjkjs kjkjn
i = ajj// = 0.

jeJ jeJ

(3.4)

Proof. — In both cases (a) and (b) we shall exhibit a system of linear
forms ¢;+ (i = 1,...,2(k1 + -+ + k, + 1)) on M defining the subspace
V(z([1,7])) N V(z(J,t)) and having the following property:

(¥) Each ¢;; is a polynomial function of ¢, and the linear forms
©i,0 = @i t|t=0 are linearly independent.
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Clearly, (*) implies the existence of lim;—,o(V(z([1,7])) N V(z(J,t))),
and the limit subspace is defined by the linear forms ;o (i = 1,...,2(k1 +
oot k4 1)).

The first (k1 +- - -+kr+1) forms ¢; ; will be independent of ¢: these are
simply the forms a and a} defining V(z([1,7])). As for the remaining forms,
in case (a) we take the forms A — F(A,x(J,t)) and A — 8;F(A,x(J,t))
defining V(z(J,t)) and multiply each of them by an appropriate power of
t (here we take i =1,...,k; for j € Jand i =0,...,k; — 1 for j € J). For
instance, we have
(3.5) F(Az(J,t) = Y #InN=#U0N)g,

IC[1,r]

As t — 0, the leading term in (3.5) corresponds to I = J and
is equal to t=#U )ai( J); So, taking the corresponding form ¢;; to be
A — t*DF(A z(J,t)), we see that ;0 = aj). All the forms A —
6§F (A,z(J,t)) are treated in a similar way, and we obtain from them in
the limit ¢ — 0 the forms a;, .. ;, for all (¢1,...,%,) in the star of i(J). This
proves (3.3), since these forms a;, .. ;, together with a;(;y define V(z(J))
(see (3.1)).

In case (b) we proceed in the same manner, with the following
modification. When we normalize as above the form A — a;?,,F(A, z(J,t)),
that is, multiply it by the appropriate power of ¢, we obtain the form ¢}
whose two first leading terms are

ky kik;
aj/ +t(a+Z%§f’ )
Jj€J
Since the forms aff' and a lie in our set of forms defining V(z([1,7])), we
can replace ¢} by
— ks
pr =t~ (p; — o —ta).

kjk;s
Yo = E ajj, .

jeJ

Then we have

In a similar way, starting from the form A — 6;-),F (A,z(J,t)) we obtain a
form whose leading term at ¢ = 0 is the second sum in (3.4). Now Lemma
3.1 (b) follows from the obvious fact that the two forms in (3.4) and all
the forms a;,,. ;. for (i1,...,i,) in the stars of i(J) and i(0) are linearly
independent.

Theorem 0.2 (b) in the case when #(J) < r — 2 follows from Lemma
3.1 (a). Now assume that we are in the situation of Lemma 3.1 (b), and that
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> k;j > 2. To complete the proof of Theorem 0.2, we have only to show
i€J

i.hat there exists a dense Zariski open set U C V(z([1,7])) N V(z(J)) with
the following property: for every matrix A € U there exists g € G such that
Ag also belongs to V(z([1,7]))NV(z(J)) and in addition satisfies (3.4). Let
us recall from [4], [5] that the action of each GLg; 41 on M can be described
as follows. We call the ith slice of A in direction j and denote by A} the
set of all matrix entries a;, ... ;, with ¢; = i. Then Gij+1 acts by linear
transformations of the slices of A in direction j. We are going to choose an
element g = (g1,...,9r) € G with the following properties:

(1) The components g;» and g;~ of g are identity transformations.

(2) Each g; for j € J leaves unchanged the slices A; with ¢ < k; and

transforms A?j into a linear combination of the slices A;'- with 1 <14 < kj,

that is,
k;
k; :
(Ag)f =D e}
=1

for some constants c;; with cg; ;j # 0.

Clearly, every g € G satisfying (1) and (2) preserves the subspace
V(z([1,7])) N V(z(J)) C M. For a given A the conditions that Ag satisfies
(3.4), are two linear equations on the coefficients c;;. Since the number
of unknowns is Y kj > 3, it is easy to see that the set of matrices

j€J
A € V(z([1,7])) N V(z(J)) for which these two equations have a solution
with all cx; ; # 0, is indeed Zariski open and dense in V(z([1,7]))NV(z(J)).
This completes the proof of Theorem 0.2.

Remark 3.2. — The above arguments actually show that, under the
conditions in Theorem 0.2 (b), the incidence variety Z()(J) (see (0.9))
lies in the closure of Z(?)(). A simple dimension count shows that if
#(J) =r—2and Y k; < 2 then dim(Z®(J)) > dim(Z®(@)), and

j€J
so, Z?)(J) cannot lie in the closure of Z(? (). Unfortunately, this does
not yet prove that in the latter case Vpode(J) is not contained in Vyoqe(0);
the proof that this is indeed the case will be given in the next section.

4. The generic node component.

In this section we study the generic node variety Vyode() and, in
particular, prove Theorem 0.3 from the Introduction. Specializing (3.2), we
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see that

(4.1) Viode(9) = (V(z°) NV(z')) - G,
(9)

i
“opposite” point with the coordinates xEJ ) = i,k; - As in Section 2, we shall

study the tangent space T4 Vpode(D) for a generic A € V(%) N V(z').

where 20 = z([1,7]) has the coordinates z;”’ = 8,0, and z’ = z(0) is the

PROPOSITION 4.1.

(a) Suppose the matrix format is such that ko + --- + k, > k1 >
ko > -+ > k, > 1, and it is different from 2 x 2 x 2,3 x 2 x 2 or
3 x 3 x 2 (that is, (k1,...,kr) # (1,1,1), (2,1,1), (2,2,1)). Then, for a
generic A € V(z°) N V(z') the tangent space T:aVnoae(D) is the subspace
of codimension 2 in Ty M given by the equations

(4.2) daog,...0 = dak, k,,....k, = 0.

(b) In each of the exceptional cases of 2 x2x2,3x2x2o0or3x3x2
matrices we have Vpode() C Veusp.

Proof. — Let w = (wy,...,w,) € G be the element such that for
j=1,...,7 the component w; € GLg, ;1 of w is the permutation matrix
interchanging the first and last coordinate. Clearly, w is an involution
interchanging z° and z’. Let E C Y be the affine subspace in Y given
by the equations $(()j) =1(j=1,...,7) (see Section 2); then wE C Y is
the affine subspace in Y given by the equations xi’] ) =1 (G=1,...,r). The
natural coordinates in F are the xz(.j ) for j=1,...,r 1 € [1,k;]; for a point
(9)

y € wE we take as its coordinates the (wy);

., where j and i are as above.

Consider the variety
(4.3) Z® ={(A,z,y) € M x E x wE : (A,pr (z),pr (y)) € ZP®)}

(see (0.5), (0.9)). In other words, a point (4,z,y) € M x E x wE belongs
to Z@ if and only if A € V(x) N V(y) and the components z(), y() of z

and y are not proportional to each other for j = 1,...,r. Since both F and
wE are affine charts for X = Pk x ... x P¥r it follows that
(4.4) Viode(?) = pr; Z®.

Therefore, for a generic A € V(z°) N V(z') the tangent space TaVnode ()
is the image of T{ A’xo’x/)Z(z) under the map pr, , induced by the first
projection.
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Let B = B(A) = ||a“ | be the quadratic part of A at z° (see
Section 2). We shall also consider the matrix C = B(A - w); it is natural
to call C' the quadratic part of A at z'. We write the entries of C as

i b (4,3 = 1,...,m4 € [Lkjl, 7 € [1,k;]); for instance, we have
a12 = Qi,i’ ks,...,kn le < k‘l,l < kz, and ak1k2 = Q0,0,ks,...,ky+

Using this notation, we see that T| A,zo,zl)Z( ) is the subspace in
T(4,40,2')(M x ExwE) given by the equations (2.14) and similar equations
obtained from (2.14) by replacing (A,z) with (A - w,y). More precisely,
T A,,o,x,)z (@) is given by two equations (4.2) and the equations
(4.5) da’ + Za“,dx(J ) =0, d¥a} + Z"’a" d(wy);] )9 =0

i’ i3’
forall j=1,...,rand i € [1,k;].

As in Section 2, we see that Vjede() has codimension 2 in M if
and only if its tangent space at a generic A € V(z°) N V(z') is given by
(4.2), and this happens if and only if the equations (4.5) do not produce
additional relations between the da; and d%* a}ﬂ This happens exactly when
both matrices B(A) and B(A-w) are invertible. Furthermore, if B(A) is not
invertible, then by definition, A € V¢usp. Thus, Proposition 4.1 becomes a
consequence of the following lemma.

LEMMA 4.2.

(a) Under the conditions of Proposition 4.1 (a), for a generic A €
V(z°) N V(z') both matrices B(A) and B(A - w) are invertible.

(b) In each of the exceptional cases in Proposition 4.1 (b),
det(B(A)) = 0 for every A € V(z°) NV (z').

Proof. — The condition that A € V(z°) N V(z’) means that
;,,...i, = 0 whenever the multi-index (i1, ...,%,) differs in at most one
position from either (0,...,0) or (ki1,...,kr). On the other hand, the en-
tries of B(A) are those a;, ... ;, for which (i1,...,4,) differs from (0,...,0)
in exactly two positions. Similarly, the entries of B(A-w) are those a;, ... i,
for which (¢1,...,%,) differs from (k1,...,k,) in exactly two positions. We
see that if 7 > 5, then the condition that A € V(z°) N V(z') imposes no
restrictions on the matrix entries of B(A) and B(A - w). Thus, for r > 5
the statement (a) is obvious.

If 7 = 4 then the condition that A € V(%) N V(z') forces B(A) and

B(A - w) to have some common entries. Namely, we have the relation

klk —_w k3k4
Q19 ° = Qk;,k2,0,0 = Q34



SINGULARITIES OF HYPERDETERMINANTS 621

and all the relations obtained from it by a permutation of indices 1, 2, 3, 4.
Thus, in this case our statement is a consequence of the following lemma,
(where we use the terminology and notation of Section 1).

LEMMA 4.3. — Suppose ky + ks + ks > k1 > ko > ks >
ks > 1. Then there exist two invertible symmetric matrices B and C of
type (ki, ko, ks, ks) with the following property: whenever {a, 3,v,6} =
{1,2,3,4}, the (kq,kg) entry of the component B,s of B is equal to the
(ky, ks) entry of the component C.s of C.

We prefer to prove Lemma 4.3 after treating the most complicated
case r = 3 in Lemma 4.2. In this case the condition that 4 € V(z°)NV/(z)
imposes the restrictions of two kinds on the matrix entires of B(A) and
B(A - w). First, we have the relation

aty’ = ag,i0 = Y agy’
for 0 < i < ko, and all the relations obtained from it by a permutation of

indices 1,2, 3. Second, we have

klkz — —_ w k1k2 p— —
ary * = Gk ky,0 =0, Yary? =0a0,0,k5 =0

and again, all the relations obtained from them by a permutation of
indices 1,2,3. As in Section 1, we shall write the matrices B = B(A)
and C = B(A - w) in the block form

0 B2 B3 0 Ci2 Cigs
B=|'Bis 0 Byz|,C=|["C2 0 Co3
tBizg 'Bas 0 tC1s tCas O

Then the above conditions can be formulated as follows.

(1) The last row of Bl’2 (respectively, of Bl’3, Bg’g, tBl,z, tBl’3, th’3)
coincides with the last row of *Cy 3 (respectively, of Ca 3,C13,%C1 3, Cl 2,
Ci,2).

(2) Each of the matrices B; j,C; ; has the entry in the last row and
the last column equal to 0.

Let us call a triple (ki,k2,k3) roomy if there exist two invertible
symmetric matrices B, C of type (k1, k2, k3) satisfying (1) and (2). Lemma
4.2 in the case r = 3 can now be reformulated as follows.

LEMMA 4.4. — A triple (kl, ko, k3) with ko+ks > k1 > ke > ks >1
is roomy if and only if it is different from (1,1,1),(2,1,1) and (2,2,1).

Proof of Lemma 4.4. — First, let us show that in each of the three
exceptional cases, a matrix B satisfying (2) has det(B) = 0. Indeed, if
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(k1,ke2,k3) = (1,1,1) then B = 0; if (k1, k2, k3) = (2,1,1) then the second
row of B is 0; finally, if (k1, k2, k3) = (2,2,1) then B has the 3 x 3 block of
zeros in the rows and columns 2, 4, 5.

Clearly, the exceptional cases are exactly those for which k; +
ko + k3 < 6. Our next step is to show that (ki,ko,ks) is roomy if
k1 + k2 + k3 is equal to 6 or 7. There are four such triples (ki, k2, k3),
namely, (3,2,1),(2,2,2),(3,3,1) and (3,2,2). In each of these cases we just
exhibit invertible B and C satisfying (1) and (2).

When (k1, k2, k3) = (3,2,1), we set

0000TCO01 0000T10
0000O0T10 00000 1
0007100 000100
B=lo 010011 ]oo0o1001
010000 100000
100100 010100
When (k1, k2, k3) = (2,2,2), we set
000100 00000 1
000O0T10 001000
00000 1 010000
B=11 00000’ f0000 1 0
010000 000100
001000 100000
When (k1, k2, k3) = (3,3,1), we set
0001001 000O0O0T10
00000O0T10 0000101
000O0T1T00 0001000
B=|l1000001|,c=l0010000
0010000 010000 1
0100000 10000O0O
1001000 01007100
Finally, when (k1, k2, k3) = (3,2,2), we set
0000O0TO O 1 0000100
0000T1T10 0001001
0001000 00000T10
B=|l0010000|,c=({010000°1
0100010 1000000
0100100 0010000
1000000 0101000
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It is immediately seen by inspection that all the above pairs (B, C)
satisfy (1) and (2). The check that all these matrices are invertible, is also
easy. For instance, the matrix B in the case (k1, k2, k3) = (3,2,2) has only
one non-zero entry in each of the rows and columns 1, 3,4, 7; the remaining
submatrix lying in the rows and columns 2, 5,6 is

01 1
10 1],
110

hence is invertible.

To complete the proof of Lemma 4.4, it remains to show that all the
triples (ki, k2, k3) with k1 + k2 + ks > 7 are also roomy. Let us recall from
Section 1 the notation @3 for the semigroup of triples k = (k1, k2, k3) € Zi
satisfying the “triangle” inequality. Let

W3={k€@3:k12k22k321}.
We claim that the following statement holds:

(A) If k € U3 can be represented as a sum k' + k" in such a way that
k’ € ®3, k" € U3 and k” is roomy, then k is roomy.

To prove (A), we choose B’ and C’ to be invertible symmetric matrices
of type k’, and B” and C” to be invertible symmetric matrices of type k”
satisfying (1) and (2). Then we form the direct sums B = B’ @ B” and
C = C'®C"” (as defined in Section 1). Clearly, both B and C are invertible
symmetric matrices of type k’ + k” = k. To complete the proof of (A), it
remains to observe that the conditions (1) and (2) for B and C depend
only on the last rows of all the components of B and C, and so, follow from
the corresponding conditions for B” and C”.

We shall also use the following almost obvious statement:

(B) If k belongs to V3 and is different from (1,1,1) and (2,1,1) then
at least one of the triples k — (1,1,0), k — (1,0,1) and k — (0,1,1) also
belongs to Us.

Now the statement that all the triples (k1, ke, k3) € V3 with ky + ko +
ks > 6 are roomy, follows by induction on k; + kg + k3, where the base of
induction is provided by the cases k; + k2 + ks = 6,7 treated above, and
the induction step follows from (A) and (B). This completes the proof of
Lemma 4.4.

Proof of Lemma 4.3. — 1If the triple (k1, k2, k3+k4) is roomy, then we
can take as B and C invertible matrices of type (k1, k2, k3+k4) satisfying (1)
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and (2); the condition (2) ensures that all the matrix entries that we have

to worry about, are equal to 0. This leaves us only two cases to consider:

(k1, k2, ks, k4) equals (1,1,1,1) or (2,1,1,1). In the first case we can take
01 11

B=C=

=
= O

1
0
1

O = =

and in the second case we take

B=C=

o O O O
=== OO
—_ o = O
O = = O
— =

1 110
It is easy to see that both matrices are invertible; since all the entries
appearing in Lemma 4.3, are now equal to 1, we are done. This completes
the proof of Lemma 4.3, Lemma 4.2 and Prc position 4.1.

Our next goal is to prove the first statement in Theorem 0.3 (a). So
we assume that the matrix format is interior and different from 2 x 2 x 2
and 3 x 3 x 2. We know already that in this case both Vpode(?) and Veusp
are irreducible hypersurfaces in V (Propositions 4.1, 2.2). So it is enough
to show that Vpode(?) # Veusp-

We will show that the conormal bundles of Vy04e(0) and Veusp in
the matrix space M cannot coincide because they have different generic
fibers. To do this, we put the question in a more invariant setting. Recall
that M is identified with V{* ® --- ® V¥, where each V} is a vector space

of dimension k; + 1. The coordinates x((]j ), x&j ), e ,acgc]J ) form a basis in 1%
for j = 1,...,r. The cotangent space of M at every point A is canonically

identified with M; under this identification, a covector das, ... ;, corresponds
to a decomposable tensor xfll) X ® xf:)

In this notation, Proposition 4.1 says that for a generic A € V(z°) N
V(z'), the conormal space T:\,Vnode(@)M is the 2-dimensional subspace in
M spanned by z{" ®- - -®@z{” and xgcll) ®-- -®x§:;). Using (4.1), we conclude
that the generic fiber of the conormal bundle Ténode(m)M is a 2-dimensional

subspace in M spanned by two decomposable tensors u) ® --- ® u(")
and v ® --- ® v(") where u,v(¥) € V; are linearly independent for
j=1,...,7.

Reformulating in the same way Proposition 2.2, we see that the
generic fiber of the conormal bundle TgcuspM is a 2-dimensional subspace
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of a vector space of the form

(4.6) W = Zw(l) R --® wl—D ® Vj* ® w1 R - ® w(T),
Jj=1

where 0 # w?) € V} for j = 1,...,r. An easy check shows that if W
contains a decomposable tensor u(!) @ --- ® u(™, then u¥) is proportional
to w) for all values of j except, maybe, one. Therefore, for any two
decomposable tensors u() ® - - - @ u(") and vV @ --- @ v(") contained in W,
there is an index j such that u) is proportional to v{¥). Hence, W cannot
contain a generic fiber of T3 so(0yM - This shows that Vinode(?) # Veusps
and so completes the proof of Theorem 0.3 (a).

Let us turn to the proof of Theorem 0.3 (b). The case of the format
3 x 2 x 2 is covered by Proposition 4.1 (b). So it remains to prove that
Veusp € Vnode(0) if the matrix format is boundary and different from
3 x 2 x 2. We shall deduce this from the following statement, that holds for
arbitary boundary format (including 3 x 2 x 2).

LEMMA 4.5. — In the case of boundary format we have Vus, C
vnode(@) ) vnode({l})'

If our boundary format is different from 3 x 2 x 2, then V04e({1}) C
Viode(#) by Theorem 0.2 (b); so in this case Lemma 4.5 implies that
vcusp C Vnode(@), as required.

Proof of Lemma 4.5. — First we show that in the case of boundary
format, the variety Vyode(0) U Viode({1}) admits another interpretation,
more convenient for our purposes. We shall say that x € Y is a semi-critical
point of a matrix A € M if F(A,z) = 8F(A,z) =0foralli =0,1,...,k;
(cf. the definition of a critical point in the Introduction). The following
property is crucial for us.

LEMMA 4.6. — Suppose A is a matrix of boundary format. A point
x € Y is a semi-critical point of A if and only if there exists a critical point
y of A such that all the components y(j) of y except, maybe, y(1), coincide
with the corresponding components of .

Proof. — The “if’ part is obvious. The “only if” part (that is, the
statement that every semi-critical point can be made critical by changing
its first component) is the “Cayley trick” proved in [4], Section 3 (see also

(6], [13]).
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Lemma 4.6 implies at once the following description of Vyge(0) U
Vnode({l} )

LEMMA 4.7. — In the case of boundary format, Vyode(#)UVnode({1})
is the closure of the set of matrices having two semi-critical points z,y € Y
such that for j = 2,...,r the components %) and y¥) are not proportional
to each other.

Now everything is ready for the proof of Lemma 4.5. Our method will
be similar to that used in the proof of Theorem 0.2 (b) in Section 3. For
every t # 0 we define the point y(t) € Y as follows: its component y(t)") is
equal to (1,0,...,0,t) for j = 2,...,r and is equal to (1,0,...,0) for j = 1.
Let W (t) C M denote the space of matrices having x° as a critical point and
y(t) as a semi-critical point. By Lemma 4.7, W(t) C Vyode(?) U Vinode({1})
for all ¢ # 0. By definition, W () is a vector subspace in M defined by the
equations

(4.7) a=ai=0 (j=1,...,r;i=1,...,k);
(48) a+tZa§j+t2 Z af;,k"+=0,
J#1 5,3’ #1
(@9 e e Y Al =0 (=1 k).
J#1 5,3’ #1

Clearly, all these equations are linearly independent, so the codimension of
W(t) in M is

(k1 +k2+ -+ ke + 1)+ (k1 + 1) = 3k + 2.

Now let us pass to the limit ¢ — 0. The same argument as in
Lemma 3.1 shows that %iH(l) W (t) exists in the Grassmannian of subspaces

of codimension 3k; + 2 in M, and that the limit subspace W(0) is given by
the equations (4.7) and

kjkj
(4.10) > ag =0

53'#1

(4.11) Yoay =0 (i=1,....k).

i#1
(Ast — 0, (4.8) becomes (4.10), since, in view of (4.7), the first two terms
in (4.8) are 0.)
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It remains to show that for almost all matrices A € Ve (that is,
lying in some dense Zariski open set U C Vqp) there exists g € G such that
Ag € W(0). In view of (0.8), we can assume that A € V2, . This means
that A satisfies (4.7), and the matrix C = ||a’f;, | (havingi =1,...,k; as the
row index, and (¢, ') with 5’ = 2,...,r; ¢/ = 1,..., k; as the column index)
is degenerate. Since we are only interested in a dense set of matrices, we
can assume that C has corank 1, and that a non-zero vector (z(?,...,z()
from the kernel of C has all components z(%) non-zero. By the action of
the subgroup GLg,+1 X -+ + X GLg 41 C G, we can transform each z@ to
the vector (0,...,0,1), hence transform A into a matrix satisfying (4.11).
Furthermore, acting on A by the subgroup GLg, +1, we can transform the
kernel of *C to C(0,...,0,1), and so assume that A also satisfies

(4.12) afi* =0 forall i,j.

To complete the proof, it remains to observe that every matrix A satisfying
(4.7), (4.11) and (4.12) can also be made to satisfy (4.10) by a linear
transformation

A% add + AR AR Al 4 aAk

of two slices A and A® in the first direction (for the definition of slices see
the proof of Theorem 0.2 (b) in Section 3). This proves Lemma 4.5, and
hence completes the proof of Theorem 0.3.

5. Exceptional cases: the zoo of three-
and four-dimensional matrices.

In this section we investigate the variety Vyoge(J) in the exceptional
cases (1)—(5) listed in the introduction; in particular, we shall prove
Theorem 0.4.

In fact, rearranging if necessary the indices 1,2,...,r, we reduce the
five exceptional cases to the following two:

(A) The format (k+1) x (k+1)x3, k>1; J={3}.
(B) The format (k+1) x (k+1)x2x2, k>1, J={3,4}.

Our first goal is to give a unified description of V,04¢(J) in both cases.
In case (A) we shall represent a matrix A of format (k+1) x (k+1) x 3
as an (k + 1) x (k + 1) matrix A(y) whose entries are linear forms
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on C3. In an explicit matrix form, if A = ||aagyllo<a,s<k0<y<2, and
v = (Yo, ¥1,y2) € C3, then the matrix entries of A(y) are

2
aaﬂ(y) = Z AaByYy-
¥=0

For future use, we set Yy = C3 — {0}.

In a similar way, in case (B) we represent a matrix A of format
(k+1)x(k+1)x2x2asan (k+1) x (k+ 1) matrix A(y) whose
entries are linear forms on C? ® C2. In an explicit matrix form, if A =
laasyslloca,<kiosy.s<1, and y = (y35)y,5=0,1 € C* ® C?, then the matrix
entries of A(y) are

aap(y) = Z Qo py6Yys-
v,6=0,1
In this case we denote by Yy C C? ® C? the set of non-zero decomposable
tensors; thus,

Yo={y= (y'y&) # 0 : yooY11 — Yo1¥10 = 0}.

PROPOSITION 5.1. — In each of the cases (A) and (B), we have
(5.1) Viode(J) ={A € M : corank A(y) > 2 for some y € Yp}.

Proof. — Let us temporarily denote by V’ the variety in the right
hand side of (5.1). It is easy to see that V' is Zariski closed in M; this
follows from the fact that Yy U {0} is the cone over a projective variety S
(in case (A) we have S = P?, and in case (B) S = P! x P! in the Segre
embedding). Clearly, V' is invariant under the action of G, where G =
GLgy1 X GLgy1 X GL3 in case (A), and G = GLg41 X GLgy1 X GLy x GLo
in case (B).

In view of (3.2), to prove that Vpede(J) C V', it is enough to show
that V(z%) N V(z(J)) C V. But this follows at once from the definitions:
if we set y° € Yp to be (1,0,0) in case (A) and (1,0) ® (1,0) in case (B),
then for A € V(z°) N V(x(J)) the matrix A(y°) has the first and the last
row and column equal to 0.

To prove the reverse inclusion, we denote by W C M the subspace of
matrices A such that A(y%) has the first and the last row and column equal
to 0. Clearly, V' = W - G. Therefore, it is enough to show that there exists
a dense Zariski open subset U C W such that U C (V(z°) N V(z(J))) - G.
By definition, the subspace V(z°) NV (z(J)) in W is given by the equations

Gpoy = Akky =0 for y=1,2
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in case (A), and by the equations
A00vs = Akkys = 0 for (’77 5) = (1,0), (Oa 1)

in case (B). Thus, in both cases it is enough to prove the following statement
about 2 x 2 x 2 matrices.

LEMMA 5.2. — Let G’ denote the subgroup GLy x GL2 x {e} of
the group G = GLy x GLy x GL acting on the space C2*2%2 of 2 x 2 x 2
matrices. Then there exists a dense subset U C C2?*2%2 such that every
A € U can be transformed by the action of G’ into a matrix having

(5.2) @poo = Goo1 = @110 = @111 = 0.

Proof of the lemma. — Since the conditions (5.2) are preserved by
the action of the subgroup {e} x {e} x GLy C G, it is enough to prove that
almost every A € C?*2%2 is G-conjugate to a matrix satisfying (5.2). But it
is known (see [4], Section 5, or the end of Section 2 above) that G has a dense
orbit U € C2%2%2 whose representative can be chosen to be the matrix
with the only non-zero entries ajgop = ag11 = 1. Since this representative
satisfies (5.2), we are done. Lemma 5.2 and hence Proposition 5.1 are
proved.

The fact that in each of the cases (A) and (B), Vnode(J) is an
irreducible hypersurface in V, is a consequence of the following.

PROPOSITION 5.3. — In each of the cases (A) and (B), the tangent
space T'AVnode(J) at a generic A € V(z°%) N V(x(J)) has codimension 2 in
TaM. In case (A), it is given by the equations

(5.3) dagoo = dagko = 0;
in case (B) it is given by
(5.4) daoo()o = dakkoo =0.

Proof. — We shall treat only case (A), the case (B) being completely
similar. The argument is basically the same as that in the proof of
Proposition 4.1, so we shall be brief. First, it is easy to see that T4 Vyode(J)
at a generic A € V(z°)NV(z(J)) has the following description. This is the
image under the first projection of the tangent space T{ 4 z0 o(s))Z’, Where
Z' is the variety of triples (A’,z,y) such that z,y € Y are vectors of the
form

z=(1,z1,...,2M), (1,2,...,2), (1,21, 2)),
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1 1 2 2
y= ((y(() )) ) 1y](g_)13 1)7(?/(() )a so ’y](g_)lv 1)7 (1,2:1722)))

and A’ € V(z) N V(y). The space T(4 40 5(s))Z’ is given by (5.3) and the
following set of equations:

k k
(55) —da()o.y = Z aaoydxgl) + Z aog,ydil:g) (’7 = 1, 2),
a=1 B=1
k-1
(56) —daoﬁo = Z Cl,aﬁ()d.'ligtl) + aomdzl + aogdeQ (,B = 1, . k— 1),
a=1

k-1
(5.7) —daao() = Z aaﬁgd.’lt(g) + aamdzl + aa02d22 (a = 1, ey k — 1),

p=1
k—1 k-1
2
(5.8) —dagy = Z Aok dy$H + Z akﬁ'ydyé ) (v=1,2),
a=0 B=0
k-1
(5.9) —dakgo = Y Gapodyl) + axprdz + axpedza (B=1,...,k—1),
a=1
k-1
(5.10) —dasko =Y Gapodyy) + aak1dz1 + aakedza (@ =1,...,k—1),
B=1
(5.11) —dakoo = ako1dz1 + ako2dz2,
(512) —da()k() = a0k1d251 + a0k2d22.

It remains to show that for a generic A € V(z°) N V(x(J)), the
equations (5.5)—(5.12) do not produce additional relations between the
dagpy- Clearly, the condition that A € V(z°) N V(z(J)), does not impose
any restrictions on the coefficients of the linear forms that appear in the
right hand sides of (5.5)—(5.12). So we need only to show that the (4k +
2) x (4k + 2) matrix of coefficients of these linear forms is generically non-
degenerate. However, this matrix becomes block-triangular if we arrange
the variables in the following order:

dx£1)7d$§c2)7d$gl) (a = 17""k—" 1)7d$,§32) (16: 1""’k— 1)’

dys?,dy®, dy®P (e =1,...,k—1),dy$ (B=1,...,k —1),dz1, dzo.
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There are four diagonal blocks of size (k — 1) x (k — 1): two of them are
equal to the matrix C; = ||aagol|a,g=1,...,k—1, and two equal to *C;. There
are also three 2 x 2 blocks: the matrix
C, = (akOI akoz) ,
Aokl Qok2
and two other blocks obtained from C; by the transposition or a permu-
tation of columns. Therefore, if we choose A so that both C; and Cs be

non-degenerate, then T4 Vyo4e(J) wiil be given by (5.3). Proposition 5.3 is
proved.

To complete the proof of Theorem 0.4, it remains to study how the
special node components Vyoqe(J) are related to each other (for the formats
such that there are several such components) and to Veysp and Vyeqe(0).
We shall do this case by case.

Case 1. — The format 3 x 2 x 2. In this case the most transparent
way to describe V and Vg, is probably the following. We represent a
matrix A of format 3 x 2 X 2 as a 3-linear form
A(z,y,2) = Z Qo ByTayB2y
a,B,y
on C3 x C? x C2.

PROPOSITION 5.4. — For the format 3 X 2 X 2 we have the following:

(a) A matrix A € M belongs to V if and only if there exist some
non-zero y and z such that A(z,y,z) =0 for all z € C3.

(b) A matrix A € M belongs to Ving if and only if there exists some
non-zero z such that A(z,y,z) =0 for all (y,z) € C? x C2

(c) The singular locus Vg is isomorphic to the determinantal
variety of 3 x 4 matrices of rank < 2; in particular, this is an irreducible
hypersurface in V.

Proof. — The description of V in (a) is a special case of the general
description for the boundary format. In view of Proposition 5.1 (applied
to the format 2 x 2 x 3), part (b) is simply another way to say that
Vsing = Vnode({1}). So we need to show that Vpede({1}) contains both
Vnode(?) and Vysp. However, this follows at once from the inclusions

Vnocle(@) C vcusp - vnode(m) U Vnode({l})

that we already proved (see Proposition 4.1 (b) and Lemma 4.5). Finally,
part (c) follows at once from (b).
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Before passing to other matrix formats, we want to present “typical”
representatives of M —V, V — Ve and Viing — Veusp- Namely, we claim
that

(5.13) ' €000 + €101 + €110 + €211 € M — V;
(5.14) €000 + €101 + €211 € V — Viing;
(515) €ooo + €211 € vsing - vcuspa

where the e, are “matrix units”. We leave the proof as an (easy) exercise
for the reader; note that the matrix in (5.13) is the “identity” matrix
constructed in [4] for every boundary format.

Case 2. — The format 3 x 3 x 3. We have seen that in this case there
are five potential irreducible components of V, namely Viusp, Vnode(0),
Viode({1}); Vinode({2}), Vnode({3}). All of them have codimension 1 in
V: for Veusp this was shown in Section 2, for Vyoge(d) in Section 4, for
Viode({3}) this is Proposition 5.3, and for Vyede({1}), and Vpode({2})
follows from Proposition 5.3 by obvious symmetry.

PROPOSITION 5.5. — In the case of 3 x 3 x 3 matrices, the five vari-
eties Veusps Vinode(?), Viode({1}); Vinode({2}), Vnode({3}) are all different.

Proof. — The statement that Veusp # Vnode(D), was proved in
Section 4, by showing that the conormal bundles of these two varieties
have different generic fibers. It is possible to use the same method for
proving that the varieties Vyode({1}), Vnode({2}), Vnode({3}) are different
from each other and from Veyusp, Viode(?) (we shall in fact use it for the
analysis of the next case). We prefer, however, to give another proof, by
giving explicit matrices representing these varieties.

As in the previous case, we represent a matrix A of format 3 x 3 x 3
as a 3-linear form
A(m,y,z) = Z QopyTalypiy
a,B,y

on C3 x C3 x C3. Consider two matrices A; and Ay represented by the
forms

Ay, 2) = Y mym
i+j+h=3

= ZoY122+ToY221+21Yo22+T1Y121+T1Y220+22Y0 21 +T2Y1 20,

As(z,y, 2) = T1y120+T0Y121+T1Y221 +22Y021 +ToY222+T 1Yo 22+ T2Y1 Z2-
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LEMMA 5.6.

(a) The matrix A; belongs to Vyede(#) and does not belong to any
of the other four varieties in Proposition 5.5.

(b) The matrix Az belongs to Vyo4e({3}) and does not belong to
chsp U Vnode({l}) U vnode({2})~

Proof. — Let X(A) stand for the set of critical points of a matrix
Aon X = P? x P?2 x P2, In terms of the 3-linear form A(z,v,2), the set
X (A) is the image under the projection Y — X of the set
(5.16)  Y(A)={(z,y,2) € (C*—{0})*:

A(x',y, Z) = A(.’L’, yla Z) = A(I7y7 Z/) for all ml7y/’ z/}'

We claim that
(5.17)  X(A4;) = {((1:0:0), (1:0:0), (1:0:0)), ((0:0:1), (0:0:1), (0:0:1)) }.
Indeed, for A = A; the system of equations in (5.16) takes the form
Y122 + Y221 = Yo22 + Y121 + Y220 = Yo21 + Y120 = T122 + T221
(5.18) = Xo29 + T121 + T220 = To2z1 + T120 = T1Y2 + Tay1
= ZoY2 + 1Y1 + T2Yo = ToY1 + T1Yo = 0.

Now suppose that (z,y,z) € Y(A;) and let «,B3,7 be the maximal
indices such that z.,ys and z, are non-zero. Then none of the terms
TaYB, LaZy O Ygzy can appear in the equations (5.18). This leaves only
two opportunities (e, 8,7) = (0,0,0) or (o, 8,7) = (2,2,2). If (o, B,7) =
(0,0,0), then (z,y,z) has the form ((a,0,0),(b,0,0),(c,0,0)), which is
obviously a solution of (5.18). So we can assume that (a, 8,7) = (2,2,2),
that is, zoy222 # 0. We can write three of the equations (5.18) in the matrix
form as

0 22 ¥ )
(519) z2 0 ) U =0.
y2 z2 O 21

Since the matrix in (5.19) has determinant 2z5y222 # 0, we conclude that
1 = y1 = 2z = 0. Substituting this to the remaining equations in (5.18)
leaves us with the three equations which can be written as

0 2 ¥y Zo
z29 0 X2 Yo =0.
y2 2 0 20

As above, this implies zg = yo = 29 = 0. This completes the proof of (5.17).
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In view of (5.17), A; € Vpode(D). To show that A; does not lie in
Vcusp, We have to prove that it has non-zero Hessian at ((1,0,0), (1,0,0),
(1,0,0)) and at ((0,0,1),(0,0,1),(0,0,1)). The quadratic part of A; at
both points (see Section 2) has the same form

000101
001010
01 0001
1 00010]’
010100
101000

and it is easy to see that this matrix is non-degenerate.

To complete the proof of (a), it remains to show that A; does not
belong t0 Vyode({1}), Vnode({2}) or Viode({3}). In view of Proposition
5.1, this means that no non-trivial linear combination of the slices of A;
in each direction can have rank < 1. By the obvious symmetry, the slices
of A; in each direction are the same, and their linear combination with

coefficients a, b, ¢ has the form
0 b
c al.
b 0

This matrix has three diagonal 2 x 2 minors equal to —c?, —b%, —a?; so it
can be of rank < 1 only when a = b = ¢ = 0. This completes the proof of
Lemma 5.6 (a).

Q o 0O

The proof of part (b) is quite similar. First we show that
X (A42) = {((1:0:0), (1:0:0), (1:0:0)), ((0:0:1), (0:0:1), (1:0:0)) };

this implies that As € Vyode({3}). Then we compute the Hessians of A
at the points ((1,0,0), (1,0,0),(1,0,0)) and ((0,0,1),(0,0,1),(1,0,0)), and
find both of them to be non-zero; thus, A ¢ Vcusp. Finally, by analyzing
linear combinations of the slices of A5 in the first and second direction, we
show that Az does not belong to Vyode({1}) or Viode({2}). We leave the
details to the reader.

The proof of Proposition 5.5 is now completed as follows. By Lemma
5.6 (2), Vinode (D) is different from the other four varieties in Proposition 5.5.
By Lemma 5.6 (b), Vyode({3}) is different from each of Veusp, Vnode({1})
or Viode({2}). Using symmetry, we see that Vyoge({1}) and Vyoae({2}) are
also different from each other and from V. Proposition 5.5 is proved.
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Case 3. — The format (k+1) x (k+1) x 3, k > 3. In this case there
are three potential irreducible components of V, namely Veusp, Vnode(9)
and Vyoge({3}). All of them have codimension 1 in V.

PROPOSITION 5.7. — In the case of (k+1) x (k+1) x 3 matrices with
k > 3, the three varieties Veusp, Vnode(0) and Vyoae({3}) are all different.

Proof. — The fact that Vcysp # Vnode(?), was proved in Section 4.
Using the notation introduced there, we deduce from (5.3) the following
description of the generic fiber of the conormal bundle Ténode( {3})M .
This is a 2-dimensional vector subspace A in Vi* ® V5 ® V5 spanned
by two decomposable tensors ) ® u(® ® w and v ® v(® ® w, where
u@) 00 e V}" are linearly independent for j = 1,2. It is easy to see that,
up to proportionality, the above two tensors are the only decomposable
tensors in A. Comparing this with the description of the generic fibers of
T3, ., M and T3, | )M given in Section 4, we conclude that A is different
from each of these fibers. Proposition 5.7 is proved.

Case 4. — The format 2 x 2 x 2 x 2. In this case there are eight
potential irreducible components of V, namely Vcusp, Viode(#) and six
special node varieties Vpode({%,5}), 1 < i < j < 4. As in the previous
cases, we know that all of them have codimension 1 in V.

PROPOSITION 5.8. — In the case of 2 X 2 X 2 X 2 matrices, the eight
varieties Vusp, Vnode(0) and Vioae({1,7}), 1 <i < j <4 are all different.

Proof. — Our argument will be very similar to that in Case 2 above.

We represent a matrix A of format 2 x 2 X 2 x 2 as a 4-linear form
1

Ay, 2,0) = Y GapysTalpzyWs
a,ﬁ,’y,é:O

on C? x C? x C? x C2. Consider two matrices A; and Aj represented by
the forms

Ai(z,y,2,w) = Z TalYB2yWs = ToYo21W1 + - -+ + T1Y120Wo,

a+pB+y+6=2
As(z,y, 2,w) = Toy120w1 + T1Yo2ow1 + TeY121Wo — T1Yo21Wo
+ ToYoz1w1 + T1Y121W1-

LEMMA 5.9.

(a) The matrix A; belongs to Vyode(#) but not to any of the other
seven varieties in Proposition 5.8.



636 J. WEYMAN & A. ZELEVINSKY

(b) The matrix Ay belongs to Vyoae({3,4}) but not to Veusp or any
Vnode({i7j}) with {7’:.7} 7é {37 4}'

Proof. — The proof of part (a) is parallel to the argument in the
proof of Lemma 5.6 (a), so we shall only indicate the necessary modifica-
tions. We claim that

(5.20) X (A;p) = {((1:0), (1:0), (1:0), (1:0)), ((0:1), (0:1), (0:1), (0:1)) }.
This is proved in the same way as (5.17) above, with the following
modification. The system (5.19) is replaced by

0 21w1 w1 Y121 Zo
21w 0 riwy TiZ2
(5.21) 1W1 1w T121 Yo —0,
ywy T1w 0 xy 20
Nz Tz nyr 0 wo

and the matrix in (5.21) has determinant —3(z1y;21w;)?.

The rest of the proof of (a) and the proof of (b) are straightforward,
and we leave them to the reader. Note that in (b) one has to show that

X (A42) = {((1:0), (1:0), (1:0), (1:0)), ((0:1), (0:1), (1:0), (1:0)) }.

Proposition 5.8 is deduced from Lemma 5.9 in the same way as
Proposition 5.5 from Lemma 5.6.

Case 5. — The format (k+ 1) x (k+1) x2x2, k > 2. Asin
Case 3, there are three potential irreducible components of V, namely
Veuspy Vnode(#) and Viyeqe({3,4}). All of them have codimension 1 in V.
The following result is proved in exactly the same way as Proposition 5.7.

PROPOSITION 5.10. — In the case of (k+1) x (k+1) x 2x 2 matrices
with k > 2, the three varieties Veusp, Vnode(#) and Vinode({3,4}) are all
different.

Combining all the above results, we see that Theorem 0.4 is proved.

6. Decomposition of the singular locus
into cusp and node parts.

The purpose of this section is to prove the decomposition (0.4); more
precisely, we shall show that

(6'1) Vsing = vgode ) chspa
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where V9_,. is the variety of matrices having more than one critical point

on X. We shall deduce the inclusion
(62) Vsing g Vgode U chsp

from a general criterion due to N. Katz [7]. Let Vg = V — Vg, be the
set of smooth points of V, and let U be the complement of VO ;. U V¢ysp
in V. Then (6.2) is equivalent to U C V. By definition, a matrix A € V
belongs to U if and only if A has exactly one critical point x € X, and
the Hessian of A at x is non-zero. In other words, U is the set of all points
A € V, where the projection pr; : Z — V (see (0.2)) is unramified. Clearly,
U is open in V. If U # 0 (and so, U is dense in V since V is irreducible),
then we say that pry : Z — V is generically unramified. It is proved in [7],
Proposition 3.5 that pr; : Z — V is generically unramified if and only if
V has codimension 1 in M. In our situation, this happens exactly when
the matrix format satisfies (0.3). We see that (6.2) is a consequence of
the following criterion of N. Katz (which is valid for an arbitrary smooth
projective variety X).

PROPOSITION 6.1 ([7], Proposition 3.5). — Suppose the projection
pr; : Z — V is generically unramified. Then this projection is birational.
Furthermore, U consists of smooth points of V and is the biggest open set
in V for which the projection pry : pry*(U) — U is an isomorphism.

The rest of the section is devoted to the proof of the reverse inclusion

(6.3) Viode U chsp c Vsing-
We will need two preparatory statements.

LEMMA 6.2. — The variety of matrices A having infinitely many
critical points in X is of codimension > 2 in V.

Proof. — This is a general statement valid for an arbitrary smooth
projective variety X such that its projectively dual is a hypersurface. The
proof is done by a simple dimension count. By definition, the set of critical
points in X of A € V is the fiber prl_l(A) of the projection pr; : Z — V. If
this fiber is infinite then it has positive dimension; so the variety of matrices
with infinitely many critical points can be written as

(6.4) V' ={A € V:dim(pr;'(4)) > 1}.

Obviously, V' is disjoint from the open set U C V considered above (see
Proposition 6.1). Let Z’ = pr;* (V') and U = pry*(U) be the inverse
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images of V' and U in Z. Since Z is irreducible, and U is open in Z, it
follows that dim (Z’) < dim (Z). By (6.8), we have dim (V') < dim (Z’).
Finally, in view of Proposition 6.1, we have dim (V) = dim (Z). Therefore,

dim (V') <dim (Z’) — 1 < dim (Z) — 2 = dim (V) — 2,
as required.

The other statement we need is a special case of the general result of
A. Dimca [2] on dual varieties (see also [10], formula 1 on p. 433).

PROPOSITION 6.3. — Suppose a matrix A € V has finitely many
critical points in X. Let H4 be the hyperplane in P(V; ® - -- ® V;.) defined
by A. Then the multiplicity of V at A is equal to

(6.5) mult4(V) = Y u(XNHa,z),

TEX(A)
where the sum is over all critical points of A in X, and (X N Ha, ) is the
Milnor number of X N Hy4 at . In particular, p(X N Ha,z) > 1 for every
z € X(A), and u(X N Hyp,x) = 1 if and only if the Hessian of A at x is
nondegenerate.

Now we have all the necessary tools to prove (6.3). Let us look at
Main Theorem 0.5, where, for a moment, we have to replace Vg, by
Viode U Veusp. We see that for all interior and boundary matrix formats
except 2 x 2 x 2, all the irreducible components of Vyode U Veusp are
of codimension 1 in V. By Lemma 6.2, a generic point A of every such
component has finitely many critical points in X. By (6.5), the multiplicity
of V at Ais > 2, so A is a singular point of V, and (6.3) follows. Combined
with (6.2), this completes the proof of (6.1) for all the formats except
2 x 2 x 2. In the exceptional case of 2 x 2 x 2 matrices, the equality (6.1)
takes the form

(66) Viode C vcusp = Vsing,

where the first inclusion is a consequence of Theorems 0.2 and 0.3, and the
last equality is (2.26).

7. Multi-dimensional “diagonal” matrices
and the Vandermonde matrix.

In this section we exhibit multi-dimensional analogs of the diagonal
matrices for all boundary and interior matrix formats, and an analog of
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the Vandermonde matrix for boundary format. We start with the diagonal
matrices.

Recall from Section 1 that ®, denotes the semigroup of vectors
k = (ki1,...,kr) € Z7, satisfying the “polygon” inequality (1.9). We say
that a multi-index i = (41, ...,1%,) is diagonal for k if both i and k — i lie in
®,. We call a matrix A = |a;,,...i, [lo<i;<k; of format (k1 4+1) x- - x (k. +1)
diagonal if a;,,.. ;. = 0 unless (i1,...,4,) is a diagonal multi-index for
(k1,-..,kr). For 7 = 2 this is the usual notion of diagonal matrices. Notice
also that for boundary format when k; = ko + --- + k,, a multi-index
(1,...,%,) with 0 < 4; < k; is diagonal if and only if iy =42+ -+ +i,; in
particular, the “identity” matrix having a;, ... s, = 6, iy+...44, is diagonal.

We shall see that a generic diagonal matrix A is non-degenerate,
i.e., has non-zero hyperdeterminant. This is a consequence of the following
statement: there exists an extreme monomial

(7.1) I &%
i=(i1,...ir)
appearing in Det (A) such that d(i, k) > 0 if and only if i is diagonal for
k. (Recall that a monomial is extreme if it corresponds to a vertex of the
Newton polytope of Det (A).) To construct such a monomial, we recall that
if N(k1,...,kr) stands for the degree of the hyperdeterminant of format
(k1 +1) x --- x (k. + 1), then the generating function for the numbers
N(ki,...,k,) is given by
T
72 Y Nl k)2 = (13- Deiler,..2) s
Ky yeeekr >0 =2
where the e;(21, . . ., 2,) are elementary symmetric polynomials (see [4], (3.1)
or [5], Chapter 14, (2.5)). As shown in [4], [5], any coefficient N (k1,..., k)
in (7.2) has a combinatorial expression as a sum of positive summands; fur-
thermore, a combinatorial argument shows that N(ki,...,k.) > 0 exactly
when (k1,...,k;) € ®,.

Now consider the square root of the generating function (7.2), i.e.,

the series
T

(73) S0 Mki,... k)2l ook = (1—2(2’—1)61-(;:1,...,z,))—l.

E1yeekr 0 i=2
For any two non-negative integer vectors i = (i1,...,i.), k = (k1,...,ky)
we set

(7.4) (i, k) = M(iv, ... iy) M(ky — i1, - .., ky — iy).
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THEOREM 7.1. — For every interior or boundary matrix format, the
monomial (7.1) with the exponents given by (7.4) is an extreme monomial
in Det (A) appearing with the coeflicient +1. The exponent d(i,k) is
positive if and only if i is diagonal for k.

Proof. — The hyperdeterminant is a special case of the so-called
A-discriminant (see [5]), in the case when A is the set of vertices of the
product of standard simplices @ = At x ... x A¥r. Thus, the points of A
correspond to multi-indices i = (41,...,4,) with0 <i; < k;jforj=1,...,7;
with some abuse of notation, we denote a vertex by the same symbol i as
the corresponding multi-index. We shall use the description of the extreme
monomials in the A-discriminant given in [5], Chapter 11, Theorem 3.2.
According to this description, every extreme monomial corresponds to a
coherent triangulation T of @ having all vertices in A. If we write the
monomial corresponding to T in the form (7.1), then the exponents d(i, k)
are given by

(7.5) d(i, k) = ) (—1)4m@-diml)yg] (g).

Here the sum is over all massive simplices o of T having i as a vertex (recall
from [5] that o is massive if the minimal face I'(o’) of @ that contains o, has
the same dimension as ¢); the volume form Vol (¢) in (7.5) is normalized
so that an elementary simplex corresponding to the lattice spanned by
ANT(o) has volume 1.

It is well-known that Q = A*t x-..x A*" has a coherent triangulation
T whose simplices correspond to the chains of A in the product order. In
other words, a subset {ig,i1,...,i,} C A is the set of vertices of a simplex
from T if and only if ig < i; < --- < ip, with respect to the order relation

i=(i1,...,00) ST = (#,..,00) & i3<i; (G=1,...,7)

Let us apply (7.5) to this triangulation. First, it is easy to see that the
simplex corresponding to a chain (ip < i1 < --- < i) is massive if and only
if for each t = 1,...,p the multi-index i; differs from i;_; in exactly one
position. Let us call the chains with this property also massive. Second, it
is easy to see that all the massive simplices in 7" have volume 1 in the above
normalization. So, we can rewrite (7.5) as follows:

(7.6) dik)= Y (-Dktotkr
io<iy<--<ip

the sum over all massive chains in [0, k1] X - - - X [0, k] containing i.
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It should not be too hard to deduce (7.4) from (7.6) in a direct way.
However, the following trick leads to the goal quicker. Note that every
massive chain contributing to (7.6) is the union of two massive chains,
one having i as its maximal element and another having i as its minimal
element; furthermore, these two chains can be chosen independently of each
other. It follows that d(i, k) can be factored as

(7.7) d(i,k) =d(i,i)d(k — i,k —i).
On the other hand, the degree of the monomial (7.1) is equal to

(7.8) > d(i,k) = N(ky,..., k).

Substituting (7.7) into (7.8) and translating this statement into the lan-
guage of generating functions, we obtain

(7.9) ( 3k k)z --~zfr)2 = Y Nki,..o kp)abt o 2he
k1o kr >0 E1yerkr >0

Comparing (7.9) with (7.2) and (7.3), we conclude that d(k,k) =

M(k1,... k) for all k = (ki,...,k;). Substituting this into (7.7) yields

(7.4). This proves that the monomial (7.1) with the exponents given by

(7.4) is indeed an extreme monomial in Det (A). The fact that it appears

in Det (A) with coefficient +1, also follows from the general result about
the A-discriminant (see [5], Chapter 11, Theorem 3.2 (b)).

In view of (7.4), the last statement in Theorem 7.1 is equivalent to
the following:

(710) M(kl,...,kr)>0¢> (kl,...,kr)e(br.

This is proved in exactly the same way as the corresponding statement
for N(k1,...,kr) in [4], Section 3 (using the Gale-Ryser theorem on (0, 1)-
matrices); we leave the details to the reader. Theorem 7.1 is proved.

Remarks 7.2.

(a) So far, the hyperdeterminant was defined only up to sign. Theorem
7.1 gives us a natural choice of the sign, by requiring that the monomial
given by (7.1), (7.4) occurs in Det (A) with coefficient 1.

(b) All the results about the degree N (ki,...,k,) obtained in [4], [5]
have obvious analogs for M (k, ..., k.) and hence, for the exponents in the
“diagonal” monomial (7.1). The proofs are exactly the same. We leave the
formulations and proofs to the reader.



642 J. WEYMAN & A. ZELEVINSKY

(c) If the matrix format is boundary, then the determinantal formula
for Det (A) given in [4], Theorem 4.3, implies that the hyperdeterminant
of a diagonal matrix is just the monomial (7.1). This is no longer true for
interior format. Using computer algebra system MACAULAY, we found
that the hyperdeterminant of a diagonal 3 x 3 x 3 matrix is given by

8 2 2 .4 2
(7.11) Det (A) =(aoooa222)"(@1108101@011a112@121a211)° X (agea1110222
2
+ 8a000a111a222(a000a112a121a211 + a2z2al1oa1o1ao11)
2 2
+ 16((1000(1112a1210211) + 16(0222011001010011)

— 32a000@110810180118112812182118222).

Here the diagonal monomial is the only one occuring in (7.11) with coeffi-
cient 1. There are two other extreme monomials occuring in (7.11): both of
them have coefficient 16. These two monomials do not contain the variable
a111- It follows that there exists a non-degenerate diagonal matrix having
a111 = 0. It would be interesting to investigate the hyperdeterminant for
diagonal matrices of arbitrary interior format, in particular, to classify its
extreme monomials.

Now we assume that the matrix format is boundary, that is, k1 =
ke + -+- + k.. We shall construct another special class of matrices, the
analogs of the classical Vandermonde matrix. Let A = (X; j)o<i<ky,2<j<r
be a (k1 + 1) x (r — 1) complex matrix. We define the Vandermonde-type
matrix A = A(A) of format (k1 +1) X - -+ x (k. + 1) by the formula

(7.12) Qiig,eiy = )\2,22/\::,33 e A:,Ejr‘

Ifr =2, ky = ka = k then A(A) is the usual (k+1) x (k+1) Vandermonde
matrix

1 X A3 ... X
1 A A2 L X
1 M A2 .0 X
PROPOSITION 7.3. — The matrix A(A) is non-degenerate if and
only if for each j = 2,...,r the numbers Xg j, A1 j,..., Ak, ,; are mutually
distinct.
Proof. — By Lemma 4.6, a matrix of boundary format is non-

degenerate if and only if it has no semi-critical points in ¥ = (V; — {0}) x
«++x (V, —{0}). For j = 2,...,r we shall represent a point z() € V; by a
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polynomial
kj
P =3P,
=0
Then the conditions that z = (z(), 2z, ... z(")) is a semi-critical point of
A(A), take the form
(7.13) Pa(Mi2)Ps(his) - Pr(hiy) =0 (i =0,... k).

Let I; denote the set of indices 4 such that P;(}; ;) = 0. Clearly, (7.13) is
equivalent to

(714) LUulz3u---UI. = [O,k‘l]

Since
#([kal]) =k1+1:k2+...+kr+1,

it follows that at least for one j we have #(I;) > k;.

Now suppose that all the numbers A; ; for a given j are distinct. We
see that the polynomial P;(\) has more than k; roots. Since deg (P;) = k;,
it follows that P; = 0, hence () = 0. Therefore, A(A) has no semi-critical
points in Y.

Conversely, suppose for some j not all the numbers ); ; are distinct.
Without loss of generality, we can assume that Ag 2 = A1 2. Then there exist
non-zero polynomials P, ..., P, such that P,(\;2) =0 for 0 <14 < ko, and
Pj()\i’j) =0 for 3 < F<r ko+--- +k'j..1 < i< ky+ +kj Such
polynomials P; satisfy (7.14), hence give rise to a semi-critical point of
A(A). Proposition 7.3 is proved.

Remark 7.4. — Suppose the conditions in Proposition 7.3 hold with
the only exception that Ag2 = A12. Then the above proof shows that, up
to proportionality and changing the first component z(!), the matrix A(A)
has a finite number of semi-critical points.
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