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SECANT VARIETIES OF THE VARIETIES OF REDUCIBLE
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M.V. CATALISANO, A.V. GERAMITA*, A. GIMIGLIANO, B. HARBOURNE, J. MIGLIORE,
U. NAGEL, AND Y.S. SHIN

In fond memory of A.V. Geramita, 1942-2016

ABSTRACT. Given the space V = P("2"7) =1 of forms of degree d in n variables, and

given an integer ¢ > 1 and a partition A\ of d = d; + -+ + d,., it is in general an open
problem to obtain the dimensions of the (¢—1)-secant varieties o(X,,_1 ) for the subvariety
Xpn—1,n» C V of hypersurfaces whose defining forms have a factorization into forms of degrees
dy,...,d.. Modifying a method from intersection theory, we relate this problem to the study
of the Weak Lefschetz Property for a class of graded algebras, based on which we give a
conjectural formula for the dimension of o4(X,,_1,) for any choice of parameters n, ¢ and
A. This conjecture gives a unifying framework subsuming all known results. Moreover, we
unconditionally prove the formula in many cases, considerably extending previous results,
as a consequence of which we verify many special cases of previously posed conjectures for
dimensions of secant varieties of Segre varieties. In the special case of a partition with two
parts (i.e., 7 = 2), we also relate this problem to a conjecture by Fréberg on the Hilbert
function of an ideal generated by general forms.
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1. INTRODUCTION

Let S =k[z1,...,2,] = @,5,[5]i, where k is an algebraically closed field of characteristic
zero. In 1954 Mammana [31] introduced the variety of reducible plane curves. He was seeking
to generalize work of C. Segre [39] (for conics), N. Spampinato [41] (for plane cubics) and G.
Bordiga [7] (for plane quartics) as well as other works mentioned in his ample bibliography.

Here we generalize the idea further. Let A = [dy,...,d,] be a partition of d = >"!_, d;,
which we will write as A d, where d; > dy > --->d, > 1 and r > 2.

Consider the variety X,_1, C P([S]s) = PV~! of A-reducible forms, where N = (“" ).
That is,

Xpx={[F]eP¥' | F=F,---F, for some 0 # F; € [S]4,}.
The object of this paper is to study the dimension of the (¢ — 1)-secant variety of X,,_1 ,
which we denote by 04(X,,-1,1). So 04(X,,—1,,) is the closure of the union of the linear spans
of all subsets of ¢ distinct points of X,,_; \. We will give a new approach to this problem.

We have
dimX,,_; ) = E ( o1 )—r.

i=1
Since all forms in two variables are products of linear forms, we always assume n > 3,
d>r>2 and { > 2. We can (and will) view a general point of X,,_; 5 as the product of
general forms in S of degrees dy, ..., d, respectively.

Since, as it is easy to see, no hyperplane contains X,,_; y, £ < N general points of X,,_; )
span a linear space of dimension ¢ — 1 (i.e., a secant (¢ — 1)-plane), so by a simple parameter
count we have dimoy(X,,_1,) < £-dimX,_; + ¢ — 1. But it is possible that o,(X,,_1 )
fills its ambient space PY~!; this clearly happens, for instance, if £ > N. We combine the
two possibilities to obtain an upper bound for the actual dimension of o4(X,,_1,), typically
referred to as the expected dimension:

exp.dim oy(X,,—1,,) = min { <

The defect, 0y, is the expected dimension minus the actual dimension. When this is positive,
we say that 0y(X,,_1) is defective. An important part of our work will be to identify when
0¢(X,—1,1) is defective and to compute the defect.

Secant and join varieties of the Veronese, Segre and Grassmann varieties have been exten-
sively studied. The recent intense activity in studying these varieties has certainly benefited
from the numerous fascinating applications in Communication Theory, Complexity Theory
and Algebraic Statistics as well as from the connections to classical problems in Projective
Geometry and Commutative Algebra. (For a partial view of these applications consider the
following references and their bibliographies: [2], [3], [8], [12], [13], [17], [29], [37], [44], [46].)

However, very little is known about the secant varieties of the varieties of reducible hyper-
surfaces. Here also there are useful applications in the study of vector bundles on surfaces
and connections to the classical Noether-Severi-Lefschetz Theorem for general hypersurfaces
in projective space (see [9] [15], [36]).

The first significant results about the secant varieties of A-reducible forms were obtained
by Arrondo and Bernardi in [5] for the special partition A = [1,...,1] (they refer to X,,_1 »
for this particular A as the variety of split or completely decomposable forms). They find

the dimensions of secant varieties in this case for a very restricted, but infinite, family of
2

d+n—1
n—1
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examples. This was followed by work of Shin [42] who found the dimension of the secant
line variety to the varieties of split plane curves of every degree.

This latter result was further generalized by Abo [1], again for split curves, to a determi-
nation of the dimensions of all the higher secant varieties. Abo also dealt with some cases
of split surfaces in P? and split cubic hypersurfaces in P*, for any n.

In all the cases considered, the secant varieties have the expected dimension. Arrondo
and Bernardi have speculated that the secant varieties for split hypersurfaces always have
the expected dimension. We verify this for o,(X,—1,) (A=[1,...,1] - d) as long as 2¢ < n,
which strengthens [5, Proposition 1.8]. We also note that their speculation is a special case
of our Conjecture 1.3 (a).

The parameters for this work are n > 3, £ > 2 and any partition A = [dy,...,d,| with
r > 2 positive parts. All previous results assume d; = 1 (i.e., the split variety case [1, 5, 42])
or n =3 [14], or r = 2 [6, 9]. We extend all of this previous work significantly. See, for
example, Theorem 1.2, as an immediate consequence of which we obtain complete answers
in many new cases, including each of the following: for all n > 0 (in fact n > 2/), fixing
any ¢ and an arbitrary partition A; for all £ > 0 (in fact ¢ > (SJ::I)), fixing any n and
dy>--->d,>1, where s =dy+--- +d,; and for all d; > 0 (in fact d; > (s — 1)(n — 1)),
fixing any n and dy > --- > d, > 1, and any ¢ not in the interval (3,n). We also propose
a conjecture (see Conjecture 1.1), which, if true, gives a complete answer in all remaining
cases and which has led us to many of our results.

All approaches to finding the dimension of the secant varieties to a given variety X c P*!
begin with Terracini’s Lemma, including ours. These all require a good understanding of the
tangent space to X at a general point. Successful applications of Terracini’s Lemma begin by
identifying this tangent space as a graded piece of some relatively nice ideal (which we will
call the tangent space ideal). To apply Terracini’s Lemma, one then needs a way to deal with
the sum of tangent space ideals at a finite set of general points of X. For the Veronese, Segre
and Grassmann varieties, the quotient by this ideal sum in the appropriate polynomial ring
typically is artinian. The standard method for dealing with the sum of such ideals (which,
per se, have no geometric content) is to pass, using Macaulay duality, to a consideration of
the intersection of the perps of the tangent space ideals (see. e.g. the discussion in [22]).
In the classical cases considered above, one obtains a union of special 1-dimensional ideals
corresponding to zero dimensional projective schemes. One then uses geometric methods to
get information about the union of the schemes defined by the perps of the tangent space
ideals.

This clever use of Macaulay duality had its first notable success with the work of Alexander
and Hirschowitz, who completed (after almost one hundred years) the solution of Waring’s
Problem for general forms (see [3]). Other work in this direction for these classical varieties
can be found in [9], [13], [12], [2], [27].

In the case of the varieties of reducible hypersurfaces, the method described above no
longer works. In this case, the tangent space ideals already define very nice schemes of
dimension > 0, namely arithmetically Cohen-Macaulay codimension 2 subschemes of P",
and their Macaulay duals are artinian! Thus, one is forced to deal with the sum of the
tangent space ideals, i.e., with the intersection of the codimension 2 schemes defined by the
tangent space ideals at general points.



This is the novelty of our approach: to deal with this intersection we use a version of the
so-called diagonal trick from intersection theory, and we show how the so-called Lefschetz
properties come in to play in order to study improper intersections.

As we describe in detail, finding this dimension amounts to viewing the intersection of the
aforementioned codimension two subschemes in P as the result of consecutive hyperplane
sections of their join in P~ where the hyperplanes cut out the diagonal. The dimension of
the secant variety can then be read off from the Hilbert function in degree d of the coordinate
ring of the intersection of such schemes, although “intersection” must be suitably interpreted
in the artinian situation. Algebraically, we are interested in the Hilbert function in degree d
of S/(Ip,+---+1p,) (the Ip, being the tangent space ideals at general points; see Proposition
2.6), but the geometric notions from intersection theory and hyperplane sections guide our
approach.

A key to our method is the observation that we can replace the hyperplanes cutting out
the diagonal by truly general hyperplanes. This allows us to compute the dimension of
the secant variety o,(X,_; ) in the case where the subschemes meet properly, which occurs
precisely when 2¢ < n. In the case of an improper intersection of the tangent spaces, i.e.
2¢ > n, we conjecture that the general hyperplanes induce multiplication maps that all have
maximal rank. For a single hyperplane such behavior has been dubbed the Weak Lefschetz
Property in [24]. Assuming this conjectured property of the hyperplane sections, we obtain
a formula for the dimension of the secant variety, which is surprisingly uniform. This single
formula proposes the dimension for any choice of n,¢ and A\. We will establish it in some
cases. It is a conjecture in the rest, but we know of no cases of known results with which it
does not agree.

To be more precise, for 0 < j < d and every given ¢,n and partition \ of d, we define
integers a;(¢,n, \) by an explicit formula (see Definition 5.9). Our formula for the dimension
of the secant varieties is the following, which we state as a conjecture so that it can be
applied for all n, ¢ and A, in addition to the many cases which we prove below.

Conjecture 1.1. Let A = [dy, ..., d,]| be a partition of d with r > 2 parts. Then:

(a) The secant variety o,(X,—_1) fills its ambient space if and only if there is some
integer j with s = dy + - -+ d, < j <d such that a;({,n,\) <0.
(b) If 04(X,,—1.) does not fill its ambient space, then it has dimension

dim O'g(Xn_L/\) = ¢ -dim Xn—l)\ + f—1

_k;(_l)k(@ (dl—(k—l)(d2+~'-+dT)+n—1)

n—1

_(4)(2d2—d+n—1> _£(€_1><d1+d2—d+n—1).
2 n—1 n—1

The fact that this conjecture is a consequence of the indicated Lefschetz property is shown
in Theorem 5.11. Throughout this paper we use the convention that a binomial coefficient
(2) is zero if a < 0. Thus, for example, the last and the penultimate term in the above
dimension formula are zero if r > 3. (A heuristic approach to the formula in Conjecture
1.1(b) can be found in Remark 3.15.)

Although stated differently, previous results imply that Conjecture 1.1 is true if n = 3
and A = [1,...,1] (see [1]), or if n = 3, A is arbitrary, and ¢ = 2 (see [14]). Here, we prove
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this conjecture in further cases, most of which are summarized in the following theorem.
Note that part (b)(i) of the following result was proved in [9, Theorem 5.1] using different
language.

Theorem 1.2. Let A = [dy,...,d,] be a partition of d = dy + s into r > 2 parts, where
s=dy+---+d.. Then Conjecture 1.1 is true in the following cases:

(a) £< 5 or b= (%1)7);
(b) =2 and either
(i) ¢ <2, or
(i) A\=[d—1,1], or
(iii) n = 3; and
(¢)r>3 andngﬁgl—l—%.

We prove Theorem 1.2(a) in Remark 5.12(ii) and Proposition 5.13(c). See Theorem 6.8
for parts (b)(i, iii), Theorem 6.11 for part (b)(ii), and Corollary 5.15 for part (c).

We also show that if £ = 2 (Proposition 5.16) or r = 2 (Proposition 6.6), then the
number predicted by Conjecture 1.1 is at least an upper bound for dim o,(X,,_1 ).

Notice that the dimension formula in Conjecture 1.1 involves a series of comparisons,
checking whether a;(¢,n,A) > 0 for all j =s,s+1,...,d. Accordingly, it is worthwhile to
point out more explicitly some of the consequences it suggests. Again, the following is stated
as a conjecture even though in the different settings of the above theorem these results are
proven.

Conjecture 1.3. Let A = [dy,...,d,| be a partition of d with r > 2 parts. Then:
() If dy < dy+---+d, (and thus r > 3), then 04(X,_1,) is not defective.
(b) If dy > dy + - - - + d,, then the secant variety 0,(X,,—1) is defective if and only if it
does not fill its ambient space.

This conjecture highlights the role of the “partition dividing hyperplane” d; = dy+- - -+d.
in the space of partitions with r positive parts, as introduced in [14] and discussed here in
Remark 3.14. Of course, Conjecture 1.3 might be true even if the more specific formulation
given in Conjecture 1.1 is not. Moreover, while Conjecture 1.1 implies most of Conjecture
1.3, it is not yet clear that Conjecture 1.1 implies all of Conjecture 1.3; see Proposition 5.13
and Remark 5.14. In particular, notice that Conjecture 1.3(a) is an immediate consequence
of Conjecture 1.1, but we can show that Conjecture 1.3(b) follows from Conjecture 1.1 only
in certain cases (see Proposition 5.13).

Our results on defectiveness show unconditionally:

Theorem 1.4. Let A = [dy, ..., d,] be a partition of d withr > 2 parts and let s = dy+- - -+d,..
Then:

(a) If dy < s (and hence r > 3) and 20 < n, then 0,(X,_1) is not defective.

(b) If dy > s and 2¢ < n, then 04(X,—1) is defective if and only if it does not fill its
ambient space.

(c) If ¢t >n and dy > (n—1)(s—1), then 04(X,,_1.) always fills its ambient space, while
if 20 < n, then 0¢(X,,_1 ) fills its ambient space if and only if one of the following
conditions is satisfied:

(i) n=4,0=2,and X € {[1,1],[2,1],[1,1,1]}  or
(i) n=20>6 and X\ = [1,1].
5



We give the proof near the end of Section 5.
We use our results in the case r = 2 to study the variety of reducible forms of degree d in

n variables

14]

Xn—l,d = U anl,[dfk,k}-

k=1

We show that
dimX,, 14 =dimX, _1 g1,

and that all other irreducible components of X,,_; 4 have dimension that is smaller than the
dimension of X,,_; 4_1,1. Thus, one can hope that X,,_; |4—1 1) determines the dimension of
the secant variety of X,,_1 4. Indeed, we establish:

Theorem 1.5. If 2¢ < n, then
dim 0(X,,—1,¢) = dim 0(Xp,—1,j4-1,1)-
Moreover, 04(X,,—1.4) is defective if and only it it does not fill its ambient space.

We prove this result in Section 7 as a consequence of Theorem 7.4.

Note that the dimension of o;(X,,—1,4-1,1)) is known for all /,n and d (see Theorem 6.11 or
(6, Proposition 4.4]). Thus, we know exactly when o4(X,,_1,4-1,1)) is defective (see Theorem
7.4). We suspect that dim 0,(X,,_1 4) = dim 04(X,,_1,[4-1,1)) is true for all n and .

As another application we consider Segre varieties. We show that results on secant varieties
to X,,—1 . imply non-defectivity of secant varieties to a Segre variety (see Theorem 8.4).

In Section 2 we recall the basic facts about the variety of reducible hypersurfaces and how
Terracini’s lemma is applied. We consider the coordinate ring of the join, which is arithmeti-
cally Cohen-Macaulay of codimension 2¢ in P*~!, with known minimal free resolution and
Hilbert function. We discuss how the algebra that determines the dimension of oy(X,,_1y) is
obtained by successive hyperplane sections (i.e. reduction by general linear forms). As long
as these linear forms are regular elements, the intersection is proper and in Section 3 we give
formulas for the dimension and defect. (As an aside, we point out that the varieties X,,_ )
are not generally arithmetically Cohen-Macaulay. For example, by direct computation they
are not for n = 3 and A either [1,1,1] or [1,2], but we do not know about their secant
varieties.)

In Section 4 we summarize our results in the case ¢ = 2, i.e. for the secant line variety.
Proper intersection corresponds to n > 4. For the remaining case, n = 3, we recall the results
of [14]. This gives us a bridge from the proper intersections to the improper intersections
and gives the idea of how the Lefschetz property is applied in general.

In Section 5 we work out, in general, the connection between the computation of the
dimension for arbitrarily large ¢, corresponding to improper intersections, and the study of
Lefschetz Properties. Indeed, based on experiments, we conjecture that the coordinate ring
of a certain join variety has enough Lefschetz elements if 2¢ > n (see Conjecture 5.8). If this
conjecture is true, then Conjecture 1.1 follows (see Theorem 5.11). However, Conjecture 1.1
is weaker than the conjecture on the existence of enough Lefschetz elements.

In Section 6 we focus on the case r = 2. We show that Conjecture 1.1 is a consequence
of Froberg’s Conjecture on the Hilbert function of ideals generated by generic forms. In
Section 7 we study the variety of reducible forms. We conclude in Section 8 by showing how

our results imply cases of conjectures raised in [2] about defectivity of Segre Varieties.
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2. INTERSECTIONS AND THE DIMENSION OF SECANT VARIETIES

After recalling some background and introducing our notation, we lay out our method
for computing the desired dimension of a secant variety. It is inspired by a technique from
intersection theory. The method will be applied in later sections, where we treat the case of
proper and improper intersections separately and carry out the needed computations.

Notation 2.1. Let S = k[x1,...,z,] = @,5,[5]i be the standard graded polynomial ring,
where k is an algebraically closed field of characteristic zero. Let A = [dy,ds,...,d,] be a
partition of d into r > 2 parts, i.e., A\F-d, d; e N, dy > dy>--->d, >0and ) ,_,d; =d.

If we set N = (d:ﬁzl) then the variety of reducible forms in [S]q of type A (or the variety

of reducible hypersurfaces in P! of type ) is, as noted above:
Xpax:={[F]€P(S]y) =P |F=F---F, deglk;=d;}.
The map ([F1],...,[F}]) — [F] = [F}--- F,] induces a finite morphism
(2.1) P([S]ay) x -+ x P([S]4,) — Xpm1.1,
and so we have

(2.2) dim X, 1, = [Z (di :7_1 . 1)] -

As discussed above, given a positive integer ¢ < N, the variety o4(X,,_1,,) is the subvariety
of PV~! consisting of the closure of the union of secant P*~’s to Xy for 6 > N, 0p(Xp210)
is simply PN ~1. Following the classical terminology, 4(X,,_ ) is called the secant line variety
of X,,_1\ and 03(X,,_1 ») the secant plane variety of X,,_; ».

Our main interest in this paper is the calculation of the dimensions of the varieties
oo(Xp—1.0)-

Remark 2.2. Notice that for n = 2 the question is a triviality since every hypersurface of
degree d in P! is reducible of type A = [1,1,...,1] F d. Thus, we assume throughout n > 3.

The fundamental tool for the calculation of dimensions of secant varieties is the following
celebrated result [45].

Proposition 2.3 (Terracini’s Lemma). Let Py,..., P, be general points on X,_1 and let
Tp, be the (projectivized) tangent space to X,,—1  at the point P;.
The dimension of 04(X,,_1,,) ts the dimension of the linear span of Ule Tp,.

As mentioned above, we have the following definitions.
Definition 2.4. The expected dimension of 0¢(X,,—1 ), written exp. dim(oy(X,,—14)), is
min{N —1,¢-dimX,,_; »+ ({—1)}.
The defect of 04(X,,_1,)) is
dp = exp. dim(o,(X,,-1,,)) — dim(oy(X,—1.1)) > 0.
We say that o,(X,,_1.) is defective if 6, > 0.



Remark 2.5. Thus 0,(X,_;1,) is defective if and only if dimo,(X,,—1,) < N — 1 and
dimo(X,,-15) < £(dim(X,,—1,)) + (£ —1). We will see that in some cases it will be easier to
write an expression for d, than it will be to show that it is positive.

Clearly, to be able to effectively use Terracini’s Lemma it is essential to have a good
understanding of the tangent spaces to X,,_1 \ at general (hence smooth) points. We do that
NOW.

Let P = [F] € X,,_1.» be a general point. Then F' = F} - - - F, where the Fj are irreducible
forms of degree d; in S. Let G; = F/F;, and so deg G; = d — d;. Consider the ideal Ip C S,
where Ip = (Gy,...,G,).

Proposition 2.6. In the notation of the preceding paragraph, we have
Tp = P([Ip]d>.

Proof. This proposition is well known and proofs can be found in several places (see e.g. [9]
Prop. 3.2). O

We refer to the variety in P"~! defined by Ip as the variety determining the (general)
tangent space to X,,_1 x.
As an immediate corollary of Propositions 2.3 and 2.6 we have the following:

Corollary 2.7. Let P, ..., P, be { general points of X,,_1x and [ = Ip, +---+ Ip,. Then
din’l(O'g(Xn_L)\)) = dlmk [I]d — 1.

This means that dim(oy(X,,—1,)) is determined by the Hilbert function in degree d of the
ring S/(Ip, + -+ Ip,), which, when o, does not fill its ambient space, is the coordinate ring
of the intersection of ¢ varieties, in P"!, determining tangent spaces to X,,_1 .

Remark 2.8. Let P,..., P, be general points on X,,_; 5. Suppose that
N—-1</dimX,_;,+ ({—1);
i.e., the expected dimension of X,,_; y is N — 1. Then
0¢(X-1,) is defective < dimy[S/(Ip, + -+ Ip,)]a > 0.
In this case, 6, = dimg[S/(Ip, + -+ Ip,)]a-

Now that we have seen the ideal that enters into the use of Terracini’s Lemma, it remains
to give a nicer description of the ideal Ip determining the tangent space at the point P.

Proposition 2.9. Let P be a general point of X,,_1x, P = [F\ - -+ F,] where deg F; = d;. Put
F=F,---F.. Then we have

Ip=(F/F\,....F/F,)= (| (F.,F).
1<i<j<r

Proof. The first equality is given in Proposition 2.6. The second equality is well known (see

for example [35], Thm. 2.3). O
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Thus the ideal Ip, for a general point P € X,,_;, is of codimension 2 in S and is a
finite intersection of interrelated codimension 2 complete intersection ideals. Such ideals
(and their generalization to the situation where the complete intersection ideals have higher
codimension) have been studied in several papers for many different reasons (see e.g. [19],

[20], [21] and [10]).
We now derive the graded minimal free resolution of the ideal Ip.
Lemma 2.10. Let R = k[Y3,...,Y, |, M = Y,---Y,, M; = M/Y;, where r > 2. If [ =
(M, ..., M,) then I = m (Y:,Y;) and the minimal graded free resolution of I is
1<i<j<r

0— R =r) 3 R (—(r —1)) » R — R/T — 0.
Proof. Consider the matrix A, defined by

Y, -Y, 0 -~ 0
e Y, 0 —-Y3 --- 0
Y, 0 0 - -V,

(r—1)xr .

The ideal generated by the maximal minors of A is I. It has codimension 2 in R. Thus, the
claim follows from the Hilbert-Burch theorem. 0

Remark 2.11. Let R = k[Y,...,Y,] be as above and let S = k|[xy,...,2,]. Let Fy,...  F,
be general homogeneous polynomials in S of degrees dy, . . ., d, respectively. Let F' = [[._, F;,
degF=d=>Y_,dand G; = F/F;, degG; =d — d;, for 1 <i <. Let

p:R—S
be defined by ¢(Y;) = Fi;. Then, with I as in Lemma 2.10, ¢(I) = (Gy,...,G,) =

m1§z’<j§r(Fia FJ) =J.
By the generality in the choice of the Fj, J is Cohen-Macaulay of codimension 2 (see
Proposition 2.9) and its Hilbert-Burch matrix has transpose

K -FK 0 -+ 0

Fr 0 —=F -+ 0

I 0 0 e —h (r—1)xr
The minimal free graded resolution of S/.J is
(2.3) 0— S~ —>€BS ) =S —S/J—0.
It is a simple consequence of this resolution that the artinian reduction of S/.J is level with
socle degree d — 2 and Cohen-Macaulay type (r — 1). O
Remark 2.12. Observe that J is the ideal Ip for the point P = [F] on X,,_;  if we assume
di > dy > --- > d,. In this paper the main goal is to consider sums of such ideals, i.e.
ideals of the form (G, ..., G,) arising from general forms of prescribed degrees as described

above, and to compute the dimension of the component in degree d. The fact that they
9



correspond to general points on X,,_; ) is not needed for most of our computations. Thus,
to emphasize the focus on the ideals rather than the points, we will write I3y + -+ + () in
place of Ip, 4 --- 4 Ip, when the geometric context is not needed, and retain the latter only
when the geometry is important (e.g., Remark 3.15).

Remark 2.13. Let us recall a few results about the Hilbert series of a standard graded ring.
Let A = ®2,[A];. The Hilbert series of A is the formal power series

HS(A) =) (dim[A];)¢"
i=0
It is a simple matter to show the following two facts, which we will use often in what
follows:
(a) If L is a linear non-zerodivisor in A then
HS(A/LA) = (1 —t)HS(A).

L and HS(K[ry, .., 20](—a)) = —

b) HS(k|zq, ..., 2,)) = ——
( ) ( [xla y L ]) (1 —t)n
Of course (b) is a simple consequence of (a).

(¢) We can apply these observations to the minimal free resolution (2.3) in Remark 2.11

in order to conclude that
T

(2.4) HS(S/J) = a _1t)n [1 — th—di + (r — 1)t

(d) If A and B are graded k-algebras, then
HS(A @y B) = HS(A) - HS(B).

Consider a partition A = [dy,...,d,], A F d. In the polynomial ring k[z1,...,z,] choose
general homogeneous forms Fi,..., F,. of degrees di,...,d, and, as in Remark 2.11, let
F = H::l Fi) Gz = FW/FwZ and I = (Gh ey GT) = m1§i<j§7“(ﬂ’ FJ)

Inasmuch as we are interested in the secant variety o,(X,_; ) we form /¢ sets of general
polynomials as above in k[z1, ..., z,]. Call the elements of the j-th set

{Fj1,...,Fj,},

where deg Fj; = dj,. Asin Remark 2.11, for 1 < j < {form M; = [[,_, Fj;, and G;1,...,Gj,
where G, = M;/Fj .

Set

[(J) - (Gj@, e 7Gj,r) - ﬂ (F},i-Fjj,k)a 1 S ] S £
1<i<k<r

Notice that each of the quotients S/I(;y has the same Hilbert function and minimal free
resolution as that of S/J given in Remark 2.11. Furthermore, each ideal I;; defines a
variety determining the tangent space to X,,_;  at the point P; = [Fj1 Fjo - - Fjy].

We can perform the same construction as above, but this time choosing each set of r general

polynomials in different polynomial rings, i.e., consider {F}, ..., F},} as polynomials in the
ring k[z;1,...,2;,]. We can form the sum of these ideals (extended) in
T = k[xl,la BN W T IR 7% R ,l’g’n] s

10



setting I = f((le)) +- 4 I((;)) (i.e., the sum of the extended ideals).

Theorem 2.14. The ring
B=T/I25/In® - @S/l

is Cohen-Macaulay of dimension £(n — 2). Its minimal graded free resolution over T is the
tensor product (over k) of the minimal graded free resolutions of S/1;y over S for1 < j < (.

Proof. This is a consequence of the Kiinneth formulas. See [33, Lemma 3.5] and its proof. [J

Note that B is the coordinate ring of the join of ¢ varieties, each of which has codimension
2 in P71, so their join is in P*~!. The so-called diagonal trick gives

S/(I(l) + .- —i—f(g)) = B/AB,

where the diagonal A is generated by the (¢ — 1)n linear forms zy; — x;; with 1 < ¢ < /¢
and 1 < j < n. Observe that the saturation of I(1) + - - - + I defines the intersection of the
indicated varieties in P"~!, provided this intersection is not empty.

A key to our approach is the fact that replacing the linear forms generating the diago-
nal by truly general linear forms gives a quotient ring with the same Hilbert function as
S/(Iay + -+ Ipy). To illustrate the idea, fix a polynomial ring R in m variables, and let
L € R be a general linear form. Since we have a surjection R — R/(L), if {F},..., Fi} is
a set of general forms in R of degrees di, ..., d;, then the restriction, {Fy ..., F;}, to R/(L)
can be viewed again as a set of general forms of degrees dy,...,d; in m — 1 variables. Fur-
thermore, given a prescribed construction of an ideal in m variables using general forms of
prescribed degrees, the restriction to R/(L) of this ideal can be viewed as an application of
the same construction to an ideal of general forms of the same degrees but in m —1 variables.

In our setting, if [Ip]q = [(G1, ..., G,)]a4 is the vector space determining the tangent space
to X,,_1. at a general point P (see Proposition 2.6), then [Ip]q = [(G1, . .., G,)]a is the degree
d component of an ideal that determines the tangent space at a general point of the variety
X,,—2.. The analogous statement also holds for an ideal of the form Ip + --- + Ip,.

Returning to the above notation, let .Z be a set of (¢ — 1)n general linear forms in 7.
Then we have the following useful observation.

Lemma 2.15. The algebras S/(Iny + -+ + Ipy) and B/ZB = T/(ZL, 1) have the same

Hilbert series. ILe.

HS(S/(In) + -+ L)) = HS(B/.ZB) .

Proof. Each ideal ;) C S corresponds to a choice of a general point on X,,_; . Thus, it is
generated by the r products of r — 1 distinct forms that are created using r general forms of

degrees dy,ds, .. .,d, in variables x1,zs,..., 2, (see Proposition 2.9). The same is true for
the summand 7, ((;)) of I, although these forms are in a new set of variables. Since the linear

forms in .Z are general, the residue classes of the forms defining I ((;)) modulo .Z are again

general forms in S. It follows that the image I ((]e)) of I ((]e)) in T/ 2T ~ S also corresponds to a

general point on X,,_; . Thus, the ideals Iy + - -+ + I and [((le)) 44 I((;)) have the same

Hilbert function and hence the same Hilbert series. O
11



Remark 2.16. Lemma 2.15 is, in a sense, the key to the results in this paper. In combination
with Corollary 2.7 it shows that computing the dimension of 0,(X,,1 ), for arbitrary n,{ and
)\, is equivalent to finding the coefficient of ¢4 in the Hilbert series of B/.#B. We emphasize
here that the only requirement for the linear forms in . is that they be general. We do
not need them to be regular elements. The next section will handle the case where they are
regular elements, and subsequent sections deal with the case where some of the linear forms
are not regular elements.

For our discussion of dimy[B/.Z B|, and more generally the Hilbert series of B/.Z B, it is
helpful to consider two cases. We refer to them as proper and improper intersections.

Consider varieties Vi, ..., V, C P~ L. Then their intersection is defined by the saturation
of Iy, + --- + Iy, and satisfies

codim(Iy, + - -+ + Iy,) < codim Iy, + - - - + codim Iy,.

Abusing notation slightly (in the case where codim(ly, + - - -+ Iy,) = n, i.e., the intersection
is the empty set), we say that the varieties Vi, ...,V C P*~! intersect properly if

codim(Ily, + --- + Iy,) = codim Iy, + - - - + codim Iy,.

Otherwise, they intersect improperly.

In particular, this means that, fixing n and the partition A, if the intersection of the
varieties V(I(1)), ...,V ({p) is the empty set for some £ = £y, then these varieties intersect
improperly for all ¢ > ¢,.

We close this section with a fact we will have opportunities to apply later. We can
partially order partitions of an integer d > 0 as follows. Given partitions A\, = [dy, ..., d)]
and Ao = [e1,...,¢,] of the same integer d > 0, write A\; > Ay if for each i > 0 we have
> j<idi > ;< ej (where we regard d; and e; as being 0 if j is out of range). Write Ay > A
if Ay > Ao bUt_ngi d; > ngi e; for some 7. So, for example, if ¢ > p, then either \; and A,
are incomparable (as happens with A\; = [4,3,1] and Ay = [5,1,1,1]) or \; > A2 (as happens
with )\1 = [5,2, 1] and )\2 = [5, 1, 1, 1])

Lemma 2.17. Let Ay = [dy,...,dy] and Ay = [e1, ..., e, be partitions of the same integer d
with A\i > Ao, If n > 3, then dimX,,_; y, > dimX,,_; »,.

Proof. Let u be the least i such that d; > e;. (There must be such an i since d; < e; for all
7 implies ngi d; < ngi e; for all i.) Note that if v > 1, then e,y = d,,—1 > d,, > e, and
ngu dj > ngu €j-

Next, let v be the least 7 > w such that ngi d; = ngi e;. (There must be such an i
since both sums eventually are equal to d.) Note that if v < ¢, then e, > e,,7. This is
because if v < ¢, then (by definition of v and the fact that > .., d; > > ", €;) we have
ngv—l dj > ngu—l ej, but Z]’gu dj = ngv €j, 80 €, > d, and ngvﬂ dj > Zj§v+1 €5, SO
dv Z dv+1 2 €y41-

Now let A3 = [f1,..., f;] where f, =e,+1, f, = e, — 1, and otherwise f; = e;. Then f; is
nondecreasing since e; is and either u =1 or f,_1 = e,—1 > e, +1 = f,, and either v = g or
fo=¢€,—1>eys1 = foy1. Moreover, ngi d; > ngi fi> ngi e; is true for all ¢. It holds
for i < w since f; = e; = d; in this range. It holds for u <i <wsince } ., d; > >, e; but
14> ;€5 = > i< i in this range. And it holds for i > v, since } ., e; = > ., f; in this
range.

12



Thus Ay > A3 > A9, so it suffices by induction to show dim X, y, > dim X,,_; »,. Writing

each f; in terms of e;, this is equivalent to showing (e“tllfl” _1) + (e”_;fln _1) —2> (fme 1) +

Sy 1) — 2. This in turn is equivalent to
(") = ()
= () = () = ) - () = () = (),

j+n—2

o ) is a strictly increasing function of j > 0if n —2 > 1. U

which is true because (
We now have:

Corollary 2.18. Let A\ = [dy,...,d,] be any partition of d with r > 2, and let \y =
[di,1,...,1] also be a partition of d. Assume n > 3. If X is neither Ay nor [d — 1,1],
then

dil’an,L)\2 < dian,u < dian_L[d_M].

Proof. This follows from Lemma 2.17 and the fact that Ay < A < [d — 1, 1]. O

Notice that a result analogous to Lemma 2.17 is not true for the lexicographic order. For
example, \; = [5,4,1,1,1,1] > [5,3,3,2] = A in the lexicographic order, but dimX, ,, =
42 < 43 = dimXj ),. Observe that A\; and Ay are not comparable in the partial order used
in Lemma 2.17.

3. PROPER INTERSECTIONS

In this section we focus on the case where the varieties determining tangent spaces to
X,—1,x at £ general points meet properly. Our main result is Theorem 3.5. The case of
improper intersections is the subject of a later section.

We first show that the ¢ varieties determining tangent spaces intersect properly if ¢ is
small enough.

Proposition 3.1. Assume 20 < n. Then:
(a) The (¢ — 1)n general linear forms in £ are a B-regular sequence.
(b) The varieties defined by Iy, ..., Iy intersect properly, that is,
codim(I(yy + -+ + L)) = 20.
Proof. By Theorem 2.14, the algebra B is Cohen-Macaulay of dimension ¢(n — 2). The

assumption on ¢ guarantees (¢ — 1)n < {(n — 2). Hence .Z is a regular sequence and B/.Z B
has dimension n — 2¢. Now Lemma 2.15 gives codim(I(1y + - - + I(p)) = 2. O

Remark 3.2. If £ < %, then the minimal free graded resolution of S/(f(1) + --- + I(y)) has

the same graded Betti numbers as the minimal free graded resolution of 7'/ I since forming
a quotient by factoring with a regular sequence does not change the graded Betti numbers
of the resolution modules.

Remark 3.3. Using the isomorphism of graded modules (see Theorem 2.14)
T/[~ =~ S/I(l) Rk * -+ Ok S/I(g),

it follows that HS(T/I) = (HS(S/J))!, where J is as given in Remark 2.11.
13



Furthermore, if 2¢ < n, Proposition 3.1(a), Remark 2.13(d), and Lemma 2.15 give

HS(S/(Iqy + -+ + 1)) = (1—t)"=Y - HS(T/I)
= (1—t)"=Y - [HS(S/J))".

Putting this together with Equation (2.4) in Remark 2.13 we obtain

. ¢
HS(k[z1,. .. ,xn]/(](l) + -+ ](g))) = f —1t)” [1 — th_di + (r— 1)td] )

=1

Rewriting this last expression we have, if 2¢ < n, that

V4

1 1 - _

HSUw 4 o) = ~ =y [1 S Dtd] |
=1

If we now put together Corollary 2.7 and Remark 3.3 we obtain:
Theorem 3.4. Let A\ d, A\ = [dy,...,d,] and suppose that 2¢ < n. Put
A=Kz, ...,x.)/(Lay + - + Lg)).
Then

HS(A) = (1 —1t)” [1 — th*di + (7“ _ 1)td] .

i=1
Moreover, if aq denotes the coefficient of t¢ in HS(A), then

d -1
dimO'g(Xn_L)\) = ( j;ﬁ 1 ) — Qg — 1.

We now compute the coefficient a4, which gives the main result of this section. Although
it is not obvious that the right-hand side of the formula for dim o,(X,,—1 ) given in Theorem

3.5 is less than or equal to (d:ﬁl) — 1, this follows from the fact that the right-hand side is

(dJrnfl

M ) —ag — 1, since ag = dimg[A],.

Theorem 3.5. Let A\ d, A= [dy,...,d.] withr > 2. If 2¢ < n then:
dim O'g(Xn_L/\) = f{-dim Xn—l,/\ + f—1

- g(_l)k (zi) (dl — (k- 1)(d2n+_- 1 +d)+n— 1)

_(6) (ng—d+n—1> _g(g_l)(dﬁd?_d“L”_l),
2 n—1 n—1
Moreover, o¢(X,—1,) fills its ambient space if and only if one of the following conditions
is satisfied:
(i) n=4,0=2, and A € {[1,1],[2,1],[1,1,1]} or
(i) n=20>6 and A = [1,1].
14



Proof. Let Py, ..., P, be general points on X,,_; » and set
A= k[‘rl,...,ﬂf”}/([pl + .- +IP£)'

Then we have seen in Theorem 3.4 that

(3.1) HS(A) = (D [1 — th*di + (r — 1)td] .

Observing that
2d—di)+(d—dy) >2dy+ (dh +ds+---+d,) > d,

we get

T e T
1= 7% 4 (r - 1)#1 = [1 =)
=1 =1

+(r—=1)-t?+

_ 1_£th dz_i_z () . ¢k(d—di)

é) A=) o 1)t 4

+0(0 — 1) - pimhd=dz 4 (2

where only the terms whose exponent of ¢ are potentially at most d have been written out.

Using also
1 j+n— 1) ,
_ , A
(1—2)" 2 ( j

we get from Equation (3.1)

1thdl+(r1)tdr- [Z (j+?_1) ~tj].

i=1

HS(A) =

The coefficient of t¢ in HS(A) is

dimy[A], — (d;ﬁzl)—ezj(d ::7_11 )—i—(r—l)f

+ é(—w (Ii) <d1 — (k- 1)(d2n+_. : d) - 1)
+ 5) <2d2 —nd_—i—ln - 1) ce—1) (d1 + dgn__d; . 1>.
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This gives
dimoy(X,10) = —14+dimg[Iay+ -+ Lp)]a

= —1+£Z<d +n— )—(7‘—1)6
_i(_m(i) <d1 — (k= 1)(dy +_. ) )t 1)

k=2

_(E)(QdQ—dJrn—l) _g(g_l)(d1+d2_d+n_1)_
2 n—1 n—1

Then using Formula (2.2), we get
dim O'g(Xn,L,\) = /- dian,L,\ + (E - 1)

_ é(_l)k (i) (d1 — (k- 1)(d2n+_. 1 bd)4n— 1)

— — -1
as claimed.

It remains to show the characterization, for 2¢ < n, of when 04(X,,_1 ) fills its ambient
space.

This clearly occurs if and only if [A]; = 0. If 2¢ < n, then [A]; cannot be zero because A
is not artinian as dim A = n — 2/.

Let n = 2¢. In this case we can write

(1_t (1—th 44 (r t)r.

Remark 2.11 implies that the artinian reduction of S/J is level of socle degree d — 2. Hence,

each factor
1 - g
e (1 S ”td)

i=1
is a polynomial of degree d — 2. It follows that HS(A) is a polynomial of degree ¢(d — 2).
Since A is artinian, this shows that [A]; = 0 if and only if ¢(d — 2) < d. This is equivalent to

HS(A) =

2
o4 =
d < +€—1
If ¢ = 2 (hence n = 4), then we can have d = 2 or 3 and so A can be [1,1],[2,1] or [1, 1, 1].
If £ > 2 then we must have d = 2 and A = [1, 1]. O

Remark 3.6. Note that dimo,(X,,_1,) < N —1 < ¢(dimg(X,,_1 1)) + £ — 1 can occur (where
N = (d+n*1)), as happens, for example, when n = 4, A = [2,2] and ¢ = 2. Thus, when

n—1

0¢(X,—1,1) does not fill its ambient space, the defect in Theorem 3.5 need not be given by
$L () (-0 (6 () g g (o

n—1 n—1 n—1
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In general one must use
ZiZQ(_l)k(f;) (dl7(k71)(d2+---+d7‘)+n71) + (S) (2d27d+n71) + E(f _ 1)<d1+d27d+n71> — e,

n—1 n—1 n—1
where € = max(0, {(dimg(X,—1,)) + ¢ —1— (N —1)).
Remark 3.7. Observe that the last term in the formula of Theorem 3.5 is zero if and only
if » > 3 and that the penultimate term is zero unless r = 2 and d; = d».

Remark 3.8. There is an interesting way to interpret the formula in Theorem 3.5.
Let .# C S be an ideal generated by ¢ general forms of degree s = dy + - -+ + d,., where
¢ < n. Let Syz be the module of first syzygies of .#, i.e., the sequence

0 — Syz — S(—s) — .# — 0

1s exact.

From the Koszul complex we obtain the following resolution of Syz,
(3.2) 0= S(—s)0) = - = 5(=35)) = §(—25)&) = Syz =0
and so

¢
N\ (d—ks+n—1

: di = > (=) :

(3.3 syl = -0 () (TR

k=2
Using Remark 3.8 and Theorem 3.5 we get

Corollary 3.9. Let 20 <n and X\ = [dy,...,d,| - d. Let & C S be an ideal generated by ¢
general forms of degree s = ds + - -+ + d, and let Syz be the first syzygy module of .&.
Then

dimoy(X,,1 ) = (dim X,,_1  + (¢ — 1) — dimg[Syzlq

B (f) <2d2—d+n—1) _E(g_l)(dl—l-dz—d“—n—l) .
2 n—1 n—1

Remark 3.10. It is immediate from Corollary 3.9 that if » > 3 then
dimoy(X,—1,) = (dim X, \ + (¢ — 1) — dimg[Syz]q
and if »r = 2 and d; > dy then
dimoy(X,,1 ) =0dimX,,_; y + (¢ — 1) — dimg[Syz]s — €(¢ — 1).
We now discuss the defectivity of o,(X,_; ) if 2 < n. We note that we state additional

results in the case ¢ = 2 without this restriction on n in Section 4.
For convenience, we consider the case r = 2 separately.

Theorem 3.11. Let r = 2 with £ < § and X\ = [d1,dy]. Then 04(X,_1,x) fills its ambient
space if and only if n =20 and A = [1,1], orn =4, { =2 and \ = [2,1].
In all other cases, o4(X,—1,)) is defective and the defect is
o 2€(£ — 1) — € ’Lf dl = dz, and
CT = 1) — e + dimy[Syzly  if dy > da,

where an explicit formula for dimg[Syz|q is given in (3.3), and

e =max{0, (- dimg(X,_1,)+¢—1—(N—-1)}.
17



Proof. Theorem 3.5 implies the first claim, and that o4(X,,_1 ) does not fill its ambient space
in all other cases. Keeping Remark 3.6 in mind, we get d, for the case that d; = dy from
Theorem 3.5, and from Remark 3.10 for the other case. O

Remark 3.12. The paper [9] solves the problem of determining when o(X,,_1 ) fills its
ambient space in the case when r = 2 and 2¢ < n+1, in quite different language. We should
point out, first, that their r is our £ and their n is our n —1. Most of the cases that they need
to consider satisfy 2¢ = n + 1, and so do not overlap with Theorem 3.11 (but see Theorem
6.8 (a)). Nevertheless, the second sentence of Theorem 3.11 follows from Theorem 5.1 of [9].
We included it above for reference and because it is such an easy consequence of our current
approach.

Theorem 3.13. Let A\ d, A\ =[dy,...,d,], where r > 3. Assume 20 < n.
(a) If dy < dy+ - +d,, then
dimO'g(Xn_l)\) =/- dian_lv,\ + (f - 1) S N -1

and o¢(X,—1.\) is not defective.
(b) If dy > do + - -+ + d,, then 0,(X,_1,\) is defective, with defect

d¢ = dimy[Syz]q — €,
where dimg[Syz|q is given explicitly in (3.8) and € is as given in Remark 3.0.

Proof. We begin with (a). The proof is immediate from Theorem 3.5 since, as partly noted
in Remark 3.7, all the summands in that formula vanish except for ¢ - dim X,,_; \ + (¢ — 1).

As for (b), Theorem 3.5 shows that o,(X,_; ) does not fill its ambient space. Thus, if
N —1</(dimX,_1,)+¢—1, then 0,(X,,_1 ) is defective, and using Remarks 3.6 and 3.10
we see the defect is dp = dimg[Syz|q — €. Suppose now that N —1 > /(dim X, ) + ¢ — 1,
so € = 0 Hence, Remark 3.10 gives that the defect is

0y = dimg[Syz]q = dimg[Syz|q — €.

It remains to show that it is positive. However, Syz is a submodule of a free module,
and the generators of Syz have degree 2(dy + -+ 4+ d,) < d (see (3.2)). We conclude that
dimg[Syz]q > 0, and so 0,(X,,_1 ) again is defective. O

Remark 3.14. Theorems 3.11 and 3.13 give us our first view of the fact that the hyperplane
di = dy + --- + d, in N separates two very different kinds of behaviors with respect to
defectivity, when [dy,...,d,] = A d is a partition of d into r > 2 parts. This was observed
for n = 2 in [14], and it will recur frequently in this paper. As a result, we will follow [14] in
referring to this as the partition dividing hyperplane in N”.

Remark 3.15. The formula for dim o,(X,,_; ) given in Conjecture 1.1(b) and Theorem 3.5
comes from Corollary 2.7 after interpreting dimg[Ip, +- - -+ Ip,|a = dimg([Ip,Ja+- - -+ [Ip,]a)-
The simplest case occurs when the spaces [Ip]; meet pair-wise in just 0. In that case
dimk([fpl]d + -+ [ng]d) = dimk[fpl]d + -+ dimk[]pé]d = g(dlmk[fpl]) = 6(1 + dian,L)\)
so dim O'Z(Xn—l)\) = g(dian_L)\) + {—1.

Often the pairs will not meet only in 0. To consider that case, we set i = {iy,...,4;} for
1 <id; <---<i; </landsay |i| = j. We then define V; = Nyg;[Ip]. For 1 < u < ¢, let
Uy = =y Aim Vi, s0 vy = dimg[Ip,|g + - - - + dimg[Ip,]a, vo is the sum of the dimensions of
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the pair-wise intersections of the [Ip |4, v3 is the sum of the triple intersections, and so on.
Inclusion-exclusion now gives dimy ([Ip g+ - + [Ip]a) = D 1cper(—1)* oy,

Let’s look at this in the case that X is such that dy > s = dy +ds + --- + d,; i.e. A
is above the “partition dividing hyperplane” in N”. This is an example for which it is not
possible that [Ip, 4N [Ip, ]a = 0 for iy # d5. To see this, say each P; corresponds to the form
F;1Fj9---F;,. Then Ip N ij Will, for every i,j € {1,...,(}, i # j, contain all the products
of the type: Fio--- F;, Fjo i+G, where G is any form of degree d — 2s = d; — s. Thus
dimg[Tp, JaN[Ip,]a > (d 27f+" 1) for each pair i1 # is, SO Uy > (3) (d Zstn— 1). Moreover, when

1 2 -1
r =2, Ip N Ip, Wlll also contain the forms F};F; ;, for all ¢ # j € {1 ., £} so in this case

vy > (5) (d 2ns+” 1) +/4(¢—1). If r =2 and d; = ds, we also have FL,FL] in the intersection,

so vy > () (") H -1 + (3)-
Similarly, if d1 2 2s, then dimy [Ipi1 NIp, N [Pis]d > (d_35+”_1), since

n—1
Fi1,2 T Fil,TFiz,? U Fi2,TE372 U E&TH € [[Pil N IPz'Q A [Pi3]d
for any H € S;_3,. Hence vy > (g) (d_iff{l_l). In the same way, if d; > ks, then v, >

() (5.
If the lower bounds on each v, above were to equal the corresponding v,,, then dimy ([/p, |4+
+ [Ip,]a) = Y 1cyes(—1)“ v, becomes precisely the formula given in Conjecture 1.1(b)
and proved in a special case in Theorem 3.5. Of course, because cancellations may occur in
an alternating sum, it is possible for the formula in Conjecture 1.1(b) to hold even if some
of the lower bounds were to be strictly less than their corresponding v,,.

4. THE SECANT LINE VARIETY AND PASSAGE TO IMPROPER INTERSECTIONS

A consequence of the work done up to this point is that if n > 4 we have the following
result for the secant line variety of the variety of reducible forms of prescribed type:

Theorem 4.1. Assume ¢ =2 and n > 4. Then, for all partitions A = [dy, ..., d,] of d with
r>2:

(a)

J— P _1

dimoy(X,_1)) = 2dian_17/\+1_(d1 (d2+n_+1dr)+n >
_(2de—dt+n—1 _9 di+dy—d+n—1Y\

n—1 n—1 ’

(b) 02(Xp,—10) fills its ambient space if and only if X € {[1,1],[2,1],[1,1,1]} and n = 4;

(c) if 02(Xp—1.0) does not fill its ambient space, then o2(X,,—1 ) is not defective if and
only if dy < dy + ---+d,; and

(d) if 02(X,—1.0) is defective, then the defect is

(dl—(d2+---+dr)+n—1> N <2d2—d—|—n—1) +2<d1+d2—d+n—1) .
n—1 n—1 n—1
where € is as given in Remark 3.0.

Proof. Parts (a) and (b) are immediate from Theorem 3.5. Theorem 1.4 gives part (c¢). Claim

(d) is a consequence of (a). O
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Notice that Theorem 4.1 assumes n > 4, since £ = 2 but it relies on results that assume
n > 2¢. The main purpose of this section is to understand what is needed to pass beyond
the condition 2¢ < n with our approach. We begin with a review of the main results of [14],
since that paper gives a careful analysis of the case £ = 2, n = 3 using entirely different
methods. Then we will see what would be needed in order to pass from the results of
the previous section to this case. Having the essential idea in hand, subsequent sections
of this paper will carry out the calculations. The main result is a single, explicit (albeit
complicated) conjectured formula for the dimension of the secant variety for any choice of
n, A and ¢ (see Conjecture 1.1 and Theorem 5.11). In particular, the results of the previous
sections agree with this conjecture. We are then able to give many consequences, some
proven unconditionally, some conjectural.

So first we recall the results of [14], which in particular confirm the importance of the
“partition dividing hyperplane” mentioned in Remark 3.14. We will see that, in general,
the partitions “below” the hyperplane (i.e., those partitions for which d; < dy + -+ + d,)
behave quite differently from those “above” the hyperplane (i.e., those partitions for which
diy > dy+ -+ +d.). In fact, we expect this to be true in all cases (see Conjecture 1.3 and
Proposition 5.13).

Propositions 4.2 and 4.3 can be deduced easily from the results of [14]. We see that
the condition for defectivity when r > 6 is straightforward, but there are exceptions when
2<r<6.

Proposition 4.2. Let n = 3 with A\ = [dy,...,d,| = d a partition of d into r > 6 parts and
s=dy+---+d,.. Set
> did;.

2<i<j<r

() If dy > s, then 09(Xa,\) is always defective, and the defect is

(4.1) min{(dl _2S+2),2p—3s}.

(b) If dy < s, then
dim (O’Q(Xz)\)) = 2d1m(X2,>\) + 1,

and hence o5(Xa,\) is not defective.

Proposition 4.3. Let n = 3 with A = [dy,...,d.] b d a partition of d into 2 < r < 6 parts
and let s =dy + -+ -+ d,.

(a) If r = 2, then the secant line variety fills its ambient space, and so it is never
defective.
(b) For the following partitions the secant variety o2(Xs 5) fills its ambient space and so
the defect is zero:
er=3and )\ € {[dl,dg, ].], [dl, 2,2], [dl,g, 2]7 [d1,4, ] [dl, ]7 [d1,6,2], [d1,3,3]},'
o r—4 and A€ {[dy, 1, 1,1], [d1,2, 1, 1], [dy, 3, 1, 1], [dy, 4, 1, 1]} :
er=>5and A= [dy,1,1,1,1].
(c) Apart from the partitions described above, if dy > s and r > 3, then 05(Xs)) is
always defective. In this case the defect is equal to (4.1) above.
(d) If di < s then 02(Xy\) is never defective. Apart from the partitions described in (b),
the secant line variety has dimension 2dim(Xs ) + 1.
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Example 4.4. Consider A = [2,2,2,1]. This partition has d; < s and so we are below the
partition dividing hyperplane. By Proposition 4.3(d), dimoy(Xs,) = 2dim Xy, + 1 and a
computation shows that 2dim X, + 1 = N — 1, hence 05(X; ) fills its ambient space for
this example.

Remark 4.5. In case ¢ = 2, A - d, A = [dy,...,d,], with d; = s we can show that the
only time that 05(Xs ) is a hypersurface in its ambient space is when A = [9,7,2], [5,2, 2, 1]
and [7,5,1,1]. It would be interesting to find the equations of these hypersurfaces. These
are all defective secant line varieties, and up to this point whenever we have been able to
find equations for such defective secant varieties they have been determinants. Is that the
situation in this case as well?

Now fix n = 3 and ¢ = 2. Then the codimension of 09(Xy,) is given by
dimg[S/(Ip, + Ip,)]a (see Corollary 2.7). By Lemma 2.15 and Theorem 2.14, the latter

is equal to dimy[B/.Z B]4, where B = T/(I((le)) + I((S))) and .Z C T is a regular sequence com-
prised of (¢ — 1)n = 3 general linear forms. By Remark 3.3, we know the Hilbert function
of B. Thus, the important question now is to determine the relation between the Hilbert
function of B and that of B/.ZB.

Since dim B = {(n — 2) = 2 (Theorem 2.14), the first two linear forms in . form a
B-regular sequence by Proposition 3.1. Say £ = {L;, L, L3} and L;, Ly form a regular
sequence. Thus we have to find the Hilbert function after reducing by one more general
linear form, Ls. Let &' = {Ly, Lo} and let B’ = B/.¢'B.

Note that there is an exact sequence

(4.2) B'(-1) 28 B — B'/L3;B' — 0.

Thus, in order to determine the Hilbert function of B/¥B = B’'/L3B’ it is enough to
know that x L3 has maximal rank at each degree. This is exactly what is provided by the
Weak Lefschetz Property, as described in the next section. It is the basis for the remaining
calculations and the general formulae that they give.

As an example, let us consider a case mentioned in Remark 4.5 and verify that if A\ =
9,7,2], and if the maximal rank property holds for B’, then our results of the previous
sections imply that 05(Xy ) is a hypersurface. Using Remark 3.3, we get for the Hilbert
series of B’

HS(B') = (1 —t)*-HS(B)
(1—1)°
(1—1)
1
(1—1)*
=144t + -+ 634t 7 4+ 635¢18 4+ - - - + 4432

HS(B)

[1 AL AL t18]2

Thus,

h17 = dimk[B/h? =634 and hlg = dimk[B/]lg = 635.
Note that d = 18 in our example. If multiplication by L3 on B’ has maximal rank, we obtain
(see Sequence (4.2)) that for S = k[z1, z2, 23],

dlmk[S/<Ip1 + [p2>]d = dimk[B//LgB/]d = max{hd - hdfl, 0} = 1.
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Since this is precisely the codimension of 02(Xj ), we see that under the hypothesis that
multiplication by Ls has maximal rank we obtain that indeed o49(Xs,) is a hypersurface in
its ambient space.

For arbitrary n and £ > &, we will need that the maximal rank property holds sequentially,
using the right number of linear forms, until we arrive at n variables. In the following sections
we make use of this idea to give a general formula for the dimensions of the secant varieties
(see Theorem 5.11 and Conjecture 1.1), and as a consequence we describe the defective
cases, assuming that suitable maximal rank properties hold. In many cases we know for
different reasons that these maximal rank properties do hold, and in those cases we obtain
unconditional (not conjectural) formulas. Given the many special cases and the seemingly
disparate results covering them that have been found up to now, we were astonished to find a
simple unifying principle that produces a single conjectural formula for the exact dimension
of the secant variety for any given n, A and ¢.

5. IMPROPER INTERSECTIONS AND LEFSCHETZ PROPERTIES

We now consider the case in which the ¢ varieties V(I(;)) (1 < j < /) that determine
tangent spaces at ¢ general points to X,,_;  intersect improperly. By Proposition 3.1(b), their
intersection is proper if 2¢ < n. However, if 2¢ > n then we will see that the intersection is
improper, so in particular the diagonal trick from intersection theory becomes more difficult
to apply. To make up for this, we will use Lefschetz properties as formally introduced in [24]
in order to determine dimy[S/(I(1)+ - -+ I(»))]s. Because we are dealing with general forms,
these properties are known in some cases, and we conjecture them in the remaining cases.

More precisely, we conjecture that a general artinian reduction of the coordinate ring of
the join of V'(I(1)),...,V(I(s) has enough Lefschetz elements (see Conjecture 5.8 below).

We continue to use the notation introduced above. In particular,

B=5/In) @ @k S/l = T/I

is the coordinate ring of the join of V(I((le))), e V(I((Ee))) in Pl
As above, let .Z be a set of (¢ — 1)n general linear forms in 7. Let £’ C .Z be a subset

consisting of min{¢(n — 2), (¢ — 1)n} such forms. Thus,

A if £ <
L = =
{;Cé,,% if ¢ >

oIS o3

Then there is the following useful observation.

Proposition 5.1. If 20 > n, then:
(a) The linear forms in &' form a B-regular sequence and dim B/ Z'B = 0.
(b) codim(I(1y + -+ + Iy)) = n, and hence the varieties V(Iny),...,V(Iy)) intersect
improperly if 20 > n.
Proof. By Theorem 2.14, B is Cohen-Macaulay of dimension ¢(n — 2). Hence, Claim (a)

follows by the generality of the linear forms in .#”.
Part (a) shows in particular that dim B/ B = 0. Hence Lemma 2.15 gives

COdim(I(l) + -4 I(g)) =n,

and we are done. O
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By Lemma 2.15, we are interested in the Hilbert function of B/.Z B. We know the Hilbert
function of B, and thus the Hilbert function of its general artinian reduction B/’ B by
Proposition 5.1(a). However, if £ > %, then £’ # Z.

Recall that a linear form L is a non-zerodivisor of a graded algebra A if the multiplication
by L on A is injective. If A # 0 is artinian, this cannot be true. However, one may hope
that this multiplication still has maximal rank. This has been codified in [24] as follows:

Definition 5.2. Let A = S/J be an artinian graded k-algebra. Then A is said to have the
Weak Lefschetz Property if, for each integer ¢, multiplication by a general linear form L € A
from [A]; to [A]i+1 has maximal rank. In this case, the form L is called a Lefschetz element
of A.

We say A has the Strong Lefschetz Property if, for all i and e, multiplication by L¢ from
[A]; to [A]i1e has maximal rank.

The first systematic study of these properties in this generality was carried out in [24].
In particular, the Hilbert functions of algebras with either the Weak Lefschetz Property or
Strong Lefschetz Property were classified there, and a sharp bound was given on the possible
graded Betti numbers. Thus, the presence of these properties leads to strong restrictions on
the possible invariants. Many natural families of algebras are expected to have a Lefschetz
property. However, it is typically very difficult to establish this. We refer to [23] and [34] for
further information and results.

There is a useful numerical characterization of Lefschetz elements. To state it we need
some notation.

Definition 5.3. Let )., a;t* be a formal power series, where a; € Z. Then we define an
associated power series with non-negative coefficients by

+
Z aiti = Z bztz,

i>0 i>0

where
) if a; > 0 for all j <1
10 otherwise.

Lemma 5.4. Let A be a standard artinian graded algebra, and let L € A be a linear form.
Then the following conditions are equivalent:

(a) L is a Lefschetz element of A.
(b) The Hilbert function of A/LA is given by
dimg[A/LA]; = max{0, dimg[A]; — dimg[A];_1}  for all integers i.
(c) The Hilbert series of A/LA is
HS(A/LA) =|(1—1t)-HS(A)|".

This is immediate from the definitions.
It is natural to ask if an algebra has the Weak Lefschetz Property repeatedly, using more
than one linear form. This notion was first introduced by Iarrobino (according to the intro-

duction of [25]) and formalized in [25] and [16].
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Definition 5.5. An artinian standard graded k-algebra A is said to have the k-Weak Lef-
schetz Property (denoted k-WLP) if either £ = 0, or £ > 0 and there are linear forms
Ly,..., Ly € Asuch that L; is a Lefschetz element of A/(Ly,...,L;_1)Aforalli=1,... k.
In this case, {L1, ..., Ly} is called a k-Lefschetz set of A.

By definition, every artinian algebra has the 0-WLP. Moreover, if an algebra A has the
E-WLP, then a set of k general linear forms is a k-Lefschetz set of A. Since all quotients
of polynomial rings of at most two variables have the Weak Lefschetz Property by [24], the
conditions (n — 2)-WLP and n-WLP are equivalent for quotients of S.

Using Lemma 5.4, the above property can be restated as follows.

Lemma 5.6. An artinian standard graded algebra A has the k-WLP if and only if there are
linear forms Ly, ..., L, € A such that

HS(A/(L1,...,L)A) = |1 —t) - HS(A)|"  for alli < k.

Proof. This follows by combining Lemma 5.4 and [18, Lemma 4]. O

We now want to use these concepts to determine the dimension of secant varieties o,(X,,—1 »),
using B/.Z B. Since the linear forms in £ are general, it is reasonable to ask if, in the case
where ¢ > 2, the linear forms in £\ #” form a Lefschetz set of the general artinian reduction
B/ %' B. We illustrate the usefulness of this property.

Example 5.7. Consider the case n =4, ¢ = 3, and A\ = [3,2,2], so d = 7. Then Remark 3.3
gives

(1 —t*—2t° 4 2t7)°
(1—1)e

HS(B) =

Since |.Z'| = 6, Proposition 3.1 implies

(1—t*— 2654+ 2¢7)3

(1—1¢)°
= 8t1% + 481 + 144" + 292t 4 45611 + 58810 4- 64617 4 6121°
+ 504" + 363t° + 2285 + 123t* + 56t + 21t* + 6t + 1

15
= E Citl
=0

Note that the passage from B to C = B/.%'B corresponds to intersecting the join of
V(Ip),V(Ip,), and V(Ip,) properly with a linear subspace of codimension three. However,
C is artinian, and thus any further hyperplane sections correspond to improper intersections.

We have checked by computer that C' has the 2-WLP, so let L1, Ly be a 2-Lefschetz set.
Then, we may assume that £ = £’ U {Ly, Ly}, and Lemma 2.15 gives

HS(B/.Z'B) =

HS(A) = HS(B/.ZB) = HS(C/(L1, L,)C) = |(1 — t)* - HS(O)| "
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We compute this in two steps. First, we get
HS(C/L,C) = Z max{0, ¢; — ci_1 }t*
i>0

= 34t + 108¢% + 141¢7 + 135¢° + 105> + 67t* + 35 + 15t2 + 5t + 1

9
= bit'.
=0
Thus, we obtain
HS(A) = HS(C/(Ly, Ly)C) = Y _ max{0, b; — b;_ }t'
>0
= 6t" + 30t° + 38t° + 32t* + 206> + 10¢% + 4t + 1.

In particular, the secant variety o3(X3 ) has codimension dimg[A]; = 6 in its ambient space.
Hence, 03(X3,,) is non-defective of dimension 113 and does not fill its ambient space.

Computer experiments suggest that a similar analysis can always be carried out. Thus,
we conjecture:

Conjecture 5.8 (WLP-Conjecture). The algebra B/’ B has the k-WLP for k = max{0, 2(—
Notice that, by definition, the WLP-Conjecture is true if £ < 3.
In Section 6 we will see that in the case r = 2 this conjecture is closely related to a
well-known conjecture by Froberg, lending additional evidence to the WLP-Conjecture.
Here we show that if true, the WLP-Conjecture allows us to extend Theorem 3.5 to £ with
20 > n. In order to express this we need more notation.

Definition 5.9. Let A\ = [dl, ...,d.] F d be a partition with r > 2 | and let ¢ and n be
positive integers. For j =0, ...,d, define integers a; = a;(¢,n, \) by

G R
+i(_1>k(i) (j—k(d;il);rn—l)

k=2

O\ [+ 2dy — 2d -1 i+ dy + dy — 2d —1
+(2)<g+ gn_1+n >+M_1)<j+ 1+ dsy +n )

n—1

Observe that a;(¢,n,\) >0if 0 <j <s=dy+---+d, as, for example, (j+di;ﬁr”_1) =0
in this case.
Now we explain the meaning of the numbers a;(¢, n, \).

Theorem 5.10. Assume that the WLP-Conjecture is true for some £,n, and \. Let Py, ..., Py
be general points on X,,_1 x, and set A= S/(Ip,+---+1p,). Ifi < d is a non-negative integer
then
dimy [A]; = 0 if a; §.0 for some j with 0 < j <1
a; >0 otherwise.
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In particular, if a;(¢,n,\) >0 for all j =0,...,i—1 and a;(¢,n,\) > 0, then
a;(¢,n, \) = dimg[A];.

Proof. To simplify notation set a; = a;(¢,n, A).
First consider the case where 2¢ < n. Then the proof of Theorem 3.5 gives, for all + < d,
dimk [A]z = a;,

and so the conclusion holds without the hypothesis that a; > 0 for j < ¢. Note that, in this
case, a; > 0 for all j <.
Now assume that 2¢ > n. We have seen in Remark 3.3 that

HS(B) = [HS(S/1p)]

- a=9r —1t)€n [1 —~ th*di +(r— 1)td] :

Since the elements of .Z” provide a regular sequence in B of length ¢(n — 2) by Proposition
5.1, we get

, ¢
HS(B/%'B) = ﬁ [1 - th—di + (r— 1)td] .

Hence Lemmas 2.15 and 5.6 together with the WLP-Conjecture give
+

5.1) e L D]

Define integers b; by

> bt = a _1t)n [1 =) (- l)td] :

§>0 i=1

Then computations as in the proof of Theorem 3.5 provide for j < d,

_(J+n—1\ " (j+di—d+n—1 B J
b]—( n—l) K;( o )+(r 1)e(d)

¢ .
O\ (j—k(d—dy)+n—1
—1)k
e ()
k=2
O\ (J 4+ 2dy — 2d -1 |+ dy 4+ dy — 2d -1
+<)(]+ 2 +n )+£(€_1)(j+ 1+ do +n )
2 n—1 n—1
:aj.
Thus, we conclude for all non-negative integers i < d
0 it a; < 0 for some j with 0 < j <1

a; >0 otherwise.
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Notice that when 2¢ < n the intersection of the varieties determining tangent spaces
to X,,_1, is non-empty, and the a;(¢,n,\) give its Hilbert function. When 2¢ = n, the
intersection of the varieties determining tangent spaces to X,,_; » becomes empty, but this
is still a proper intersection and so the methods of Section 3 continue to apply and result
in the values given by the a;(¢,n, \). As soon as 2¢ > n, however, this intersection remains
empty but becomes improper. Nevertheless, the a;(¢,n, A) > 0 essentially provide the Hilbert
function of the “algebraic intersection,” i.e. give the Hilbert function of S/(Ip, +---+ Ip,),
as formalized in the previous result.

We now have the following extension of Theorem 3.5:

Theorem 5.11. Let A = [dy,...,d.] b d be a partition with r > 2. Assume that the WLP-
Congecture is true for some { and n. Then:

(a) The secant variety 04(X,,—1) does not fill its ambient space if and only if
aj(l,n,A\) >0 forallj=0,...,d
(b) If 04(X,,—1,5) does not fill its ambient space, then it has dimension
dimoy(X,—1,) = £-dimX,, 1, + (-1

) ,i;-”k(i) (dl 5 1)

)T (M)

Proof. Using Theorem 5.10 and
d+n—1

dimag(Xn,L)\) = ( N — 1

) —-1- dimk[A]d,
this follows from a computation as in the end of the proof of Theorem 3.5. O

Remark 5.12. (i) The argument in the proof of Theorem 5.10 shows more generally that the
WLP-Conjecture allows us to determine the Hilbert function of the ring A in every degree.
However, for finding the dimension of o,(X,,_1,,), it is enough to know this Hilbert function
in degree d only. Thus, even if the WLP-conjecture is not true, it is possible that Conjecture
1.1 is correct.

(ii) As noted above, the WLP-Conjecture is true if 2¢ < n. Hence, Theorem 5.11 shows
Conjecture 1.1 is true if 2¢ < n, thus proving Theorem 1.2(a). We will establish further
instances of Conjecture 1.1 in Section 6.

(iii) Complete results for the dimension of o4(X,,_1 ) have been previously obtained only
ifn=3 AN=1[l,...,1] in [1], or n = 3, £ = 2 in [14]. Both results confirm Conjecture
1.1. Moreover, if A = [1,...,1] and d > 3, then 0,(X,_1 ) is not defective, as predicted in
Conjecture 1.3. The case A = [1,1] is covered by Theorem 1.2. The case ¢ = 2 was discussed
in Section 4.

Thus, Conjecture 1.1 presents a unified formula for dimoy(X,,_; ) in all cases. It is
consistent with all the known results that we have checked.

We explore some consequences of our main conjecture, Conjecture 1.1.
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As we show in our next result, Conjecture 1.3(a) is an immediate consequence of Conjecture
1.1 and thus holds in the many cases for which we establish Conjecture 1.1. The situation
for Conjecture 1.3(b) is more complicated. For certain choices of the parameters n, ¢ and
A, our next result shows that Conjecture 1.3(b) is true while for some others it shows that
Conjecture 1.1 implies Conjecture 1.3(b). In the remaining cases, for each dy > --- > d, > 0
and ¢ > n, it shows that there are at most finitely many cases, namely s = dy + -+ + d, <
d; < (n—1)(s — 1), for which we do not know either that Conjecture 1.3(b) is true or that
Conjecture 1.1 implies Conjecture 1.3(b). For these cases we have run numerical tests based
on Proposition 5.13, as discussed in more detail below, which support our expectation that
Conjecture 1.1 implies Conjecture 1.3(b) in these cases also.

Proposition 5.13. As usual, let n > 3, r > 2, N = ("ﬁ;l) and A\ = [dy,...,d,], where
d=di+sands=ds+---+d,.

(a) Assume dy < s (and thus r > 3)). Then Conjecture 1.1 implies Conjecture 1.3(a)
(i.e., that o¢(Xp,—1.) is not defective).
(b) Now assume d; > s.
(i) If2¢ < n, then Conjecture 1.3(b) is true (i.e., either o,(X,_1 ) fills its ambient
space, PN=L or it is defective).
(ii) If § < ¢ < n, then Conjecture 1.1 implies Congecture 1.3(b).
(iii) If dy < 2s, then Conjecture 1.1 implies Congecture 1.3(b).
(iv) If n < € and (n — 1)(s — 1) < dy, then 0,(X,_1) fills its ambient space (and
hence Conjecture 1.3(b) is true).
(c) If € > (**"1), then Conjecture 1.1 is true and o¢(X,_1,) fills its ambient space
(hence Congecture 1.3 is true).
(d) If¢ > (SJ:_LII) /t, where t is the number of occurrences of dy in A, then Conjecture 1.1
implies that 0,(X,,—1.)) fills its ambient space (and hence, for such ¢, if Conjecture 1.1
is true, then so is Conjecture 1.3.)

Proof. (a) The assumptions imply that the second and third lines of the formula in Conjecture
1.1(b) are zero, so

d+n-—1
n—1

dimoy(X,—1,) =¢-dimX,,_1,+¢—1=min {< ) —1, ¢-dimX, 1+ {— 1} ,

which is the expected dimension.

(b)(i) This follows from Theorem 3.5.

(b)(ii) By definition, ,(X,,_1.) is not defective if it fills its ambient space, PN, so assume
0¢(X,,—1,)) does not fill its ambient space. Then dim 04(X,,_1,,) < N—1 and Conjecture 1.1(b)
gives

dim U€<anl,)\) = /. dian,L)\ -+ -1

(5.2) - kzi;(—l)’“ (i) (dl — (K ; i)i +n— 1)

B (f) <2d2—d+n—1) _w_l)(lerdQ—dJrn—l)_
2 n—1 n—1
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Let Syz be the first syzygy module of a complete intersection in S that is generated by ¢ < n
forms of degree d —dy = ds + ... + d,. We observed in Remark 3.8 that

é(_l)k (}i) <d1 —(k ; i)iJr n— 1> Syl

dimoy(X,,1,) < - dim X,y + ¢ — 1 — dimg[Syz],.

Hence we get

The Koszul resolution shows that the initial degree of Syz is 2(d — d;). Since Syz is torsion
free, it follows that [Syz]q # 0 if and only if d > 2(d — d; ), which is equivalent to

d1 Z d— d1 = S.
Therefore our assumption gives
dim UZ(anl,)\) < {-dim anl,)\ + 0 — 1,

so dim 0y(X,,—1 ) < exp.dim 04(X,,_1,), and we are done.
(b)(iii) As in the proof of (b)(ii), if 0,(X,_1.) does not fill its ambient space (and so
dimo(X,,—1,) < N — 1) we must show that it is defective. Put

- é(_l)j (f) (dl - (J;l_)iJrn— 1)‘

J

If s < dy < 2s, then ¢ > 0. Thus, the summation in display (5.2) is positive, but it
is subtracted so we have dimo,(X,_1,) < ¢-dimX,_1, + ¢ — 1, and hence 04(X,,—1) is
defective. Thus in the presence of the restriction on d;, Conjecture 1.1 implies Conjecture
1.3(b).

(b)(iv) To see that oy(X,,_1) fills its ambient space for d; > (n — 1)(s — 1) and ¢ > n, it
is enough to do so for £ = n. Take £ general points P; on X,,_; . Each ideal Ip, contains a
minimal generator of degree d — d; = s. Thus, by genericity, the ideal I = Ip, + --- + Ip,
contains a complete intersection generated by n forms of degree s. The socle degree of
this complete intersection is n(s — 1). Thus [R/I]q = 0if dy + s = d > n(s — 1); ie., if
dy > (n—1)(s —1). It follows that for these ¢ and d; we get that Conjecture 1.3(b) is true.

(c) Note that as = as(¢,n,A) = (*I"]") — ¢, hence a, < 0 for £ > (*I"7") /¢, and so also

for ¢ > (Szn 1) So with the latter hypothesis, to prove Conjecture 1.1 we must show that
0¢(X,,—1,,) fills its ambient space. Notice that [S]; has a basis consisting of monomials, hence
a basis of forms each of which factors as a product of forms of degrees ds, ..., d,. Thus we
can find points Py, ..., P for which I = Ip, +-- -+ Ip, spans [S]s, so also in degree d we have
[I]4 = [S]4. The same is then true for a general choice of ¢ points, and so 0,(X,_; ) indeed
fills its ambient space. But then for these ¢, all parts of Conjecture 1.3 are automatically
true as well.

(d) Finally, assume that ¢ > (*'" ") /t. Since a; < 0, Conjecture 1.1 would imply that
0¢(X,,—1.1) fills its ambient space and so Conjecture 1.3 would hold. (We also note that the
bound ¢ > (SZ” 1) /t is sharp, since 0,(X,_;) does not always fill its ambient space for

¢ < ("1 /t, as we see for 0¢(X,—1,1,17) by Theorem 1.4(c).) 0
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Remark 5.14. Proposition 5.13 is the basis for numerical tests that support our belief that
all of the cases left open do in fact follow from Conjecture 1.1. In these cases, we have n < ¢
and 2s < d; < (n—1)(s — 1). As noted above, Conjecture 1.1 predicts: If o4(X,,_1) does
not fill its ambient space, then

dimoy(X,_1,) =¢-dimX,_; +¢—-1—yg

B (6) <2d2—d—|—n—1) _g(£_1>(d1+d2—d+n—1)_
2 n—1 n—1

Thus, Conjecture 1.3(b) follows if g > 0.

We have used Macaulay2 [30] to check for all cases satisfying the above restrictions with
n,l,s < 60 that Conjecture 1.1 implies Conjecture 1.3(b). There were 57,345,933 such
cases. Note that typically for each s and dy, there are many possible partitions of d =
dy; + s; thus for each of the 57,345,933 cases for which ¢ < 0, we merely checked that
0 dim(X,,_1[q,1,..1]) + ¢ > N, and hence by Proposition 5.13(b)(iii) we see that Conjecture
1.1 implies Conjecture 1.3(b) for each case when A = [dy, 1,. .., 1]. But by Corollary 2.18 this
means Conjecture 1.1 implies Conjecture 1.3(b) also for all other partitions A of d = d; + s
for each of these 57,345,933 cases.

Corollary 5.15. Let 3 < n < ¢ < 1+ 9L with X\ = [dy,....d,] b d, r > 3, and
s=dy+---+d.. Then Conjecture 1.1 is true for such n, { and \.

Proof. Conjecture 1.1(a) asserts that oy(X,,_; ) fills its ambient space if and only if a;(¢, n, A)
is not positive for some integer j with s < j < d, while Conjecture 1.1(b) applies only
when 0(X,,_1 ) does not fill its ambient space. Since d; > (n — 1)(s — 1) is equivalent to
1+ % > n, Proposition 5.13 implies 0,(X,,_ ») fills its ambient space. Thus Conjecture
1.1 is true if we show aq4(¢,n, \) <O0.

Recall the identity
¢
N\ (d—ks+n—1
J— k pr—
() (T -
k=2

(See formula 10.13 of http://www.math.wvu.edu/~gould/Vol.4.PDF, where n,k,r, vy, in
10.13 become, respectively, our ¢, j, n — 1, d +n — 1 and —s, so the assumption n > r in
10.13 becomes ¢ > n — 1 and is thus satisfied. We also note that 10.13 does not assume that
(2) = 0 when a < 0, but our assumption ¢ < 1+ % is equivalent to d — s +n —1 > 0.
This ensures that d — js +n — 1 > 0 hence the convention used in 10.13 agrees with our
convention that (di]:f?fl) =0whend—js+n—1<n-—1)

Using the identity above, we have

§;<—1>j(§) (d_{fff_l) =—(d2ﬁ]1) +£<d1:f1_1>,

and substituting this into the expression for a4(¢,n, A) given in Definition 5.9 we obtain

20,1, ) —e§:<ch+”;1)_1><o.
n —
>1
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We are now ready to prove one of the main results of the paper, as mentioned in the
introduction.

Proof of Theorem 1.4. Part (a) follows from Theorem 3.13(a). Part (b) follows from The-
orem 3.11 and Theorem 3.13(b). Part (c) follows from Proposition 5.13(iv) and Theorem
3.5. U

We conclude this section with a case where we can show that the prediction of Conjec-
ture 1.1 is at least an upper bound.

Proposition 5.16. If 20 = n + 1, then the dimension of o¢(X,—1,) is at most the number
predicted in Congecture 1.1.

Proof. Using the above notation, put A’ = B/.Z’. Let L € A’ be a general linear element.
Notice that the assumption on ¢ gives |.Z| = |.Z’| + 1. Thus, we get
(5.3) HS(A) = HS(B/.#B) = HS(A'/LA") > |(1 — t)HS(A)|",

which means that the comparison is true coefficientwise.

If a;(¢,n,\) < 0 for some non-negative j < d, then Conjecture 1.1 says that o,(X,_1 )
fills its ambient space, and so the estimate follows.

Otherwise, Equation (5.3) implies

dimy[A]g > aq(l,n, ),
which gives

d —1
dim UZ(Xn—l,)\) = ( o

n—1

d+n—1
n—1

) — 1 — dimy[A]; < ( ) —1—ag(l,n, \).

Since, the right-hand side is the formula for dim o,(X,_; ») that is predicted by Conjecture
1.1, this completes the argument. U

Remark 5.17. Consider an arbitrary graded k-algebra, and let Ly, Ly € [A]; be two general
elements. Then it is not necessarily true that

HS(A/(L1, Ly) > |(1 - )* - HS(A')|".

Thus, the above argument cannot be easily extended to show that Conjecture 1.1 gives an
upper bound for dim oy(X,,_;) for all £ > ”TH Note however that in the following section
we will prove that Conjecture 1.1 does give an upper bound if » = 2 by using a different
approach.

6. FORMS WITH TWO FACTORS AND FROBERG’S CONJECTURE

In this section we focus on the case r = 2, that is, we consider secant varieties to the
varieties whose general point corresponds to a product of two irreducible polynomials. We
begin by recalling that the dimension of secant varieties, in case r = 2, is related to a famous
conjecture of Froberg (see [9]). We systematically relate this conjecture to our approach in
the previous section. In particular, we will see that Froberg’s Conjecture and the WLP-
Conjecture lead to the same prediction for the dimension of the secant variety in the case
r = 2. This allows us to establish further instances of Conjecture 1.1.

Froberg’s Conjecture concerns the Hilbert function of an ideal generated by generic forms.

More precisely, it says:
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Conjecture 6.1 (Froberg’s Conjecture [18]). Let J C S =Kk[zy,...,x,] be an ideal generated
by s generic forms of degrees ey, ..., es in S. Then the Hilbert series of S/J is
—_ tei) +

HS(S/J) = ‘—Hfal(_l o

There is an equivalent version of Froberg’s Conjecture that gives a recursion to predict
the Hilbert function of such an algebra.

Conjecture 6.2 (Froberg’s Conjecture, recursive version). Let J C S = k[zy,...,x,] be an
ideal that is generated by generic forms, and let f € S be a generic form of degree e. Then,
for all integers j,

dimg [S/(J, f)]; = max{0, dimg[S/J]; — dimg[S/J];_}.
Comparing the latter version with Definition 5.2 shows that S/J has the Weak Lefschetz
Property if the above is true and e = 1. We refer to [32, Proposition 2.1] for further results

on the relation between Froberg’s conjecture and the Lefschetz properties. Here we need
only the following observation.

Proposition 6.3. Assume Frioberg’s Conjecture is true for polynomial rings in up to n
variables. If J C S =Kk[x1,...,x,] is an ideal that is generated by at least n generic forms,

then S/J has the n-WLP.

Proof. Let L € S be a generic linear form. Then, as noted above, L is a Lefschetz element for
S/J. Since S/(J, L) is isomorphic to a quotient of a polynomial ring in n—1 variables modulo
an ideal generated by generic forms in these (n — 1) variables, we can use this argument n
times. U

Since each quotient of a polynomial ring in at most two variables has the Weak Lefschetz
Property by [24], the properties n-WLP and (n — 2)-WLP are equivalent if n > 2.

We now relate this to the secant varieties of X,,_; x, where A is a partition with two parts.
In this case, we simplify notation and write A = [d — k, k], where 1 < k < g.

Our starting point for the case r = 2 is the following observation.

Lemma 6.4. If A = [d — k, k], then
dim O'g(Xn,L)) =—-1+4+ dimk[I]d,

where I C S 1s an ideal generated by ¢ generic forms of degree d — k and € generic forms of
degree k.

Proof. This follows from Corollary 2.7 and Proposition 2.9. O
In the case r = 2, the definition of the integers a;(¢,n, A) becomes somewhat simpler.

Remark 6.5. Assume A\ = [d — k, k], where 1 < k < g. Then

_(JAn—=1\ j+k—d+n-1 j—k+n-1
= (1) (I ()

()

32



if 0 <j <d, and
d+n—1 k+n—1 d—k+n-1
i .
O\ (d—1k+n—1 N\ 2k —d+n—1
—1) 2.
e (TR O

Observe that the penultimate term is zero, unless k = g.
Lemma 6.4 allows us to relate Froberg’s Conjecture to our work in the previous sections.

Proposition 6.6. Let A = [d — k, k| be a partition with two parts. Then, for each ¢ > 2
and each n > 3, the value for the dimension of the secant variety in Conjecture 1.1 gives an
upper bound for the dimension of 0,(X,_1). Moreover, if Froberg’s Conjecture is true for
S, then, for all ¢ > 2, the variety 0,(X,—_1,) has the dimension predicted in Conjecture 1.1.

Proof. 1f £ < 3, Conjecture 1.1 is true by Theorem 3.5. Thus, we may assume 2¢ > n.

With I as in Lemma 6.4, we have
d+n—1
di Xni1n) =
1m O'g( 17>\) ( n—1

> — 1 — dimy[S/1]a.

The value predicted for dim o,(X,,_; ) by Conjecture 1.1 comes, by Theorem 5.10, from the
value of dimy[S/I]; predicted by the WLP-Conjecture 5.8. Thus it is enough to derive from
Froberg’s Conjecture 6.1 the same value for dimy[S/I]; as given by Conjecture 5.8, and to
show that this value is a lower bound for the actual value.

Using our earlier notation, observe that B/.¢'B = U/J, where U is a polynomial ring in
2( variables and J is a complete intersection generated by ¢ general forms of degree k and /¢
general forms of degree d — k. Hence the Hilbert series of U/J is

(1 _ tdfk)f(l _ tk)é
T

Lemma 2.15 shows that S/I is isomorphic to B/.Z B, which is obtained from U/J by quo-
tienting by (2¢ — n) general linear forms. Hence [18, Theorem| gives

(1 . td—k)é(l N tk)e(l . t)QZ—n + (1 . td—k)é(l N tk)e +
(1—1t)* (I—1t)n ’
the right hand side of which is exactly the Hilbert series of S/I as predicted by Froberg’s

Conjecture 6.1. Moreover, the WLP-Conjecture 5.8 predicts this same Hilbert series for S/I
(see Equation (5.1)), and hence equality holds if Froberg’s Conjecture does. O

HS(U/J) =

HS(S/1) >

Remark 6.7. Notice that in Proposition 6.6 we assumed the correctness of Froberg’s Con-
jecture only for ideals in S. If we assume more, namely that this conjecture is true for all
ideals in max{n, 2¢} variables, then Proposition 6.3 shows that B/.Z’B has the (2¢{ — n)-
Weak Lefschetz Property. Hence, in this case Theorem 5.11 immediately gives the conclusion
of the above proposition.

We are ready to establish new instances where Conjecture 1.1 holds.

Theorem 6.8. Conjecture 1.1 is true if r = 2 and
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n=3 or
(¢) A=[1,1], that is, d = 2.

Proof. We use Proposition 6.6. Froberg’s Conjecture is true for forms in at most three
variables by a result of Anick [4]. This gives (b). The conjecture also holds for ideals
generated by general linear forms, and thus (c) follows.

Turning to (a), by Theorem 3.5 it suffices to consider the case where 2¢ = n + 1. Then
I is generated by n + 1 general forms in n variables. For such ideals Froberg’s Conjecture
is true because complete intersections of general forms have the Strong Lefschetz Property
(see [43, 47, 38, 40] or [26]). O

Remark 6.9. With some work, part (a) of Theorem 6.8 can be shown to be equivalent to
Theorem 5.1 of [9]. There, however, all the cases where o,(X,,_1,) fills its ambient space are
enumerated.

We now begin working out more explicit formulas for some particular partitions as conse-
quences of Proposition 6.6. First we consider balanced partitions.

Theorem 6.10. Consider a balanced partition X = [£,9] and fix n > 3. Assume that

Fréberg’s Congecture holds for the polynomial ring S = k[x1,. .., x,]. Put
1| /24n—1\ 1 dyp—1\ 11° _[fd+n-1
f — _ 2 _ 2 - —9
D) ( n—1 >+2 \/K n—1 )+2} ( n—1 )

C-dimX, gy +0—1-200—1) < (") =1 if2<i<4

n—1

Then

() =1 if o <.

n—1
In particular, the secant variety o¢(X,—1.5) is defective if and only if it does not fill its ambient
space. Furthermore, the defect is

( (d+n—1)
20(¢ - 1) ifo<t<_—nt/
2(2,7) — 1
0p =
(d+n—1)
() =1 =dimoe(X,_yjaq) i 5t << L.
N 2(271—1 ) —1

Proof. Put N = (d:zl) and recall that
d4n—1
dimX, 1y =2- (2 o ) _9.
’ n—1
Thus, the expected dimension of 04(X,,_1,) is
exp.dim 04(X,,_1 ) = min{N — 1,/-dimX,,_;,+ ({ — 1)}

d -1
:min{N—1,2€-(2+n )—6—1}.
n—1
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In particular,

N
2(%+n—1) 1

n—1

(6.1)  exp.dim 0y(X,_1)) =¢-dimX,, 1+ ({ —1)ifand only if 2 < ¢ <

We now will consider various ranges for the value of ¢ and use Lemma 6.4. For the partition
A, the ideal I is generated by 2¢ general forms of degree %. Instead of applying Proposition
6.6 directly, it is more convenient to use the recursive approach (see Conjecture 6.2).

Assume first 2 < £ < . Then Theorem 3.5 gives that o,(X,,_1 ) does not fill its ambient
space and has dimension

dimO'g(Xn,L)\) =/. dian,l,,\ + (f - 1) — 2<§> — g(f — 1)

= (- dim X, 0+ (0 — 1) — 20(0 —1).

This proves the statement if £ < 2.
Assume now 7 < /. In order to simplify notation, set k = %l andt =20 —n > 0.
In this range of ¢, S/I is artinian and

dimy [S/1]; = max {o, (k Zf; 1) - 2@} .

Hence [S/1]; = 0 if 2¢ > (k:ff), which implies [S/I]; = 0. It follows that oy(X,_1) fills
PN=1 for such /.

We are left to consider £ such that § < /{ < %(k:ﬁzl) Notice that this forces k& > 2, that
is, d > 4.

Fori=0,1,...,t =20 —n, let

a;, = ideal generated by n + i general forms of degree k.

Observe that ag is a complete intersection and I = a;. Notice that, for all ¢,

k+n-—1
n—1

dimg[S/a;], = < ) —n— i = dimg[S/ag)y — i.

The minimal free resolution of S/ay has the form

o S(=d)E) 5 S(—k)" = S — S/ag — 0,

where we only display the terms that are non-trivial in degree d. This shows

dimy[S/agly = N —n - <k Zﬁ; 1> + <Z)

Froberg’s Conjecture 6.2 predicts, for all 4,

dimk[S/aiH]d = max{dimk[S/ai]d — dlmk[S/Cll]k, O}
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Hence, we get

t
dimg[S/1]s = max < 0, dimg[S/ags — - dlmk[S/ao]k—i-(Q)}

{

o e (U5 G0 ) )+ ()
{
{

I
=

k+n—1 n t
w0 320 () 4 () i (1))

k —1
max<q0, N —2¢- ( n )+2€2—€}.

n—1

It follows that

dimoy(X,,-10) = min{N -1, %(k—i—n— 1) +0—-1-— 262}

n—1

(note that we subtracted 1 from the dimension of the component of the ideal). Therefore,
for ¢ < = (k+n 1) the variety 0¢(X,,_1.,) fills PV~ if and only if

Ng%(k”r"f)w—%?,

n —

which means

1| (k+n—-1\ 1 1 k+n—1)  1]°
> —— = — = {p.
£=3 ( n—1 )+2 2\/{( n—1 )JFQ} 2N =t

An induction on n > 2 shows that the radicand is at least i, which also implies

HsIEr

We conclude that oy(X,,—1 ) fills its ambient space if and only if £ > ¢, and that

1
dim oy (Xp_10) = 2£(k+” ; ) tl—1-207
/,’L_

— (- dimX, g\ +0—1—20(¢—1)

if 5 < ¢ < /. This concludes finding the dimension of 04(X,,_; ). Combining the result
with Observation (6.1) proves the assertion on the defect. O

Second, we consider the most unbalanced partition of d into two parts. Notice that the
following result is true unconditionally. Since the partition [1, 1] has been dealt with in the
previous result (see Theorem 6.8), there is no harm in assuming d > 3 in the next statement.
The fact that 0,(X,,_1,4—1,1)) fills its ambient space if and only if £ > ¢, was shown in [9,
Proposition 5.6]. The dimension of o¢(X,,_1,4-1,1]) can also be found in [6, Proposition 4.4].
We give a new proof of these facts using our methods.

Note that, in the following theorem, the formula for dim(X,_; 4_1,]) is simply the spe-

cialization of the formula of Conjecture 1.1 to the case at hand.
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Theorem 6.11. Assume A = [d — 1, 1], where d > 3. Put
- 1
Eozmin{fngEZand(d f;” >§€(n—€)}.

Then by <n —1 and
(d+n 1) (d+n£1)+€n_€)_1<(d+”*1)_1 if 2 <l <t

n—1

() — 1 if o < L.

Moreover, the secant variety o¢(X,—1,) is defective if and only if it does not fill its ambient
space. In this case, the defect is

dim oy (Xp1,ja-1,1) = {

( (d+n71)
d+n—£—1 d+n—2 d+n—1 . n—1
(ST () - (T r ez 2l Gt
( n—1 ) +n
0p =
(d+n 1)
\ n—1
Proof. Again we use Lemma 6.4. This time the ideal I = I(;) + --- + Iy contains ¢ generic
linear forms. Thus, I = (xy,...,x,) if £ > n, and we are done in this case. If ¢ < n, then we
get
A=S/I=ZK[xy,...,x00]/(Gy,...,Gy),
where each G; is a generic form of degree d — 1 in T' = Kkl[z1, ..., z,_¢|. It follows that
dim Ug(Xn_L/\)
=—-1+4+ dlmk[l]d

=—-1+ dlmk[S]d - dlmk ]d + dlmk[(Gh ey Gg)]d

[A

T
:—H(difll) B (d+nd_£_1)+min{<d+nd_€_1)’€(”_€>}
:—1—1—(6“7;211) —maX{O, (d+nd—€—1> _g(n_é)}.

In order to see the penultimate equality consider the graded minimal free resolution of
(Gy,...,Gy). Its beginning is of the form

o F =T =d+1) = (Gy,...,G) — 0,

where F' is a graded free T-module. It follows that to compute dimg[(Gy,...,Gy)]q it is
enough to know the number of linearly independent linear syzygies of the ideal (Gy, ..., Gy).
Since the forms G are generic this number is the least possible by the main result in [28§],
and the dimension formula follows. It shows that oy(X,,_1 ) fills its ambient space if and
only if
(d+n—€—1) < t(n—10).
d

If / = n — 1, this is true. Hence, the number ¢, is well defined and satisfies {5 < n — 1.
Furthermore, if 0,(X,,_; ) fills its ambient space, then so does 04+1(X,,_1 ). This completes

the argument for finding the dimension of o,(X,_; ).
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It remains to discuss the defect of 0,(X,,—1 ). Note that
d -2
dim X, = ( n ) +n—1,
n—1
and so the expected dimension of 0,(X,,_; ) is
d+n—1 d+n—2
.di X,_ 1) = mi -1, ¢- In—1.p.
exp.dim op(X;,-1.)) mln{( ne 1 ) , ( J-1 >+n }

We need to show that o,(X,_;) is defective if and only if 2 < ¢ < ¢y < n. Since for such ¢
the variety o,(X,_1.) does not fill its ambient space, this is equivalent to proving

d+n—2 d+n—1 d+n—4¢—-1
f-( Jo1 >+€n—1>( n—1 )—( J >+€(n—€)—1,

that is,

d+n—0-1 d+n—1 d+n—2 9
R M Gt IR J

Notice that
d+n—0—1 d+n—1 d+n—2 (O (d—7+n—1
— /- — —1)
(7)) e () e () ()
= dimy [Syz]4,
where Syz is the first syzygy module of a complete intersection in S that is generated by
¢ < n linear forms (see Remark 3.8). This shows that the left-hand side in Inequality (6.2)

is non-negative, and hence establishes that this inequality is true.
In order to determine the positive defect, it is enough to observe that
) d+n—1
exp.dim oy(X,,—1) < ( > -1
n—1
if and only if
(d+n—1)
(< ~xnt/
= dtn—2
( nil ) +n

This concludes the calculation of the defect. O

Since we discussed the case ¢ = 2 in Section 4, we illustrate the last result in the case
¢ =3.
Corollary 6.12. Consider the secant plane variety o3(X,—1,[g—1,1])-
(a) 03(Xpn_1,[g—1,1)) fills its ambient space if and only if
(i) n € {3,4} andd > 2, or
(ii) n=>5 and d € {2,3,4,5}, or
(i) n =6 and d = 2.

(b) In all other cases 05(X,_1,4-1,1]) is defective with dimension
6n — 16 ifd =2
dim o5(Xp,-1,[g-1,1]) = (d +n— 1) B (d +n—4
d

)+3n—10 if d > 3.
n—1
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Proof. Consider first d = 2. Then we can apply Theorem 6.10. However, it is easier to argue
directly. In this case, the ideal I in Lemma 6.4 is generated by 2¢ = 6 linear forms. Hence
[I]e = [S]2 if and only if n < 6. If n > 7, then we get

. . n+1 n—>5

= 6n — 16.

Moreover, o9(X,,—1,1,1]) is defective if it does not fill its ambient space by Theorem 6.10.
Assume now d > 3. Then Theorem 6.11 shows that o3(X,_1,4-11)) fills its ambient space
if and only if

n
— </, <3
5 =t s

Furthermore, 03(X,,_1 4-1,1)) does not fill its ambient space if n > 6 by Theorem 3.5. Hence,
it remains to consider the cases n € {3,4,5}.
If n =5, this forces ¢y = 3, which means

2
d+1<6 and (d; >>6,

that is, d € {3,4,5}.
Since ly < n — 1, we get £y < 3 if n < 4, and thus o3(X,,_; (1,1) fills its ambient space.
This shows Part (a). Claim (b) follows by Theorem 6.11. O

7. THE VARIETY OF REDUCIBLE FORMS

Every reducible form of degree d in n variables corresponds to a point of the variety
Kl
Xn—l,d = U anl,[dfk,k}
k=1
(Notice that this holds even for reducible forms with more than two factors.)
Thus, we call X,,_1 4 the variety of reducible forms of degree d in n variables. In this
section we study its secant varieties. This is based on the results on the secant varieties of
the various X,,_y g_ ), where k varies between 1 and L%lj

Remark 7.1. The variety X,,_; 4 is irreducible if and only if d = 2. In this case X,,_1 2 =
anl,[l,l] and
2€n—0)+0—1 if20<n

(" -1 if 2¢ > n.

dlm J@(anl,Q) = {

Moreover, 04(X,,_12) is defective if and only if 2 < ¢ < 5. In this case, the defect is given
by Theorem 6.10.

We begin by determining the dimension of X,,_; 4. The next result is an immediate con-
sequence of Corollary 2.18.

Proposition 7.2. For alld > 2 and n > 3,

d -2
dian—l,d = dian—l,[d—l,l] = ( ;:ﬁ 1 > +n—1.
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Corollary 2.18 also gives that X,,_; 41,1 is the unique irreducible component of X,,_; 4
that has the same dimension as X,,_1 4.

As we noted above, X,,_ 4 is not irreducible as soon as d > 2. Thus, in order to calculate
the dimension of 0y(X,,_1 4) one must also consider the (embedded) ¢-joins of the irreducible
components of X,,_; 4.

Recall that if Xy, - -+ , X, are irreducible varieties in P (not necessarily distinct), then the
embedded join of X1, .-+, X,, denoted

J(X, -, XY

is the Zariski closure of the union of all the linear spaces (P, ..., P;) C P™ where P, € X.
If all the X; = X then this is nothing other than o,(X). Furthermore, for any (possibly
reducible) variety X C P™, the parameter count mentioned in the introduction gives

dim 04(X) < min{m, ¢ -dim X+ ¢ — 1},

and the right-hand side is called the ezpected dimension of oy(X).
The following Lemma shows that if X, --- , X, are any ¢ irreducible components of X,,_; 4
and 2¢ < n, then
dim Uﬁ(anl,[dfl,l}) Z dim J(Xl, tee ,Xg).

Lemma 7.3. Consider integers ki, ko, ...k € {1,..., ng}, where d > 2. Let I C S =
k[z1,...,2,] be an ideal generated by 2¢ general forms of degrees ki, ko, ... ko, d — ki, d —
koy....d—kg. Let J C S be an ideal generated by ¢ general linear forms and ¢ general forms
of degree d — 1. If 20 < n, then, for all integers j,

dimg[S/I]; > dimy[S/J];.
Moreover, if k; > 1 for some i € {1,...,0}, then there is some j such that this is a strict
inequality.
Proof. Consider first the case, where n = 2¢. If n = 2, then
1 ifo<j<d-2
dimg[S/J]; = -7
mg[5/J); {0 otherwise,

and the claim follows in this case. Using Hilbert series, this observation can be expressed as

(7.1) 1—tf)(1 —t1F) >

o 2y
Let now n > 4. Then the Hilbert series of S/I and S/J are

¢ ks _gd—k;
R |

=1

(1—1)(1 —t*") whenever 1 < k < g

and

mss/) - [0

Thus, Inequality (7.1) gives
HS(S/1) > HS(S/J),

as desired.
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Finally, assume n > 2¢. Then
¢

1 (1—th)(1 — )
HS(S/1) = g [T =4

L

. 1 IIQ—¢xl—ﬁ*)

(1—t)n2 ’ e (1—1)2
= HS(S/J),
where the estimate follows from the case n = 2¢ and the fact that the coefficients in the
power series expansion of U*t)ﬁ are all non-negative. 0]

We are ready for the main result of this section.

Theorem 7.4. Assume 20 < n. Then
dim 0(X,,—1,¢) = dim 0(Xp,—1,jg-1,1)-
Moreover:
(a) The variety oo(Xp,—1.4) fills its ambient space if and only if
(i) 20 =n and d=2; or
(ii)) ¢ =2, n=4, and d = 3.
(b) If 04(X,,—1,4) does not fill its ambient space, then its dimension is

d—l—n—l)_<d—|—n—€—1

dimoy(X,—14) = ( 01 p ) +/l(n—10)—1,

and 0¢(Xp,—1,4) is defective.

Proof. Let P,..., P, € X,,_1 4 be points such that each P, is a general point on some com-
ponent, say X, [d—, k], Of X,_14. Then Terracini’s Lemma gives (as in Corollary 2.7)

dim(oy(X,,—1,4)) = max {dimk Up, + -+ 1p;— 1| ki, ko, ... ke € {1, . LgJ }} .
Using the notation of Lemma 7.3, this implies
dim(dg(Xn_Ld)) = dlmk[J]d — 1 = dim(ag(Xn,L[d,l,l])),

as desired.

Part (a) is now a consequence of the second part of Theorem 3.5. We claim that part (b)
follows from Theorem 6.11. Indeed, if £ < ¢y then Theorem 6.11 gives the desired dimension.
If ¢y < ¢ then Theorem 6.11 yields that o,(X,,_1 4—1,1)) fills its ambient space. d

Remark 7.5. Lemma 7.3 also implies that

. ) _ d
dim oy (Xp—1,jg—rp)) < dimog(Xp_1g-11) f2<Ek < X

provided ¢ < 2. We conjecture that this bound is true without the latter restriction. Notice
that we have an upper bound for dim o¢(X,,_1 j4—r ) by Proposition 6.6 and that we know
dim 0(X,,—1,j4—1,1) by Theorem 6.11. This reduces this conjecture to a comparison of two
numbers. However, we have been unable to establish the needed estimate.

By Theorem 6.11, we know exactly when the secant variety o;(X,,_1,4-1,1) fills its ambient
space. This gives:
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Theorem 7.6. The secant variety o,(X,—1.4) fills its ambient space if £ > £y, where

- 1
Eozmin{fngEZand(d K—gn )gf(n—é)}.

In particular, 0,(X,—1.4) fills its ambient space if ¢ > n — 1.

Proof. Notice that

dim 0¢(X,,1,¢) > dim 0¢(X,—1 ja-1,1)-
Thus, the claim follows from Theorem 6.11if d > 3. If d = 2, then {, = [%], and we conclude
by Remark 7.1. O

Proof of Theorem 1.5. Combine Theorems 7.4 and 7.6. OJ

Remark 7.7. If 2¢ > n, then Theorems 7.4 and 7.6 do not rule out the possibility that
0¢(X;—1,4) fills its ambient space even when o4(X,,_1 4-1,1]) does not. However, we do not
expect this ever happening. In fact, we suspect that the following extension of Theorem 7.4
is true:

dim 0(X,,—1,¢) = dim 04(Xp,—1,14-1,1)»
for all ¢, n and d. If so, then, by Theorem 6.11, the converse of Theorem 7.6 is true and
0¢(X,—1,4) is defective whenever it does not fill its ambient space.

8. APPLICATION TO SECANT VARIETIES OF SEGRE VARIETIES

The paper [2] by Abo, Ottaviani and Peterson classifies all Segre varieties X such that the
(-secant variety is defective for some ¢ < 7 and it raises some questions as to conjecturally
what happens in general. Our results verify certain cases of these conjectures.

We first recall some terminology from [2] and a related result from [11]. Assume 2 < n, <
... < ny (this is consistent with our ordering convention, but it is the reverse of what [2]
does). Say that (ng,...,n,) is balanced if ny — 1 < II7_yn; — > _,(n; — 1) and unbalanced
otherwise. Using this terminology, [11] proves that with respect to the Segre embedding of
X =Pu! x ... x P! in projective space, X has a defective (-secant variety for some
¢ if (nq,...,n,) is unbalanced. This result, [11, Proposition 3.3], was paraphrased in [2]
essentially as follows (see [2, Lemma 4.1]):

Proposition 8.1. With respect to the Segre embedding of X = P~ x ... x P~ ipn
projective space, o,(X) is defective for € satisfying
I _on; — Z(nz —1) < £ < min{II}_,n;,n }.
i=2
By a Segre variety X being unbalanced [2] means X = P"~!x...xP"~! where (ny,...,n,)
is unbalanced. With these definitions, [2, Question 6.6] then asks:

Question 8.2. Is it true for a Segre variety X such that o,(X) is defective for some {, that
either:
1. X is unbalanced; or
2. X =P? x P! x P* ! with n odd; or
3. X =P2 x P x P3; or
4. X =P x P! x Pt x Pnt?
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The conjecture in [2] is that the answer is yes; to rephrase:

Conjecture 8.3. Let X be a balanced Segre variety but not any of those listed in items 2, 3
or 4 of Question 8.2. Then o,(X) is not defective for all £ > 2.

Our results verify this in various cases, as we now explain.

It is useful to reconsider the morphism (2.1). Let X = P™~! x ... x P!, The points
of the Segre embedding of X in PN~ where N = II;n;, are exactly those of the form
[, Q1@ - - - iy, - . ], Where (ayy, . . ., ap, ) € Pt We can regard [. .., a; 10,0+ Giyrs - - -]
as the multi-homogeneous polynomial

F( .. ,ill'ij, .. ) = E amaiﬂ e GiTTl'illainQ e xirr
T
= szl(aljxlj + -+ anjjxn]-j) < ]k[ ey Ligy e ]

of multi-degree (1") = (1,...,1), where the variables x;; are indexed by 1 < i < n; with
1 <j<rand k[P '] =k[zy,...,2,,;]. Now suppose that n; = (dj::”l_l) for each j, where
dy >dy >--->d, and d = d; + - - - +d,. Regarding the coordinate variables x;; of P! as
an enumeration of the monomials M;; € klxy, ..., x,] of degree d; for each j, we get a map

F— Fecklzy,..., z),

where F is the degree d singly homogeneous polynomial F(. .., M;j,...) obtained by substi-
tuting M;; into z,;. Note that the map ~ is actually a linear homomorphism

T (k[ ooy Tigy - .])(1,_._71) — (k[fﬁl, .. ;In])d-

The projectivizations of (k[...,z,...])a,.1) and (k[z1,...,2,])a are PY~! and P(dtﬁl)’l,

respectively. The restriction of ~ to the affine cone corresponding to the Segre embedding
of X in PN~ is just the surjective morphism induced on affine cones by the morphism (2.1)
of X to Xn—l,)\ for A = [dl, N ,dr].

Since ¢ (k[...,2y,.. ])a,...1) = (K[z1,...,2,])q is linear, it maps the affine cone of the
(-secant variety of X to the affine cone of the ¢-secant variety of X, ;. If 04(X,_1) is
not defective, let us say that the f-secant variety o,(X,_1) of X,,_1 does not overly fill
its ambient space if dimoy(X,,—1) = ¢ -dimX,_; , + ¢ — 1. Also, given the partition \ =
[y, ..., d,], let X,,_1  denote the Segre embedding of P"* =1 x-- - xP" ! where n; = (di;fl_l).
We thus have:

Theorem 8.4. If 04(X,,_1) is not defective and does not overly fill its ambient space, then
0¢(Xn_1,) is not defective.

Proof. Assume 0,(X,,_1 ) does not overly fill its ambient space. If o¢(X,,—1 ) were defective,
then dimoy(X,_1,) < £ -dimX, 1, +¢—1=/¢-dimX,_1,+ ¢ — 1. Since 04(X,,_1)
does not overly fill its ambient space, we have ¢ - dimX,_; y + ¢ — 1 = dimoy(X,,_1,\) and

hence dimoy(X,—13) < dimop(X,—1y). But = ¢ (k[..., 25, .. ), = Kz, ...,2.])a
maps the affine cone of o,(X,_1,) onto the affine cone of 04(X,_1,), so we must have
dimoy(X,—1,) > dimo,(X,,—1.1), hence o4(X,,—1,)) cannot be defective. O

As an example, we have the following corollary which verifies Conjecture 8.3 in a range
of cases. Although this particular consequence is known (see [11, Proposition 2.3]), our

approach is new.
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Corollary 8.5. Let 1 < d, < ---<dy <dy+---+d,, 3<7r and 4 <20 <n be integers
with n; = (di:fl_l) and a = ny ---n,. If X is the Segre embedding of P~ x ... x P~ in
P*~1, then o4(X) is not defective. Moreover, X is balanced for dy = --- = d, > 0.

Proof. By Theorem 3.13, 0,(X,,_1 ) is not defective for A = [dy, ..., d,] and does not overly
fill its ambient space, hence by Theorem 8.4, o,(X) is not defective. Now we just need to

check that X is balanced when dy = --- = d, > 0. Since (dl:fl_ 1) < (dQ(T_nl_)f"_l), it suffices

to show that (dQ(r:i)I“"_l) < (d2:f1_1)r_1 —(r—1) (dijfl_l). But (dz(rzljf"_l) is a polynomial

in dy of degree n — 1 while (df”l_ 1)7“71 —(r— 1)(d2:f‘1_ 1) is a polynomial in dy of degree

(r —1)(n — 1), hence the inequaﬁty must hold for dy > 0. O

9. FURTHER QUESTIONS AND COMMENTS

In this section we pose some natural questions arising from our work.

It is clear from the previous sections that the major algebraic question left open in the
paper is the extent to which sums of at least two generic tangent space ideals to the varieties
of reducible hypersurfaces have enough Lefschetz elements (see Conjecture 5.8). One should
note that less information than the full Weak Lefschetz Property is needed to establish the
conjectured dimension of secant varieties to varieties of reducible forms. This allowed us to
use results by Hochster and Laksov [28], Anick [4], and a theorem on complete intersections
(see [43, 47, 38, 40] or [26]) in the proofs of Theorems 6.11 and 6.8, respectively. It would
be very interesting to have new instances where (partial) Weak Lefschetz Properties are
established.

As we have observed earlier in the paper, each variety of reducible hypersurfaces is a finite
projection of a Segre embedding of a product of projective spaces. Are there more geometric
conclusions (than those we have found in Section 8) that we can draw about the secant
varieties of the Segre embedding from the more abundant information we have for the secant
varieties of the varieties of reducible hypersurfaces?

Another question is if any of the secant varieties of the varieties of reducible forms are
arithmetically Cohen-Macaulay, apart from the trivial cases in which those secant varieties
are themselves hypersurfaces in their ambient space.

Again, apart from some very small examples, we do not have equations for the varieties of
reducible hypersurfaces, much less for their secant varieties (even in cases where we know the
latter are hypersurfaces in their ambient spaces (see Remark 4.5)). It would be interesting to
have some intrinsic equations for these varieties or a bound on the degrees of their equations.

Mammana [31] gives a formula for the degree of the variety of reducible plane curves but
we have no generalization of that formula for varieties of reducible hypersurfaces beyond the
case of plane curves. More generally, one would like to have a formula for the degree of
the secant varieties of these varieties. This is not known even for varieties of plane curves,
except in the most trivial of cases. It would even be interesting to know the degree when
the variety is a hypersurface in its ambient space.

Acknowledgements:
The authors wish to thank Queen’s University and NSERC (Canada), in the person of the

second author, for kind hospitality during the preparation of this work.
44



Catalisano and Gimigliano were partially supported by GNSAGA of INDAM and by MUIR
funds (Italy). Geramita was partially supported by NSERC (CANADA) under grant No.
386080, while Harbourne was partially supported by NSA (US) under grant NO. H98230-13-
1-0213. Both Migliore and Nagel were partially supported by the Simons Foundation under
grants No. 309556 (Migliore) and 317096 (Nagel). Shin was supported by the Basic Science
Research Program of the NRF (Korea) under grant No. 2013R1A1A2058240/2.

The authors are also grateful to the referees for helpful suggestions and comments.

[1]
2]

[3]

REFERENCES

H. Abo, Varieties of completely decomposable forms and their secants, J. Algebra 403 (2014), 135-153.

H. Abo, G. Ottaviani, and C. Peterson, Induction for secant varieties of Segre varieties, Trans. Amer.

Math. Soc. 361(2) (2009), 767-792.

J. Alexander and A. Hirschowitz, Polynomial interpolation in several variables. J. Algebraic Geom. 4(2)

(1995), 201-222.

D. Anick, Thin algebras of embedding dimension three, J. Algebra 100 (1986), 235-259.

E. Arrondo and A. Bernardi, On the variety parametrizing completely decomposable polynomials. J. Pure

Appl. Algebra, 215 (2011), 201-220.

A. Bernardi, M. V. Catalisano, A.Gimigliano, and M. Ida, Osculating varieties to Veronese varieties

and their higher secant varieties, Canadian J. Math. 59 (2007), 488-502.

G. Bordiga, Sul modello minimo della varieta delle n-ple non ordinate dei punti di un piano, Annali di

Mat. (3) 27 (1918), 1-40.

P. Burgisser, M. Clausen, M.A. Shokrollchi, “Algebraic Complexity Theory,” Springer Verlag, Berlin,

1987.

E. Carlini, L. Chiantini, A.V. Geramita, Complete intersections on general hypersurfaces, Mich. Math.

J. 57 (2008), 121-136.

E. Carlini, E. Guardo, A. VanTuyl, Star Configurations on generic hypersurfaces, J. Algebra 407 (2014)

1-20, arXiv: 1207.7153.

M. V. Catalisano, A. V. Geramita, and A. Gimigliano, Ranks of tensors, secant varieties of Segre

varieties and fat points, Linear Algebra Appl. 355 (2002), 263-285. Erratum, Linear Algebra Appl. 367

(2003), 347-348.

M.V. Catalisano, A.V. Geramita and A. Gimigliano, Secant Varieties of Grassmann Varieties, Proc.

Amer. Math. Soc. 133 (3) (2005), 633-642.

M. V. Catalisano, A.V. Geramita, and A. Gimigliano, Secant Varieties of P* x --- x P! (n-times) are

NOT Defective for n > 5, J. Algebraic Geom. 20 (2011), 295-327.

M. V. Catalisano, A.V. Geramita, A. Gimigliano, and Y. S. Shin, The Secant Line Variety to the

Varieties of Reducible Plane Curves, Ann. Mat. Pura Appl. (4) 195 (2016), 423-443.

L. Chiantini and D. Faenzi, Rank 2 arithmetically Cohen-Macaulay bundles on a general quintic surface,

Math. Nachr. 282 (2009), no. 12, 1691-1708.

A. Constantinescu, Hilbert function and Betti numbers of algebras with Lefschetz property of order m,

Comm. Algebra 36 (2008), 4704-4720.

D. Cox and J. Sidman, Secant Varieties of toric varieties; J. Pure Appl. Algebra 209 (2007), no. 3,

651-669.

R. Froberg, An inequality for Hilbert series of graded algebras, Math. Scand. 56 (1985), 117-144.

A.V. Geramita, B. Harbourne, and J.C. Migliore, Star configurations in P, J. Algebra 376 (2013),

279-299.

A.V. Geramita, B. Harbourne, J.C. Migliore, U. Nagel, Matroid configurations and symbolic powers of

their ideals, Trans. Amer. Math. Soc. (to appear); arXiv:1507.00380.

A.V. Geramita, J.C. Migliore, and S. Sabourin, On the first infinitesimal neighborhood of a linear

configuration of points in P2. J. Algebra 298 (2008), 563-611.

Anthony V. Geramita, Inverse systems of fat points: Waring’s problem, secant varieties of Veronese

varieties and parameter spaces for Gorenstein ideals, The Curves Seminar at Queen’s; Vol. X (Kingston,
45



ON, 1995), Queen’s Papers in Pure and Appl. Math., 102, Queen’s Univ., Kingston, ON, 1996, pp.
2-114.

T. Harima, T. Maeno, H. Morita, Y. Numata, A. Wachi, and J. Watanabe, The Lefschetz properties,
Lecture Notes in Mathematics 2080, Springer, 2013.

T. Harima, J. Migliore, U. Nagel, and J. Watanabe, The Weak and Strong Lefschetz Properties for
artinian K -Algebras, J. Algebra 262 (2003), 99-126.

T. Harima and A. Wachi, Generic initial ideals, graded Betti numbers and k-Lefschetz properties, Comm.
Algebra 37 (2009), 4012-4025.

J. Herzog and D. Popescu, The strong Lefschetz property and simple extensions, preprint. Available on
the arXiv at http://front.math.ucdavis.edu/0506.5537.

A. Laface and E. Postinghel, Secant varieties of Segre-Veronese embeddings of (P')", Math. Ann. 356
(2013), 1455-1470.

M. Hochster and D. Laksov, The generic syzygies of linear forms. Comm. in Algebra 15 (1&2) (1987),
227-239.

J. Landsberg, “Tensors: Geometry and Applications,” Graduate Studies in Mathematics 128, American
Mathematical Society, Providence, RI, 2011.

D. Grayson and M. Stillman, Macaulay2, a software system for research in algebraic geometry, Available
at http://www.math.uiuc.edu/Macaulay2/.

C. Mammana, Sulla varieta delle curve algebriche piane spezzate in un dato modo, Ann. Scuola Norm.
Super. Pisa (3) 8 (1954), 53-75.

J. Migliore, R. Mir6-Roig, and U. Nagel, On the Weak Lefschetz Property for powers of linear forms,
Algebra Number Theory 6 (2012), 487-526.

J. Migliore, U. Nagel, and C. Peterson, Bezout’s theorem and Cohen-Macaulay modules, Math. Z. 237
(2001), 373-394.

J. Migliore and U. Nagel, A tour of the weak and strong Lefschetz properties, J. Commut. Algebra 5
(2013), 329-358.

J.P. Park and Y.S. Shin, The Minimal Free Resolution of A Star-configuration in P™, J. Pure Appl.
Algebra. 219 (2015), 2124-2133.

M. Patnott, The h-vectors of arithmetically Gorenstein sets of points on a general sextic surface in P2,
J. Algebra 403 (2014), 345-362.

M. Ravi, Determinantal equations for secant varieties of curves, Comm. Alg. 22 (1994), 3103-06.

L. Reid, L. Roberts, and M. Roitman, On complete intersections and their Hilbert functions, Canad.
Math. Bull. 34 (4) (1991), 525-535.

C. Segre, Considerazioni intorno alla geometria delle coniche di un piano e alla sua rappresentazione
sulla geometria dei complessi lineari di rette, Atti R. Acc. Sci. Torino (1885), 487-504.

H. Sekiguchi, The upper bound of the Dilworth number and the Rees number of Noetherian local rings
with a Hilbert function, Adv. Math. 124 (1996), 197-206.

N. Spampinato, Geometria delle cubiche piane, Atti Acc. Gioenia di Catania, 1919-20 and 1921-22.
Y.S. Shin, Secants to the variety of completely reducible forms and the Hilbert function of the union of
star-configurations, J. Algebra Appl. 11 (2012) 1250109, 27pp.

R. Stanley, Weyl groups, the hard Lefschetz theorem, and the Sperner property, STAM J. Algebraic
Discrete Methods 1 (1980), 168-184.

B. Sturmfels and S. Sullivant, Combinatorial Secant Varieties, Pure Appl. Math. Q. 2 (2006), no. 3,
part 1, 867-891.

A. Terracini, Sulle Vi per cui la varieta degli Sy, (h + 1)-seganti ha dimensione minore dell’ordinario,
Rend. Circ. Mat. Palermo 31 (1911), 392-396.

P. Vermeire, Regularity and Normality of the secant variety to a projective curve, J. Algebra 319 (2008),
1264-1270.

J. Watanabe, The Dilworth number of Artinian rings and finite posets with rank function, Commutative
Algebra and Combinatorics, Advanced Studies in Pure Math. Vol. 11, Kinokuniya Co. North Holland,
Amsterdam (1987), 303-312.

46


http://www.math.uiuc.edu/Macaulay2/

DIPARTIMENTO DI INGEGNERIA MECCANICA, ENERGETICA, GESTIONALE E DEI TRASPORTI, UNIVER-
SITA DI GENOVA, GENOA, ITALY.
E-mail address: catalisano@dime.unige.it

DEPARTMENT OF MATHEMATICS AND STATISTICS, QUEEN’S UNIVERSITY, KINGSTON, ONTARIO, CANADA
AND DIPARTIMENTO DI MATEMATICA, UNIVERSITA DI GENOVA, GENOA, ITALY
E-mail address: Anthony.Geramita@gmail.com, geramita@dima.unige.it

DIPARTIMENTO DI MATEMATICA AND CIRAM, UNIVERSITA DI BOLOGNA, BOLOGNA, ITALY
E-mail address: alessandr.gimigliano@unibo.it

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF NEBRASKA, LINCOLN, NE 68588-0130 USA
E-mail address: bharbour@math.unl.edu

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF NOTRE DAME, NOTRE DAME, IN 46556, USA
E-mail address: migliore.10nd.edu

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF KENTUCKY, 715 PATTERSON OFFICE TOWER, LEX-
INGTON, KY 40506-0027, USA
E-mail address: uwe .nagel@uky.edu

DEPARTMENT OF MATHEMATICS, SUNGSHIN WOMEN’S UNIVERSITY, SEOUL, 136-742, REPUBLIC OF

KOREA
E-mail address: ysshin@sungshin.ac.kr

47



	Copertina_postprint_IRIS_UNIBO
	CGGHMNS-160825
	1. Introduction
	2. Intersections and the Dimension of Secant Varieties
	3. Proper Intersections
	4. The Secant Line Variety and Passage to Improper Intersections
	5. Improper Intersections and Lefschetz properties
	6. Forms with two factors and Fröberg's Conjecture
	7. The variety of reducible forms
	8. Application to secant varieties of Segre varieties
	9. Further questions and comments
	References


