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Preface to “"Decomposability of Tensors”

The Special Issue “tensor decomposition” is devoted to collecting papers on a subject that
is rapidly developing in recent years, with (unexpected) connections between different areas of
mathematics. Though tensor analysis is a topic that, for a long time, has been considered a
chapter of multilinear algebra with a view towards numerical analysis, it turned out recently
that methods of projective geometry, often arising from a classical point of view, have a strong
connection with the theory of tensors and can produce advances that are also valuable in applicative
domains. In particular, the study of tensor rank, i.e., the complexity of a tensor, was invigorated
by the introduction of techniques based on the background of projective geometry. If one considers
elementary tensors as a tensor product of vectors, then the computation of the rank corresponds
to finding the minimum k, such that a tensor belongs to the k-secant variety of a product variety.
In projective terms, the main notions of tensor analysis can be defined modulo scalar products, so
most problems can be translated in terms of points in projective spaces, and product varieties become
Segre embeddings of products of projective spaces (or Veronese embeddings of projective spaces,
in the symmetric setting). In this circle of ideas, a decomposition of a tensor T corresponds to a
set Z of projective points, such that T belongs to the linear span of Z. Thus, the geometry of secant
varieties to Segre and Veronese varieties provides basic tools for understanding the decomposition
of a given tensor. Notions like the uniqueness and minimality of a given decomposition found a
natural formulation in terms of projective geometry. Also, special decompositions can be described
in terms of proprieties of secant spaces. Altogether, the initial features of these new perspectives were
described in a series of books and papers. Yet, as the theory develops quickly, it is useful to make
frequent reports on the status of the art.

This book collects papers that contain both surveys on the actual main achievements on some
classical problems on the decomposition of tensors, like the best-known bounds on the rank of
symmetric tensors, together with results on special decompositions and extensions to the generalized
study of decompositions with respect to any subvarieties.

We hope that the content of this book will provide a helpful collection of geometric perspectives
on tensor analysis and tensor decomposition, which are necessary both to create a solid starting point
for future developments and to establish a background of geometric methods for people who arrived

to work in the subject coming from different points of view.

Luca Chiantini
Special Issue Editor
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A Very Brief Introduction to Nonnegative Tensors
from the Geometric Viewpoint

Yang Qi
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Abstract: This note is a short survey of nonnegative tensors, primarily from the geometric point of

view. In addition to basic definitions, we discuss properties of and questions about nonnegative
tensors, which may be of interest to geometers.

Keywords: nonnegative tensors; low-rank approximations; uniqueness and identifiability; spectral
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1. Introduction

Tensors are ubiquitous in mathematics and sciences. In the study of complex and real tensors,
algebraic geometry has demonstrated its power [1,2]. On the other hand, tensor computations also
help people understand classical algebraic varieties, such as the secant varieties of Segre varieties
and Veronese varieties, and raise interesting and challenging questions in algebraic geometry [3,4].
Traditionally, geometers tend to study tensors in a coordinate-free way. However, in applications,
practitioners must work with coordinates. Among those tensors widely used in practice, a large number
of them are nonnegative tensors, i.e., tensors with nonnegative entries. In this case, most powerful
geometric tools developed for complex tensors can not be applied directly due to the fact that the
Euclidean closure of tensors with rank no greater than a fixed integer is no longer a variety, but a
semialgebraic set. This forces us to investigate the semialgebraic geometry of nonnegative tensors.
In this note, we will review some important properties of nonnegative tensors obtained by studying
the semialgebraic geometry, and propose several open problems which are pivotal in understanding
nonnegative tensors and also may be interesting to geometers.

2. Definitions

Nonnegative tensors arise naturally in many areas, such as hyperspectral imaging, statistics,
spectroscopy, computer vision, phylogenetics, and so on. See [5-8] and the references therein.
Before further investigations, let us recall basic definitions of tensors.

Definition 1. Let Vi, ..., V; be vector spaces over a field K. The tensor product V.= V) @ - - - @ V; is the free
linear space spanned by Vi x - - - x V,; quotient by the equivalence relation:

(vl,...,avi+ﬁv§,...,vd) ~a(vl,...,v,‘,‘..,vd)+ﬁ(vl,...,v§,...,vd) (1)
for every vi,vg cViua,BicKandi=1,...,d. Anelement of V1 ® - - - ® Vj is called a tensor.

Equivalently, Vi ® - - - ® V; is the vector space of multilinear functions:

Vix-ox Vi =K,
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where V/* is the dual space of V; fori = 1,...,d. A representative of the equivalence class of (v1,...,v4)
is called a decomposable tensor and denoted by v1 ® - - - ® v,.

The rank of a given tensor T € V] ® - - - ® V;; is the minimum integer r such that T is a sum of r
decomposable tensors, i.e.,

r
T=Y 0,0 ®uvg ()
i-1

where v;i € V] forj=1,...,dandi=1,...,r. Such a decomposition is called a rank decomposition (or
canonical polyadic decomposition or CP decomposition).

Now we focus on the case K = R, and for each V; we fix a basis, which enables us to work
with coordinates. Let R be the semiring of nonnegative real numbers. A nonnegative tensor in
Vi ®- - ® Vy is a tensor whose coordinates are nonnegative. Let V;" denote the set of nonnegative
vectors in V; for eachi = 1,...,d, and V* denote the set of nonnegative tensors in V.

Definition 2. For T € VT, the nonnegative rank of T is the minimum integer r so that there exist nonnegative
vectors v j € Vit fori=1,...,dand j=1,...,r making Equation (2) holds.

It is clear that rank (T) > rank(T) for every T € V7. Besides, there exists some T € V* such
that rank (T) > rank(T). For example, let

T=e1®e1®e;+e1RerRey+exReyRe; +ex@ep ey €R2®R2®RZ, 3)
wheree; = [1,0]T and e; = [0,1]T, then rank (T) = 4 > 2 = rankg(T).

3. Applications

One reason that nonnegative tensors are popular is due to the statistical interpretation behind—a
Bayesian network [9-11]. More precisely, assume a joint distribution of several random variables x; is
given by:

d
plet,.oxa) = [T]p(xi10)dpo @
i=1

where 6 is a latent variable. When x1, ..., x; and 6 are discrete, (4) becomes:
r
tivig = 3 Arlliyp -+ Uiy p, 6)
p=1

i.e.,, a nonnegative rank decomposition [5,12]. Such a model, for instance, has been applied in
clustering [13].

As another application, nonnegative tensors have shown their powers in image processing.
Usually hyperspectral images are processed as nonnegative matrices M € R/*", where n is the
number of pixels and m denotes the number of spectral bands. By the sensor developments, it is
possible to collect time series of hyperspectral data, which can be understood as nonnegative tensors,
namely A € R"*"*4 where d is the dimensionality of the time or multiangle ways [14]. A nonnegative
rank decomposition of A gives a blind spectral unmixing of hyperspectral data.

Recently, tensor methods have also used in isogeometric analysis (IGA) [15-17]. A Galerkin-based
approach of IGA studies tensor-product B-splines. To obtain Galerkin matrices effectively, low rank
approximations of integral kernels are employed [16]. In many cases, the constructed mass tensor is a
positive tensor.

4. Algorithms

Due to the broad and important applications, nonnegative tensor decomposition (NTD) and
nonnegative matrix factorization (NMF) have received vast research on their algorithms. Perhaps the
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most popular algorithm for NMF is the multiplicative updating rule [18], and since then, numerous
more efficient algorithms have been proposed, such as the algorithms using the alternating nonnegative
least squares [19-21], the algorithms using the hierarchical alternating least squares [22], the algorithms
using deflation [23], and many more algorithms based on other methods, for example [24,25], etc.
The main ideas of some algorithms have been naturally generalized to decompose nonnegative tensors,
for example [23,26-28]. Since the main purpose of this note is to introduce the geometric properties of
nonnegative tensors, we invite those readers who are interested in algorithms to read comprehensive
surveys on algorithms of NTD, for example [29-31].

5. Nonnegative Rank Decompositions

Tt is known that when d > 2, rank decompositions (2) are often unique over C and R, which is
very important in applications. For nonnegative tensors, it is also an important issue to investigate
the identifiability property. Before studying the identifiability of nonnegative tensors, let us recall
fundamental definitions and known results of complex and real tensors.

For any tuple of positive integers (ny,...,n4), there is a unique integer rq(ny,...,1n4), which
only depends on 1y, ..., 14 such that the set of complex rank-r¢(ny,...,14) tensors in C" @ - - - @ C"
contains a Zariski open subset of C" @ - - - ® C". In fact, rg(n1, ..., M) is the minimum integer r such
that the rth secant variety of the Segre variety Seg(P"1~! x .. x P"2~1) is the ambient space P"1""a~1,
rg(my, ..., ng) is called the generic rank of C"1 @ - - - @ C". It is not always the case that the generic rank
rg(nl, ..., ng) equals ]—Mﬂiﬁﬂm-‘ , which leads us to the following definition.

Definition 3. If the K-dimension of the set of rank-r tensors in K" @ - - - @ K" is strictly less than min{r(ny +
sty —d—+1),n1- - ng}, then KM @ - - - @ K" is called r-defective.

When K is algebraically closed, K" ® --- @ K" is not r-defective, which implies a general
rank-r tensor T has finitely many rank decompositions. If we require further that T has a unique
decomposition, we will arrive at the following definition.

Definition 4. If a general rank-r tensor in K" @ --- @ K" has a unique rank-r decomposition over K,
then KM ® - - - ® K" is called r-identifiable.

There has been a large amount of research on defectivity [32-34] and identifiability [1,35-41].
Here, we highlight three notable results.

Theorem 1 (Kruskal). Let Vi,. ..,V be finite dimensional vector spaces over a field K [35], and
r
TZZZJl,i@"'@Ud,i€V1®"-®Vd. (6)
i=1

Ifxy + -+ 4+x5 > 2r+d —1, then rank(T) = r and T has a unique rank-r decomposition (6), where «; is
the maximum integer such that every subset of {v;1,...,v;,} with k; elements is linearly independent for
i=1,...,d.

Theorem 2 (Bocci—Chiantini-Ottaviani [1]). Assume ny < --- < ng. Then C"M @ --- @ C" is
r-identifiable when:
o H}izl nj— (n1+ny+mn3—2) H?:3 n;

1+ (n—1)
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Theorem 3 (Chiantini-Ottaviani-Vannieuwenhoven). C" @ - - - @ C" is r-identifiable when [40]:

gt
r< ;
1+ Zj:l(nj -1)

and H}Ll n; < 15000, except the following cases:

(nq,...,nq) r Type
(4,4,3) 5 defective
(4,4,4) 6 sporadic
(6,6,3) 8 sporadic

(n,n,2,2) 2n—1 defective

(2,2,2,2,2) 5 sporadic

n > H?:z n; — Zfzz(n[ -1 r> ]'[f’:2 n;— ):?:2(711 —1)  unbalanced

Note that Theorems 2 and 3 focus on complex tensors; however, with the help of the following
lemma, we are able to extend these results to real tensors.

Lemma 1. IfC" ® - - - ® C" is r-identifiable, then R™ ® - - - @ R"4 is r-identifiable when r < r¢(ny,...,ng) [42].
As an example, we have the following corollary.

Corollary 1. R"**"d js r-identifiable if:

. e
1+ E;'j:] (n; —1)

H‘i”:l n; < 15000, and (ny,...,ng,r) is not one of the following cases:

(nlr-'-rnd)
(4,4,3)
(4,4,4)
(6,6,3)
(n,n,2,2) 2n —1
(2,2,2,2,2) 5
m > T o — Y o(ni—1) r>TIm— Y ,(ni—1)

|| U1 =

In fact, for the above exceptional cases, we can derive more information from Theorem 3.

Corollary 2.

o RS s 5 defective.
e  Foranyn > 2, RM"<2x2 s (2 — 1)-defective.
e Forng >--->ny > 2, RM*>" s r-defective if

n > H?:z nj — Z?:z(”i —1) and r> 1_[7:2 ni—Yy

d
1.:2(71,‘ - 1)

Recall that for a symmetric tensor T € S%(V) over K, the symmetric rank of T is the minimum
integer r such that

r
T= Z )\i?]?d,
i=1

where A; € K,v; € Vfori = 1,...,r. For symmetric tensors, we can also have the definitions of
generic rank, r-defectivity, and r-identifiability. More precisely, the generic symmetric rank, r¢(11;d),



Mathematics 2018, 6, 230

is defined to be the minimum integer r such that the rth secant variety of the Veronese variety v;(P"~1)
fills in the ambient space over C. If the K-dimension of the set of symmetric rank-r tensors in S$?(K")
is strictly less than min{rn, (”*gil )}, then S9(KK") is called r-defective. If a general symmetric rank-r
tensor has a unique decomposition over K, $?(K") is called r-identifiable. The defectivity problem has
been completely solved in [43].

Theorem 4 (Alexander—Hirschowitz). The generic rank [43]:

n

re(n;d) = {

except the following case:
o  Whend =2,rg(n;d) =n.
ntd—1
o When (d,n) = (3,5),(4,3), (4,4), (4,5), re(m;d) = ["] +1.

n

The identifiability problem of S?(C") has been addressed in [2,44-46], and the complete solution
was given in [2].

Theorem 5 (Chiantini-Ottaviani-Vannieuwenhoven). S%(C"*1) is r-identifiable when [2]

L [(’%W

n+1

and d > 3, except that (d,n,r) € {(6,2,9),(4,3,8),(3,5,9)} where a general complex symmetric rank-r
tensor has exactly two symmetric rank decompositions.

Similar to Lemma 1, we have the following lemma for real symmetric tensors.
Lemma 2. Letr < r¢(n;d). IfS*(C") is r-identifiable, then S*(R™) is r-identifiable [42].
As an example, we have

Corollary 3. S4(R"*1) is r-identifiable when:

and if (d,n,r) ¢ {(6,2,9),(4,3,8),(3,5,9)}.

Now, we are in a position to study the relations among complex, real, and nonnegative ranks.
Given real vector spaces Vj, ..., V; of dimensions ny, ..., 1y, respectively, let V:=V; ® - - - ® V; and
V¢ be the complexification of V. For any positive integer 7, let

D;f = {X € V' | rank, (X) <r}
denote the set of nonnegative tensors with nonnegative ranks not greater than r.

Theorem 6. Let r < rg(ny, ..., ng). Forageneral T € D;f, its real rank and complex rank are also r. If Vg is
r-identifiable, then T has a unique rank-r decomposition, which is nonnegative [42].

For nonnegative tensors, when r > rg(nl, .. .,nd), the set of nonnegative rank-r tensors may
contain a nonempty open subset of V* under the Euclidean topology. If so, r is called a nonnegative
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typical rank. A Similar phenomenon happens in the real case which motivates the definition of real
typical rank, i.e., r is a real typical rank if the set of real rank-r tensors contains a nonempty open subset
of V. We will illustrate the difference between nonnegative ranks and real ranks by the following
example, where Rf’f”xn denotes the set of nonnegative tensors in R *"*",

Proposition 1. [42]

e The nonnegative typical ranks of RY***? are 2,3, 4.
o The nonnegative typical ranks of R332 are all integers m satisfying:

5<m<09.

o When n > 4, the nonnegative typical ranks of R',*™*"" consist of all integers m satisfying:

3

n 2
<<
[371—2} sm=n

Theorem 6 and Proposition 1 reveal that for a general nonnegative rank-r tensor T, the true
difference among its complex, real, and nonnegative ranks appears when r > r¢(n1,...,14), namely
when r < rg(ny,...,n4), the complex and real ranks of T are also r, but when r > r¢(n1,...,n4), D;f
contains a nonempty open subset I/ of V' such that for each T € U,

rg(ny,...,ng) = rankc(T) < rankg(T) < rank,(T) =r.

More concretely, let T be the tensor defined in (3). Then there exists a nonempty open neighborhood U/
of Tin Rixez such that for any A € U,

rankc(A) = 2 < 4 = rank, (A).

6. Low Rank Approximations

Given T € V* with r < rank(T), let:

6(T)= inf | T-X|,
XeD;)t

where || - || is the Hilbert—Schmidt norm.
Itis known that theset D, = {X € V; ® - - - ® V;; | rank(X) < r} is not closed under the Euclidean
topology over R or C when r > 1 [47]. However, for nonnegative tensors, we can show:

Proposition 2. D, is a closed semialgebraic set under the Euclidean topology [48].

Since D;' is closed, for any T ¢ D;', there is always some Ty € D, such that | T — Ty|| = 6(T),
i.e., the optimization problem:
min || T — X|| @)
rank4 (X)<r

makes sense. Furthermore, we can have the following result.
Proposition 3. A general T € V' has a unique best nonnegative low-rank approximation [48].

Before studying nonnegative rank approximations, let us recall the following useful lemma.
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Lemma 3. For T € V over R, assume rank(T) > r and A Y], Ty is a best rank-r approximation, where
T} =01 ® - Qg and Hﬂ':l Tj|| = 1. Then:

(T)01j @ ®0;; Q- @V :/\<er:1 Tl,vl,j®---®z?,,-®---®vd,j>, ®)
wherei=1,...,d,andj=1,...,r,where A = (T,Y|_; Tj), and {, ) denotes tensor contraction.
The support of a vector u € V is defined to be:
supp(u) :== {j ={1,...,dimg V} | the jth coordinate of u is nonzero}.
Then for a nonnegative tensor T, Lemma 3 becomes

Lemma4. Let T € V' withrank (T) > rand Y = Z;Zl 01, ® - - - @ vg j be a solution of (7). Then:
<T,‘01/j Q- ® w; j (SR ®Ud,j> < <Y,1)1,j (IR ®‘(U,'l]' (SR ®Ud,j> 9)
where w;; € Vi+' i=1,...,dand j=1,...,s. For every pair (i,j), define:

{7,4,/ = {v € V; : supp(v) C supp(v;)}.

Then:
<T,Ul/j @ QW& ®Ud,j> = <Y,Z)1,j @ QWi & ®Ud,j> (10)

forw;j € ‘7,]
Lemma 4 guarantees us the following result.
Proposition 4. Let T € V' with rank, (T) > r and X be a solution of (7). Then rank. (X) = r [48].

Proposition 4 shows that it is indeed appropriate to call a solution of (7) a best nonnegative rank-r
approximation.

By Proposition 3, we know a general nonnegative tensor has a unique best nonnegative rank-r
approximation. However, it is still unclear if this best approximation has a unique nonnegative rank-r
decomposition. Below is an example where we have the uniqueness. On the other hand, the general
case is not known yet.

Proposition 5. Let r = 2 or 3 and let ny,...,ng > 3. Then for a general T € R its unique best
nonnegative rank-r approximation has a unique nonnegative rank-r decomposition [42].

Question 1. Assume V is r-identifiable. Given a general T € V', is it true that the unique best nonnegative
rank-r approximation of T has a unique nonnegative decomposition?

7. Spectral Theory
In this section, we start with nonnegative rank-one approximations, which lead us to the spectral

theory of nonnegative tensors.

Proposition 6. Given T € V%, let 11 @ --- @ uy € V be a best real rank-one approximation of T.
Then uy,...,uy can be chosen in the form 1y € Ve, u € Vdf
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By Proposition 6, for a nonnegative tensor T, we will not distinguish a best real rank-one
approximation and a best nonnegative rank-one approximation. By Lemma 3, a best real rank-one
approximation of a real tensor is a solution of (8), which motivates us the following definition.

Definition 5. Let Vi, ..., V; be vector spaces over K of dimensions ny,...,ng. For T € V1 ® - - - @ Vy, we call

(Mg, ... ug) € Kx Vy x -+ x Vyanormalized singular pair of T if:

T @ - QU @+ Quy) = Auj,

{< 18 @@ @ ug) = Au; )
(ui,u;) =1,

where i = 1,...,d. Then, A is called a normalized singular value and (uy,...,uy) is called a normalized
singular vector tuple. When K = R, A > 0, and u; € Vi*, we call (A, uy,...,uy) a nonnegative normalized
singular pair of T.

Similar definitions have been proposed by several authors; for example, the following projective
variant was introduced in [49].

Definition 6. Given vector spaces Wy, ..., W, over K of dimensions ny,...,ng, for T € Wy @ --- @ Wy,
([01], -, [v4]) € PWy x -+ - x PWy is called a projective singular vector tuple if [49]:

(T,v1®~-~®@®~-®vd>:/\ivi (12)
for some A; € K, where 1 <i <d.

The number of projective singular vector tuples of a general complex tensor was calculated in [49],
which is the Euclidean Distance (ED) degree of PW; x - - - x PW, by [50].

Theorem 7. Let T be a generic tensor in Wy & - - - ® Wy over C. Then T has exactly c(ny, ..., ng) simple
projective singular vector tuples corresponding to nonzero singular values, where c(ny, ..., ng) is the coefficient
of the monomial H’f’zl £ “Lin the polynomial [49]:

?”i n;

d _
H ’? ! ,whereti:Zt]-,i:l,...,d.
1

i i7i

Over R, there are several nonempty open subsets U, ..., Uy of V] @ - - - ® V; such that the number
of projective singular vector tuples is constant on each U;, denoted by m;, fori =1,...,k, butm; #m i
ifi # j. One way to describe the number of projective singular vector tuples by using a single number
is to impose certain probability distribution on V; @ - - - ® V; and compute the expected number of
projective singular vector tuples of T when T is randomly drawn under the given distribution.

Theorem 8. Let T € R™* " *" be q random tensor drawn under the Gaussian distribution. Then the expected
number of projective singular vector tuples of T is given by [51]:

(27)d/2 1 /
—————— [ |detC|duw,
2 L)
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where n = Y ; n;, I' is Euler’s gamma function,

ALy 1 Anp Arg
A;r,z A Inzfl A2,d
C= . ,
T T
Al/d Az/d ALy,

and W is the vector space formed by A and A; j with i < j.

Coming back to nonnegative tensors, we may have more information about their singular pairs
than real tensors. Before studying singular pairs of nonnegative tensors, let us recall the following
well-known Perron-Frobenius Theorem. See for example [52] for more details.

Theorem 9. Given a nonnegative square matrix M,

e its spectral radius r(M) is an eigenvalue.

e there is some nonnegative vector v # 0 such that Mv = r(M)wv.

e r(M) > 0if Mis irreducible.

e there is some positive vector u > 0 such that Mu = r(M)u if M is irreducible.

o if M is irreducible, then A is an eigenvalue of M with a nonnegative eigenvector if and only if A = r(M).
o r(M) issimple if M is irreducible.

o cvery eigenvalue A satisfies |A| < (M) if M is irreducible.

The next three results, namely Lemmas 5-7, give an analogue of the tensorial Perron-Frobenius
Theorem [53-56] for nonnegative normalized singular pairs, which will help us learn more about best
rank-one approximations.

Lemma 5 (Existence). Any nonnegative tensor has (at least) a nonnegative normalized singular pair.
Definition 7. A tensor is called positive if all its entries are positive.

Lemma 6 (Positivity). A positive tensor has a positive normalized singular pair.

Recall that the spectral norm for a tensor, which is NP-hard to compute or approximate [57],
is defined as follows.

Definition 8. For T € V; ® --- ® Vj over R, let | T||y := max{[(T,u1 @ --- @ug)| : |uy| = --- =
lieq]| = 1} be the spectral norm of T.

Lemma 7 (Generic Uniqueness). Let T be a general real tensor. Then T has a unique normalized singular
pair (A, uy, ..., ug) such that A = || T||,.

Lemma 7 motivates the following open question.

Question 2. Can we give a sufficient condition such that any nonnegative tensor satisfying this condition
has a unique normalized singular pair with A = ||T||, and this condition can be satisfied by a general
nonnegative tensor?

For matrices over R or C, by the Eckart-Young Theorem, best low-rank approximations can
be obtained from successive best rank-one approximations. However, for tensors, this ‘deflation
procedure” does not work [48,58,59].
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Besides singular vector tuples, eigenvalues and eigenvectors of a tensor can be also defined.
Unlike matrices, there are several ways to define eigenvalues and eigenvectors of a tensor [60]. In this
note, we will use the following one which was firstly introduced in [55,61].

Definition 9. For T € V®? over K, if:
(T, u®W=1y = Ay,

then A € K is called an eigenvalue of T, and u € V is called an eigenvector. The pair (A, u) is called an
eigenpair. Two eigenpairs (A, u) and (u,v) of T is said to be equivalent if t*=2A = y and tu = v for some
tekK

When T is a real or complex symmetric tensor, a best rank-one approximation of T can be always
chosen to be symmetric [62,63], and thus is an eigenvector of T.

Theorem 10. Let T € VWD) pe a real random tensor under the Gaussian distribution. Then the expected
number of equivalence classes of eigenpairs of T is given by [64]:

2" WA'T(n— 1)
VA(d +1)" 2T ()

where yFy is the Gaussian hypergeometric function.

d
,?) +,F1(1,n

H

;

I\)M—‘
N\UJ

[2(n —1),F1(1,n—

The number of equivalence classes of eigenpairs of a generic complex symmetric tensor has been
calculated in [65]. See [66] for another proof. This number is the ED degree of the Veronese variety [50].

Theorem 11. Let V be an n-dimensional complex vector space. Let T € S*(V') be a symmetric tensor whose
equivalence classes of eigenpairs are finitely many. Then, T has [65]:

d-1)"-1
d—2

equivalence classes of eigenpairs, counted with multiplicities.

For the real case, again, we may impose a probability distribution on S¢(V) and compute the
expected number of equivalence classes of eigenvalues of a random symmetric tensor.

Theorem 12. Let V be an n-dimensional real vector space of dimension nand T € S*(V') be drawn under the
Gaussian distribution. Then, the expected number of equivalence classes of eigenpairs of T is [51]:

1
2(n2+3n72)/4n}1 ]/2 / / 1—[ ‘ \[/\ \/714] |)

_A2/9_yn 12
(H(}l, — y]))e A2 Z“/:2}1/4 d/\d]lz - dﬂd

i<j

A closed formula of the above integral was given in [67]. Other variants of eigenvalues and
eigenvectors can be found in [60,61]. For our purpose, we will focus on the following definition
introduced in [48].

Definition 10. For T € S%(V) over K, (A,v) € K x V is called a normalized eigenpair of T if the following
equations hold:

10
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Cases 1.
(T, 0%y = Ao, (v,0) = 1.

In particular, A is called a normalized eigenvalue. We say two normalized eigenpairs (x, u) and (B, v) of T
are equivalent if:

(&,u) = (B,0)
or if

(-1)* 20 = Band u = —v.

In the following, we would like to investigate sufficient conditions to ensure a tensor to have a
unique rank-one approximation. First we recall the definition of the multipolynomial resultant [68,69].
For any given 1 + 1 homogeneous polynomials Fy, ..., F, € C[xy, ..., x,] with positive total degrees

do,...,dy, let F; = Z\ﬂc\:dx‘ cj,axgo .-+ xp", where a = (ag,...,an) and |a| = ag + - - - + a,. Associate

every pair (i, &) with a variable u; ,. For a polynomial P in the variables u; ., denote by P(F, ..., F,)
the result obtained by letting u; , = c; ,. Then we have the following classical result [68,69].

Theorem 13. There is a unique polynomial, denoted by Res, in u;,’s with integer coefficients, where i =
0,...,n,and |a| € {dy,...,dy}, that has the following properties:

e [y =---=F, = 0hasanonzero solution over C if and only if Res (Fy, ..., F,) = 0.
e Res (xgo,. Ly =1,
e  Resis irreducible over C.

Definition 11. Res (Fy, ..., F,) € Cis called the resultant of Fy, . .., Fy.

Definition 12. For a symmetric tensor T, the resultant pr(A) of the following polynomials is called the
characteristic polynomial of T [70].

e ForT e S¥1(v),
(T,0®@ 1y —Ax¥* 20 =0 and x> - (0,0) =0.

e ForTecS*(V),
(T, v®2=1y _ A (v, 0)4 1o = 0.

Note the resultant 7 (A) is a (univariate) polynomial in A. We call the resultant of 7 (A) and its
derivative {7.(A), denoted by Deig(T), the eigen discriminant.

Proposition 7. Let V be a real vector space, and p = ||T||s [48]. Define
H,:={Te S (V) | p is not a simple eigenvalue of T}.
Then, Hy is a real hypersurface in S(V).
Let W = V ®p C be the complexification of V. Then we have:
Theorem 14. Dejg(T) = 0 is a defining equation of the complex hypersurface [48]
Hgise := {T € S*(W) | T has a non-simple normalized eigenvalue}.

In fact H,, consists of some components of the real points of Hgjs.. In the sense of [50], Theorem 14
shows the ED discriminant of the Veronese variety is a hypersurface.

Corollary 4. For T € S*(V), if Deig(T) # 0, then T has a unique best rank-one approximation.

11
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Corollary 5. Let T € S*(V) be a nonnegative tensor. If Deig(T) # 0, then T has a unique best rank-one
approximation, which is nonnegative and symmetric.
Example 1. Let T = [Tjy] € S*(R?). Then r(A) is the resultant of the polynomials:
Cases 2.
2

FO = T11]X2 + 2T112Xy + lezyz — )LXZ, F] = Tuzxz =+ 2T122xy + Tzzzyz — )LyZ, Fz = x2 + yZ —Z".

In fact, pr(A) = 5k det(G), where G is defined by:

Tin Tz 0 2Tz —A 0
Tin T 0 2Ty 0 —A
G- 1 1 -1 0 0 0
12T AT A — 8TipA ATinA +4TipA  8TopA — 16TipA 16T, —4A% — 16Ty Ty 8Ty Ti — 8T Tom
4TomA — 8Ty1oA 12Ty04 ATipA +4TompA  8TipA — 16TipA 8TyoTins —8TiiTazy 16T, —4A2 = 16Ti12 T
8T, — 8T111Tizy — 242 8T2,, — 8T Tyip — 242 —6A2 8T112T120 — 8T111 Tazz 8TipA + 8T A 8T112A + 8T

Thus, p1(A) = paA® + pgA* + pgA? + ps, where each py, is a homogeneous polynomial of degree m in
Tijk. See also [65,71].

For a general T € S3(R?), Yr(A) = a(A? — 71) (A% — 72) (A% — 73) for some & € C, where y1,v2, 73
are distinct. 50 Deig(T) # 0.

For T € Hgjse, (M) has multiple roots. For example, let A € S*(IR?) be defined by Ajj = Appn =1
and set other Ajjx = 0. Then Deig(A) = 0, which implies that A has a nonsimple eigenpair. Here 4 (M) =
(A+1)2(A —1)2(2A2 —1). So A has two eigenvectors (1,0) and (0, 1) with eigenvalue 1, and two eigenvectors
(—1,0) and (0, —1) with eigenvalue —1. This computation coincides with the fact that A = a®3 4 b®3 has two
best rank-one approximations, namely a®3 and b®3, where a and b are two orthonormal vectors in R,

Similarly, we can define characteristic polynomials for non-symmetric tensors. Let Wy, ..., W; be
complex vector spaces. For T € W) ® - -- ® Wy, u; € W;, and a; € C, we denote the resultant of the
following equations by ¢7(A).

{Mwﬂwa~®m®m®m»=unwwwh )

(1) = a2,
wherei =1,...,d. Then, ¢7(A) vanishes if and only if (13) has a nontrivial solution.
Definition 13. ¢7(A) is called the singular characteristic polynomial of T.

The following is an analogue of Definition 10.

Definition 14. Let T € Wy ® - - - ® W, Two normalized singular pairs (A, uq, ..., ug) and (u,v1,...,04) of
T are called equivalent if (A, uy, ..., ug) = (4, v1,...,04), 0r (—1)‘1’2)\ =pand u; = —v;fori =1,...,d.

It follows from [72] that the subset X C V} ® - - - ® V;; consisting of tensors which do not have
unique best rank-one approximations is contained in some hypersurface. In fact we can strengthen the
result by showing that X is a hypersurface.

Theorem 15. The following subset is an algebraic hypersurface in Vi ® - - - ® V; [48],

X:={TeV1®-- @V, : T has non-unique best rank-one approximations}.

Besides, we have the following property.

12
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Proposition 8. Let Wy, ..., Wy be complex vector spaces. Then for a general T € Wi ® --- @ Wy,
the equivalence classes of normalized singular pairs of T are distinct [48].

Definition 15. The resultant of ¢t and its derivative ¢'; is called the singular discriminant and denoted
b]/ Dsing(T)‘

Theorem 16. Dging(T) = 0 is a defining equation of the hypersurface [48]
Xgise = {T € Wi @ --- Q@ Wy | T has a non-simple normalized singular value},
and X consists of some components of the real points of Xgjsc.
Corollary 6. For a real tensor T, if Dsing (T) # 0, then T has a unique best rank-one approximation.

Corollary 7. For a nonnegative tensor T, if Dging(T) # O, then T has a unique best rank-one approximation,
which is nonnegative.

Theorem 16 shows that the ED discriminant Xg;s. of Seg(PW; x --- x PW,) is a complex
hypersurface when d > 3, and the set of real points of X;s. is a real hypersurface. It is worth noting
that when d = 2, the set of real points of the ED discriminant of Seg(PW; x PW,) has codimension
2 ([50], Example 7.6).

8. EM Algorithm

Expectation-Maximization (EM) algorithm, as a classical technique, has been used in nonnegative
matrix factorizations, and its performance and geometry has been carefully studied. See [73] and the
references therein. However, to the best of our knowledge, such an analysis for nonnegative tensors
has not been written down. In this section, we routinely apply the EM algorithm to nonnegative tensor
decompositions and give a description of the EM fixed points.

Given a real function: .,

flprpn) = Y uilogpi
i=1

of p1,..., pn with parameters uy, ..., u,, where py,..., py, 11, ..., u, satisfy
n n
0<u,p <lfori=1,...,n, and Zu,- = Zp,- =1.
i=1 i=1
Then, the maximum of f is obtained when p; = u; fori =1,...,n. Infact (p1 = u1,..., pn = Un)

is a critical point of the Lagrangian:

n n

Z u;jlogpi — A(1— ): pi)-

i=1 i=1

Hence, for a given nonnegative rank-r tensor u = (u;,, ) with:

uy = Z Ui,..ig = L

i1,

a nonnegative rank decomposition:

.
u=Yy" A/vgl) Q- ® vg,l),
=1

13
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in coordinates:
r
_ O] O]
= ZZ WIS Ya,iy
=1

OF

where v; i is the i ij ith entry of the vector v( , gives a maximum of the likelihood function:

L(A, v(l Z i, i log() AIUY)I = ~v,(il/3d). (14)
i 1=1

This is a hidden model in statistics, and a classical way to optimize (14) is that we first use the EM
algorithm to maximize the following likelihood function

Z Zw i, log( )\,vgl) --~v[(11>. ), (15)

Ad
g l=1

where:

By ([74], Theorem 1.15), the value of the likelihood function (15) weakly increases during every
iteration of the EM algorithm, and the local maxima of £ are among the EM fixed points (final outputs)
of L [73,74].

Remark 1. EM algorithm and its analogues have been widely used in nonnegative matrix factorizations,
by maximizing different likelihood functions, i.e., finding critical points of different divergences, for example
Kullback-Leibler divergence, p-divergence and so on. Similarly we can obtain other algorithms for nonnegative
tensor decompositions as well by using different divergences. Usually the fixed points of these algorithms contain
critical points, and the local maxima are among the critical points.

A fixed point of EM algorithm need satisfy the following equations:

(k) (k)
1 Akvl/v RO
Ay = Z 2 ﬁuil,_.,id (16)
1,0eilg lgl )\12}1,1.1 e Ud,id
(k) (k)
*k 1 Akoy g
i T Aeu ﬁui],...,id (17)
KU+ i1 dj1 A1 §1 )‘1”1,1'1 e vd/id
Since Zv;li)_ =1, Ay > 0. By canceling Ay in (16) and (17), we have:
i
(k) (k)
1 YRR
1= . ,lllildluil,...,idr (18)
Finia Y Al o)
=~ A1 i
(k) (k)
®_ 1 v Y
i . Z 00 Uiy, . igs (19)

-

oy i (1)
peedj-tdjp1ig Y /\ﬂ)l’{1 T
=1 d

14
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and (18) can be obtained from (19). By (19) we have:

k Uiy, igy (k) (k) k
U](,)( Z (uy — 141 %d )Ug,i)l T U](‘,l‘? cee vl(i,i)d) =0, (20)
R i Piy,...ig /
i dj 1A e

where p;, ;. is the output in Algorithm 1. Let:

Uiy,...i
Ry =y — e
11,00dg + pil,...,id
then (20) is equivalent to:
v](.k) o (RN . ~-®v;k) ®---@ol) =0, 1)

where o denotes the Hadamard product. Since we require Y p;, i, = 1, the likelihood function
i1,e0ig

L= Z Ui,..ig 108 Piy,..ig — 4+ 1og( Z Piyyis)r
14

01,0,y

then the gradient of £ is R. Hence:
<R,v§k> ®---®v;k)®---®vfik)> =0
implies that R is orthogonal to the tangent space of 7, (Seg(P"1~! x - .. x P"a~1)), e,

Toe- - od
k

is a critical point. Therefore, we arrive at the following description, which is a trivial generalization
of ([73], Theorem 3).

Algorithm 1 EM Algorithm

Step 0: Given € > 0, select random oV €Ay 1, AEN_1;

i

E-Step: Define the expected hidden data tensor w = (w<k) ia) by

i1y

(k) (k)

NI v R I

i,y 0] (1) Mieedar
Z[r:1 szl/il e vd,id

o)

1

M-Step: Compute v./, A to maximize the likelihood function:

) wl(lk)zd
)\Z _ 1,0y )
Ut
()* _ iy dj A1 )
i = Ay ’

Step 3: If \L(/\*,Ufl)*) —L(A, vfl))| > € then set (A, vfl)) = (A*,vfl)*) and go to the E-Step;
. _ (k) (k)
Step 4: Output p;, i, = %)‘kvl,il O

15
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Proposition 9. The variety of EM fixed points is defined by:

oo e wole wol)=0 j=1..,4

The subset that are critical is defined by:

RoP e eole . ool)=0 j=1...d

A semialgebraic characterization of the set of nonnegative matrices with nonnegative ranks no
greater than 3 was given in [73]. A semialgebraic characterization of the set of nonnegative tensors
with nonnegative ranks no greater than 2 was given in [75].

Question 3. Give a semialgebraic characterization of the set of nonnegative tensors with nonnegative ranks no
greater than 3.

9. Conclusions

In this short note, we give a very brief introduction to nonnegative tensors, mainly from the
geometric perspective. More precisely, we review the generic uniqueness of rank decompositions of
subgeneric nonnegative tensors and nonnegative typical ranks, and thus see the difference among the
nonnegative, real, and complex settings. We review the generic uniqueness of nonnegative low-rank
approximations. In particular, the rank-one approximation problem leads us to the spectral theory of
nonnegative tensors. Finally, we describe the semialgebraic geometry of EM algorithm. Most of the
results we present are obtained by studying the corresponding geometric properties of nonnegative
tensors, and we have seen there are many open problems and unknown properties in this direction,
which we hope would be understood better when more geometries are unveiled.
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Abstract: Let X C P’ be an integral and non-degenerate variety. We study when a finite set S C X
evinces the X-rank of the general point of the linear span of 5. We give a criterion when X is the
order d Veronese embedding X, ; of P" and |S| < ("* Lnd / 2J). For the tensor rank, we describe the
cases with |S| < 3. For X4, we raise some questions of the maximum rank for d > 0 (for a fixed
n) and for n > 0 (for a fixed d).

Keywords: X-rank; symmetric tensor rank; tensor rank; veronese variety; segre variety

1. Introduction

Let X C " be an integral and non-degenerate variety. For any g € P", the X-rank rx(q) of q is
the minimal cardinality of a finite set S C X such that g € (S), where ( ) denotes the linear span.
The definition of X-ranks captures the notion of tensor rank (take as X the Segre embedding of a
multiprojective space) of rank decomposition of a homogeneous polynomial (take as X a Veronese
embedding of a projective space) of partially symmetric tensor rank (take a complete linear system
of a multiprojective space) and small variations of it may be adapted to cover other applications.
See [1] for many applications and [2] for many algebraic insights. For the pioneering works on
the applied side, see, for instance, [3-7]. The paper [7] proved that X-rank is not continuous and
showed why this has practical importance. The dimensions of the secant varieties (i.e., the closure
of the set of all 4 € P" with a prescribed rank) has a huge theoretical and practical importance.
The Alexander-Hirschowitz theorem computes in all cases the dimensions of the secant varieties
of the Veronese embeddings of a projective space ([8-14]). For the dimensions of secant varieties,
see [15-17] for tensors and [18-27] for partially symmetric tensors (i.e., Segre—Veronese embeddings
of multiprojective spaces). For the important problem of the uniqueness of the set evincing a rank
(in particular for the important case of tensors) after the classical [28], see [29-38]. See [39-47] for
other theoretical works.

Let S C X be a finite set and g € P". We say that S evinces the X-rank of q if g € (S) and
IS| = rx(q). We say that S evinces an X-rank if there is ¢ € P" such that S evinces the X-rank
of g. Obviously, S may evince an X-rank only if it is linearly independent, but this condition is
not a sufficient one, except in very trivial cases, like when rx(q) < 2 for all ¢ € P". Call rx max
the maximum of all integers rx(q). An obvious necessary condition is that |S| < rx max and this
is in very special cases a sufficient condition (see Propositions 1 for the rational normal curve).
If S evinces the X-rank of g € ', then g € (S) and q ¢ (S') for any S’ C S. For any finite set
S C P, set (S)" :=(S) \ (Ugcs(S')). Note that (S)’ = @ if and only if either S = @ or S is linearly
dependent (when [S| =1, (S)’ = S and S evinces itself). In some cases, it is possible to show that
some finite S C X evinces the X-rank of all points of (S)’. We say that S evinces generically the
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X-ranks if there is a non-empty Zariski open subset U of (S) such that S evinces the X-ranks of all
g € U. We say that S totally evinces the X-ranks if S evinces the X-ranks of all g € (S)’. We first need
an elementary and well-known bound to compare it with our results.

Let p(X) be the maximal integer such that each subset of X with cardinality p(X) is linearly
independent. See ([43] Lemma 2.6, Theorem 1.18) and ([42] Proposition 2.5) for some uses of the
integer p(X). Obviously, p(X) < r+ 1 and it is easy to check and well known that equality holds if
and only if X is a Veronese embedding of P! (Remark 1). If |S| < |(0o(X) +1)/2], then S totally
evinces the X-ranks (as in [43] Theorem 1.18) while, for each integer ¢ > | (p(X) +1)/2] with
t < r+ 1, there is a linearly independent subset of X with cardinality ¢ and not totally evincing
the X-ranks ( Lemma 3). Thus, to say something more, we need to make some assumptions on S
and these assumptions must be related to the geometry of X or the reasons for the interest of the
X-ranks. We do this in Section 3 for the Veronese embeddings and in Section 4 for the tensor rank.
For tensors, we only have results for |S| < 3 (Propositions 3 and 4).

For all positive integers n,d let vy, : P" — P, r = (”jz'd) — 1, denote the Veronese embedding
of P", i.e., the embedding of P" induced by the complete linear system |Op:(d)|. Set X,, 4 :=
vg,(P"). Atleast over an algebraically closed base field of characteristic 0 (i.e., in the set-up of this
paper), for any g € ", the integer r, ,(4) is the minimal number of d-powers of linear forms in
n + 1 variables whose sum is the homogeneous polynomial associated to 4.

We prove the following result, whose proof is elementary (see Section 3 for the proof). In its
statement, the assumption “h!(Z4(|d/2])) = 0” just means that the vector space of all degree
|d/2] homogeneous polynomials in # + 1 variables vanishing on A has dimension ("Hr‘f / ZJ) — 14|,
i.e., A imposes |A| independent conditions to the homogeneous polynomials of degree [d/2] in
n + 1 variables.

Theorem 1. Fix integers n > 2,d > k > 2 and a finite set A C P" such that " (Z4(|d/2])) = 0.
Set S := v, (A). Then, S totally evinces the ranks for X,, 4.
A general A C P" satisfies the assumption of Theorem 1 if and only if |A| < ("Hj/ ZJ).
For much smaller | A, one can check the condition 1! (Z4(|d/2])) = 0if A satisfies some geometric
conditions (e.g., if A is in linearly general position, it is sufficient to assume |A| < n|d/2] + 1).
We conclude the paper with some questions related to the maximum of the X-ranks when X
is a Veronese embedding of P".

2. Preliminary Lemmas

Remark 1. Let X C IP" be an integral and non-degenerate variety. Since any r + 2 points of P" are linearly
dependent, we have p(X) < r + 1. If X is a rational normal curve, then p(X) = r + 1 because any r + 1
points of X spans P". Now, we check that, if p(X) = r + 1, then X is a rational normal curve. This is well
known, but usually stated in the set-up of Veronese embeddings or the X-ranks of curves. Set n := dim X
and d := deg(X). Assume p(X) = r + 1. Let H C P" be a general hyperplane. If n > 1, then X N H has
dimension n — 1 > 0 and in particular it has infinitely many points. Any r + 1 points of X N H are linearly
dependent. Now, assume n = 1. Since X is non-degenerate, we have d > n. By Bertini’s theorem, X N H
contains d points of X. Since p(X) =r+1, dimH =r —1and HNX C H, we have d < r. Hence,
d = r,i.e., X is a rational normal curve.

The following example shows, that in many cases, there are are sets evincing X-ranks, but not
totally evincing X-ranks or even generically evincing X-ranks.

Example 1. Let X C P", r > 3, be a rational normal curve. Take q € P" with rx(q) = r, i.e., take
q € 1(X) \ X, where T(X) is the tangential variety of X ([48]). Take S C X evincing the X-rank of q.
Thus, |S| = r and S spans a hyperplane (S). Since dim t(X) = 2 and T(X) spans P", (S) N t(X) isa
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proper closed algebraic subset of (S). Thus, for a general p € (S), we have rx(p) < |S| and hence S does
not generically evinces X-ranks.

Lemma 1. If S C X is a finite set evincing the rank of some q € P, then each S' C S, S’ # @, evinces the
X-rank of some q' € P'.

Proof. We may assume S’ # S. Write S” := S\ S'. Since S evinces the rank of g, S is linearly
independent, but S U {g} is not linearly independent. Since S’ # @ and S§” # @, there are unique
q' € (§') and q" € (§”) such that g € ({¢’,4"}). Since S evinces the rank of g, S’ evinces the rank
ofg. O

Lemma 2. Every non-empty subset of a set evincing generically (resp. totally) X-ranks evinces generically
(resp. totally) the X-ranks.

Proof. Assume that S evinces generically the X-ranks and call U a non-empty open subset of (S)’
such that rx(q) = |S| for all ¢ € U; if S evinces totally the X-ranks, take U := (S)’. Fix §' C S,
S§" #0and set S” := S\ S'. Let E be the set of all g € (S)’ such that ({g} US")NU # @. If g € E,
then rx(q) = |S'| because rx(q') = |S| for each ¢’ € ({g} US”)NU. Since ' NS" = @ and
§"US" = S is linearly independent, E is a non-empty open subset of (S)’ (a general element of (S)
is contained in the linear span of a general element of (S’) and a general element of (S’)). Now,
assume U = (S)’. Every element of (S)’ is in the linear span of an element of (')’ and an element
of (§"y. O

Lemma 3. Take a finite set S C X, S # @.

(a) If|S| < | (p(X)+1)/2], then S totally evinces the X-ranks.
(b)  For each integer t > | (o(X) +1)/2], thereis A C X such that |A| = t and A does not totally evince
the X-ranks.

Proof. Take g € (S)’ and assume rx(q) < |S|. Take B C X evincing the X-rank of g. Since |B| < |S|,
we have B # S. Since g € (S) N (B), but no proper subset of either B or S spans g, S U B is linearly
dependent. Since |B| < |S| — 1, we have |[BU S| < p(X), contradicting the definition of p(X).

Now, we prove part (b). By Lemma 1, it is sufficient to do the case t = [(p(X) +1)/2]| + 1.
By the definition of the integer p(X), there is a subset D C X with |D| = p(X) + 1 and D linearly
dependent. Write D = A LI E with |A| = [(p(X) +1)/2] +1and |E| = p(X) + 1 — | A|. Note that
|A| > |E|. Since |A| < p(X) (remember that p(X) > 2), both A and E are linearly independent.
Since A UE is linearly dependent, there is ¢ € (A) N (E). Since |D| = p(X) + 1, every proper
subset of D is linearly independent. Hence, (A’) N (E) = @ for all A’ C A. Thus, g € (A).
Since |E| < |A], A does not evince the X-rank of g. [

Remark 2. Take X C IP" such that rx(q) < 2 for all g € P (e.g., by [49], we may take most space curves).
Any set S C X with |S| = 2 evinces its X-ranks if and only if X contains no line.

3. The Veronese Embeddings of Projective Spaces

Letvg, : P* = P/, r:= -1+ (”:d), denote the Veronese embedding of P". Set X, ; :=
Vdn (]Pn)'

Proposition 1. Let X C P4, d > 2, be the rational normal curve.

(a) A non-empty finite set S C X evinces some rank of P? if and only if |S| < d.
(b) A non-empty finite set A C X totally evinces the X-ranks if and only if |A| < [(d +2)/2].
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Proof. By a theorem of Sylvester’s ([48]), every g € P? has X-rank at most d. Thus, the condition
|S| < d is a necessary condition for evincing some rank. By Lemma 1 to prove part (a), it is
sufficient to prove it when |S| = d. Take any connected zero-dimensional scheme Z C X with
deg(Z) =2and SNZ = @. Thus, deg(ZUS) = d + 2. Since X = P!, deg(Ox(1)) = d and X is
projectively normal, we have 1! (Zg z(1)) = 1 and h'(Zy(1)) = 0 for each W' C SU Z. This is
equivalent to say that the line (Z) meets (S) at a unique point, g and g # Zq. By Sylvester’s
theorem, rx(q) = d ([48]). Since g € (S) and |S| = d, S evinces the X-rank of 4.

If A # @and |A| < [(d+2)/2], then A totally evinces the X-ranks by part (a) of Lemma 3
and the fact that p(X) = d + 1. Now, assume d > |A| > |(d+2)/2]. Fixaset E C X\ A with
|E| = d + 2 — | A|. Adapt the proof of part (b) of Lemma 3. [

Proposition 2. Fixaset S C X, 4, n > 2, with |S| = d + 1. The following conditions are equivalent:

1. thereisaline L C P" such that [SNL| > [(d+2)/2];
2. S evinces no X, g-rank;
3. thereis q € (S)' such that S does not evince the X,, 4-rank of q.

Proof. Obviously, (2) implies (3). If X’ C X is a subvariety and g € (X’), we have rx/(q) > rx(q).
Thus, Sylvester’s theorem ([48]) and Lemma 2 show that (1) implies (2).

Now, assume the existence of g € (S)’ such that S does not evince the X-rank of g, ie.,
rx(q) < d. Take A C P" such that v(A) = S and take B C P" such that v;(B) evinces the X-rank of
q. Since g € (S)’, (Ref. [50] Lemma 1) gives h!(P", T4 p(d)) > 0. Since |A U B| < 2d + 1, (Ref. [51]
Lemma 34) gives the existence of a line L C P” such that LN (AUB)| > d+2. Let H C P"
be a general hyperplane containing L. Since H is general and A U B is a finite set, we have
HN(AUB) =LN(AUB). Since LN (AUB)| > d+2,wehave | AUB\HN(AUB)| <d—1and
hence /! (P", Zaup\an(aus)(d —1)) = 0. By ([52] Lemma 5.2), we have A\ANH = B\BNH. O

See [53,54] for some results on the geometry of sets S C X, ; with controlled Hilbert function
and that may be useful to extend Proposition 2.

Proof of Theorem 1: Set k := |[d/2|. Note that h!'(Z4(x)) = 0 for all x > k and in particular
W(Za(d —k)) = 0. Fixq € (v3,,(A))" and assume rx,4(q) < |A]. Fix B C P" such that v, (B)
evinces the X,, -rank of q. Since ' (Z(k)) = 0 and |A| > |B|, we have h®(Zg(k)) > h(Z(k)).
Thus, there is M € |Opx (k)| containing B, but with A ¢ M, ie, A\ ANM # @, while B\ BN M =
@. Since h'(Z4(d —k)) = 0, we have hl(IA\AmM(d —k)) = 0. Since h'(Zx(d)) = 0, v4,,(A) is
linearly independent. Since v, ,(B) evinces a rank, it is linearly independent. Grassmann’s formula
gives dim (v (A)) N (v3(B)) = |[ANB| +h'(Zpup(d)) — 1. Wehave AUB = ((AUB)NM) U
(A\ ANM). Since A\ AN Bisa finite set, we have hZ(IA\AmB(d —k)) = h?(Opx(d —k)) = 0. Since
Nz A\anm(d —k)) = 0, the residual exact sequence (also known as the Castelnuovo’s sequence)

0 = Zy\arp(d — k) = Zaup(d) = Zyncausy,m(d) — 0

gives W' (Zap(d)) = h' (M, Tyin(aus)(d)). Since M is projectively normal, (M, Tyin(aus) (d)) =
I (Zaugp(d)). Thus, the Grassmann'’s formula gives dim(v; ,(A N M)) N (v, (BN M)) = |ANBN
M| +hY(Zaup(d)) — 1. Since B C M, we get (vg,,(ANM)) N {vg,,(BNM)) = (vgr(A)) N (vg5(B)).
Since ANM D A, wegetq ¢ (v;,(A)), a contradiction. [

4. Tensors, i.e., the Segre Varieties

Fix an integer k > 2 and positive integers 1y, ..., 1. Set Y := Hf-‘:l P" (the Segre variety) and
N:= -1+ I—[Ll(ni +1). Letv: Y — PN denote the Segre embedding. Let 7r; : Y — P denote the
projection on the i-th factor. Forany i € {1,...,k}, set Y[i] := [T;»; P and call 7; : Y — Y[i] the
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projection which forgets the i-th component. Let v[i] : Y[i] — PNi, N; := —1+ [Tp2i(ny + 1) denote
the Segre embedding of Y[i]. A key difficulty is that p(v(Y)) = 2 because v(Y) contains lines.

Lemma 4. Let S C Y be any finite set such that there is i € {1,...k} with 11,5 not injective. Then, v(S)
evinces no rank.

Proof. By Lemma 1, we reduce to the case |S| = 2, say S = {a,b} witha = (ay,...,a),
b= (by,..., by) with a; = b; if and only if i > 1. Since all lines of Y are contained in one of
the factors of Y and all lines of v(Y) are images of lines of Y, we get S C v(Y). Thus, each element
of (v(S)) is contained in v(Y) and hence it has rank 1. Since |S| > 1, v(S) evinces no rank. [

Lemma 5. Let S C Y such that there are ' C Sandi € {1,...,k} with |S'| = 3, vi(5;(S")) linearly
dependent and 7;(S") C P" linearly dependent. Then, v(S) evinces no rank.

Proof. Let Q C P3 be a smooth quadric surface. Q is projectively equivalent to the Segre
embedding of P! x P! and each point of P? has at most Q-rank 2 by [47] (Proposition 5.1).
By Lemma 1, we may assume S’ = S. By Lemma 4, we may assume that 17;/s is injective. Thus,
|17515| = 3. Since v;(77;(S)) is not linearly independent and it has cardinality 3, it is contained in a
line of v;(Y[i]). Thus, #;(S) is contained in a line of one of the factors of Y [i]. By assumption, 77(S)
is contained in a line of P"i. Thus, S is contained in a subscheme of Y isomorphic to P! x P!. Since
each point of P? has Q-rank < 2 and |S| = 3, ¥(S) evinces no rank. [

Remark 3. Fix a finite set A C Y such that S := v(A) is linearly independent. S evinces no tensor rank if
there is a multiprojective subspace Y' C Y such that A C Y' and |S| is larger than the maximum tensor
rank of v(Y').

Note that Lemmas 4 and 5 may be restated as a way to check for very low |S]| if there is some
Y’ as in Lemma 3 exists.

Proposition 3. Take S C v(Y) with |S| = 2. Let Y be the minimal multiprojective subspace of Y
containing S. The following conditions are equivalent:

1 S evinces no rank;

2. Sdoes not generically evince ranks;
3. S does not totally evince ranks;

4. Y =PL

Proof. Since any two distinct points of PN are linearly independent (i.e., (S) is a line) and v(Y)
is the set of all points with v(Y)-rank 1, S evinces no rank if and only if (S) C v(Y). Use the fact
that the lines of v(Y') are contained in one of the factors of v(Y). Since v(Y) is cut out by quadrics,
if (S) € v(Y), then |[(S) Nv(Y)| < 2. Since S C (S) Nv(Y), we see that all points of (S) \ S have
rank2 [

Proposition 4. Take S C v(Y) with |S| = 3 and v(S) linearly independent. Write S = v(A) with
A C Y. Let Y be the minimal multiprojective subspace of Y containing A. Write Y = P™ x ... ]P™s
withs > 1and mqy > -+ > mg > 0. We have my < 2.

If ;) 4 is injective for all i and either my = 2 or s > 4 or my = 2and s = 3, then S totally evinces its
ranks. In all other cases for a general E € Y' with |E| = 3, v(E) does not generically evince its ranks.

Proof. If ; 4 is not injective for some i, then S evinces no rank by Lemma 4. Thus, we may assume
that each 17; 4 is injective for all i. Each factor of Y’ is the linear span of 71;(A) in P"i. Hence, my < 2.
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Omitting all factors which are points, we get the form of Y’ we use. If Y/ = P! (resp. P?, resp.
P! x P1), then each point of (S) has rank 1 (resp. 1, resp. < 2). Thus, in these cases, S evinces no
rank. If either Y/ = P2 x P! or Y/ = (P!)3, then 02(P? x P!) = P5 and 0, ((P!)%) = P7 ([23,26]).
Thus, the last assertion of the proposition is completed.

(@) Assume s > 2 and mp = 2. Taking a projection onto the first two factors, we
reduce to the case s = 2 (this reduction step is used only to simplify the notation). Take a
H € |Oy/(1,0)| containing B (this is possible because h°(Op2(1)) = 3 > |B|). Since Y’ is the
minimal multiprojective subspace of Y containing A, we have A\ ANH # @. Since B\ BNH = @,
(Ref. [52] Lemma 5.1) gives hl(IA\AmH(O,l)) > 0. Thus, either there is A’ C A with |A’| = 2
and 114 not injective (we excluded this possibility) or [A\ AN H| = 3 (i.e, ANH = @) and
71 (A) C P? is contained in a line R. Set M := P2 x R. We get A C M and hence A is a contained
in a proper multiprojective subspace, contradicting the definition of Y’.

(b) Assume s > 3 and m; = 2. By part (a), we may assume m, = 1. Taking a projection,
we reduce to the case s = 3, i.e., Y/ = P? x P! x Pl. Take H as in step (a). As in step (a), we get
ANH = @and 111 (A) contained in a line R of the Segre embedding of P! x P!, contradicting the
definition of Y.

(c) Assume s > 4. By step (b), we may assume 1, = 1. Taking a projection onto the first
four factors of Y/, we reduce to the case Y’ = (P')%. Fix any H € |0Oy/(1,1,0,0)| containing B.
Assume for the moment A ¢ H. By ([52] Lemma 5.1), we have hl(IA\AmH(O, 0,1,1)) > 0, ie,
either there are a4 = (111,112,!13, (14) €A b= (bl, by, bs, b4) € Awitha # band (a3, (14) = (bg, b4)
of AN H = @ and the projection of A onto the last 2 factors of Y’ is contained in a line. The last
possibility is excluded by the minimality of Y'. Thus, a,b € A exists. Set A := {a,b,c} and write
¢ = (c1,¢2,¢3,¢4). Permuting the factors of Y/, we see that, for each E C {1,2,3,4}, thereis A C A
with |Ag| = 2 and g (Ag) is a singleton, where 71 : Y/ — P! x P! denote the projection onto the
factors of Y’ corresponding to E. Since the cardinality of the set S of all subset of {1,2,3,4} with
cardinality 2 is larger than the cardinality of the set of all subsets of A with cardinality 3, there are
E,F € SsuchthatE # Fand Ap = Ap. f ENF # @, say ENF = {i}, then 1|4 is not injective,
contradicting our assumption. If ENF = @, we have EUF = {1,2,3,4}. Since A = Af, we get
|Ag| = 1, a contradiction. [

Remark 4. Take a finite S C v(Y) and fix g € (v(S))’. Let A C Y be the subset with v(A) = S. It is
easier to prove that S evinces the rank of q if we know that the minimal multiprojective subspace of Y
containing A is the minimal multiprojective subspace Y of Y with q € (v(Y")). Note that this is always
true if Y =Y, i.e., if the tensor q is concise.

5. Questions on the Case of Veronese Varieties

Let max (11, d) denote the maximum of all X,, s-ranks (in [55,56] it is denoted with rmax (1 +
1,d)). The integer rmax(11,d) depends on two variables, n and d. In this section, we ask some
question on the asymptotic behavior of rmax (1, d) when we fix one variable, while the other one
goes to +oo.

Let rgen(n,d) denote the X,, 4-rank of a general 4 € P". These integers do not depend on
the choice of the algebraically closed base field K with characteristic 0. The diagonalization
of quadratic forms gives rmax(1,2) = rgen(1,2) = n + 1. The integers rgen(n,d), d > 2, are
known by an important theorem of Alexander and Hirschowitz ([8-13]); with four exceptional
cases, we have rgen(n,d) = ((":d)/(n +1)]. An important theorem of Blekherman and
Teitler gives rmax(1,d) < 2rgen(n,d) (and even rmax(n,d) < 2rgen(n,d) — 1 with a few obvious
exceptions) ([57,58]). In particular, for a fixed 1, we have

2
< liminf d)/d" <1l d)/d" < .
) s Him inf rmax(n,d)/d" < tln:)il»:oprmax(n/ )/d" < )
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It is reasonable to ask if liminf; , , o *max (11, d) /d" exists and its value. Of course, it is tempting
also to ask a more precise information about rmax(n,d) for d > 0. In the case n = 2, De Paris
proved in [55,56] that rmax (2, d) > L(d2 +2d +5) /4] ([56] Theorem 3), which equality holds if d
is even ([56] (Proposition 2.4)) and suggested that equality holds for all d. Since rmax(2,d +1) >
rmax (2, d) even for odd d, the integer rmax (2, d) grows like d2 /4. Thus, there is an interesting interval
between the general upper bound of [57] (which, in this case, has order d?/3) and rmax (2, d). There
are very interesting upper bounds for the dimensions of the set of all points with rank bigger than
the generic one ([59]).

What are o ; . ,
lim sup w and lim inf w

?
N to0 dn n—+00 dn

Foralld > 3, study rmax (11, d) — rmax(11,d — 1) and compare for d >> 0 rmax (11, d) — rmax(n,d — 1)
with rmax (1 — 1,d) and rgen(n — 1,d). Of course, this is almost exactly known when n = 2 by
Sylvester’s theorem ([48]) and De Paris ([55,56]), but *max(2,d) — rmax(2,d — 1) for d > 0 is both
~rgen(1,d) and ~rmax(1,d)/2 and so we do not have any suggestion for the case n > 2.
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Abstract: Comon’s conjecture on the equality of the rank and the symmetric rank of a symmetric
tensor, and Strassen’s conjecture on the additivity of the rank of tensors are two of the most challenging
and guiding problems in the area of tensor decomposition. We survey the main known results on
these conjectures, and, under suitable bounds on the rank, we prove them, building on classical
techniques used in the case of symmetric tensors, for mixed tensors. Finally, we improve the bound
for Comon’s conjecture given by flattenings by producing new equations for secant varieties of
Veronese and Segre varieties.
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1. Introduction

Let X < PN be an irreducible and reduced non-degenerate variety. The rank ranky (p) with respect
to X of a point p € PN is the minimal integer / such that p lies in the linear span of  distinct points of
X. In particular, if Y < X we have that rankx (p) < ranky(p).

Since the h-secant variety Secy,(X) of X is the subvariety of PN obtained as the closure of the
union of all (i — 1)-planes spanned by / general points of X, for a general point p € Sec,(X) we have
ranky(p) = h.

When the ambient projective space is a space parametrizing tensors we enter the area of tensor
decomposition. A tensor rank decomposition expresses a tensor as a linear combination of simpler
tensors. More precisely, given a tensor T, lying in a given tensor space over a field k, a tensor rank-1
decomposition of T is an expression of the form

T =AU + ... + AUy (1)

where the U;’s are linearly independent rank one tensors, and A; € k*. The rank of T is the minimal
positive integer & such that T admits such a decomposition.

Tensor decomposition problems come out naturally in many areas of mathematics and applied
sciences. For instance, in signal processing, numerical linear algebra, computer vision, numerical
analysis, neuroscience, graph analysis, control theory and electrical networks [1-7]. In pure
mathematics tensor decomposition issues arise while studying the additive decompositions of a
general tensor [8-14].

Comon'’s conjecture [3], which states the equality of the rank and symmetric rank of a symmetric
tensor, and Strassen’s conjecture on the additivity of the rank of tensors [15] are two of the most
important and guiding problems in the area of tensor decomposition.

Mathematics 2018, 6, 217; d0i:10.3390 /math6110217 29 www.mdpi.com/journal /mathematics
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More precisely, Comon’s conjecture predicts that the rank of a homogeneous polynomial
F € klxo,...,xs]sq with respect to the Veronese variety VJ is equal to its rank with respect to the
Segre variety S =~ (P")? into which Vj is diagonally embedded, that is ranky (F) = rankgu (F).

Strassen’s conjecture was originally stated for triple tensors and then generalized to several
different contexts. For instance, for homogeneous polynomials it says that if F € k[xo, ..., x,]; and
G € k[yo, . .., Ym]q are homogeneous polynomials in distinct sets of variables then rankV;erﬂ (F+G) =
rankvg (F)+ rankvt;n (G).

In Sections 3 and 4, while surveying the state of the art on Comon’s and Strassen’s conjectures,
we push a bit forward some standard techniques, based on catalecticant matrices and more generally
on flattenings, to extend some results on these conjectures, known in the setting of Veronese and Segre
varieties, for Segre-Veronese and Segre-Grassmann varieties that is to the context of mixed tensors.

In Section 5 we introduce a method to improve a classical result on Comon’s conjecture.
By standard arguments involving catalecticant matrices it is not hard to prove that Comon’s conjecture
holds for the general polynomial in k[x, ..., x,]; of symmetric rank & as soon as 1 < ("Jrnl%J), see
Proposition 1. We manage to improve this bound looking for equations for the (7 — 1)-secant variety
Secy,—1(V}), not coming from catalecticant matrices, that are restrictions to the space of symmetric
tensors of equations of the (i — 1)-secant variety Sec;,_1(S™). We will do so by embedding the space
of degree d polynomials into the space of degree d + 1 polynomials by mapping F to xoF and then
considering suitable catalecticant matrices of xoF rather than those of F itself.

Implementing this method in Macaulay2 we are able to prove for instance that Comon’s conjecture
holds for the general cubic polynomial in 72 4 1 variables of rank i = 1 4- 1 as long as n < 30. Please
note that for cubics the usual flattenings work for i < n.

2. Notation

Letn = (ny,...,np)and d = (dy,...,dp) be two p-uples of positive integers. Set

P (ni+d;
d=dy+-+dy, n=n1+ - +np, and N(n,d) :H< ln- l)

i=1 !

Let V3, ..., V), be vector spaces of dimensions n; +1 < np +1 < -+ < np + 1, and consider

the product
P =P(Vy) x - x P(V)).
The line bundle
Opu(dy,...,dp) = O]P’(Vl*)(dl)' “OIP(Vl*)(dP)

induces an embedding
ovf: P(VE) x - xP(VF) — PSym" Vi ®---@Sym® V) = pNed-1,
d . ;
([o1],-- o fop)) - — [0} ®---®v)]

where v; € V;. We call the image
SV = ovj(Pt) c PNwd)-1

a Segre-Veronese variety. It is a smooth variety of dimension # and degree
in PN(u)—1,

(”1+"'+";7)! n np
[ dl dp

When p = 1, SV} is a Veronese variety. In this case, we write Vifor S Vi, and v} for the Veronese
embedding. Whend; = --- =d, =1, SV%“ , is a Segre variety. In this case, we write S" for SV%” 1/

and o™ for the Segre embedding. Please note that

n_ o' o, 1y
vy =0 o(vdlx XV ),
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where n' = (N(n1,d1) —1,...,N(np,dp) — 1).
Similarly, given a p-uple of k-vector spaces (V| ...,
(d1,...,dp) we may consider the Segre-Pliicker embedding

V; ") and p-uple of positive integers d =

an'il: Gr(di,m) x --- x Gr(dy,ny) — P(A" vt ® @A V;p) =pNed-,
([H1l, .., [Hp]) — [H®---®Hp]

where N(n,d) = []"_; (}'). We call the image

SGY = ay(Gr(dy,m) x -+ x Gr(dy,np)) = PNED
a Segre-Grassmann variety.

2.1. Flattenings

Let V4, ..., Vp be k-vector spaces of finite dimension, and consider the tensor product V; ® ... ®
Vp= Vo, ®..®@ Vi) ®(Vy, ®..0Vp, ) = Va®Vp with AuB = {1,...,p}, B = A°. Then we may
interpret a tensor

Te V1®...®Vp =Vi®Vp

as a linear map T: Vi — Vac. Clearly, if the rank of T is at most 7 then the rank of T is at most r as well.
Indeed, a decomposition of T as a linear combination of  rank one tensors yields a linear subspace of
Vac, generated by the corresponding rank one tensors, containing T(V#%)  Vc. The matrix associated
with the linear map T is called an (A, B)-flattening of T.

In the case of mixed tensors we can consider the embedding

Symd1 Vi®..® Symd” Vp > Va®Vp

where V4 = Sym” V; ® ... ® Sym™ V,, V = Symb1 Vi ®-.. ®SymbP Vp, with d; = a; + b; for any
i =1,..,p. In particular, if n = 1 we may interpret a tensor F € Symd1 V1 as a degree di homogeneous
polynomial on P(V;*). In this case, the matrix associated with the linear map F: V} — Vpis nothing
but the ay-th catalecticant matrix of F, that is the matrix whose rows are the coefficient of the partial
derivatives of order a1 of F.

Similarly, by considering the inclusion

dq dp
AVi®.© \V, = Vi Vs

where Vp = A" Vi ®..0 A" V), Vg = A Vi®. @AY Vp, withd; = a; + b forany i = 1,..., p, we
get the so called skew-flattenings. We refer to [16] for details on the subject.

Remark 1. The partial derivatives of an homogeneous polynomials are particular flattenings. The partial
derivatives of a polynomial F € k[xo, ..., xu g are ("°) homogeneous polynomials of degree d — s spanning a
linear space Hpsp < P(k[x0, ..., Xn]4—s)-

If F € kl[xo,...,Xn]q admits a decomposition as in (1) then F € Secy,(V}), and conversely a general
F € Secy(V}}) can be written as in (1). If F = Ay L‘{ +.+ )\;,Li is a decomposition then the partial derivatives
of order s of F can be decomposed as linear combinations of Lﬁ’fs S LZ*S as well. Therefore, the linear space

<L‘11*S,. .., LZ*S> contains Hpsp.
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2.2. Rank and Border Rank

Let X < PN be an irreducible and reduced non-degenerate variety. We define the rank rankx (p)
with respect to X of a point p € PN as the minimal integer / such that there exist 1 points in linear
general position xq,...,x, € X with p € (x1, ..., x). Clearly, if Y < X we have that

rankx(p) < ranky(p) (2

The border rank ranky(p) of p € PN with respect to X is the smallest integer r > 0 such
that p is in the Zariski closure of the set of points 4 € PN such that rankx(q) = r. In particular
ranky (p) < rankx(p).

Recall that given an irreducible and reduced non-degenerate variety X < PN, and a positive
integer /i < N the h-secant variety Sec;,(X) of X is the subvariety of PN obtained as the Zariski closure
of the union of all (7 — 1)-planes spanned by & general points of X.

In other words ranky (p) is computed by the smallest secant variety Secy, (X) containing p € PN.

Now, let Y, Z be subvarieties of an irreducible projective variety X c PN, spanning two linear
subspaces PNy := (Y), PNz := (Z)  PN. Fix two points py € PNv, p; € PNz, and consider a point
p € {py,pz). Clearly

rankx(p) < ranky(py) + rankz(pz) 3)

3. Comon’s Conjecture

Itis natural to ask under which assumptions (2) is indeed an equality. Consider the Segre-Veronese
embedding ovy : P(Vf) x -+ x P(Vy) — P(Sym™ VF®--® Sym*r Vy) = PN@D-1 with
Vi = .- =V, = V k-vector spaces of dimension 7 + 1. Its composition with the diagonal embedding
i P(V*) — P(Vf) x -+ x P(V))) is the Veronese embedding of vj] of degree d = dq + -+ +dp.
Let V! = SV be the corresponding Veronese variety. We will denote by I1,, 4 the linear span of V%
in PNmd)-1_

In the notations of Section 2.2 set X = SV';and Y = V. For any symmetric tensor T € I, 4
we may consider its symmetric rank srk(T) := rankyn (T) and its rank rank(T) := rank svg(T) as a
mixed tensor. Comon’s conjecture predicts that in this particular setting the inequality (2) is indeed an
equality [3].

Conjecture 1 (Comon’s). Let T be a symmetric tensor. Then rank(T) = srk(T).

Conjecture 1 has been generalized in several directions for complex border rank, real rank and
real border rank, see Section 5.7.2 in [16] for a full overview.

Please note that when d = 2 Comon’s conjecture is true. Indeed, Secj,(S™) is cut out by the size
(h +1) x (h 4 1) minors of a general square matrix and Sec;, (V}) is cut out by the size (h 4 1) x (h + 1)
minors of a general symmetric matrix, that is Secy,(V}') = Secj,(S%) n I .

Conjecture 1 has been proved in several special cases. For instance, when the symmetric rank
is at most two [3], when the rank is less than or equal to the order [17], for tensors belonging to
tangential varieties to Veronese varieties [18], for tensors in C2®C"®C" [19], when the rank is
at most the flattening rank plus one [20], for the so called Coppersmith-Winograd tensors [21],
for symmetric tensors in C* ® C* ® C* and also for symmetric tensors of symmetric rank at most seven
inC'@C"'@C"[22].

On the other hand, a counter-example to Comon’s conjecture has recently been found by
Y. Shitov [23]. The counter-example consists of a symmetric tensor T in C8%0 x C8%0 x C8% which can
be written as a sum of 903 rank one tensors but not as a sum of 903 symmetric rank one tensors. It is
important to stress that for this tensor T rank and border rank are quite different. Comon’s conjecture
for border ranks is still completely open (Problem 25 in [23]).
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Even though it has been recently proven false in full generality, we believe that Comon’s conjecture
is true for a general symmetric tensor, perhaps it is even true for those tensor for which rank T' = rank T

In what follows we use simple arguments based on flattenings to give sufficient conditions for
Comon’s conjecture, recovering a known result, and its skew-symmetric analogue.

Lemma 1. The tensors T € Secy,(SV'Y) such that dim(T(Vj{)) < h —1 for a given flattening T form a proper
closed subset of Secy,(SV5). Furthermore, the same result holds if we replace the Segre-Veronese variety SV';
with the Segre-Grassmann variety SG'y.

Proof. Let T € Sec;,(SV%) be a general point. Assume that dim(T(Vj{)) < h — 1. This condition forces
the (A, B)-flattening matrix to have rank at most 7 — 1. On the other hand, by Proposition 4.1 in [24]
these minors do not vanish on Secj, (S Vﬁ), and therefore define a proper closed subset of Secj,(S Vﬁ).
In the Segre-Grassmann setting we argue in the same way by using skew-flattenings. [J
Proposition 1. [25] For any integer h < (”*nl%J) there exists an open subset Uy, < Sec(V4) such that for any
T € Uy, the rank and the symmetric rank of T coincide, that is

rank(T) = srk(T)

Proof. First of all, note that we always have rank(T) < srk(T). Furthermore, Section 2.1 yields that for
any (A, B)-flattening T: V} — Vp the inequality rank(T) > dim(T(Vj)) holds. Since T is symmetric
and its catalecticant matrices are particular flattenings we get that rank(T) > dim(Hps7) for any s > 0.

Now, for a general T € Sec,(V}) we have srk(T) = h, and if h < (":l'g), where 5 = [%J,
then Lemma 1 yields dim(Hgp) = h. Therefore, under these conditions we have the following
chain of inequalities

dim(Hgp) < rank(T) < stk(T) = dim(Hgy)
and hence rank(T) = srk(T). O

Now, consider the Segre-Pliicker embedding P(V7) x ... x P(V),) — P( /\d1 N - ® /\di’ Vy) =
PN with v ~ ... ~ Vp = V k-vector spaces of dimension 1 + 1. Its composition with the diagonal
embedding i : P(V) — P(V7) x --- x P(V}) is the Pliicker embedding of Gr(d, n) withd = dy + ... +d).
Let Gr(d,n) = SGY be the corresponding Grassmannian and let us denote by I1,, 4 its linear span
in pPN(zd)—1

For any skew-symmetric tensor T € I1,, ; we may consider its skew rank skrk(T) that is its rank
with respect to the Grassmannian Gr(d, n) < IT, 4, and its rank rank(T) as a mixed tensor. Playing the
same game as in Proposition 1 we have the following.

Proposition 2. For any integer h < (ng) there exists an open subset Uy, < Secy,(Gr(d, n)) such that for any
2
T € Uy, the rank and the skew rank of T coincide, that is

rank(T) = skrk(T)

Proof. As before for any tensor T we have rank(T) < skrk(T). For any (A, B)-skew-flattening T:
Vi — Vg we have skrk(T) > dim(T(Vz‘)). Furthermore, since T is in particular a flattening also the
inequality rank(T) > dim(T(Vz)) holds.

Now, for a general T € Secy,(Gr(d,n)) we have skrk(T) = h, and if i < (%), where s = [%j,
Lemma 1 yields skrk(T) = dim(Ts(V};)), where Ts is the skew-flattening corresponding to the partition

(5,d —53) of d. Therefore, we deduce that

dim(T5(V})) < rank(T) < skrk(T) = dim(T5(V))
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and hence rank(T) = skrk(T). O

Remark 2. Propositions 1 and 2 suggest that whenever we are able to write determinantal equations for secant
varieties we are able to verify Comon’s conjecture. We conclude this section suggesting a possible way to
improve the range where the general Comon'’s conjecture holds giving a conjectural way to produce determinantal
equations for some secant varieties.

Setn = (n,...,n), (d+1)-times, ny = (n,...,n), d-times, and consider the corresponding Segre varieties
X := 8%, X1 := 8™ and Veronese varieties Y = V;+1, Y = V;. Fix the polynomial xg+1 € Y and let 1 be
the linear space spanned by the polynomials of the form xoF, where F is a polynomial of degree d. This allow us
to see Y1 < I1. Please note that polynomials of the form xoL¢ lie in the tangent space of Y at L‘lj“, and therefore
ranky (xgL®) = 2.

Hence for a polynomial F of degree d we have ranky (xoF) < 2ranky, (F). Our aim is to understand when
the equality holds.

We may mimic the same construction for the Segre varieties X and X1, and use determinantal equations
for the secant varieties of Xy to give determinantal equations of the secant varieties of X and henceforth conclude
Comon'’s conjecture. In particular, as soon as d is odd and d < n, this produces new determinantal equations for

Secy,(X7) and Secy, (Y1) with 2h < (”*rj%l)‘ Therefore, this would give new cases in which the general Comon’s
conjecture holds. Unfortunately, we are only able to successfully implement this procedure in very special cases,
see Section 5.

4. Strassen’s Conjecture

Another natural problem consists in giving hypotheses under which in Equation (3) equality
holds. Consider the triple Segre embedding o : P(V}*) x P(V5") x P(V§) = P* x P? x P¢ — P(V;* ®
Vi @Vi) = PN@D-1 and let S be the corresponding Segre variety. Now, take complementary
subspaces P%, P2 < P, Pb1, P2 « PP, PC1, P2 = P, and let S (”Lbl'cl), S@2b202) pe the Segre varieties
associated respectively to P x PU1 x P and P2 x P2 x Pe2,

In the notations of Section 2.2 set X = S%,Y = S(1¢1) and Z = S(@b11), Strassen’s conjecture
states that the additivity of the rank holds for triple tensors, or in onther words that in this setting the
inequality (3) is indeed an equality [15].

Conjecture 2 (Strassen’s). In the above notation let T € <S <“1'b1/cl)> , T, € <S (”2'b2'52)> be two tensors.
Then rank(T; @ To) = rank(Ty) + rank(T).

Even though Conjecture 2 was originally stated in the context of triple tensors that is bilinear
forms, with particular attention to the complexity of matrix multiplication, several generalizations are
immediate. For instance, we could ask the same question for higher order tensors, symmetric tensors,
mixed tensors and skew-symmetric tensors. It is also natural to ask for the analogue of Conjecture 2
for border rank. This has been answered negatively [26].

Conjecture 2 and its analogues have been proven when either T; or T, has dimension at most two,
when rank(Tj) can be determined by the so called substitution method [21], when dim(V;) = 2 both
for the rank and the border rank [27], when Ty, T, are symmetric that is homogeneous polynomials in
disjoint sets of variables, either Tj, T is a power, or both T} and T, have two variables, or either T; or
T has small rank [28], and also for other classes of homogeneous polynomials [29,30].

As for Comon’s conjecture a counterexample to Strassen’s conjecture has recently been given by Y.
Shitov [31]. In this case Y. Shitov proved that over any infinite field there exist tensors Tj, T, such that
the inequality in Conjecture 2 is strict.

In what follows, we give sufficient conditions for Strassen’s conjecture, recovering a known result,
and for its mixed and skew-symmetric analogues.
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Proposition 3. [25] Let V4, V, be k-vector spaces of dimensions n + 1, m + 1, and consider V.= Vy @ V5. Let
FeSym? (V1)  Sym? (V) and G € Sym® (Va) < Sym? (V) be two homogeneous polynomials. If there exists
an integer s > 0 such that

dim(Hpsp) = stk(F), dim(Hpsg) = srk(G)

then stk(F + G) = srk(F) + srk(G).

Proof. Clearly, stk(F 4+ G) < srk(F) + srk(G) holds in general. On the other hand, our hypothesis yields
stk(F) + srk(G) = dim(Hpsp) + dim(Hgsp) = dim(Hgspyg) < stk(F + G)

where the last inequality follows from Remark 1. [

Remark 3. The argument used in the proof of Proposition 3 works for F € PN(4) general only if for the generic

n+d
rank we have | (nil)J < (”*nl%J). For instance, when n = 3,d = 6 the generic rank is 21 while the maximal

dimension of the spaces spanned by partial derivatives is 20.

Proposition 4. Let Vy,...,V, and Wy, ..., W, be k-vector spaces of dimension ny +1,...,n, + 1 and my +
1,...,my +1respectively. Consider U; = V; ®W; forevery 1 <i < p. Let Ty € Sym™ V| ®- - ®@Sym* Vy <
Symd1 U®:-- ®Symdp Up and T € Sym"ll Wi®:--- ®Symdﬂ W, c Symd1 U®:--- ®Symd!’ Up be two
mixed tensors.

Ifforany i€ {1,..., p} there exists a pair (a;, b;) with a; + b; = d; and (A, B)-flattenings Ty : Vi — Vg,
T Vi — Vpas in (Section 2.1) such that

dim(Ty(V})) = rank(Ty), dim(T>(V})) = rank(T»)
then rank(T; + Tp) = rank(Ty) + rank(Ty).
Proof. Clearly, rank(T; 4+ T) < rank(T;) + rank(T,). On the other hand, our hypothesis yields
rank(Ty) + rank(Ty) = dim(Ty (V%)) + dim(To(V)) = dim(Ty + To(V)) < rank(T; + Ty)

where Tﬁz denotes the (A, B)-flattening of the mixed tensor T; + T. [

Arguing as in the proof of Proposition 4 with skew-symmetric flattenings we have an analogous
statement in the Segre-Grassmann setting.

Proposition 5. Let Vy,...,V, and Wy, ..., W, be k-vector spaces of dimension ny +1,...,n, + 1 and my +
1,...,myp + 1 respectively. Consider U; = V; ® W; for every 1 <i < p,andlet Ty € /\d1 Vi®--- ®/\d” Vy©
/\d1 UL®-- -®/\d” Upand Tp € /\’}l1 WM®-- -®/\dﬂ Wy, < /\dp UL®-- -®/\dﬂ U} be two skew-symmetric
tensors with d; < min{n; + 1, m; + 1}.

If forany i € {1,...,p} there exists a pair (a;, b;) with a; + b; = d; and (A, B)-skew-flattenings Ty :
Vi — Vg, T Vi — Vpas in (Section 2.1) such that

dim(Ty(V})) = rank(Ty), dim(T»(V)) = rank(T»)
then rank(T; + Tp) = rank(Ty) + rank(Ty).

5. On the Rank of xoF

In this section, building on Remark 2, we present new cases in which Comon’s conjecture holds.
Recall, that for a smooth point x € X, the a-osculating space T¢X of X at x is roughly the smaller linear
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subspace locally approximating X up to order a at x, and the a-osculating variety T*X of X is defined as
the closure of the union of all the osculating spaces

T°X = | JT4x
xeX

Forany 1 < a < d — 1 the osculating space ']I"ELd] V}} of order a at the point [L%] € V; can be written as

T Vi = <Ld—a1—“ | F € k[xo, .. .,xn]a> c pN

a
(L]
than or equal to a in the direction given by the linear form L vanish. Please note that dim('IF‘ELd]V;') =
(”:“) —1land Tde]Vﬂ’,’ c ']I“[’LA]V; for any b < a. Moreover, for any 1 < a < d and [L%] € Vi} we can
embed a copy of V! into the osculating space TEU’] Vi by considering

Equivalently, Tt ; V] is the space of homogeneous polynomials whose derivatives of order less

V= {L¥"M* | M ek[xg,..., xa1} Tf Vi

Remark 4. Let us expand the ideas in Remark 2. We can embed

Vi = {xOLd | Leklxp, ..., xu]1} S fog]V;H
and Remark 2 yields that

Secy (Vi) < Secoy(Vi1) 0 Tiae Vi (4)

This embedding extends to an embedding at the level of Segre varieties, and, in the notation of Remark 2,
we have that Secj,(S") < Secy, (S").

Assume that for a polynomial F € Secy,(V}) we have F € Secy,_1(S™ ). Then xoF € Seco,_»(S"). Now,
if we find a determinantal equation of Seco,_»(Vj, 1) coming as the restriction to I1, the space of symmetric
tensors, of a determinantal equation of Secy,_»(S™), and not vanishing at xoF then xoF ¢ Secpy_»(S") and
hence F ¢ Secy,_1(S™ ) proving Comon’s conjecture for F.

This will be the leading idea to keep in mind in what follows. The determinantal equations involved will
always come from minors of suitable catalecticant matrices, that can be therefore seen as the restriction to IT of
determinantal equations for the secants of the Segre coming from non symmetric flattenings.

It is easy to give examples where the inequality (4) is strict. When n = 1 the generic rank is
8d = ["lzil]. Then for d odd we have g; = g;_1 while for d even we have g; = ¢4_1 + 1. Hence
ranky, xoF < 2ranky, | Fif 2ranky  F > %’, where V; := V; is the rational normal curve. It is
natural to ask if the inequality is indeed an equality as long as the rank is subgeneric. In the case n = 1

we have the following result.

Proposition 6. Let V; := V1 be the degree d rational normal curve. If 2h < 4.1 then there does not exist
ky > 0 such that Sec,(Va) < Secop—r, Vias1) 0 fod“]vdﬂ.

Proof. Clearly, it is enough to prove the statement for k;, = 1. Let p € Secy,(V;) be a general point.
Then p € <[x0L‘1i],. ., [xoLZ]> with L; general linear forms. In particular

pe H:= <T[L‘11+1]Vd+1, e ,T[Lg+1]vd+1>
Please note that dim(H) = 2h — 1. Now, assume that p is contained also in Secy,_1(V,;41). Then

there exists a linear subspace H'  P?+! of dimension 2k — 2 passing through p intersecting V1 at
2h —1 points g1, . . ., 4, counted with multiplicity. Let q; , . .., g;, be the points among the g; coinciding
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with some of the [L'l-”l] and such that the intersection multiplicity of H and V;,1 at q;; is one, and
qj,,---,q;, be the points among the g; coinciding with some of the [L? 17 and such that the intersection
multiplicity of H' and V; at g;, is greater that or equal to two.

SetIT:= (H,H’), then dim(I1) = 2h — 1+ 2h — 2 — i, — 2j, and IT intersects V.1 at 2h + (2h — 1 —
iy — 2jy) points counted with multiplicity. Consider general points by, ..., bs € V11 with s = i, +2j,,
and the linear space I1' = (I1, by, ..., bs). Therefore, dim(I1") = 4h — 3 and IT intersects V;, 1 at 4h — 1
points counted with multiplicity. Since 2h < dzﬁ adding enough general points to IT" we may construct
a hyperplane in pi+1 intersecting V11 at d + 2 points counted with multiplicity, a contradiction. [

Proposition 6 can be applied to get results on the rank of a special class of matrices called
Hankel matrices.

Let F = Zoxg +...+ (dii) Z,'xg_ixa +...+ de’f be a binary form and consider [Z, ..., Z;] as
homogeneous coordinates on P(k[xg, x1]4). Furthermore, consider the matrices

Zo .. Zn Zo .. Zn
My, = oo, Moy = : L
T o Zy Zost oo Za

It is well known that the ideal of Secy, (V) is cut out by the minors of M of size (h+1) x (h+1) [4].
Now, consider a polynomial F € k[xg, x1]|; with homogeneous coordinates [Z, ..., Zs]. Then
F':= xoF € k[xo, X1]441 has homogeneous coordinates [Zg, ..., Z}; ;] with
_d+1-—i

7 =

! d+1 ™

To determine the rank of F/ we have to relate the rank of the matrices

d d+1—n
dZO FEaeA| dd+1 Zn
—n
al T Znt1
NZn = . .
d—n+2 1
g+1+1zn—1 e o ar12d
—nrlz =7, 0
d+1 “n d+14d
d d—n
dZO a1 ] W%Zn
e
14 T Znt2
N2n+l = : :
d—n+2 1
. dﬂ Zn - a1 a
—n
T et - gila 0

with the rank of M.

Definition 1. A matrix A = (A;j) € M(a,b) such that A;; = Ay whenever i +j = h+ k is called a
Hankel matrix.

In particular all the matrices of the form M, and N, considered above are Hankel matrices.

Let M(a, b) be the vector space of a4 x b matrices with coefficients in the base field k. For any
h < min{a, b} let Rank,(M(a, b)) < M(a, ) be the subvariety consisting of all matrices of rank at most /.

Now, consider the map f : N — N x N given by g(2n) = (n+1,n+1) and p2n+1) =
(n+2,n+1). For any d > 1 we can view the subspace H; = M(B(d)) formed by matrices of the form
M as the subspace of Hankel matrices. Now, given any linear morphism f : M(a,b) — M(c,d) we
can ask if for some s < min{c, d} we have f(Rank;(M(a,b))) < Ranks(M(c,d)).
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Corollary 1. Consider the linear morphism

ws MBE@) —  MB@+1)
(Aij)  — (%f‘w‘)

Then ay(Hy) < Hyyq and ag(Rank,(M(B(d)) n My)) € Ranky,(M(B(d +1))) n Myy1.

Proof. Since ay(A;;) = ag(Apx) wheni+j = h+k we have that ay(Hy) S Hyy1. By Proposition 6
Rank,(M(B(d)) n Hy = Secy,(V;), and by construction «;(My) is the linear change of coordinates
mapping a binary form F € k[xo, x1] to F' = xoF € k[x, x1]411-

Since Secy, (V) < Secy,(Vyi1) N fodﬂ]vdﬂz if an /1 x h minor of a general matrix B in M(B(d))
does not vanish, under the assumption that all the (2 + 1) x (h + 1) minors of B vanish, then there is a
2h x 2h minor of ay(B) that does not vanish. [J

When 1 > 2 we are able to determine, via Macaulay? [32] aided methods, the rank of xpF in some
special cases.

i (n,d) = (2,2). The variety Sec3(V2) is the hypersurface in P cut out by the Aronhold invariant,
see for instance (Section 1.1 in [4]). With a Macaulay2 computation we prove that if F € Secz(sz)
is general then the Aronhold invariant does not vanish at xoF, hence rank xoF = 2rank F.

ii  (n,d) = (2,3). The varieties Sec5(V?) and Secz(V?) are both hypersurfaces, given respectively
by the determinant of the catalecticant matrix of second partial derivatives and the Aronhold
invariant (Section 1.1 in [4]). With Macaulay2 we prove that the determinant of the second
catalecticant matrix does not vanish at xyF for F € SeC3(V§) general, hence rank xoF = 2rank F.

iti (n,d) = (3,3). The secant variety Seco(V3) is the hypersurface cut out by the second catalecticant
matrix (Section 1.1 in [4]) while Secs(V3) is the entire osculating space. A Macaulay2 computation
shows that fog] V3 < Seco(V3). This proves that rank xgF < 2rank F, for F general.

iv. (n,d) = (4,3). In this case Secg(V§) = T?x‘l] Vi and Secys(V§) is given by the determinant
of the second catalecticant matrix (Section 1.1 in [4]). Again using Macaulay2 we show that
'11‘37(3 Vf} c SecM(Vf), This proves that rank xoF < 2rank F, for F general.

[xo!
Corollary 2. For the osculating varieties TV3 and T3V we have

T3V3 < Secg(V3), TVi < Secia(V§)

Proof. The action of PGL(t + 1) on P extends naturally to an action on PN(4) stabilizing V7] and more

generally the secant varieties Sec;, (V}f). Since this action is transitive on V} we have T‘[‘xd] VI < Sec,(VY)
0

if and only if ']I“ELd] Vi < Sec;, V} for any point [L%] e V7 thatis T*V} < Secy,Vj. Finally, we conclude by

applying iii and iv in the list above. [

Macaulay2 Implementation
In the Macaulay? file Comon-1.0.m2 we provide a function called Comon which operates as follows:

- Comon takes in input three natural numbers 1, d, h;

- ifh< ("*J%J) then the function returns that Comon’s conjecture holds for the general degree d
polynomial in 1 + 1 variables of rank & by the usual flattenings method in Proposition 1. If not,
and d is even then it returns that the method does not apply;

- ifdis odd and (":k) < 2("+,’:_1), where k = [d%lj, then again it returns that the method does
not apply;

- ifdisodd, (") = 2(""*71) and 2k — 1 > (") then it returns that the method does not apply
since 2i — 2 must be smaller than the number of order k partial derivatives;
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- ifdisodd, (”Zk) > 2("*1’;71) and2h —1 < ("Zk) then Comon, in the spirit of Remark 4, produces a
polynomial of the form

F =" (ajoxo+ -+ a;,xn)"

=

i=1

then substitutes random rational values to the 4;;, computes the polynomial G = x(F, the
catalecticant matrix D of order k partial derivatives of G, extracts the most up left 21 —1 x 2h — 1
minor P of D, and compute the determinant det(P) of P;

- ifdet(P) = 0 then Comon returns that the method does not apply, otherwise it returns that Comon’s
conjecture holds for the general degree d polynomial in # + 1 variables of rank h.

Please note that since the function random is involved Comon may return that the method does not
apply even though it does. Clearly, this event is extremely unlikely. Thanks to this function we are
able to prove that Comon'’s conjecture holds in some new cases that are not covered by Proposition 1.
Since the case n = 1 is covered by Proposition 6 in the following we assume that n > 2.

Theorem 1. Assume n > 2 and set h = (VH’J%J) Then Comon’s conjecture holds for the general degree d
homogeneous polynomial in n + 1 variables of rank h in the following cases:

- d=3and?2 <n <30;
- d=5and3<n<s§;
- d=7andn =4.

Proof. The proof is based on Macaualy2 computations using the function Comon exactly as shown in
Example 1 below. O

Example 1. We apply the function Comon in a few interesting cases:

Macaulay2, version 1.12

with packages: ConwayPolynomials, Elimination, IntegralClosure, InverseSystems,
LLLBases, PrimaryDecomposition, ReesAlgebra, TangentCone

il : loadPackage "Comon-1.0.m2";

i2 : Comon(5,3,4)

Lowest rank for which the usual flattenings method does not work = 6

02 = Comon’s conjecture holds for the general degree 3 homogeneous polynomial
in 6 variables of rank 4 by the usual flattenings method

i3 : Comon(5,3,6)

Lowest rank for which the usual flattenings method does not work = 6

03 = Comon’s conjecture holds for the general degree 3 homogeneous polynomial
in 6 variables of rank 6

i4 : Comon(5,3,7)

Lowest rank for which the usual flattenings method does not work = 6

04 = The method does not apply --- The determinant vanishes

i5 : Comon(5,5,21)

Lowest rank for which the usual flattenings method does not work = 21

05 = Comon’s conjecture holds for the general degree 5 homogeneous polynomial
in 6 variables of rank 21

i6 : Comon(4,7,35)

Lowest rank for which the usual flattenings method does not work = 35

06 = Comon’s conjecture holds for the general degree 7 homogeneous polynomial
in 5 variables of rank 35
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1. Introduction

Until recently, if a scientist or an engineer were asked what tensors are good for, probably in many
cases they would have organized their answer around examples such as the Cauchy stress tensor or
the tensors that arise in general relativity. However, these are examples of a more complex concept:
that of a tensor field. To give a first explanation of the difference, let us point out that a scalar field is a
function defined on a portion of space (on which one can perform the various operations of Calculus,
e.g., take the partial derivatives), whereas a scalar is just a real (or complex) number. To refine the
explanation, one might discuss the difference between a vector field and a single vector. In the context
of the present survey article, tensors are considered as mathematical objects per se. Thus, we disregard
how tensors can vary in a portion of space, and look at them as single elements of a space of tensors,
i.e. just the set of all tensors of the same type. In the last decades, it has become clearer and clearer that
even this considerably simpler notion is of utmost applicative importance: a convincing account is
provided by Landsberg’s book [1], especially in Section 1.3 and the whole Part 3.

In most of the applications, vectors are either physical quantities which can be represented by
arrows, or arrays of numbers. Since spaces of these two kinds of objects reveal the same fundamental
structure, the twentieth century Mathematics has established the unifying concept of a vector space.
This abstract object turns out to be suitable for a much wider class of situations, including those in which
vectors can vary in real space. Vector spaces are a kind of algebraic structure, that is, they are formally
defined by means of the operations that can be performed on their elements. The multiplication of
numbers by vectors can be extended by allowing more general kinds of “numbers”, which can be
defined by means of another algebraic structure, named a field (not to be confused with a field of
varying objects in a portion of space). These are the building blocks of modern Linear Algebra, with
which even the multilinear algebra, hence the tensor theory, can be set up. The survey is written
using this language. Although not unknown, such an abstract mathematical approach might be a bit
demanding for some tensor practitioners (cf. [1], Subsection 0.3); therefore, it is likely they will prefer
to accompany the reading with some of the many good books on abstract algebra.

Based on the work in [1], Part 3, the importance of tensor decompositions can be appreciated.
The perhaps most basic kind of decomposition leads to the notion of tensor rank. It can be said that,
to date, tensor rank is not understood well, as no general algorithm for determining it is known.
The same is true for the symmetric rank of a symmetric tensor. Moreover, many of the techniques
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that have led to some success in tensor theory apply both to rank and to symmetric rank, and the
assertion that they coincide (for a symmetric tensor) is the content of the Comon'’s conjecture (see [1],
Exercise 2.6.6.5 and references therein). This encourages us to believe that a better understanding of
the symmetric rank may shed some light on tensor rank.

When the base field is of characteristic zero, e.g., when dealing with real or complex numbers (as in
most of the applicative uses of tensors), symmetric tensors are naturally identified with homogeneous
polynomials. Even in positive characteristic, symmetric tensors and polynomials are “quite close”
since, as a matter of facts, symmetric tensors can always be naturally identified with the so-called
divided powers. From the polynomial viewpoint, the symmetric rank becomes the Waring rank, that is,
the minimum number of summands that are required to express a given homogeneous polynomial
as a sum of powers of linear forms. It follows that, in the characteristic zero case, to determine the
maximum symmetric rank for symmetric tensors of given dimension 7 and order d, is the same as to
determine the maximum Waring rank for degree d homogeneous polynomials in 7 variables. This is
one of the most natural variants of the classical Waring problem on natural numbers. Now, if the
symmetric rank was well understood, one probably would easily determine what is its maximum for
symmetric tensors of given order and dimension. This leads us to hope that the techniques invented
to find the maximum Waring rank for degree d forms in n variables might indicate some ways to
understand tensor rank.

Following Geramita [2], let us recall that, while the classical Waring problem was solved by
Hilbert, its main variant remains open, i.e. determining the minimum number G(d) of summands that
are needed to decompose every sufficiently large natural number into a sum of dth powers. From the
polynomial viewpoint, a naturally analogous problem is to determine the maximum Waring rank of a
generic degree d homogeneous polynomials in 7 variables, where “generic” is meant in the sense that it
commonly has in Algebraic Geometry. In this case, under the hypothesis that the base field is algebraic
closed of characteristic zero, the answer is provided by the celebrated Alexander-Hirschowitz theorem,
which deals with interpolation of sets of fat points, but which through the Terracini’s lemma has a
direct translation in frame of the Waring rank (see [3] for the original proof of the theorem and [4],
Section 7 for a good historical account of it). Henceforth, we shall refer to the Waring rank of a form
simply as its rank.

Interestingly, at the end of his review of the outstanding paper [3] in the MathSciNet database,
Fedor Zak wrote:

It would also be nice to know how many linear forms are required to express an arbitrary
form of degree d as a sum of dth powers of linear forms.

2

In the mentioned Exposé [2], Tony Geramita called this problem the /ittle (and the “generic version”
solved by Alexander and Hirschowitz the big) Waring problem for polynomials. However, as little as it
can be, similar to a mouse, the problem is also escaping, and indeed it has remained open to date.

After Geramita’s Exposé, Johannes Kleppe was able to prove that the maximum rank of ternary
quartics is seven, in his master thesis [5] under the supervision of Kristian Ranestad. More precisely,
that work contains a study of normal forms and ranks of ternary cubics and quartics, from which the
maximum ranks can be obtained.

Some years later, at the opposite side of Kleppe’s result, which gives a sharp upper bound in
two very specific cases, Corollary 1 [6] provided us with a very mild upper bound in the general
case. After about the same amount of time, that result was dramatically improved by Blekherman
and Teitler (see [7], Corollary 9). From the references in [6], some information on earlier works on the
subject can be obtained. For instance, the work in [8], published in 1969, deals with the problem for
arbitrary fields, with a particular care to detect in which cases there is actually a maximum for the
Waring rank (as it is always the case when the base field is algebraically closed of characteristic zero).
We believe that any list of references one might try to work out for the problem of our interest will
likely be far from complete, since it is of a natural and elementary nature and dates back to at least
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the first half of the past century. For instance, B. Segre at the beginning of [9], Section 96, mentioned a
question raised in [10].

The introduction of Buczynski and Teitler’s paper [11] is a good source of information on what
is known on the maximum Waring rank, up to recent times. As tensor theory, as well as its related
algebrogeometric aspects, is currently a very active research field, a good deal of new results have
been discovered since then, and they can be of use to determine that maximum. However, if we strictly
focus on the problem, as far as we know, there are only two new facts that improve ([11], Table 1).
The first one is [12], Proposition 3.3, which sensibly improves the Blekherman and Teitler’s upper
bound when 7 = 3. The other is [13], Theorem 2.5, which extends to even degrees the Buczyriski and
Teitler’s lower bound established in [11], Theorem 1 (in the sense that it raises by one the lower bound
given by the maximum rank of monomials, which for an even degree d is (d? +2d)/4).

According to the aforementioned results, for ternary forms over algebraically closed fields of
characteristic zero both the lower and the upper bounds are of order O(4%/4), and the gap is d - 1.
The main purpose of the present survey article is to convey the basic ideas that led to those bounds.

2. Symmetric Algebra and Apolarity

In this section, we give an overview of some fundamental facts that are worthy of being recalled
in the present context. The technical treatments of basic tensor theory and apolarity that can be
encountered in the literature may vary considerably. Instead of fixing one of them, we only review the
main statements: whatever reference the reader is willing to adopt, the basic definitions will likely
be compatible with (or at least adaptable to) our assumptions. The exposition is organized so that,
by adding sufficient details, one can get a coherent theoretical development.

‘ Henceforth, K denotes a field and V a K-vector space. ‘

2.1. The Tensor Algebra of a Vector Space

We take the view that the tensor algebra T(V') can be any fixed K-algebra that contains V as a
K-vector subspace and such that for each K-vector space homomorphism of V into a (commutative
or not) K-algebra A there exists a unique K-algebra homomorphism T(V) — A that extends it.
The elements of T(V) are called tensors, the multiplication in T(V) is denoted by ® and ty ® t1 is
the tensor product of ty and t;. However, V ® V does not denote the set of all vy ® v with vg,v1 € V,
but the vector subspace of T(V) generated by that set. The tensor power V@ - ® V = V® can be
similarly defined; its elements are said to have order d. The multiplication pt; : V x - xV — V&7,
(v1,...,04) = V1 ® - ® Uy, is a universal d-linear map, that is, every d-linear map m : V x---xV - W
factors as @ o 1z for a uniquely determined vector space homomorphism ¢ : V& - W.

This approach may be considered rather abstract, but it might be said that T(V) is no more
abstract than C: similar to how one extends R by adding a square root of -1 and all objects that are
consequently needed to keep the operations and their properties, here one extends V and K by adding
tensor products of vectors and all objects that are consequently needed to keep the operations of
V, and to build a multiplication with the usual properties (apart from commutativity). The above
characterization of T(V) (up to algebra isomorphisms) makes precise the intuitive idea, and indeed
a similar characterization holds for C: for every R-algebra A that contains a square root x of -1
(for instance, A could be the algebra of endomorphisms of vectors in the plane and x a rotation by 90°),
there exists a unique R-algebra homomorphism C — A that sends the imaginary unit into x.

2.2. The Symmetric Algebra of a Vector Space

The definition of the symmetric algebra S(V') can be given in the same way, except for the fact
that now the target K-algebra A in the characteristic property is required to be commutative. A very
natural K-algebra homomorphism T(V) — S(V) arises: the one which extends the identity map of
V. Elements of S(V) are not exactly symmetric tensors, though in most cases the two things can be
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identified, but rather polynomials. Indeed, if (x;),.; denotes a (possibly infinite) basis of the vector space
V, any element of S(V) can be written as a polynomial in the x;s, and two elements are equal if and
only if for each monomial they carry the same coefficient.

2.3. Symmetric Tensors

To define symmetric tensors, first notice that for each permutation o of {1,. .., 1}, by the mentioned
universal property of tensor powers we have an automorphism ¢y of V®" such that v; ® - ® v, —
cof{1,...,n}. Forinstance, v@w+w®vand v®v®w+v® W ® v+ W ® v ® v are symmetric tensors for
whatever choice of v,w € V. A sum of symmetric tensors of different orders can be called symmetric as
well (although very seldom one encounters such sums).

2.4. The Symmetric Product

The set S(V) of symmetric tensors is a vector subspace, but not a subalgebra of T(V) (apart from
the trivial cases when dim V < 1). However, a meaningful multiplication in S(V) can be introduced.
The symmetric product sys; of two symmetric tensors of given orders dy, d; can be defined as the sum of
oy (so ®s1) with ¢ varying on the (do, d1)-shuffles, that are the permutations of {1,...,dp +d; } such
thato(1) <+ <o(dy) and o(dg+1) < --- < o(dy + dq). For instance,

U(VOW+WRV)=URVAUW+URWRV+VRUAW+WRURV+VRWAU+W RV U =uvw (1)

for whatever choice of u,v,w e V.
There is a unique way to extend this operation on the whole of S(V), that preserves the distributive
law. Note that with this definition we have v = d1v®! = dlv ® --- ® v (d factors).

2.5. A Variant of the Symmetric Product in Characteristic Zero

We mention that there is a much more popular variant of the symmetric product, which is in use
when K is C, or more generally is of characteristic zero (see, e.g., [1], 2.6.3). It can be presented as
follows. Every K-vector space automorphism & of any K-algebra A induces another multiplication on
A: the one that makes « a K-algebra automorphism, when it replaces the original one on the target (but
not on the domain). In particular, if a sequence (a4) ;5o of nonzero scalars is given, the multiplication by
a4 on order d symmetric tensors gives a K-vector space automorphism of S(V'), hence a multiplication
in it. The mentioned symmetric product in S(V') is given by the sequence a; := 1/d!. For instance, this
definition gives

1
U(v@W+wWev) = 3 (URUVAW+URWRV+VRUOW+WRURV+VRWRU+W RV U) = u(20W)
(compare with Equation (1)); note also that now v = v®d,

The reason for the popularity of the “modified” symmetric product is explained by the relationship
between symmetric tensors and polynomials: it makes the restriction S(V) — S(V) of the natural
map T(V) - S(V) a K-algebra isomorphism. In positive characteristic, a multiplication with such a
desirable property can not be hoped for, simply because in this case the restriction S(V) - S(V) is not
bijective (unless dim V' < 1). It also worthy of being remarked that in characteristic zero, S(V) with
the previous symmetric product is naturally isomorphic to S(V') as well, but in this case through the
K-algebra homomorphism S(V) — S(V) that arises simply because S(V') is a commutative K-algebra
containing V.

Although the subject of the present work is the maximum symmetric rank in the characteristic
zero case, we prefer to assume that S(V) is equipped with the general symmetric product (which is
defined regardless of the characteristic of K), not with the modified one.
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2.6. Tensors on the Dual and Multilinear Forms

Let us consider the dual space V* and denote by V*¢ the space of d-linear forms. A d-linear form
p:V? > Kand a d'-linear form p': V¥ — K give rise to the (d + d’)-linear form

(01, Vgsar) = 1 (01, 00) W (Vast, - Vgrar) -

This allows us to define a K-algebra structure on
M(V) =@V,
d

Since V* embeds (as a summand) in M(V'), one comes with a natural K-algebra homomorphism
T(V*) > M(V), which is always injective and turns out to be an isomorphism if and only if dim V < oo.
On the other hand, to give a d-linear form on V is the same as to give a linear form on Ve and T(V),
as a matter of facts, is a graded algebra whose degree d component is V®? (regardless of the finiteness
assumption). Therefore, M(V) is isomorphic as a vector space to the graded dual of T(V). In conclusion,
when dim V < oo, the graded dual of T(V) is isomorphic, as a graded vector space, to T (V*).

Let us also point out that, given I4,...,1; € V*, the image of the tensor product /; ® ---® I; in M(V)
takes value

i (v1) 14 (04) 2

on (vy,...,v4), and this is also the value taken on v; ® --- ® v; by the image in the graded dual of T(V').

For the symmetric algebra, we have the following facts. To begin with, S(V) is a graded algebra
as well, and the natural homomorphism T(V) — S(V) is a graded one, and as a matter of facts is
surjective on each graded component. Hence, the graded dual of S(V') embeds into the graded dual of
T(V), which is isomorphic to M(V). However, similarly to what happens for V¢, to give a d-linear
form on the symmetric power Sd(V) (the subspace of degree d elements of S(V)) is the same as to give
a symmetric d-linear form on V. This easily implies that the image of the dual of s'(v) through the
embedding into M(V) is precisely the subspace of d-linear symmetric forms. Next, it is not difficult to
show that an order d tensor in T (V*) is symmetric if and only if its image through the embedding
T(V*) > M(V) is a symmetric d-linear map. In the finite dimensional case, the converse is also true:
a d-linear form is symmetric if and only if it corresponds to a symmetric tensor. In conclusion, when
dim V < oo, the graded dual of S(V) is isomorphic, as a graded K-vector space, to S (V*).

According to the definition of the symmetric product, given Iy, ...,I; € V¥, the image of I;---I; in
M(V) takes value

ZU: 11 (V1)) +1d (Vo(ay) 3)

on (vy,...,v4), that is, the permanent of the matrix (l,v (vj))l. i This is also the value taken on v;---v; by
the image of I--I; in the graded dual of S(V').

2.7. Evaluation

The algebra K" of all functions V — K is commutative and contains V*. Hence, there is a canonical
K-algebra homomorphism S (V*) - K". Note also that the value of the image of f € S(V*) on v is
the image of through the evaluation homomorphism S (V*) — K that extends the evaluation at v map
V* - K (I~ 1(0)). If f € S(V*) is considered as a polynomial, the image in KV is the corresponding
polynomial function.

For a form f € S (V*), the corresponding symmetric d-linear form can be considered as a
polarization of the corresponding polynomial function (though it is customary to affect that d-linear
form by a factor 1/d!).
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2.8. Symmetric Tensors on the Dual and Divided Powers

The symmetric product may be preferred over its variant in characteristic zero, not only because
it is defined regardless to the characteristic of K, but also because it makes S(V') an algebra of divided
powers, in a quite simple way: it suffices to set ol = p®d A perhaps more familiar way to introduce
divided powers is in the context of duality, as done, e.g., in [14], Appendix A. To link the discussion
earlier to the larrobino and Kanev’s approach:

‘ henceforth, we assume dim V < oo. ‘

Since an isomorphic image of a tensor algebra is a tensor algebra as well, we can assume that
T (V*) is chosen so that S (V*) actually is the graded dual of S(V). Similarly, if R = K[xy,...,x,] =
®450R 4 is a (graded) ring of polynomials, we can assume S(R;) = R. Let us also assume V := Ry
(under a suitable definition of polynomial rings, this assumption imposes no restriction on V). Setting
D := S(V*) and denoting by D, the subspace of order d symmetric tensors, we get exactly in the
situation at the beginning of [14], Appendix A. Let us employ a few lines below to check that setting
114] .= 1®4 subsequent definitions of [14], Appendix A, are automatically fulfilled.

Let (Xy,..., X,) be the base of Dy, dual to (x1,...,x,) (thatis, X; (x]-) is O when i # j and 1 when
i = j). Note that X;X; takes value 1 on x;x; when i # j (it is indeed given by Equation (3), and
I; (xj) = 1;(v;) = 0), but the value is 2 when i = j, that is, Xi2 (xlz) = 2. Instead, we have Xl.[z] (%) =
X;@Z (x;) = 1, as it follows from the evaluation rule Equation (2) (or also from Xl.2 = Z!ng’z). More

generally, we have that ngl]-nXPj’] takes value 0 on x‘fl-uxii' when (dy,...,d;) # (d},...,d}) and

value 1 when (dy,...,d;) = (d{, .. ‘,di). This agrees with [14], Definition A.1. Since the number of
(d,d’)-shuffles is (d +d")!/(d!d"!), we have

('] _ (d+d")! d+d]
XX = T ’
hence g d “
Xgm],_xy[drjX{dl]__.xy[d,] _(di+ad)! (4 +d,).X[d1+d1]er[d,+d,] ,

dy'df! dtdlr 1

in agreement with [14], (A.0.5). Similar calculations lead to

(a1 Xy + -+ +arXr)[d] = > af1-~a’f’X£d1]~~X£d'] ,
dy+e+dp=d

in agreement with [14], Definition A.8.

2.9. The Contraction Map

Given p € Ry, f € Dygyqr = Hom (Ry, 4, K) and denoting by pp : Ry — Ry, the vector space
homomorphism given by the multiplication by p, the composition f o i, belongs to D, and is called
the contraction of f by p. The bilinear operations Ry x Dy, 4 — Dy (assuming Dy = {0} when d’ < 0)
extend to a unique bilinear operation R x D — D, that can be called contraction map (in agreement
with [14], Definition A.2). If Iy, ...,l; € Ry and ¢ € M(V) is the (d + d")-linear form corresponding to
f, the contraction of f by I4--1; corresponds to the d’-linear form obtained by fixing d arguments of
pequaltoly,... Iy (v1,...,00) = @(l1,...,13,v1,...,04). This property may also be used to give an
alternative definition of the contraction, because of the characteristic property of the symmetric powers
(the d-linear assignment on all (I,...,1;) € R'f determines a homomorphism R; = s (R1) - v,
whose image is canonically isomorphic to D and which depends on f € D, in a linear way). For
this reason, the contraction can also be called insertion and denoted by - (this attitude is perhaps more
common in the context of alternating forms).
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2.10. Contraction and Derivatives

The ordinary directional derivative of differentiable (real valued) functions fulfills the Leibnitz rule
0y(fg) = (9uf) g+ fdug and on linear forms is nothing but the evaluation on v. These two properties
can be used to characterize the derivative of polynomials in S(V*) along v € V. Indeed, for each d,
we can define 9, on S7 V* as the unique operator into S™1v* such that

d —
3o (hi+1g) = S L)y Ty € ST V*
i=1

forall ly,...,1; € V* (with the hat denoting omission). Then, 9, extends to the whole of S (V*) by
additivity. Using again the fact that linear operators on ¢ V* are characterized by their values on the
products I1---1;, one can easily check that the Leibnitz rule holds in S (V*) and that 9, is the unique
extension of the evaluation on v in V* with this property. A partial derivative is obviously a directional
derivative along a basis vector x;.

Letly,...,I;e V¥, v1,...,05 € V,and f be the image in D; of I;--1; € g+ (that is, the product
l1-+14 in the ring D). From the evaluation rule Equation (3) follows that the contraction of f by v; take
the same value on v;---v; as

(is basically a Laplace-like expansion of the permanent along the first row), which is the image
of dy, (l1-++1g) € sy, Using additivity and again the fact that operators on symmetric powers
are determined by their values on products of vectors, we conclude that, for every v € V,
the partial derivative d, and the contraction by v are compatible via the canonical homomorphism
S(V*) »S(V*)=D.

A constant coefficient linear partial differential operator on S(V*) is a linear combination of
compositions of directional (or partial) derivatives. The set D of such operators is a commutative
K-algebra with multiplication given by composition. Hence, v ~ 9, extends in a unique way to a
K-algebra homomorphism S(V') = R — D. The image of each p € R in D can be denoted by 9.

2.11. Apolarity

When K is of characteristic zero, both canonical homomorphisms S(V*) — D and R — D are
isomorphisms. In this case, we can assume that S(V*) = D (and under a suitable definition of
polynomials also R = D could be assumed). This way the contraction map becomes a bilinear map
S(V) xS(V*) - S(V*) such that each p acts as the constant coefficient linear differential operator 9,
(e.g., the contraction of X; X% by 3x1x; + X3 is 30, 0x, (X1X3) + 9x,0x, (X1X3) = 2X1 + 6X2).

From the coordinate-free definitions is quite easy to recognize that the contraction map is invariant
with respect to the canonical actions of GL(V) on V and on V* (cf. also [14], Proposition A3(i)).
As Ehrenborg and Rota reported in [15], Introduction, for each fixed degree there is a unique invariant
bilinear form S (V) x st (V*) = K, which has been much used since the nineteenth century by classical
invariant theorists. They also say that this form can be called apolar bilinear form, that the subject of
apolarity has been related with the symbolic method in classical invariant theory, and that an efficient
treatment can be given in frames of Hopf algebras.

Apolarity for univariate polynomials of the same degree can also be disguised as an explicit
formula with alternating signs. To understand why, it may be useful to have a quick look on what
happens for the homogeneous version of such polynomials, that is, for binary forms. From a geometric,
projective viewpoint, (nonzero) vectors can be viewed as points and linear forms as hyperplanes.
For binary forms, that is, when dimV = 2 and the projective picture is a line, hyperplanes are
(singletons of) points. From the algebraic viewpoint, this amounts to the existence of an isomorphism
V — V*, unique up to scalar factors (or, equivalently, to the existence of a unique, up to scalar factors,
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nondegenerate alternating form on V). In coordinates, agxg + a;x1 corresponds to a; Xy — agX; (or to
a scalar multiple of it). The extension S(V) 5 S(V*) of this isomorphism allows us to equivalently
describe apolarity as a bilinear form on S(V') alone. Restricting the attention on (homogeneous)
polynomials of the same degree, we get a bilinear form on Sd(V), which is alternating for d odd and
symmetric for d even. In coordinates:

(Sanxd s, Salxd=x) = S(-1)(d-i)lilay al .
i i

1

In terms of univariate polynomials of an assigned degree d:
(Saxt, Yalx') w  S(-1)(d-i)lilay_a).
i i i

Some classical results deal with this kind of apolarity, with K = C. For instance, Grace’s theorem is
sometimes named Grace’s apolarity theorem for this reason. Nowadays, there is a basic result, which is
largely referred to as the apolarity lemma. It plays a fundamental role in proving the bounds on Waring
ranks we aim to present in this article. We end this section by setting up the technical environment of
our presentation. In the next section, we state a version of the apolarity lemma.

2.12. Standing Assumptions

From the usual geometric viewpoint, forms are regarded as hypersurfaces. To begin with,
for every element of S(V*), the vanishing locus of the corresponding polynomial function is an
affine hypersuperface in V. However, a projective viewpoint is perhaps more fruitful. We define
the projective space P(V) as the set of one-dimensional subspace of V, (v) with v # 0, and the
hypersurface corresponding to a form f € s (V*) as the zero locus in P(V) of the corresponding
degree d homogeneous function on V. Sometimes geometric features of the hypersurface defined by a
form f, such as the singular locus, can give information on the rank of f (cf. [1], Theorem 9.2.1.4).

However, rank determination often uses the dual viewpoint, from which forms are considered as
points in a space where powers of linear forms constitute a Veronese variety (see [1], 4.3.7). Sometimes,
having a simultaneous look on both viewpoint has been fruitful, and perhaps a systematic investigation
with this double viewpoint could be worthy of being pursued. However, that it is not our goal here,
we prefer to facilitate the interchange between V and V* by working on an arbitrary pair of (finite
dimensional) vector spaces, with a given perfect pairing between one another. To denote such spaces,
we follow a kind of abstract index notation, using upper indices for one of the two spaces and lower
indices for the other. In a purely algebraic context, especially one in which powers play an important
role, this might be considered bad practice. However, if one takes care of not assigning an independent
meaning to x, the use of x’ causes no ambiguities. An advantage of this choice is to have a notation
that can be more promptly translated (and provide insight) in physics contexts where tensors are
widely used.

As we have anticipated, we are interested in the case when K is algebraically closed of
characteristic zero (e.g., K = C). Hence, apolarity will be assumed on a (dual) pair of symmetric
algebras, which we denote by S°® and S,. From our preferred geometric viewpoint, elements of S®
are considered as polynomial functions on the degree 1 component S; of S, (in accordance with the
abstract index notation, where forms take upper indices and vectors lower indices), but elements of S®
act also as constant coefficient linear differential operators on S,. Note that, to fit the first description
into the previously outlined technical treatment, one needs to identify S, with S(V') and S® with S (V*),
whereas, to fit the other, one needs the converse. Polynomials whose rank is to be studied will live
in Sd~

Following from the above said, now we set up more formally our ground technical framework
for the subsequent sections.
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* We assume that K is algebraically closed and of characteristic zero.

e The span of a subset X ¢ V is denoted by ( X) (or also (v1,...,v, ) when X = {vy,...,v,}).

e We define the projective space P(V) as the set {(v): v € V\ {0} } of one-dimensional subspaces
of V.

* We fix two symmetric algebras S, and S*, whose degree d components are denoted by S; and 57

e Weassume dim S < o0, dim S! < 00, So =S(S7), S* =S (S').

* We assume that a perfect pairing S! x S; - K is given.

® By the value f(v) of f € S® at v € S;, we mean the value at v of the image of f through
s*5s (S{ ) - K51, where the first isomorphism is induced by the given perfect pairing.

e The ideal I(X) ¢ S°® of a subset X ¢ IP(S7) is the homogenous ideal with degree d components
given, for each d, by all f € S such that f(v) = 0 for all (v) € X.

e The apolar bilinear map S® x S¢ — S, is the map induced by the earlier defined bilinear map
S(V)xS(V*) - S(V*), when V = S!, through the isomorphism S (Sl*) 5 S, induced by the
given perfect pairing.

* drx denotes the value of the apolar map on (f,x) € S® x S,.

* fand x are said to be apolar to each other when d¢x = 0, and the ideal Ann x ¢ S° of all f apolar
to x is called the apolar ideal of x.

o If W < S, is a subspace, W+ denotes the set of all f € S that are apolar to all elements of W.
Similarly, for a subspace W < $¢, W* denotes the set of all x € S, that are apolar to all elements
of W.

From the discussion above, it follows that apolarity induces an isomorphism 59 — S} for each
d, therefore gives a perfect pairing in each degree. Hence, W* denotes nothing but the orthogonal
complement with respect such a perfect pairing. The notation Ann x for the apolar ideal complies
with the notion of the annihilator of an element of a module, because S, is structured as an S®-module
by apolarity. We prefer not to use the quite common notation x* for the apolar ideal (we speak about
orthogonality only in a fixed degree).

When one needs schemes (for which we assume the definitions in [16]), it turns out that a point
of Proj S (V*) rational over K is a maximal non-irrelevant homogeneous ideal in S (V*) such that its
intersection with S' (V*) = V* isa hyperplane. However, every hyperplane in V* is the hyperplane of
forms that vanish on some point in P(V). This gives the canonical identification of P(V') with the set
of K-points of Proj S(V*).

3. Basic Results

3.1. Apolarity Lemma

Let us preliminary point out that
1. 4 d
f(v):aafv , VfeS",veS1,d>0. (4)

Remark 1. From Equation (4), it follows that, given f € S% and v € Sy such that f(v) = 0, for every g € s7,
we have

99,0 = 3, 0™ = (d+d")1(gf)(0) = (d+d')lg(v) f(v) = 0.

d+d’ d+d’

However, 040 v"™ =0 forall g € st implies that 0 fv™* = 0 (because apolarity gives a perfect pairing in

degree d'). Of course, 9 also vanishes on o when d’ < d. Therefore, if f(v) = 0 then d ¢ vanishes on all powers

of v.
By additivity, we conclude that every f € 1({{v1),...,{v,)}) is apolar to every power sum v + - + 0,9,

d > 0 and, more generally, to every linear combination ofv1d,. . .,vrd, d>0.

Now, we prove the following version of the apolarity lemma.
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Lemma 1. Let x € Sy withd >0, and X := {(vy),...,{(vr)} c PSy. Then,
xe(vld,.,.,v,d> — I(X)cAnnx.

Proof. Suppose that x € (vld, vl ), that is, x is a linear combination of vld,. . .,v,d. By Remark 1,
every f € I(X) is apolar to such linear combination, hence is apolar to x. Therefore, I(X) ¢ Ann x.

Conversely, let us suppose that I(X) ¢ Ann x. By the evaluation of Equation (4), it follows that
f € 8% vanishes on v € S if and only if it is apolar to v*. In other terms, the set of all f € S that vanish
on v € Sy is the orthogonal complement of v? with respect to the perfect pairing given by apolarity in
degree d. Hence

(X)ns?= (o, o).

Since I(X) ¢ Annx, we have in particular that x is orthogonal to I(X) nS%.  Hence,
xe(md,‘..,vrd). OJ

A general and detailed version of the apolarity lemma can be found in [14], Lemma 1.15. It holds
in every characteristic and uses divided powers. Lemma 1 is basically equivalent to [14], Lemma 1.15(i)
and (ii), restricted to the characteristic zero case.

To illustrate the lemma with a simple (nearly trivial) example, let S, := C[xg,x1], S* :=C [xo, xl],
with (x°, x!) being the dual basis of (xo, x1). The evaluation of a polynomial p = p (x%,x1) € S* on
a%xp +a'x; € Sy isjust p (a%,a'). When p is homogeneous of degree d and p(v) =0 fora v e Sy, then p
vanishes on all scalar multiples of v, that is, on all elements of (v). If v # 0, we can say that (v) € PS; is
a root of p.

Let us find the sum of squares decompositions of f := xpx; € S using the apolarity lemma.
We have d,0f = x1 and 0,1 f = xp, hence Ann f has no degree 1 homogeneous nonzero elements.
In degree 2 we have Ann fnS? = { x° 2, 212, Obviously, S ¢ Ann f for all d > 3. Now, for a finite set
X={(v1),..., (v, )} cPS; of r (distinct) points, I(X) is the set of all (polynomial) multiples in S® of
the polynomial p € S” with roots precisely (v1 ),..., (v, ). Hence, by the apolarity lemma, for every
homogeneous p € Ann f n S” that has r (distinct) roots (01 ),..., (v, ), we have f € (v1%,...,v,2). Tt
easily follows that f can be decomposed as a sum of squares of appropriate scalar multiples of vy, ... ;.
02

. 2 . . i
For instance, p := xX " —x!* ¢ Ann f n S? gives rise to the decomposition

XoXx1 = (%(x0+x1))2+(%(x0—x1))2

3.2. The Classically Known Results on Maximum Rank

From the elementary theory of quadratic forms, known since long time, follows that the rank
of a quadratic form f € S;, equals the rank of its representing matrix with respect to whatever given
(ordered) basis. Hence, the maximum rank equals dim S;, that is, the number of indeterminates (if So
is considered as a ring of polynomials).

To find the maximum rank of binary forms of given degree, apolarity is very effective. Indeed, let
us consider the following simple description of the apolar ideal of a binary form.

Proposition 1. Let f € Sy~ {0}, with dim Sy = 2. Then, Ann f is generated by a form a € S°* and a form
b € S™275 for some integer s < (d +2)/2.

Proof. See [14], Theorem 1.44(iv). [

As reported in [14], this classical result is due to Macaulay. When dim S; = 2, the ideal of a
set of r distinct points in PS; is generated by a homogeneous form. If the form a in the statement
of Proposition 1 is squarefree, from Lemma 1 follows that the rank of f is s, and some appropriate
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pairwise non-proportional roots of a in S; give the linear forms of a dth power sum decomposition.
Taking also into account that a and b must be coprime, since they generate an ideal that contains $9*1,
we also deduce that if a is not squarefree, then the rank is d + 2 — s and for every finite subset X c PS;
there exists a dth power sum decomposition such that (v ) ¢ X for every linear form v in it.

From the above, it is clear that the rank of f is at most d, and can be d only if Ann f contains

. 2
d’lxl contains x? ,

the square of a linear form. Given a basis (xg,x1) of S1, the apolar ideal of xg
with (x%, x!) being the dual basis. We conclude that the maximum rank of binary forms of degree d > 0
isd.

In [9], Sections 96 and 97, one finds that the maximum ranks of ternary and quaternary cubics are
5and 7, respectively. As we mentioned in the Introduction, beyond these classical results, only two
new cases have been recently worked out: the maximum rank is 7 for ternary quartics (which has been
determined in [5,17]) and 10 for ternary quintics (see [11,18]).

To our knowledge, no other values for the maximum rank have been determined to date;
the known values can therefore be summarized in the following Table 1.

Table 1. Known maximum Waring ranks in S;, with dim S; = n.

1 2 3 4 5 d
1|1 1 1 1 1 1
2|1 2 3 4 5 d
311 3 5 7 10 -
411 4 7 - - -
n| 1 n - - - -

3.3. Elementary Bounds on Maximum Waring Rank

Let us recall a common geometric viewpoint on Waring rank. Given f € S; \ {0}, we have a
point ( ) € PS; and we have to express f as sum of dth powers. The set of (spans of) dth powers
of linear forms is an algebraic variety in PS;: the image of the embedding PS; — PS;, (v) — (ZJd ).
This embedding turns out to be equivalent to a much studied embedding: the Veronese embedding
(also called d-uple embedding: see, e.g., [16], Chapter I, Exercise 2,12). Its image is sometimes called the
Veronese variety (see [1] 4.3.7). The problem of finding a power sum decomposition of f is equivalent
to the problem of finding a set of points X in the Veronese variety such that f € ( X ), that is, such that
the point ( f ) lies in the projective span of X (one has to take into account that a scalar multiple of a
dth power is a dth power as well, since K is algebraically closed). Since the Veronese variety spans PS;,
the Waring rank is well defined for all forms, and it is at most

amsi= (1,17

where 7 := dim S; and the parenthesized notation stands for the binomial coefficient. This gives an
elementary upper bound on rank (which could easily be slightly lowered, but we are not interested in
doing this here).

Let us now consider the union U of all projective spans of r distinct points in the Veronese variety.
Clearly, for every ( f) ¢ U, the rank of f is greater than r. Elementary tools of algebraic geometry allow
one to estimate the dimension of the Zariski closure U of U (see [1],4.9.5 or [16], Chapter I, Section 2,
p- 10), which is called the (r — 1)th secant variety (of the Veronese variety). Roughly speaking, the set of
all groups of r points in the Veronese variety, which has dimension n - 1 = dimPSy, is of dimension
r(n—1). Since most of these groups spans a subspace of dimension r - 1, the expected dimension of
U is rn — 1. When this number does not reach the dimension (dﬂIl) -1 of the entire space IPS, there
exist forms with rank greater than r. Hence, the maximum rank in S; is at least

O]
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(where the external parentheses denote the upper integer part; a similar notation |.. .| will be used for
the lower integer part).

Note that when d = 2, the lower bound is [ (1 + 1)/2], meanwhile the maximum rank is n. It is
also worthy of being mentioned that the estimate of dim U fails for d = 2 (and n,r > 2). More generally,
that estimate fails when most points in U lie on infinitely many spans. In this case, the dimension of the
secant variety drops, and the now classical theorem by Alexander and Hirschowitz gives the complete
list of 11, d, r for which this happens (we refer the reader to the exposition in [4]). It turns out that ford > 3
the above lower bound can be raised by one in exactly four cases: (n,d) € {(3,4),(4,4),(5,3),(5,4)}.

Given n,d, if r is the least value for which U = PS; then, by some basic algebrogeometric
considerations which we skip here, for all { f ) in a nonempty open Zariski subset of PS, f is actually
of rank r. In this situation, it is customary to say that r is the rank of a generic form in S;. In the context
of tensor rank, the striking outcome of the Alexander-Hirschowitz theorem is indeed the exact value
of the rank of a generic form (the lower bounds in the exceptional cases are only some of the many
consequences). In the following sections, we review the enhanced lower and upper bounds that have
been found recently.

4. Lower Bounds

To find a good lower bound on the set of the symmetric ranks of all symmetric tensors over K of
given order d and dimension 7, it suffices to find a form in S;, when dim S; = n, with high Waring rank.

The (few) lower bounds which we are aware of have been obtained by finding some special forms
of high rank. Since the rank of a generic form gives a lower bound, the challenge is to exceed it. In this
section, we present the special forms of high rank that have given the best known lower bounds.

4.1. What Monomials Tell Us

To begin with, let us consider binary forms, for which ranks are quite well understood.
The maximum rank of degree d binary forms is d, while the rank of a generic degree d binary form is
[(d+2)/2] (it can be deduced from Proposition 1). Moreover, a degree d binary form of maximum rank
can be turned into a monomial by a change of coordinates. Hence, for binary forms, the maximum
rank is reached by monomials. For quadrics, whose rank is obviously well understood, the maximum
rank of monomials is two (unless dim S; < 1), meanwhile the maximum rank is reached by generic
forms (and equals dim S, that from a polynomial viewpoint is the number of indeterminates).

The rank of all monomials has been determined by Carlini, Catalisano e Geramita in [19].
In dimension three, it turns out that the monomial xy°z° is of rank (s + 1)% and xy*~'z° of rank s(s + 1).
This gives a lower bound that asymptotically approaches d2/4 for the rank of ternary forms of degree
d, while a generic form has rank asymptotically approaching d?/6. According to [12], Proposition 3.4,
the asymptotic estimate of maximum rank for ternary forms is actually d%/4. When the number of
variables is four or greater, the maximum rank of monomials does not exceed the rank of a generic
form of the same degree.

In view of the above, a first guess on maximum rank could be that the maximum rank is reached
either by monomials or by generic forms. However, for ternary quartics, for which the maximum
rank is known from Kleppe’s master thesis [5,17], it exceeds by one the maximum rank of both the
monomials and the generic forms. The maximum rank exceeds both the maximum rank, of the
monomials and of the generic forms, for ternary quintics too (see [11,18]). Buczyniski and Teitler in [11]
also found forms in more than three variables with rank exceeding by one the rank of generic forms.
An improvement by one might seem not too exciting but, at least for ternary forms, one cannot hope to
go much farther. Indeed, the upper bound given in [12], Proposition 3.3 shows that the maximum rank
of a degree d ternary form can exceed the maximum rank of monomials by at most d. Thus, the initial
guess may be modified by expecting that the maximum rank could only slightly exceed the maximum
rank of either monomials or generic forms.
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For a detailed discussion on maximum rank of monomials, we refer the reader to [20]. Let us now
outline how the rank of monomials has been bounded from below, and how that technique has been
enhanced by Buczyniski and Teitler, to exceed the previously known lower bounds on maximum ranks.

4.2. What Hilbert Functions Tell Us

The Hibert function of a graded module ®;.7M, over the graded K-algebra S® can be simply
defined as the function that on each d € Z takes value dimyg M;. This is a fundamental tool in algebraic
geometric, and is still much studied. To let readers who are not acquainted with algebraic geometry get
a taste of the fundamental nature of Hilbert function, let us mention that the degree and the dimension
of an algebraic set can easily be get from a naturally associated Hilbert function. More precisely,
let X ¢ P (S1) be the set of all points on which some system of homogenous forms in S® vanishes. Then,
the Hilbert function Hx of $°/1(X) coincides with a polynomial px (the Hilbert polynomial of X) for
all sufficiently large degrees. The degree of px gives the dimension 7 of X and n! times the leading
coefficient of px gives the degree of X. In the case when X is a finite set of r points, which by Lemma 1
is of our interest here, we get that Hx(d) = r for all sufficiently large d. Below, we take a few lines to
directly show this fact in an elementary way; readers who are interested in the general properties of
Hilbert functions can find them in many basic textbooks of algebraic geometry (e.g., in [16], Chapter I,
Section 7).

Let X = {(v1),...,{vr)} €PP(S1) beasetof r points and let Hx be the Hilbert function of 5*/I(X).
The degree d component of that quotient is $7/1(X),, where I(X), = 59 N 1(X) is the space of degree
d forms that vanish on X. From the evaluation in Equation (4), it follows that I(X); = ( vld, e, v,d )L
(this fact has been already noticed in the proof of Lemma 1). It follows that

Hx(d) = dim(vld,...,vrd> .

Note that it is easy to find I',...,I""! € §! such that I'(v;) = 0 and I'(v;) # 0 for eachi € {1,...,r-1}.
It follows that when d > r — 1 the hyperplane (lld_wrzlzml"l)l < S, contains vld, ... ,v,,ld, but not v,7.
In a similar way, it can be found hyperplanes that do not contain a given v; but contain all v; with j # i.

This shows that vld, cee, vrd are linearly independent, hence
dim(vld,‘..,v,d>:r, Vd>r-1.
Therefore, Hx (d) = r for all sufficiently large d (> r — 1, in this case).

4.3. What Hyperplane Sections Tell Us

Let S = 5*/I be the quotient of S® by a homogeneous ideal I and suppose that [ « 5'isnota

.. .G T TG . <.
zero divisor in S . Then, the multiplication by / in s injects each homogeneous component S into

—d —e —e =
5™ Let Hand H' be, respectively, the Hilbert functions of S~ and of its quotient S/ (I) over the ideal

generated by I. Thus, we have
H'(d)=H(d)-H(d-1).

Consequently, we also have

d
H(d) = zg H'(i).

In this way, relevant properties of H can be deduced from properties of H'.

The quotient s / (7) is naturally isomorphic to the quotient of S® over the ideal I + (1), with I € S
being a representative of [. When I is the ideal of an algebraic set X ¢ P (Sl) (that is, the set of all
points where some set of homogeneous elements of S® vanish), the algebraic set defined by I + () (that
is, the set of all points where all the homogeneous elements of I + (I) vanish) is the intersection of X
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with the hyperplane given by . From a geometric viewpoint, the idea is that features of hyperplane
sections of X give relevant information on X. This idea is ubiquitous in algebraic geometry.

Let us see what we get in the case of our interest. When X is a finite set of r points, if a product
of homogeneous elements xy vanishes on X but y does not, then x must vanish on some point of X.
Conversely, if x vanishes on some point of X, it is not difficult to find a nonzero y in some 5% such that
xy vanishes on X. Therefore, to find [ € $*/I(X) that is not a zero divisor is to find an hyperplane that
does not meet X. In this case, since we know that H takes values r for d > r — 1, we conclude that

r—1
r=> H'(i),
i=0

with H' being the Hilbert function of S*/(I(X) + (1)).

4.4. Rank of Monomials

The result we have just discussed, in conjunction with the apolarity lemma gives a way to bound
the rank of f € Sy from below. If we fix I € S'\ {0}, for every finite set of 7 points X such that
I(X) € Ann f we obviously have I(X) + (I) ¢ Ann f + (I). Denoting by H the Hilbert function of
S*/(Ann f + (1)), we have H'(i) > Hf(i) for all i, hence

r>

Hy(i) = b(l) .

1

EM=

Taking into account Lemma 1, we have that every power sum decomposition f = 019 + - + 0,

for which no (v; ) lies on the hyperplane (1)*, has at least b(!) summands. On this basis, a first rough
idea to find a lower bound on the rank of f is to find the minimum b(I), with (1) varying in an infinite
subset of P (Sl) such that each point of P (S1) lies on at most a finite number of the hyperplanes (1 )*
(e.g., one may take an irreducible curve in P (S!) contained in no hyperplane). However, Carlini,
Catalisano and Geramita followed another interesting path.

For whatever X, the ideal (I(X):l) = {geS°®:gleI(X)} is clearly the ideal of the set
X' := X\P(1)*. Hence, for the Hilbert function Hf of $*/ ((Ann f:1) + (1)),

d
Y

cannot exceed the number of points in X’, and consequently the number of points in X, for whatever
X. This holds for whatever choice of I € S\ {0}, which therefore can be chosen to maximize the
above sum.

Now, let us consider a positive degree monomial f = x;"1---x,,* for a given basis (x1,...,x,) of

b
Sq. Let (xl, .. .,x") be the dual basis in S!, and note that a monomial x! 1yt

is apolar to f if and
only if b; > a; for some i. Moreover, for two different (monic) monomials m and m’ that are not apolar
to f, we have that d,, f and 9, f cannot be proportional. This easily implies that Ann f is the ideal
1 a1+l nan+1
generated by x Lo, X .
With no loss of generality, we can assume a; < --- < a,,, and let a; be the first nonzero exponent. It

is quite easy to recognize that (Ann faxt ) is generated by

. -q: a1
l”. i-1 S

and (Ann f: x') + (x') by

1 i i+l B tl nan+l
. ,X Lo, xtt
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To calculate that for the Hilbert function H } of S/ ((Ann Foad)+(x) ), one has

d
> Hy (i) = (a1 + 1) (an +1)
iz

is not difficult (and quite easy if one is familiar with Hilbert functions).

Since we are concerned with lower bounds on rank, we could end here the subsection. However,
to agree that 7 := (aj41 + 1) --- (a1 + 1) is actually the rank of f is quite easy because, similar to what is
smartly remarked in [19], we have that

Ry

i i 1is1+1 iai1+1 a,+1 ap+1
(xl,...,x’ 1/x1+l i+ e Xt i

is the ideal of a set of r distinct points and is contained in Ann f.

4.5. Beyond Monomials and Generic Forms

As anticipated before, once the rank of monomials has been determined, one can find ternary
monomials with rank much higher than the rank of generic forms of the same degree (which is
known by the Alexander-Hirschowitz theorem). When the number of indeterminates is four or
greater, the rank of generic forms can not be exceeded by monomials. We give now a brief account of
how Buczyniski and Teitler were able to beat both ternary monomials and generic quaternary forms,
with one and the same argument. A more informative description can be directly found in [11].

Let f € Syand I € S'x {0}. In the calculations before, the sum of all values of the Hilbert function
of quotient algebras of the type S°/(I + (1)) turned out to be useful. When I = Ann f, that sum
bounds from below the number of summands of a decomposition whose linear forms are outside the
hyperplane (1)*. When I = (Ann f : 1), that sum directly bounds from below the rank of f. Note that
the sum under consideration is nothing but the dimension of S®/(I + (1)) as a K-vector space. We can
give the following useful description of this dimension, using a relation between I + (1) and (I : 1) that
one often encounters when dealing with hyperplane sections.

When S°/I is finite-dimensional, we have

s* I+ . s° ()

. s* . . .
dlme —dlmKT—dlmK i —dlmKT—dlmK OLIE

Since the kernel of the homomorphism

§* - % ,xe [x@yar,

is (I:1), we deduce that
dim 5 dim, Ea dim 5
KTv(y  "KT KT
When I = Ann f, 5°/1 is called the apolar algebra, and its dimension the apolar length of f. They
can be denoted by A and al f. Note that even when I = (Ann f : 1), S*/I is an apolar algebra. Indeed,

for whatever x,y € S°, we have

xe(Ann f:y) <= xye Ann f < 0dyyf =0 < 09yf =0 < xcAnnd,f,

thatis, (Ann f : y) = Ann 9, f. Hence, when I = (Ann f : 1), the quotient A is the apolar algebra of 9, f.

From the formula (Ann f :y) = Ann 9, f and the fact that apolarity is a perfect pairing in every
degree, we get another interesting fact: the apolar length of f equals the dimension of the vector space
ofall 9y f with y € S°.
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We end up with

S.

dimg ————— =alf-alo,f,
ey R

s
(Ann f:1)+ (1)
the former being a lower bound on the number of summands of a decomposition of f whose linear
forms are outside the hyperplane ()", and the latter a lower bound on the rank of f. Based on these
remarks, a good knowledge of apolar algebras, which can be obtained for instance from [14], clearly
gives precious information on lower bounds on rank.

A first obvious step is to try to maximize ald;f —aldp. f. To use a coordinate description, let us
fix dual bases (x7 ..., x,) and (x1 ., x”) of Sy and S!. To getaldp f = 0 we choose I = x7 and consider
a form

dimg =alo;f —aldpf,

f=x18+k, S keK[xp,...x,] .

Then, J;f = g, and we have to choose ¢ with maximum apolar length. From [14], we can
find the value of that maximum and learn that it is reached by a generic g (that is, for all g in a
suitable nonempty open set in the Zariski topology). In conclusion, there exist degree d forms in
n indeterminates with rank not less than the maximum apolar length of degree d -1 forms in n -1
indeterminates. Surprisingly, that maximum equals the maximum rank of degree d monomials when
n =3, and the rank of generic forms of degree d when n = 4 and d is odd.

When (Ann f : ) = Ann 0;f is considered instead of Ann f to get the lower bound, one might
hope that for some special f some of the linear forms might be forced to lie on the hyperplane (1)*.
However, for geometric reasons, we expect that forms of high rank have many decompositions, which
can therefore easily escape out of the hyperplane. Note also that, when f is a monomial x1%---x,",
alf-ald,f =alo,:f -al 8xiz f whenever a; # 0, so that we have no loss in cutting out the part on the
hyperplane. This might give some indication on why in the high rank examples found in [11] the first
thing considered is to raise the value of al f —ald, f

For a form f of the type x;g + k, one can raise al f —ald,.1 f by one by lowering al g by one, but at
the cost of lowering al,. f —ald, »f too. This causes a problem for decompositions that have some

linear forms on the hyperplane ( x! )l. The idea was to show that for suitable choices of the form
k, such decompositions must have at least two forms on the hyperplane. To this end, note that if a
decomposition of f involve exactly one linear form v that lies in { x1 }*, then f - v has a decomposition
with all linear factors outside that hyperplane. Using the fact (pointed out before) that the apolar length
equals the dimension of the vector space of all derivatives, it turns out that al(f - %) —ald 1 (f - o)
can be kept hight for whatever choice of v. This is incompatible with the fact that for some v, f - v has
a decomposition with all linear factors outside ( x! )L,

In view of determination of maximum rank, the Buczyriski-Teitler lower bound is particularly
interesting because, in conjunction with the upper bound in [18], shows that the maximum rank of
ternary quintics is ten. Now, at the end of [12], Introduction, a possible guess for the maximum rank for
ternary forms of an arbitrarily given degree d is outlined, and if it is correct then the Buczyriski-Teitler
lower bound is the best possible for d odd (and 7 = 3). In [13], the lower bound for ternary forms given
by monomials is raised by one for even degrees too, and if the guess in [12] is correct, it cannot be
improved further. Basically, the lower bound in [13] follows the second advice in [11], Remark 19,
but uses a more specific example, similar to that in [11], Theorem 18 (which gives the lower bound of
ten for ternary quintics), and the arguments are of a purely algebraic nature (do not involve geometric
dimension counts).
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5. Upper Bounds

5.1. Rise and (Relative) Fall of an Upper Bound of Genuinely Geometric Nature

We know that the rank of generic forms gives a lower bound for maximum rank. A simple
geometric argument shows that twice that rank gives an upper bound. This can be proven in a more
general context. Indeed, the rank of a point P of a projective space P, with respect to a variety in IP,
is defined as the minimum number of points that can be fixed on the variety such that P lies in their
projective span. For the Veronese variety we recover the Waring rank.

Let us suppose that all forms in a nonempty open subset of a projective space IP are of a certain
rank rg;, With respect to some given variety (as it is the case when P = PS;, and rg; is the rank of
generic forms). When the base field is C (or even R), one can consider a small ball whose points all
have rank rg,. Every point in a projective line joining two points in the ball has rank at most the sum
of the ranks of the two points, hence at most 2rg.,. Since all such lines cover P, we deduce that the
maximum rank is at most 2rg.,. When K # C (but is algebraically closed according to our standing
assumption, or at least infinite), to consider the Zariski topology causes no problems, since a nonempty
intersection of a line with a Zariski open set is always an infinite set.

The upper bound 2rge,, due to Blekherman and Teitler (see [7]), in the case of the Waring rank
has dramatically improved the previously known upper bounds from [6,21,22]. In addition, if we
recall that, for generic binary forms of degree d, rge, = [ (d +2)/2], we have that the maximum rank for
degree d binary forms, which is d, it equals 2rg., — 1 for odd degrees and 2rg, — 2 for even degrees.
This might induce to hope that the Blekherman-Teitler upper bound is nearly sharp.

Somewhat symmetrically to what they had done for lower bounds, Buczyriski and Teitler, jointly
with Han and Mella, showed that the maximum rank is at most 2rg.; — 1. In some special cases, which
include binary forms of even degrees, they also lowered the upper bound down to 2rgen —2 (see [23],
Theorem 3.9 and Example 3.10). This result, which would have given a strong evidence in favor of
the sharpness of such bounds, had no such effect because, when [23] was announced, it was already
known that for ternary forms the upper bound 27, is quite mild (because of the asymptotic estimate
in [12]).

The Blekherman-Teitler bound keeps its relevance in the general context of rank with respect to
varieties, which, apart from its intrinsic interest, by means of Segre varieties can be readily applied
to arbitrary (not necessarily symmetric) tensors too (see [1], 4.3.4). At the same time, because of the
special nature of Veronese and Segre varieties, it is reasonable to expect that the Blekherman-Teitler
bound on tensor rank can be sensibly lowered, by means of appropriate algebraic techniques.

5.2. Linear Algebraic Tools for Upper Bounds on Waring Rank

A widely shared attitude is that hyperplane sections should provide us with a good insight on
how to build short power sum decompositions. Apart from the ubiquitous nature of this tool, in this
specific case we have the following easy fact. Let f € S; and let us take a hyperplane, defined by a
nonzero ! € S'. A power sum decomposition of the derivative

E),f = Uld_l +oeeet '()rd_1 P
such that ! (v;) # 0 for all i, leads to a “lifted” form

1 d 1 4
F=—— o ———
Aoy T iy ©)

because, from the Leibnitz rule for d; and Equation (4), it readily follows that

o,F = ’Uld71 +oeeet Urd71 ,
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that is, o;F = 9;f. The fact that 0;(f — F) = 0 implies that f — F can be regarded as a form in one
indeterminate less. Indeed, note thatif (xy,...,x,) and (xl, ., x") are dual bases with I = x!, then f-F
isa formin xy, ..., x,;. More invariantly, T, := ker d; is a graded subring of S,, and since the elements
of the ideal (/) annihilate every element in T,, the apolar bilinear map S® x So - S, induces a bilinear
map T°® x T, - T,, where T® := S°/(I), which is an apolar bilinear map as well, and dim T; = dim S; - 1.
This allows us to design an inductive procedure, which basically is the one that has given the upper
bound in [6].

The main difficulty in the mentioned procedure is the condition that /(v;) # 0 for all i.
The improvement given in [22] to the upper bound in [6] basically consists in a slightly better handling
of that condition. The fact that the bounds in [6,22] are much milder than the Blekherman-Teitler
bound should not be taken as an indication to abandon their path. Indeed, the scope of [6] is wider than
upper bounds on rank, and Jelisiejew opens a line of investigation in that direction (in [21] Introduction
one can find some additional motivation on why that line is worthy of being pursued).

To explain what is the further idea that led to the presently known best upper bounds on maximum
rank of ternary forms of given degree, let us look at binary forms, for which the actual maximum
rank is known. It does not come as a surprise that in a context where duality plays an important role,
the case when points and hyperplanes are the same thing, at least from a geometric viewpoint, turns
out to be relatively simple. Then, a reasonable basic principle is to give an important role to both points
and hyperplanes.

The idea that underlies [12], Proposition 3.3 (that supersedes the Blekherman-Teitler bound for
ternary forms), and the sharp upper bounds for ternary quartics and quintics (see [17,18]), is to look
for decompositions that “split along a few lines”. More precisely, in [18], it is shown that every ternary
quintic f can be decomposed as a sum v;° + -+ + v10 such that the points (1 ), ...,{v19 ) belong to a
union of four distinct lines P ( / 1 )i B 14 )i inPS;. In [12] is shown that every degree d ternary form
has a decomposition 01 + - + 0,4, with r giving the upper bound, such that the points {vy ),...,{v,)
belong to a union of d distinct lines [P’( It )l .. .,]P’(ld )i in PS;. Of course, even a bare induction
procedure based on hyperplane sections, when followed step by step, leads to a decomposition of
f €S, that splits along d hyperplanes. What is new here is that the configuration of lines is fixed in
advance, and is used to drive the construction step by step of the decomposition. Let us now describe
in more detail how the construction works.

‘ Henceforth, we assume that dim S; = 3. ‘

To begin with, given a nonzero x € S!, a decomposition of f ¢ S, gives rise to a decomposition
of 3 f where all linear forms v € {x )" disappear. Hence, to have a decomposition that splits along
lines given by ... dests {0}, a necessary condition is that d;1._;af = 0. At each step ,we have to lift
with respect to I a decomposition with all linear forms outside the line (l i )l. Hence, we need that
(1Y), I ) are distinct. A further mild technical need is that d f # 0, with the hat denoting
omission. It is not difficult to find such I, ..., 14 (see [12], Proposition 3.1).

To start the procedure, let us consider 9. ;2 f, which of course is a linear form and has a trivial
1-power decomposition with just one summand. However, we choose a redundant decomposition with

n.igd

two summands lying in ( I )l, such that the summands lie on no one of the lines P ( 12 )l .. .]P( G )l,
and fulfill a further condition that we shall explain later. Then, we can lift that decomposition with
respect to dp as in Equation (5) and take the difference, denoted gf, with 95 ;af. Since the lift is
annihilated by d;1, we have 9,181 = 9j1;5..;4f # 0, and since the lift has the same 0p2-derivative as 95, ja f,
we also have dpg] = 0. Hence, g} can be considered as a binary form and can be decomposed along the
line P(12)".

Now, we have come to a delicate step. If g] is a square 2%, with v € S, on the one hand, we
have a cheap decomposition with one summand, while, on the other hand, if / i(v) =0 forsomei>3,
the procedure cannot proceed. Unfortunately, from Proposition 1, it follows that all the decompositions
with two summands must involve v (or, more accurately, every such decomposition must have a
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zero summand; a fact that also follows from elementary considerations). To overcome this problem,
a crucial condition has to be imposed on g}: the least degree of a generator of Ann g{, a number which
in [12] is called the binary length of g7, must be 2 (the highest possible binary length for degree 2 forms).
This way we can find a sufficiently cheap decomposition that does not stop the procedure. A similar
condition is needed in the subsequent steps.

The binary length coincides with the border rank, which is an important invariant of a form in
the context of tensor rank, but we do not need this fact. The important fact in the proof is that the
condition on g{ (and on other forms related with 13,...,1%) can be assured at the previous step, when
the redundant decomposition of the linear form 9. ;. f is chosen. A similar care has to be taken
when choosing the decomposition of g; with two summands, and so on for all decompositions that
subsequently arise by lifting with respect to I3, [, etc. To keep control of these conditions, a technical
lemma is needed: see [12], Lemma 2.7, based on [12], Lemma 2.6.

That is how the upper bound

d2+6d+1
4

in [12], Proposition 3.3 has been obtained. The splitting that has given the sharp upper bound for

quintics in [18] was obtained in a direct, not inductive, way. However, a new and probably simpler

proof can be organized in a way that is closer to that outlined above.

5.3. A Nontrivial Feature of Split Decompositions

A rough dimension count shows that, to say that every degree d ternary form has a power sum
decomposition with ¥ summands that splits along d (or d - 1) lines, imposes a nontrivial constraint on r.
Indeed, the variety of sets of 7 points belonging to the union of given d lines is of dimension r. Each of
those sets gives a space of decompositions of dimension at most r - 1. Finally, the set of all unions of 4
lines has dimension 2d. To reach the dimension of the space of all degree d ternary forms, we need that

2r—1+2d2(d;2)—1,

hence
. d2-d+2

4
This is quite near to (and in fact a bit less than) the lower bound on ternary forms discussed in the
previous section, that is,

r

d?+2d+5
4

(for d > 2). Note that, in most cases, a generic degree d ternary form does not have a decomposition

that splits along d lines. Hence, the above dimension count indicates that this procedure could be

particularly suitable for finding the maximum rank.

6. Summary

Let us summarize the state of the knowledge on the maximum rank rmay (1, d) of forms of degree
d > 0 in n variables, which has been presented in this article. For ternary forms:

2
[% vds2.

[¢rmar<] 228821
4

For n > 4, we have the lower and upper bounds given by the rank rg,;, of generic forms and its

double, which hold in general for the rank with respect to a variety. The enhancements obtained

in [11,23] allow raising by one the lower bound when d is odd, and lower the upper bound by one.

Let us mention that, according to the list in [1], 5.4.1, the exceptional cases from the Alexander and
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Hirschowitz’s theorem, (3,4),(4,4),(5,3),(5,4), are included in the special cases for which the upper
bound 27g, can be lowered by two according to Theorem 3.9 in [23].

The other special cases are a bit more cumbersome to be detected, so we do not take them into

account in the following summary:

[l(n+d71)]+s§rmﬂx(n,d)32[1(n+d71)]+£’—1, Vn>4,vd>0,
n\ n-1 n\ n-1

with

oo 1 whenn=4anddisoddand >3, or (n,d) € {(4,4),(53),(54)}
"1 0 otherwise

, | 1 when(n,d)e{(44),(53),(54)}
{ 0 otherwise

To give a more concrete idea of the above values, we explicitly report some ranges in Table 2,

which enrich Table 1.

Table 2. Ranges for rmax(1,d) in low degree.

1 3 4 5 6
1 1 1 1
3 4 5 6
5 7 10 13-18

7 10-18 15-27  21-41
8-14 1528 26-51  42-83

2
1
2
3
4
5
6 10-19 21-41 42-83 77-153

DU B WN =
e e

Let us conclude by recalling that, if the symmetric rank was well understood, it would be easy to

determine rmay (11, d). That is why the techniques invented to find rmax (1, d) may hopefully indicate
some ways to understand tensor rank, which would be a considerable achievement, because of the
recently recognized high applicative interest of this topic.
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Abstract: We consider here the problem, which is quite classical in Algebraic geometry, of studying
the secant varieties of a projective variety X. The case we concentrate on is when X is a Veronese
variety, a Grassmannian or a Segre variety. Not only these varieties are among the ones that have
been most classically studied, but a strong motivation in taking them into consideration is the fact
that they parameterize, respectively, symmetric, skew-symmetric and general tensors, which are
decomposable, and their secant varieties give a stratification of tensors via tensor rank. We collect
here most of the known results and the open problems on this fascinating subject.

Keywords: additive decompositions; secant varieties; Veronese varieties; Segre varieties; Segre-Veronese
varieties; Grassmannians; tensor rank; Waring rank; algorithm

1. Introduction

1.1. The Classical Problem

When considering finite dimensional vector spaces over a field k (which for us, will always be
algebraically closed and of characteristic zero, unless stated otherwise), there are three main functors
that come to attention when doing multilinear algebra:

e the tensor product, denoted by V; ® - - - ® Vy;
e the symmetric product, denoted by SV
e the wedge product, denoted by A? V.

These functors are associated with three classically-studied projective varieties in algebraic
geometry (see e.g., [1]):
e  the Segre variety;
e  the Veronese variety;
e the Grassmannian.

We will address here the problem of studying the higher secant varieties o5 (X), where X is one of
the varieties above. We have:

a(X)= U (P....R) M

Py,..,PsX

Mathematics 2018, 6, 314; doi:10.3390 /math6120314 63 www.mdpi.com/journal /mathematics
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ie., 05(X) is the Zariski closure of the union of the P*~!’s, which are s-secant to X.

The problem of determining the dimensions of the higher secant varieties of many classically-
studied projective varieties (and also projective varieties in general) is quite classical in algebraic
geometry and has a long and interesting history. By a simple count of parameters, the expected
dimension of 05(X), for X € PN, is min{s(dim X) + (s — 1), N'}. This is always an upper-bound of the
actual dimension, and a variety X is said to be defective, or s-defective, if there is a value s for which
the dimension of ¢ (X) is strictly smaller than the expected one; the difference:

05(X) := min{s(dim X) + (s — 1), N} — dim05(X)

is called the s-defectivity of X (or of 05(X)); a variety X for which some J; is positive is called defective.

The first interest in the secant variety 03 (X) of a variety X C PN lies in the fact that if 02 (X) # PV,
then the projection of X from a generic point of PN into PN~ is an isomorphism. This goes back to the
XIX Century with the discovery of a surface X C P, for which 03(X) is a hypersurface, even though
its expected dimension is five. This is the Veronese surface, which is the only surface in P° with this
property. The research on defective varieties has been quite a frequent subject for classical algebraic
geometers, e.g., see the works of F. Palatini [2], A. Terracini [3,4] and G. Scorza [5,6].

It was then in the 1990s that two new articles marked a turning point in the study about these
questions and rekindled the interest in these problems, namely the work of F. Zak and the one by J.
Alexander and A. Hirshowitz.

Among many other things, like, e.g., proving Hartshorne’s conjecture on linear normality,
the outstanding paper of E. Zak [7] studied Severi varieties, i.e., non-linearly normal smooth #-dimensional
subvarieties X C PN, with %(N — 1) = n. Zak found that all Severi varieties have defective 0 (X),
and, by using invariant theory, classified all of them as follows.

Theorem 1. Over an algebraically-closed field of characteristic zero, each Severi variety is projectively equivalent
to one of the following four projective varieties:

o Veronese surface v, (P?) C P>,

e Segre variety vy 1 (P x P?) C IPS;
e Grassmann variety Gr(1,5) C P14
e Cartan variety E'® C P20,

Moreover, later in the paper, also Scorza varieties are classified, which are maximal with respect
to defectivity and which generalize the result on Severi varieties.

The other significant work is the one done by J. Alexander and A. Hirschowitz; see [8] and
Theorem 2 below. Although not directly addressed to the study of secant varieties, they confirmed
the conjecture that, apart from the quadratic Veronese varieties and a few well-known exceptions,
all the Veronese varieties have higher secant varieties of the expected dimension. In a sense, this result
completed a project that was underway for over 100 years (see [2,3,9]).

1.2. Secant Varieties and Tensor Decomposition

Tensors are multidimensional arrays of numbers and play an important role in numerous research
areas including computational complexity, signal processing for telecommunications [10] and scientific
data analysis [11]. As specific examples, we can quote the complexity of matrix multiplication [12],
the P versus NP complexity problem [13], the study of entanglement in quantum physics [14,15],
matchgates in computer science [13], the study of phylogenetic invariants [16], independent component
analysis [17], blind identification in signal processing [18], branching structure in diffusion images [19]
and other multilinear data analysis techniques in bioinformatics and spectroscopy [20]. Looking at this
literature shows how knowledge about this subject used to be quite scattered and suffered a bit from
the fact that the same type of problem can be considered in different areas using a different language.
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In particular, tensor decomposition is nowadays an intensively-studied argument by many
algebraic geometers and by more applied communities. Its main problem is the decomposition of a
tensor with a given structure as a linear combination of decomposable tensors of the same structure
called rank-one tensors. To be more precise: let Vi, ..., V; be k-vector spaces of dimensions 17 + 1,
..., g +1, respectively, and let V = V@ --- @V} ~ (V; ®...® V;)*. We call a decomposable,
or rank-one, tensor an element of the type v] ® - -- ® v € V. If T € V, one can ask:

What is the minimal length of an expression of T as a sum of decomposable tensors?

We call such an expression a tensor decomposition of T, and the answer to this question is usually
referred to as the tensor rank of T. Note that, since V is a finite-dimensional vector space of dimension
]_[fi:1 dimy, V;, which has a basis of decomposable tensors, it is quite trivial to see that every T € V can
be written as the sum of finitely many decomposable tensors. Other natural questions to ask are:

What is the rank of a generic tensor in VV? What is the dimension of the closure of the set of
all tensors of tensor rank < r?

Note that it is convenient to work up to scalar multiplication, i.e., in the projective space P(V),
and the latter questions are indeed meant to be considered in the Zariski topology of P(V). This is the
natural topology used in algebraic geometry, and it is defined such that closed subsets are zero loci of
(homogeneous) polynomials and open subsets are always dense. In this terminology, an element of a
family is said to be generic in that family if it lies in a proper Zariski open subset of the family. Hence,
saying that a property holds for a generic tensor in P(V) means that it holds on a proper Zariski subset
of P(V).

In the case d = 2, tensors correspond to ordinary matrices, and the notion of tensor rank coincides
with the usual one of the rank of matrices. Hence, the generic rank is the maximum one, and it is
the same with respect to rows or to columns. When considering multidimensional tensors, we can
check that in general, all these usual properties for tensor rank fail to hold; e.g., for (2 x 2 x 2)-tensors,
the generic tensor rank is two, but the maximal one is three, and of course, it cannot be the dimension
of the space of “row vectors” in whatever direction.

It is well known that studying the dimensions of the secant varieties to Segre varieties gives a first
idea of the stratification of V, or equivalently of P(V'), with respect to tensor rank. In fact, the Segre
variety vy, 1(P™ X ... x P") can be seen as the projective variety in P(V), which parametrizes
rank-one tensors, and consequently, the generic point of o5(v, 1 (P™ x --- X P"@)) parametrizes a
tensor of tensor rank equal to s (e.g., see [21,22]).

If Vj = --- = V3 = V of dimension 7 + 1, one can just consider symmetric or skew-symmetric
tensors. In the first case, we study the S7V*, which corresponds to the space of homogeneous
polynomials in n 4 1 variables. Again, we have a notion of symmetric decomposable tensors,
i.e, elements of the type (v*)? € S$?V*, which correspond to powers of linear forms. These are
parametrized by the Veronese variety v;(P") C P(S?V*). In the skew-symmetric case, we consider
A? V*, whose skew-symmetric decomposable tensors are the elements of the form VANV E AV
These are parametrized by the Grassmannian Gr(d, n + 1) in its Pliicker embedding. Hence, we get a
notion of symmetric-rank and of A-rank for which one can ask the same questions as in the case of
arbitrary tensors. Once again, these are translated into algebraic geometry problems on secant varieties
of Veronese varieties and Grassmannians.

Notice that actually, Veronese varieties embedded in a projective space corresponding to P(S7V*)
can be thought of as sections of the Segre variety in P((V*)®?) defined by the (linear) equations given
by the symmetry relations.

Since the case of symmetric tensors is the one that has been classically considered more in
depth, due to the fact that symmetric tensors correspond to homogeneous polynomials, we start
from analyzing secant varieties of Veronese varieties in Section 2. Then, we pass to secant
varieties of Segre varieties in Section 3. Then, Section 4 is dedicated to varieties that parametrize

65



Mathematics 2018, 6, 314

other types of structured tensors, such as Grassmannians, which parametrize skew-symmetric
tensors, Segre—Veronese varieties, which parametrize decomposable partially-symmetric tensors,
Chow varieties, which parametrize homogeneous polynomials, which factorize as product of linear
forms, varieties of powers, which parametrize homogeneous polynomials, which are pure k-th powers
in the space of degree kd, or varieties that parametrize homogeneous polynomials with a certain
prescribed factorization structure. In Section 5, we will consider other problems related to these kinds
of questions, e.g., what is known about maximal ranks, how to find the actual value of (or bounds on)
the rank of a given tensor, how to determine the number of minimal decompositions of a tensor, what is
known about the equations of the secant varieties that we are considering or what kind of problems
we meet when treating this problem over R, a case that is of course very interesting for applications.

2. Symmetric Tensors and Veronese Varieties

A symmetric tensor T is an element of the space S?V*, where V* is an (1 + 1)-dimensional
k-vector space and k is an algebraically-closed field. It is quite immediate to see that we can associate
a degree d homogeneous polynomial in kxg, . . ., x,] with any symmetric tensor in $7V*.

In this section, we address the problem of symmetric tensor decomposition.

What is the smallest integer r such that a given symmetric tensor T € $/V* can be written

as a sum of 7 symmetric decomposable tensors, i.e., as a sum of r elements of the type
(v*)®d c (V*)®d?

We call the answer to the latter question the symmetric rank of T. Equivalently,

What is the smallest integer 7 such that a given homogeneous polynomial F € SV*
(@ (n+1)-ary d-ic, in classical language) can be written as a sum of r d-th powers of
linear forms?

We call the answer to the latter question the Waring rank, or simply rank, of F; denoted Rsym (F).
Whenever it will be relevant to recall the base field, it will be denoted by Rﬂs‘ym(F ). Since, as we
have said, the space of symmetric tensors of a given format can be naturally seen as the space of
homogeneous polynomials of a certain degree, we will use both names for the rank.

The name “Waring rank” comes from an old problem in number theory regarding expressions of
integers as sums of powers; we will explain it in Section 2.1.1.

The first naive remark is that there are ("}'d) coefficients a;; ... ;, needed to write:

_ Lo
Fm Yty

and r(n + 1) coefficients b; ; to write the same F as:

r
F=Y (bjoxo+ - +Dbnxn)’.
i=1

1

Therefore, for a general polynomial, the answer to the question should be that r has to be at least such

that (1 +1) > ("}%). Then, the minimal value for which the previous inequality holds is L,l? (";d)—‘ .
For n = 2 and d = 2, we know that this bound does not give the correct answer because a regular
quadratic form in three variables cannot be written as a sum of two squares. On the other hand,
a straightforward inspection shows that for binary cubics, i.e., d = 3 and n = 1, the generic rank is as
expected. Therefore, the answer cannot be too simple.

The most important general result on this problem has been obtained by J. Alexander and A.
Hirschowitz, in 1995; see [8]. It says that the generic rank is as expected for forms of degree d > 3 in
n > 1 variables except for a small number of peculiar pairs (1, d); see Theorem 2.
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What about non-generic forms? As in the case of binary cubics, there are special forms that require
a larger r, and these cases are still being investigated. Other presentations of this topic from different
points of view can be found in [23-26].

As anticipated in the Introduction, we introduce Veronese varieties, which parametrize
homogeneous polynomials of symmetric-rank-one, i.e., powers of linear forms; see Section 2.1.2.
Then, in order to study the symmetric-rank of a generic form, we will use the concept of secant
varieties as defined in (1). In fact, the order of the first secant that fills the ambient space will give
the symmetric-rank of a generic form. The dimensions of secant varieties to Veronese varieties were
completely classified by J. Alexander and A. Hirschowitz in [8] (Theorem 2). We will briefly review
their proof since it provides a very important constructive method to compute dimensions of secant
varieties that can be extended also to other kinds of varieties parameterizing different structured
tensors. In order to do that, we need to introduce apolarity theory (Section 2.1.4) and the so-called
Horace method (Sections 2.2.1 and 2.2.2).

The second part of this section will be dedicated to a more algorithmic approach to these
problems, and we will focus on the problem of computing the symmetric-rank of a given homogeneous
polynomial.

In the particular case of binary forms, there is a very well-known and classical result firstly
obtained by J. J. Sylvester in the XIX Century. We will show a more modern reformulation of the
same algorithm presented by G. Comas and M. Seiguer in [27] and a more efficient one presented
in [28]; see Section 2.3.1. In Section 2.3.2, we will tackle the more general case of the computation of
the symmetric-rank of any homogeneous polynomial, and we will show the only theoretical algorithm
(to our knowledge) that is able to do so, which was developed by J. Brachat, P. Comon, B. Mourrain
and E. Tsigaridas in [29] with its reformulation [30,31].

The last subsection of this section is dedicated to an overview of open problems.

2.1. On Dimensions of Secant Varieties of Veronese Varieties

This section is entirely devoted to computing the symmetric-rank of a generic form, i.e., to the
computation of the generic symmetric-rank. As anticipated, we approach the problem by computing
dimensions of secant varieties of Veronese varieties. Recall that, in algebraic geometry, we say that
a property holds for a generic form of degree d if it holds on a Zariski open, hence dense, subset
of P(§9V*).

2.1.1. Waring Problem for Forms

The problem that we are presenting here takes its name from an old question in number theory.
In 1770, E. Waring in [9] stated (without proofs) that:

“Every natural number can be written as sum of at most 9 positive cubes, Every natural
number can be written as sum of at most 19 biquadratics.”

Moreover, he believed that:

“For all integers d > 2, there exists a number g(d) such that each positive integer n € Z" can
be written as sum of the d-th powers of g(d) many positive integers, i.e, n = af + - - - + ag( d)
with a; > 0.”

E. Waring’s belief was shown to be true by D. Hilbert in 1909, who proved that such a g(d)
indeed exists for every d > 2. In fact, we know from the famous four-squares Lagrange theorem
(1770) that g(2) = 4, and more recently, it has been proven that ¢(3) = 9 and g(4) = 19. However,
the exact number for higher powers is not yet known in general. In [32], H. Davenport proved that
any sufficiently large integer can be written as a sum of 16 fourth powers. As a consequence, for any
integer d > 2, a new number G(d) has been defined, as the least number of d-th powers of positive
integers to write any sufficiently large positive integer as their sum. Previously, C. F. Gauss proved
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that any integer congruent to seven modulo eight can be written as a sum of four squares, establishing
that G(2) = g(2) = 4. Again, the exact value G(d) for higher powers is not known in general.

This fascinating problem of number theory was then formulated for homogeneous polynomials
as follows.

Let k be an algebraically-closed field of characteristic zero. We will work over the projective space
P" = PV where V is an (n + 1)-dimensional vector space over k. We consider the polynomial ring
S =Kk[xp, ..., x| with the graded structure S = @ > Sy, where Sy = (xd, xg_lxl, .., x%) is the vector
space of homogeneous polynomials, or forms, of degree d, which, as we said, can be also seen as the
space 54V of symmetric tensors of order d over V. In geometric language, those vector spaces S, are
called complete linear systems of hypersurfaces of degree 4 in P". Sometimes, we will write PS; in
order to mean the projectivization of S;, namely PS; will be a P("i)~1 whose elements are classes of
forms of degree d modulo scalar multiplication, i.e., [F] € PS; with F € S;.

In analogy to the Waring problem for integer numbers, the so-called little Waring problem for
forms is the following.

Problem 1 (little Waring problem). Find the minimum s € Z such that all forms F € S; can be written as
the sum of at most s d-th powers of linear forms.

The answer to the latter question is analogous to the number g(d) in the Waring problem for
integers. At the same time, we can define an analogous number G(d), which considers decomposition
in sums of powers of all numbers, but finitely many. In particular, the big Waring problem for forms
can be formulated as follows.

Problem 2 (big Waring problem). Find the minimum s € 7 such that the generic form F € Sy can be written
as a sum of at most s d-th powers of linear forms.

In order to know which elements of S; can be written as a sum of s d-th powers of linear forms,
we study the image of the map:

pas:S1 % xS; — Sq, pas(Ly,..., L) =L{+ -+ L 2
~—— —

S

In terms of maps ¢, ,, the little Waring problem (Problem 1) is to find the smallest s, such that
Im(¢gs) = S4. Analogously, to solve the big Waring problem (Problem 2), we require Im(¢,5) = Sg,
which is equivalent to finding the minimal s such that dim(Im(¢;5)) = dim S.

The map ¢, ; can be viewed as a polynomial map between affine spaces:

¢ AT 5 AN with N = (” : d).

In order to know the dimension of the image of such a map, we look at its differential at a general

point P of the domain:
dyslp : Tp(AS D) — T2y (AN).

LetP = (Ly,...,Ls) € A0 and v = (My, ..., Ms) € Tp(A3"H1)) ~ AS(+1) where L;, M; € Sy for
i=1,...,s. Let us consider the following parameterizations t — (L; + Mit,..., Ls + Mt) of a line C
passing through P whose tangent vector at P is M. The image of C via ¢4 is ¢pg(L1 + Mt, ..., Ls +
Mst) = Y5_1(L; + M;t)?. The tangent vector to ¢g(C) in ¢ (P) is:

d

i, (Li + M;t)? Zde IM;. @)

t=0 i=1

&\&

(z +Mt)g
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Now, as v = (M, ..., M) varies in AS(+1) the tangent vectors that we get span (L;’*lsl, ., L';”lsl).
Therefore, we just proved the following.

Proposition 1. Let Ly,...,Ls be linear forms in S = Kk[xo,..., x|, where L; = ajoxo + -+ + i nXn,
and consider the map:

Gas:S1X XS — Sy, pas(Ly,... L) =L+ + L%

s

then:
rk(dpas)| (1,10 = dimy (L{'S1, .., LETTSy).

It is very interesting to see how the problem of determining the latter dimension has been solved,
because the solution involves many algebraic and geometric tools.

2.1.2. Veronese Varieties

The first geometric objects that are related to our problem are the Veronese varieties. We recall
that a Veronese variety can be viewed as (is projectively equivalent to) the image of the following
d-pleembedding of P!, where all degree d monomials in 7 + 1 variables appear in lexicographic order:

Vg P — pl"iH-1 @
[tg : ... :uy] [ug : ugflul : ugfluz socud),
With a slight abuse of notation, we can describe the Veronese map as follows:
. _ 1\ % _ (n+d)71 *
vg: PS;=(P")* < PS, (IP i ) ' -

L e [

Let X,, 4 := v4(P") denote a Veronese variety.
Clearly, “v, as defined in (4)” and “v; as defined in (5)” are not the same map; indeed, from (5),

va([L]) = vg ([toxo + - - - + unxy]) = [Ld] =

d
= {ug : dugflul : (2) ugfluz H uﬁ} e PS,;.

However, the two images are projectively equivalent. In order to see that, it is enough to consider the
monomial basis of S; given by:

{(Z)x“ |a = (ag,...,an) € NI |a] = d}.
Ap

Given a set of variables x, ..., x,, we let x* denote the monomial xgo <o xy", forany o € Nrtl
Moreover, we write |a| = ag + ... + &, for its degree. Furthermore, if |x| = d, we use the standard
notation (Z) for the multi-nomial coefficient ﬁ.

Therefore, we can view the Veronese variety either as the variety that parametrizes d-th powers of
linear forms or as the one parameterizing completely decomposable symmetric tensors.

Example 1 (Twisted cubic). Let V = k? and d = 3, then:

v3: P! — P3
lag:a1] > [a}:adaq : apa? : ad]
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Ifwe take {zo, ..., z3} to be homogeneous coordinates in P3, then the Veronese curve in P (classically known
as twisted cubic) is given by the solutions of the following system of equations:

2020 — 23 =0
z0z3 —z122 =0
7123 —25=0

Observe that those equations can be obtained as the vanishing of all the maximal minors of the following matrix:

zZ0 Z1 22 (6)
2 oz oz )
Notice that the matrix (6) can be obtained also as the defining matrix of the linear map:

S*V* — s'v, 93— 93.(F)

where F = Y3, (‘f)ilz,-xg”‘xi and dy, = 2.

Another equivalent way to obtain (6) is to use the so-called flattenings. We give here an intuitive idea about
flattenings, which works only for this specific example.

Write the 2 X 2 x 2 tensor by putting in position ijk the variable z;  j . This is an element of V* @ V* @
V*. There is an obvious isomorphism among the space of 2 x 2 x 2 tensors V* @ V* @ V* and the space of
4 x 2 matrices (V* @ V*) @ V*. Intuitively, this can be done by slicing the 2 x 2 X 2 tensor, keeping fixed the
third index. This is one of the three obvious possible flattenings of a 2 x 2 x 2 tensor: the other two flattenings
are obtained by considering as fixed the first or the second index. Now, after having written all the possible three
flattenings of the tensor, one could remove the redundant repeated columns and compute all maximal minors of
the three matrices obtained by this process, and they will give the same ideal.

The phenomenon described in Example 1 is a general fact. Indeed, Veronese varieties are always
defined by 2 x 2 minors of matrices constructed as (6), which are usually called catalecticant matrices.

Definition 1. Let F € S, be a homogeneous polynomial of degree d in the polynomial ring S = Kk[xo, ..., xu).
Foranyi = 0,...,d, the (i,d — i)-th catalecticant matrix associated to F is the matrix representing the
following linear maps in the standard monomial basis, i.e.,

Catig i(F): S —  Si

1

ai("‘ = ai“ (F)r

n+l g0 g d—i . _ ot
where, for any « € N with |a| = d — i, we denote O ' PRI
Let {zo | @ € N"*1, |a| = d} be the set of coordinates on PS?V, where V is (n + 1)-dimensional.
The (i,d — i)-th catalecticant matrix of V is the (") x ("Jr:f ") matrix whose rows are labeled by B; = {B €

N+ | |B| = i} and columns are labeled by By_; = {p € N"*1 | |B| = d — i}, given by:

Catiy_i(V) = <Z/S]+,Bz> picB: -

B2EBy—;

Remark 1. Clearly, the catalecticant matrix representing Caty_; ;(F) is the transpose of Cat; 4_;(F). Moreover,
the most possible square catalecticant matrix is Cat |4/, 14721 (F) (and its transpose).

Let us describe briefly how to compute the ideal of any Veronese variety.

Definition 2. A hypermatrix A = (aj,,. ; d)OSi,-Sn, j=1,....d S said to be symmetric, or completely symmetric, if
iy = Big(y)eig(a) forall ¢ € &, where G4 is the permutation group of {1,...,d}.
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Definition 3. Let H C V4 be the ("?)—dimensionul subspace of completely symmetric tensors of V4,
i.e., H is isomorphic to the symmetric algebra SV or the space of homogeneous polynomials of degree d in
n + 1 variables. Let S be a ring of coordinates of P41 = PH obtained as the quotient S = S/1 where
S = k[xihwid}ng‘,gn,jzl,.,.,d and I is the ideal generated by all:

Xi

Ve ™ Xigq)siggayr ¥ O € G-

The hypermatrix (X;,, d)OSi,-Sn, j=1,...d, Whose entries are the generators of S, is said to be a generic
symmetric hypermatrix.

Let A = (xi,.i y )Ogilgn, j=1,...,4 be a generic symmetric hypermatrix, then it is a known result that
the ideal of any Veronese variety is generated in degree two by the 2 x 2 minors of a generic symmetric
hypermatrix, i.e.,

I(vg(P")) = I(A) := (2 x 2 minors of A) C S. (7)

See [33] for the set theoretical point of view. In [34], the author proved that the ideal of the Veronese
variety is generated by the two-minors of a particular catalecticant matrix. In his PhD thesis [35], A.
Parolin showed that the ideal generated by the two-minors of that catalecticant matrix is actually I>(A),
where A is a generic symmetric hypermatrix.

2.1.3. Secant Varieties

Now, we recall the basics on secant varieties.

Definition 4. Let X C PN be a projective variety of dimension n. We define the s-th secant variety o5(X) of
X as the closure of the union of all linear spaces spanned by s points lying on X, i.e.,

os(X):= | (P,...,P) CPN.
Py,...PseX

For any F C P", (F) denotes the linear span of F, i.e., the smallest projective linear space containing F.

Remark 2. The closure in the definition of secant varieties is necessary. Indeed, let L1,L, € Sy be two
homogeneous linear forms. The polynomial L'f_le is clearly in 5 (v4(P(V))) since we can write:

1
-1y _ .1 d_7d).
L{ 'Ly = lim ((Ll 1 1L,) Ll>, ®)
however, if d > 2, there are no My, My € Sy such that L’f _1L2 = Mf + Mg. This computation represents a
very standard concept of basic calculus: tangent lines are the limit of secant lines. Indeed, by (3), the left-hand

side of (8) is a point on the tangent line to the Veronese variety at [LS], while the elements inside the limit on the
right-hand side of (8) are lines secant to the Veronese variety at [Lf] and another moving point; see Figure 1.

Lull l.[,-_}

Yol :
7 (L ek L)

Figure 1. Representation of (8).
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From this definition, it is evident that the generic element of ¢5(X) is an element of some
(P1,...,Ps), with P; € X; hence, it is a linear combination of s elements of X. This is why secant
varieties are used to model problems concerning additive decompositions, which motivates the
following general definition.

Definition 5. Let X C PN be a projective variety. For any P € PN, we define the X-rank of P as
Rx(P) =min{s | P € (Py,..., D), for Py,...,Ps € X},
and we define the border X-rank of P as
Rx(P) =min{s | P € 05(X)}.

If X is a non-degenerate variety, i.e., it is not contained in a proper linear subspace of the ambient
space, we obtain a chain of inclusions

X Cop(X) C ... Cos(X) =PN.

Definition 6. The smallest s € 7 such that o5(X) = PN is called the generic X-rank. This is the X-rank of
the generic point of the ambient space.

The generic X-rank of X is an invariant of the embedded variety X.

As we described in (5), the image of the d-uple Veronese embedding of P = IPS; can be viewed as
the subvariety of PS; made by all forms, which can be written as d-th powers of linear forms. From this
point of view, the generic rank s of the Veronese variety is the minimum integer such that the generic
form of degree d in n + 1 variables can be written as a sum of s powers of linear forms. In other words,

the answer to the Big Waring problem (Problem 2) is the generic rank with respect to the
d-uple Veronese embedding in PS;.

This is the reason why we want to study the problem of determining the dimension of s-th secant
varieties of an n-dimensional projective variety X C PN.
Let X®:= X x --- x X, Xy C X be the open subset of regular points of X and:
—_—

s

Us(X) = { (P, P) € X° | e g mantand o} -

the P;’s are independent

Therefore, for all (Py,...,P) € Us(X), since the P;’s are linearly independent, the linear span
H = (Py,...,P,)isaP*"!. Consider the following incidence variety:

F(X) ={(Q H) e PN x Us(X) | Q € H}.
If s < N +1, the dimension of that incidence variety is:
dim(7* (X)) =n(s—1)+n+s—1.
With this definition, we can consider the projection on the first factor:
(X)) = PN,

the s-th secant variety of X is just the closure of the image of this map, i.e.,

0s(X) = Im(my : 33(X) — PN).
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Now, if dim(X) = n, it is clear that, while dim(J°(X)) = ns +s — 1, the dimension of ¢5(X) can
be smaller: it suffices that the generic fiber of 7r; has positive dimension to impose dim(o5(X)) <
(s — 1) +n +s — 1. Therefore, it is a general fact that, if X C PN and dim(X) = 7, then,

dim(0s(X)) < min{N,sn +s—1}.

Definition 7. A projective variety X C PN of dimension n is said to be s-defective if dim(cs(X)) <
min{N, sn + s — 1}. If so, we call s-th defect of X the difference:

0s(X) := min{N,sn +s — 1} — dim(cs(X)).

Moreover, if X is s-defective, then o5(X) is said to be defective. If 05 (X) is not defective, i.e., 65(X) = 0, then it
is said to be regular or of expected dimension.

Alexander-Hirschowitz Theorem ([8]) tells us that the dimension of the s-th secant varieties
to Veronese varieties is not always the expected one; moreover, they exhibit the list of all the
defective cases.

Theorem 2 (Alexander-Hirschowitz Theorem). Let X,, 5 = v4(IP"), for d > 2, be a Veronese variety. Then:

dim(c%(X)) = min { (” ; d) —1sn+s— 1}
except for the following cases:

(1) d=2,n2>2s<n, wheredim(os(X)) = min {(";2) —1,2n+1— (;)},
2) d=3n=4,s=7 whered; =1;
(B) d=4,n=2,s=5, whered; =1;
4) d=4,n=3,5s=9, whered; =1;
(5) d=4,n=4,s=14, whereé; = 1.

Due to the importance of this theorem, we firstly give a historical review, then we will give the
main steps of the idea of the proof. For this purpose, we will need to introduce many mathematical
tools (apolarity in Section 2.1.4 and fat points together with the Horace method in Section 2.2) and
some other excursuses on a very interesting and famous conjecture (the so-called SHGHconjecture; see
Conjectures 1 and 2) related to the techniques used in the proof of this theorem.

The following historical review can also be found in [36].

The quadric cases (d = 2) are classical. The first non-trivial exceptional case d = 4 and n = 2
was known already by Clebsch in 1860 [37]. He thought of the quartic as a quadric of quadrics and
found that (75(1/4(IP2)) C P, whose dimension was not the expected one. Moreover, he found
the condition that the elements of o5(v4(P?)) have to satisfy, i.e., he found the equation of the
hypersurface 5(v4(P2)) € P!: that condition was the vanishing of a 6 x 6 determinant of a certain
catalecticant matrix.

To our knowledge, the first list of all exceptional cases was described by Richmond in [38],
who showed all the defectivities, case by case, without finding any general method to describe all
of them. It is remarkable that he could describe also the most difficult case of general quartics of P*.
The same problem, but from a more geometric point of view, was at the same time studied and solved
by Palatini in 1902-1903; see [39,40]. In particular, Palatini studied the general problem, proved the
defectivity of the space of cubics in P* and studied the case of n = 2. He was also able to list all the
defective cases.

The first work where the problem was treated in general is due to Campbell (in 1891; therefore,
his work preceded those of Palatini, but in Palatini’s papers, there is no evidence of knowledge of

73



Mathematics 2018, 6, 314

Campbell’s work), who in [41], found almost all the defective cases (except the last one) with very
interesting, but not always correct arguments (the fact that the Campbell argument was wrong for
n = 3 was claimed also in [4] in 1915).

His approach is very close to the infinitesimal one of Terracini, who introduced in [3] a very
simple and elegant argument (today known as Terracini’s lemmas, the first of which will be displayed
here as Lemma 1), which offered a completely new point of view in the field. Terracini showed again
the case of n = 2in [3]. In [42], he proved that the exceptional case of cubics in P* can be solved by
considering that the rational quartic through seven given points in P* is the singular locus of its secant
variety, which is a cubic hypersurface. In [4], Terracini finally proved the case n = 3 (in 2001, Roé,
Zappala and Baggio revised Terracini’s argument, and they where able to present a rigorous proof for
the case n = 3; see [43]).

In 1931, Bronowski [44] tried to tackle the problem checking if a linear system has a vanishing
Jacobian by a numerical criterion, but his argument was incomplete.

In 1985, Hirschowitz ([45]) proved again the cases n = 2,3, and he introduced for the first time
in the study of this problem the use of zero-dimensional schemes, which is the key point towards a
complete solution of the problem (this will be the idea that we will follow in these notes). Alexander
used this new and powerful idea of Hirschowitz, and in [46], he proved the theorem for 4 > 5.

Finally, in [8,47] (1992-1995), ]. Alexander and A. Hirschowitz joined forces to complete the proof
of Theorem 2. After this result, simplifications of the proof followed [48,49].

After this historical excursus, we can now review the main steps of the proof of the
Alexander-Hirschowitz theorem. As already mentioned, one of the main ingredients to prove is
Terracini’s lemma (see [3] or [50]), which gives an extremely powerful technique to compute the
dimension of any secant variety.

Lemma 1 (Terracini’s lemma). Let X be an irreducible non-degenerate variety in PN, andlet Py,...,Ps bes
generic points on X. Then, the tangent space to o5(X) at a generic point Q € (Py, ..., Ps) is the linear span in
PN of the tangent spaces Tp,(X) to X at P, i =1,...,5, i,

To(os(X)) = (Tp (X)), .., Tp(X))-

This “lemma” (we believe it is very reductive to call it a “lemma”) can be proven in many ways
(for example, without any assumption on the characteristic of k, or following Zak’s book [7]). Here,
we present a proof “made by hand”.

Proof. We give this proof in the case of k = C, even though it works in general for any
algebraically-closed field of characteristic zero.

We have already used the notation X® for X x - - - x X taken s times. Suppose that dim(X) = n.
Let us consider the following incidence variety,

_ . N s P€<P1,.4.,P5> N s
37{(P,P1,...,PS)E]P x X P DEX c PV x X5,

and the two following projections,
m:I—=0s(X), m:J— X

The dimension of X® is clearly sn. If (P, ..., Ps) € X°, the fiber 7'[2*1 ((Py,...,Ps)) is generically a P*~1,
s < N. Then, dim(J) =sn +s—1.
If the generic fiber of 777 is finite, then o;(X) is regular. i.e., it has the expected dimension;
otherwise, it is defective with a value of the defect that is exactly the dimension of the generic fiber.
Let (Py,...,Ps) € X° and suppose that each P; € X C PN has coordinates P; = [a;q : ... : a;n],
fori =1,...,s. In an affine neighborhood U; of P;, for any i, the variety X can be locally parametrized

74



Mathematics 2018, 6, 314

with some rational functions f” s k1 5k, with j =0,...,N, that are zero at the origin. Hence,
we write:
xo = aio + fio(Uio, -+ Uin)
XDU;:
xN = aiN + fiN(Uig, - Uin)

Now, we need a parametrization ¢ for 0s(X). Consider the subspace spanned by s points of X, i.e.,

((a1,0+ fro,- - aN+ fiN), -0 (aso + fso,- - as N + fsN)),

where for simplicity of notation, we omit the dependence of the f;; on the variables u; ; thus, an
element of this subspace is of the form:

Mlayo + fro,-- - aun + fin) + -+ As(aso + foo, - 85N + fsN),

for some Ay, ..., As € k. We can assume Ay = 1. Therefore, a parametrization of the s-th secant variety
to X in an affine neighborhood of the point P; + Ay P> + ... + AsDs is given by:
(a1,0 + fro,-- - AN + fin)+
+ (A2 +t2) (a1 — a0+ fo1 — fro -+ 28 — AN + fon — fin)+
+ (As +ts)(as1 —aro + fs1 — fro, - asn —aun + fon — fin),

for some parameters fy, ..., ts. Therefore, in coordinates, the parametrization of 05(X) that we are
looking for is the map ¢ : k(" t1)+s=1 _ N+1 given by:

(11,0, - -+ Uty U0y -+ - Uy e ooy Us 0y o oo Us i b2y oo Es)

(coosaj+ frj+ (At ta)(agj—ar;+ foj— fj) + -+ (As +t5)(asj —ar; + fsj — fi), ),

where for simplicity, we have written only the j-th element of the image. Therefore, we are able to
write the Jacobian of ¢. We are writing it in three blocks: the first one is (N +1) x (1 + 1); the second
oneis (N+1) x (s —1)(n+1); and the third oneis (N +1) x (s —1):

9f1, ofij
R(9)=( A=Ao— = a3 | A | gy ),
withi=2,...,5;j=0,...,Nand k = 0,...,n. Now, the first block is a basis of the (affine) tangent
space to X at P;, and in the second block, we can find the bases for the tangent spaces to X at P,, ..., Ps;
the rows of:

ofio ... Ofip
;g da; N
ofin .. 9fiNn
da;g 9a; N

give a basis for the (affine) tangent space of X at ;. [

The importance of Terracini’s lemma to compute the dimension of any secant variety is extremely
evident. One of the main ideas of Alexander and Hirshowitz in order to tackle the specific case
of Veronese variety was to take advantage of the fact that Veronese varieties are embedded in the
projective space of homogeneous polynomials. They firstly moved the problem from computing the
dimension of a vector space (the tangent space to a secant variety) to the computation of the dimension
of its dual (see Section 2.1.4 for the precise notion of duality used in this context). Secondly, their
punchline was to identify such a dual space with a certain degree part of a zero-dimensional scheme,
whose Hilbert function can be computed by induction (almost always). We will be more clear on the
whole technique in the sequel. Now we need to use the language of schemes.
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Remark 3. Schemes are locally-ringed spaces isomorphic to the spectrum of a commutative ring. Of course,
this is not the right place to give a complete introduction to schemes. The reader interested in studying schemes
can find the fundamental material in [51-53]. In any case, it is worth noting that we will always use only
zero-dimensional schemes, i.e., “points”; therefore, for our purpose, it is sufficient to think of zero-dimensional
schemes as points with a certain structure given by the vanishing of the polynomial equations appearing in
the defining ideal. For example, a homogeneous ideal I contained in k[x,y, z], which is defined by the forms
vanishing on a degree d plane curve C and on a tangent line to C at one of its smooth points P, represents a
zero-dimensional subscheme of the plane supported at P and of length two, since the degree of intersection among
the curve and the tangent line is two at P (schemes of this kind are sometimes called jets).

Definition 8. A fat point Z C P" is a zero-dimensional scheme, whose defining ideal is of the form o™, where
o is the ideal of a simple point and m is a positive integer. In this case, we also say that Z is a m-fat point,
and we usually denote it as mP. We call the scheme of fat points a union of fat points myPy + - - - + msPs,
i.e., the zero-dimensional scheme defined by the ideal pi"" (- N oI, where ; is the prime ideal defining the
point P;, and the m;’s are positive integers.

Remark 4. In the same notation as the latter definition, it is easy to show that F € @™ if and only if
d(F)(P) = 0, for any partial differential 0 of order < m — 1. In other words, the hypersurfaces “vanishing” at
the m-fat point mP are the hypersurfaces that are passing through P with multiplicity m, i.e., are singular at P
of order m.

Corollary 1. Let (X, L) be an integral, polarized scheme. If L embeds X as a closed scheme in PN, then:
dim(c5(X)) = N —dim(K°(Zz x ® L)),
where Z is the union of sgeneric two-fat points in X.

Proof. By Terracini’s lemma, we have that, for generic points Py,...,Ps € X, dim(os(X)) =
dim((Tp, (X), ..., Tp,(X))). Since X is embedded in P(H(X, £)*) of dimension N, we can view the
elements of H’(X, £) as hyperplanes in PN. The hyperplanes that contain a space Tp, (X) correspond
to elements in H(Z,p, x ® L), since they intersect X in a subscheme containing the first infinitesimal
neighborhood of P;. Hence, the hyperplanes of PN containing (Tp, (X), ..., Tp,(X)) are the sections of
H%(Zzx ® L), where Z is the scheme union of the first infinitesimal neighborhoods in X of the points
Pirs. O

Remark 5. A hyperplane H contains the tangent space to a non-degenerate projective variety X at a smooth
point P if and only if the intersection X N H has a singular point at P. In fact, the tangent space Tp(X) to X at
P has the same dimension of X and Tp(X N H) = H N Tp(X). Moreover, P is singular in H N X if and only if
dim(Tp(X N H)) > dim(X N H) = dim(X) — 1, and this happens if and only if H D Tp(X).

Example 2 (The Veronese surface of P° is defective). Consider the Veronese surface Xop = vo(P?) in
IP5. We want to show that it is two-defective, with 6, = 1. In other words, since the expected dimension of
02(Xpp) is 2-2 41, i.e., we expect that 02 (X,) fills the ambient space, we want to prove that it is actually a
hypersurface. This will imply that actually, it is not possible to write a generic ternary quadric as a sum of two
squares, as expected by counting parameters, but at least three squares are necessary instead.

Let P be a general point on the linear span (R, Q) of two general points R, Q € X; hence, P € 02(Xp).
By Terracini’s lemma, Tp(02(X22)) = (Tr(X22), To(X2,2)). The expected dimension for 02 (X5 ) is five, so
dim(Tp(02(X22))) < 5 if and only if there exists a hyperplane H containing Tp(02(Xp)). The previous
remark tells us that this happens if and only if there exists a hyperplane H such that H N Xy 5 is singular at R, Q.
Now, Xy is the image of P via the map defined by the complete linear system of quadrics; hence, Xo N H is the
image of a plane conic. Let R', Q' be the pre-images via v, of R, Q respectively. Then, the double line defined by
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R, Q' is a conic, which is singular at R', Q'. Since the double line (R’, Q") is the only plane conic that is singular
at R', Q', we can say that dim(Tp(02(X22))) = 4 < 5; hence, 03(Xp2) is defective with defect equal to zero.

Since the two-Veronese surface is defined by the complete linear system of quadrics, Corollary 1 allows us
to rephrase the defectivity of 05 (Xp ) in terms of the number of conditions imposed by two-fat points to forms of
degree two; i.e., we say that

two two-fat points of P2 do not impose independent conditions on ternary quadrics.

As we have recalled above, imposing the vanishing at the two-fat point means to impose the annihilation of
all partial derivatives of first order. In P2, these are three linear conditions on the space of quadrics. Since we
are considering a scheme of two two-fat points, we have six linear conditions to impose on the six-dimensional
linear space of ternary quadrics; in this sense, we expect to have no plane cubic passing through two two-fat
points. However, since the double line is a conic passing doubly thorough the two two-fat points, we have that
the six linear conditions are not independent. We will come back in the next sections on this relation between the
conditions imposed by a scheme of fat points and the defectiveness of secant varieties.

Corollary 1 can be generalized to non-complete linear systems on X.

Remark 6. Let D be any divisor of an irreducible projective variety X. With |D|, we indicate the complete
linear system defined by D. Let V C |D| be a linear system. We use the notation:

V(mlplr .. ~1m5p5)

for the subsystem of divisors of V passing through the fixed points Py, ..., Ps with multiplicities at least
my, ..., ms respectively.

When the multiplicities m; are equal to two, fori = 1,...,s, since a two-fat point in P" gives n + 1
linear conditions, in general, we expect that, if dim(X) = n, then:

exp.dim(V(2Py,...,2P)) = dim(V) —s(n +1).

Suppose that V is associated with a morphism ¢y : Xo — P" (if dim(V) = r), which is an embedding
on a dense open set Xo C X. We will consider the variety ¢y (Xj).
The problem of computing dim(V (2P, ...,2P)) is equivalent to that one of computing the

dimension of the s-th secant variety to ¢y (Xp).

Proposition 2. Let X be an integral scheme and V be a linear system on X such that the rational function
@y : X --» P" associated with V is an embedding on a dense open subset X of X. Then, o (goV(Xo)) is
defective if and only if for general points, we have Py, ..., Ps € X:

dim(V (2P, ...,2P)) > min{—1,r —s(n +1)}.
This statement can be reformulated via apolarity, as we will see in the next section.

2.1.4. Apolarity

This section is an exposition of inverse systems techniques, and it follows [54].

As already anticipated at the end of the proof of Terracini’s lemma, the whole Alexander and
Hirshowitz technique to compute the dimensions of secant varieties of Veronese varieties is based on
the computation of the dual space to the tangent space to o5 (v,;(IP")) at a generic point. Such a duality
is the apolarity action that we are going to define.
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Definition 9 (Apolarity action). Let S = k(xo,...,x,] and R = k[yo, ..., yn] be polynomial rings and
consider the action of Ry on Sy and of Ry on Sy defined by:

_ (0 N_ )0 afiFEf

i.e., we view the polynomials of Ry as “partial derivative operators” on Sy.

Now, we extend this action to the whole rings R and S by linearity and using properties of
differentiation. Hence, we get the apolarity action:

O:R,'XS]‘—>S]',Z'

where:

. | _ .
o [T e, s
0, otherwise.

fora, p € I\~ (g, ..., n), B = (Bo,--.,Bn), where we use the notation « < B if and only if
a; < bjforalli=0,...,n, which is equivalent to the condition that x* divides xin S.

Remark 7. Here, are some basic remarks on apolarity action:

e theapolar action of R on S makes S a (non-finitely generated) R-module (but the converse is not true);
e theapolar action of R on S lowers the degree; in particular, given F € Sy, the (i,d — i)-th catalecticant
matrix (see Definition 1) is the matrix of the following linear map induced by the apolar action

Catig_i(F):Rj — S4_;, G— GoF;
e the apolarity action induces a non-singular k-bilinear pairing:
RJXS]—)H&, V]EN, (9)

that induces two bilinear maps (Let V. x W — k be a k-bilinear parity given by v X w — v o w.
It induces two k-bilinear maps: (1) ¢ : V. — Homy (W, k) such that ¢p(v) := ¢y and ¢,(w) = vow
and x : W — Homy(V,Kk) such that x(w) := xu and xu(v) = vow; (2) Vx W — k is not
singular iff for all the bases {w1, ..., wy} of W, the matrix (b;; = v; o w;) is invertible.).

Definition 10. Let I be a homogeneous ideal of R. The inverse system [~! of I is the R-submodule of S
containing all the elements of S, which are annihilated by I via the apolarity action.

Remark 8. Here are some basic remarks about inverse systems:
o ifI=(Gy,...,Gt) CRand F € S, then:
Fel '« GoF=---=GoF=0,

finding all such F's amounts to finding all the polynomial solutions for the differential equations defined by
the G;'s, so one can notice that determining I~ is equivalent to solving (with polynomial solutions) a finite
set of differential equations;

e IVisagraded submodule of S, but it is not necessarily multiplicatively closed; hence in general, I " is
not an ideal of S.

Now, we need to recall a few facts on Hilbert functions and Hilbert series.
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Let X C P" be a closed subscheme whose defining homogeneous ideal is I := I(X) C S =
klxp,...,xu4]. Let A = S/I be the homogeneous coordinate ring of X, and A, will be its degree
d component.

Definition 11. The Hilbert function of the scheme X is the numeric function:
HF(X,"):N—>N;
HF(X,d) = dimy (Ay) = dimy(Sy) — dimy (I;).
The Hilbert series of X is the generating power series:

HS(X;z) = Y HF(X,d)t* € k[[z]].
deN
In the following, the importance of inverse systems for a particular choice of the ideal I will be

given by the following result.

Proposition 3. The dimension of the part of degree d of the inverse system of an ideal I C R is the Hilbert
function of R/ 1 in degree d:

dimy (I™1); = codimy (I;) = HE(R/I, d). (10)

Remark 9. IfV x W — k is a non-degenerate bilinear form and U is a subspace of V, then with U, we denote
the subspace of W given by:
Ut ={weW|vow=0YvelU}.

With this definition, we observe that:

e ifwe consider the bilinear map in (9) and an ideal I C R, then:

(IMa =1
e moreover, if I is a monomial ideal, then:
Ij- = (monomials of Ry that are not in 1;);

e foranytwoideals ,] CR: (IN])"t=T1"1+]71

IfI = p;”ﬁl ANl C R =K[yo,...,yn] is the defining ideal of the scheme of fat points
miPy+-- -+ msPs € P, where P; = [pj, : pi, : ... : pin] € P",andif Lp, = p; xo + piyx1 +- - -+ pi,xn €
S =K|xo, ..., xu], then:

(171)11 _ Sa4, for d < max{m;},
le,:mlsml 4+ 4 L?,:'"SS,n5, for d > max{m; + 1},

and also:
HF(R/I,d) = dimy (I"1); =

B {dim]k Sa4, for d < max{m;}

B (11)
clim]k(LId,1 MG, Lgi;’”ssms), for d > max{m; + 1}

This last result gives the following link between the Hilbert function of a set of fat points and ideals
generated by sums of powers of linear forms.
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Proposition 4. Let I = " ™' (..o © R =Ky, ..., Y], then the inverse system (I")y C Sz =
k[xo, ..., xn]q is the d-th graded part of the ideal (L'Ii{m],. . .,L';:ms) C S, ford > max{m;+1,i=1,...,s}.

Finally, the link between the big Waring problem (Problem 2) and inverse systems is clear. If in (11),
all the m;’s are equal to one, the dimension of the vector space (L‘f,]_lSl,. ., L’li;,:151> is at the same
time the Hilbert function of the inverse system of a scheme of s double fat points and the rank of the
differential of the application ¢ defined in (2).

Proposition 5. Let Ly, ..., Ls be linear forms of S = k[xo, ..., x,] such that:
L,' = A, X0 + 4 Aj, Xn,

and let Py, ..., Ps € P" such that P; = [a;,, ..., a;,]. Let p; C R =XK[yo, ..., yn] be the prime ideal associated
with P;, fori =1,...,s, and let:
4)s,d:51><"’><sl —)Sd
———

s

with ¢s4(Ly, ..., Ls) = L + - - + LY. Then,
R(dps )1y, 1.) = dimy (LS, ..., LIT1Sy).

Moreover, by (10), we have:

R
dimy ((L971S,,..., LE718))) =HF | m————,d | .
! : PrO--- N2

Now, it is quite easy to see that:

(Tp, Xos -, Tp Xpa) = P(LIT1Sy, ..., LI718,).
Therefore, putting together Terracini’s lemma and Proposition 5, if we assume the L;’s (hence, the P;’s)
to be generic, we get:

dim((fs(Xn,d)) = CliI‘l’1<Tp1 Xn,d/ ey TPan,d) =
= dimy (L9718, LI718)) — 1 = HE(R/(p3 N - N p?),d) — 1. (12)

Example 3. Let P € P", o C S be its representative prime ideal and f € S. Then, the order of all partial
derivatives of f vanishing in P is almost t if and only if f € ©'*1, ie., P is a singular point of V(f) of
multiplicity greater than or equal to t + 1. Therefore,

d+n . .

(@ ifd <

n

(3 ifd >t o

HF(S/¢',d) = {

It is easy to conclude that one t-fat point of P" has the same Hilbert function of (Fif”) generic distinct points
of P". Therefore, dim(X,, ;) = HF(S/ % d) — 1 = (n + 1) — 1. This reflects the fact that Veronese varieties
are never one-defective, or, equivalently, since X,, 3 = 01(X,, 1), that Veronese varieties are never defective: they
always have the expected dimension1-n+1— 1.

Example 4. Let P1, Py be two points of P2, p; C S = k[xo, x1, x2] their associated prime ideals and m; =
my = 2, s0 that I = p% N 3. Is the Hilbert function of I equal to the Hilbert function of six points of P? in
general position? No; indeed, the Hilbert series of six general points of P? is 1 + 3z + 6 ¥, z'. This means
that I should not contain conics, but this is clearly false because the double line through Py and Ps is contained
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in I. By (12), this implies that o3 (v2(P2)) C PP is defective, i.c., it is a hypersurface, while it was expected to
fill all the ambient space.

Remark 10 (Froberg-Iarrobino’s conjecture). Ideals generated by powers of linear forms are usually called
power ideals. Besides the connection with fat points and secant varieties, they are related to several areas of
algebra, geometry and combinatorics; see [55]. Of particular interest is their Hilbert function and Hilbert series.
In [56], Froberg gave a lexicographic inequality for the Hilbert series of homogeneous ideals in terms of their
number of variables, number of generators and their degrees. That is, if | = (Gy,...,Gs) C S =Kk[xo, ..., x,]
with deg(G;) =d;, fori =1,...,s,

(14)

s _ d;
HS(S/I}Z) tLex ’VI_Ll(lZ)—‘ ’

(1 _ Z)n+1

where [-] denotes the truncation of the power series at the first non-positive term. Friberg conjectured
that equality holds generically, i.e., it holds on a non-empty Zariski open subset of PS; x ... x PS;_.
By semicontinuity, fixing all the numeric parameters (n;dq,...,ds), it is enough to exhibit one ideal for
which the equality holds in order to prove the conjecture for those parameters. In [57] (Main Conjecture 0.6),
Iarrobino suggested to look to power ideals and asserted that, except for a list of cases, their Hilbert series
coincides with the right-hand-side of (14). By (11), such a conjecture can be translated as a conjecture on the
Hilbert function of schemes of fat points. This is usually referred to as the Froberg—larrobino conjecture; for
a detailed exposition on this geometric interpretation of Froberg and Iarrobino’s conjectures, we refer to [58].
As we will see in the next section, computing the Hilbert series of schemes of fat points is a very difficult and
largely open problem.

Back to our problem of giving the outline of the proof of Alexander and Hirshowitz Theorem
(Theorem 2): Proposition 5 clearly shows that the computation of Tg(cs(v4(P"))) relies on the
knowledge of the Hilbert function of schemes of double fat points. Computing the Hilbert function
of fat points is in general a very hard problem. In P2, there is an extremely interesting and still open
conjecture (the SHGH conjecture). The interplay with such a conjecture with the secant varieties is
strong, and we deserve to spend a few words on that conjecture and related aspects.

2.2. Fat Points in the Plane and SHGH Conjecture

The general problem of determining if a set of generic points Py, ..., Ps in the plane, each with
a structure of m;-fat point, has the expected Hilbert function is still an open one. There is only a
conjecture due first to B. Segre in 1961 [59], then rephrased by B. Harbourne in 1986 [60], A. Gimigliano
in 1987 [61], A. Hirschowitz in 1989 [62] and others. It describes how the elements of a sublinear system
of a linear system £ formed by all divisors in £ having multiplicity at least m; at the points P, ..., P,
look when the linear system does not have the expected dimension, i.e., the sublinear system depends
on fewer parameters than expected. For the sake of completeness, we present the different formulations
of the same conjecture, but the fact that they are all equivalent is not a trivial fact; see [63-66].

Our brief presentation is taken from [63,64], which we suggest as excellent and very instructive
deepening on this topic.

Let X be a smooth, irreducible, projective, complex variety of dimension n. Let £ be a complete
linear system of divisors on X. Fix Py, ..., Ps distinct points on X and my, ..., ms positive integers.
We denote by £(— Y, m;P;) the sublinear system of £ formed by all divisors in £ having multiplicity
atleast m; at P, i = 1,...,s. Since a point of multiplicity n imposes (" ~!) conditions on the divisors

n
of £, it makes sense to define the expected dimension of £(— Y ; m;P;) as:

i S ;= max | dim 75 mi+n—1 -
exp,d1m<£<lzlmip,->>,— {d (L) ,:Z1< ; ), 1},
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If £L(—Y_, m;P;) is a linear system whose dimension is not the expected one, it is said to be a special
linear system. Classifying special systems is equivalent to determining the Hilbert function of the
zero-dimensional subscheme of P" given s general fat points of given multiplicities.

A first reduction of this problem is to consider particular varieties X and linear systems £ on them.
From this point of view, the first obvious choice is to take X = P" and £ = L,, 4 := |Opx(d)|, the system
of all hypersurfaces of degree d in P". In this language, £, 4(— Y;_; m;P;) are the hypersurfaces of
degree d in n + 1 variables passing through Py, ..., P; with multiplicities 1, .. ., ms, respectively.

The SHGH conjecture describes how the elements of £ 4(— Y_;_; 1;P;) look when not having the
expected dimension; here are two formulations of this.

Conjecture 1 (Segre, 1961 [59]). If Ly 4(— Y5_1 m;P;) is a special linear system, then there is a fixed double
component for all curves through the scheme of fat points defined by Y N - - - N "

Conjecture 2 (Gimigliano, 1987 [61,67]). Consider L;4(— Y, m;P;). Then, one has the following

possibilities:

1. the system is non-special, and its general member is irreducible;

2. the system is non-special; its general member is non-reduced, reducible; its fixed components are all rational
curves, except for at most one (this may occur only if the system is zero-dimensional); and the general
member of its movable part is either irreducible or composed of rational curves in a pencil;

3. the system is non-special of dimension zero and consists of a unique multiple elliptic curve;

4. the system is special, and it has some multiple rational curve as a fixed component.

This problem is related to the question of what self-intersections occur for reduced irreducible
curves on the surface X; obtained by blowing up the projective plane at the s points. Blowing up the
points introduces rational curves (infinitely many when s > 8) of self-intersection —1. Each curve
C C X; corresponds to a curve D¢ C P2 of some degree d vanishing to orders m; at the s points:

P2 --sX,, D¢—C,
and the self-intersection C? is d? — m% — o —m2if De € Loy 4(— Y5 miDy).

Example 5. An example of a curve D¢ corresponding to a curve C such that C? = —1 on Xj is the line through

2

two of the points; in this case, d = 1,my = my = land m; = 0fori > 2, so we have d* —m? — - - - —m? = —1.

According to the SHGH conjecture, these (—1)-curves should be the only reduced irreducible
curves of negative self-intersection, but proving that there are no others turns out to be itself very hard

and is still open.

Definition 12. Let Py,...,Ps be s points of P" in general position. The expected dimension of
E(* Z?:l miP,-) is:

exp.dim (c <_ » m,.p,.>> — max {1 dim (c <_ » miPi)> ,_1} ,
vir.dim (c (—gmiP,)) = (””) ;( "_1>,

is the virtual dimension of £L(— Y} _; m;P;).

where:

Consider the blow-up 7 : P2 ——5 P2 of the plane at the points Py, ..., Ps. Let Ey, ..., Es be the
exceptional divisors corresponding to the blown-up points Py, ..., Ps, and let H be the pull-back of
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a general line of P? via 7. The strict transform of the system £ := £ 4(Y3_; m;P;) is the system
L =|dH —Y;_; m;E;|. Consider two linear systems L := L, 4(37_ m;P;) and L' := L, 4(37_ m}P;).
Their intersection product is defined by using the intersection product of their strict transforms on
E”z, ie.,

o S
E~E,:E~£’:dd/—2mim;.
i=1

Furthermore, consider the anticanonical class —K := —Kg, of P2 corresponding to the linear system
L 4(— ;1 P;), which, by abusing notation, we also denote by —K. The adjunction formula tells us
that the arithmetic genus p, (L) of a curve in L is:

ool = c-(cz+1<)+1: <d;1)2<rg>

i=1

which one defines to be the geometric genus of £, denoted g..
This is the classical Clebsch formula. Then, Riemann-Roch says that:

dim(£) = dim(£) = £ - (£ — K) + h} (P, L) — h*(P?,L) =
= L2 —gr + 1+ K (P2 L) = vir.dim(L) + k' (P, L)

because clearly, #2(P2, £) = 0. Hence,
L is non-special if and only if BO(B?, L) - n (P?, L) = 0.

Now, we can see how, in this setting, special systems can naturally arise. Let us look for an
irreducible curve C on P?, corresponding to a linear system £ on P2, which is expected to exist, but,
for example, its double is not expected to exist. It translates into the following set of inequalities:

vir.dim(L) > 0;
8c > 0;
vir.dim(2£) < —1;

which is equivalent to:
C2-C-K>0;
C*4+C-K>-2;
202-C-K<0;

and it has the only solution:
C?=C-K=-1,

which makes all the above inequalities equalities. Accordingly, C is a rational curve, i.e., a curve of
genus zero, with self-intersection —1, i.e., a (—1)-curve. A famous theorem of Castelnuovo’s (see [68]
(p. 27)) says that these are the only curves that can be contracted to smooth points via a birational
morphism of the surface on which they lie to another surface. By abusing terminology, the curve
T C P2 corresponding to C is also called a (—1)-curve.

More generally, one has special linear systems in the following situation. Let £ be a linear system
on P2, which is not empty; let C be a (—1)-curve on P? corresponding to a curve I on P2, such that
L£-C = —N < 0. Then, C (respectively, T) splits off with multiplicity N as a fixed component from all
curves of L (respectively, £), and one has:

L=NC+M, (respectively,L = NI + M),
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where M (respectively, M) is the residual linear system. Then, one computes:

dim(£) = dim(M) > vir.dim(M) = vir.dim(L) + (I;[),

and therefore, if N > 2, then £ is special.

Example 6. One immediately finds examples of special systems of this type by starting from the (—1)-curves of
the previous example. For instance, consider L := Ly 24(— Y2_, dP;), which is not empty, consisting of the
conic L5(Y4_, P;) counted d times, though it has virtual dimension f(g)

Even more generally, consider a linear system £ on P2, which is not empty, Cy,...,C; some
(—=1)-curves on P2 corresponding to curves I'y, ..., Iy on P2, suchthat £L-C;= —N; < 0,i=1,...,k
Then, fori=1,...,k,

k k
E:ZNiFi+M, Z:ZNiCi+/r\;l/, and M'Ci:().
i=1 i=1

As before, L is special as soon as thereisani = 1,. ..,k such that N; > 2. Furthermore, C; - Cj = 51',]',
because the union of two meeting (—1)-curves moves, according to the Riemann-Roch theorem, in a
linear system of positive dimension on IF’Z, and therefore, it cannot be fixed for L. In this situation,
the reducible curve C := Zi'(:l Ci (respectively, I := Z?:l N;T)) is called a (—1)-configuration on P2
(respectively, on P?).

Example 7. Consider L := Ly 4(—moPy — Yi_; m;P;), with mg + m; = d + N;, N; > 1. Let T; be the line
joining Py, P;. It splits off N times from L. Hence:

i=1

s s s
L= Z NiT'; + Ezld721§:1 N; (— <m0 — N,‘) Py — Z (H’l,‘ - N,‘) P{) .
i i=1 i=1

If we require the latter system to have non-negative virtual dimension, e.g., d > Z?:] mj, if my = d and some
N; > 1, we have as many special systems as we want.

Definition 13. A linear system £ on P2 is (—1)-reducible if £ = Y¥ | N;C; + M, where C = v
is a (—1)-configuration, M -C; = 0, forall i = 1,...,k and vir.dim(M) > 0. The system L is called
(—1)-special if, in addition, there isani = 1,...,k such that N; > 1.

Conjecture 3 (Harbourne, 1986 [60], Hirschowitz, 1989 [62]). A linear system of plane curves
Lo q(— Y31 m;P;) with general multiple base points is special if and only if it is (—1)-special, i.e., it contains
some multiple rational curve of self-intersection —1 in the base locus.

No special system has been discovered except (—1)-special systems.
Eventually, we signal a concise version of the conjecture (see [67] (Conjecture 3.3)), which involves
only a numerical condition.

Conjecture 4. A linear system of plane curves Ly 4(— Y_5_1 m;P;) with general multiple base points and such
that my > my > ... > ms > 0and d > my + my + m3 is always non-special.

The idea of this conjecture comes from Conjecture 3 and by working on the surface X = P2,
which is the blow up of P? at the points P; in this way, the linear system £, 4(— Y.5_; m;P;) corresponds
to the linear system £ = dEg — mjFy — ... — Es on X, where (Eg, Ey, ..., Es) is a basis for Pic(X),
and Ej is the strict transform of a generic line of P2, while the divisors Ej, . . ., Es are the exceptional
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divisors on Py, ..., Ps. If we assume that the only special linear systems L, 4(— }_;_; m;P;) are those
that contain a fixed multiple (—1)-curve, this would be the same for £ in Pic(X), but this implies that
either we have m; < —1, or we can apply Cremona transforms until the fixed multiple (—1)-curve
becomes of type —m/E/ in Pic(X), where the E/’s are exceptional divisors in a new basis for Pic(X).
Our conditions in Conjecture 4 prevent these possibilities, since the m; are positive and the condition
d > mq + my + m3 implies that, by applying a Cremona transform, the degree of a divisor with respect
to the new basis cannot decrease (it goes from d tod’ =2d —m; —m i — my, if the Cremona transform
is based on P;, P; and P), hence cannot become of degree zero (as —ngl’. would be).

One could hope to address a weaker version of this problem. Nagata, in connection with his
negative solution of the fourteenth Hilbert problem, made such a conjecture.

Conjecture 5 (Nagata, 1960 [69]). The linear system Ly 4(— Y;_, m;P;) is empty as soon as s > 10 and
d < ./s.

Conjecture 5 is weaker than Conjecture 3, yet still open for every non-square n > 10. Nagata’s
conjecture does not rule out the occurrence of curves of self-intersection less than —1, but it does
rule out the worst of them. In particular, Nagata’s conjecture asserts that d> > sm? must hold when
s > 10, where m = (mq + - - - 4+ ms)/s. Thus, perhaps there are curves with a2 — m% — = m? <0,
such as the (—1)-curves mentioned above, but d* — m? — - - - — m? is (conjecturally) only as negative
as is allowed by the condition that after averaging the multiplicities m; for n > 10, one must have

d? —sm? > 0.

Now, we want to find a method to study the Hilbert function of a zero-dimensional scheme.
One of the most classical methods is the so-called Horace method ([8]), which has also been extended
with the Horace differential technique and led J. Alexander and A. Hirschowitz to prove Theorem 2.
We explain these methods in Sections 2.2.1 and 2.2.2, respectively, and we resume in Section 2.2.3 the
main steps of the Alexander—Hirschowitz theorem.

2.2.1. La Méthode D’Horace

In this section, we present the so-called Horace method. It takes this name from the ancient
Roman legend (and a play by Corneille: Horace, 1639) about the duel between three Roman brothers,
the “Orazi”, and three brothers from the enemy town of Albalonga, the “Curiazi”. The winners were
to have their town take over the other one. After the first clash among them, two of the Orazi died,
while the third remained alive and unscathed, while the Curiazi were all wounded, the first one
slightly, the second more severely and the third quite badly. There was no way that the survivor
of the Orazi could beat the other three, even if they were injured, but the Roman took to his heels,
and the three enemies pursued him; while running, they got separated from each other because they
were differently injured and they could run at different speeds. The first to reach the Orazio was the
healthiest of the Curiazi, who was easily killed. Then, came the other two who were injured, and it
was easy for the Orazio to kill them one by one.

This idea of “killing” one member at a time was applied to the three elements in the exact sequence
of an ideal sheaf (together with the ideals of a residual scheme and a “trace”) by A. Hirschowitz in [45]
(that is why now, we keep the french version “Horace” for Orazi) to compute the postulation of
multiple points and count how many conditions they impose.

Even if the following definition extends to any scheme of fat points, since it is the case of our
interest, we focus on the scheme of two-fat points.

Definition 14. We say that a scheme Z of r two-fat points, defined by the ideal 17, imposes independent
conditions on the space of hypersurfaces of degree d in n + 1 variable Opn (d) if codimy (Iz)y) in S*V is

min { (";d), r(n+1) }
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This definition, together with the considerations of the previous section and (12) allows us to
reformulate the problem of finding the dimension of secant varieties to Veronese varieties in terms
of independent conditions imposed by a zero-dimensional scheme of double fat points to forms of a
certain degree.

Corollary 2. The s-th secant variety 0s(X, 4) of a Veronese variety has the expected dimension if and only if a
scheme of s generic two-fat points in P" imposes independent conditions on Opn (d).

Example 8. The linear system L := L, »(— Y;_1 2P;) is special if s < n. Actually, quadrics in P" singular at
s independent points Py, ..., Ps are cones with the vertex P*~! spanned by Py, ..., Ps. Therefore, the system is
empty as soon as s > n + 1, whereas, if s < n, one easily computes:

dim(£) = vir.dim(L) + (;)

Therefore, by (12), this equality corresponds to the fact that os(vo(P")) are defective for all s < n;
see Theorem 2 (1).

We can now present how Alexander and Hirschowitz used the Horace method in [8] to compute
the dimensions of the secant varieties of Veronese varieties.

Definition 15. Let Z C IP" be a scheme of two-fat points whose ideal sheaf is Z7. Let H C P" be a hyperplane.
We define the following:

e the trace of Z with respect to H is the scheme-theoretic intersection:
Try(Z) :==ZNH;

e theresidue of Z with respect to H is the zero-dimensional scheme defined by the ideal sheaf Ty : Opn (—H)
and denoted Resy (Z).

Example 9. Let Z = 2Py C P be the two-fat point defined by ©* = (x1,...,xn)?, and let H be the hyperplane
{xn = 0}. Then, the residue Resy (Z) C P" is defined by:

IResy(z) = 7 ¢ (xn) = (x1,...,%0) = g,

hence, it is a simple point of P"; the trace Try(Z) C H ~ P"~is defined by:
Ityy(z) = (1, %) @K[x0, o, Xl / (x0) = (F1y - Fn1)?,

where the X;’s are the coordinate of the P"~1 ~ H, i.e., Try(Z) is a two-fat point in P"~1 with support at
Py € H.

The idea now is that it is easier to compute the conditions imposed by the residue and by the trace
rather than those imposed by the scheme Z; in particular, as we are going to explain in the following,
this gives us an inductive argument to prove that a scheme Z imposes independent conditions on
hypersurfaces of certain degree. In particular, for any d, taking the global sections of the restriction
exact sequence:

0 = TResy(z)(d = 1) = Iz(d) = Iy (z)(d) = 0,

we obtain the so-called Castelnuovo exact sequence:

0 = (Iresyy(z))d—1 = Uz)a = (Ireyy(z2))ar (15)
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from which we get the inequality:

dimy (I7)a < dimy (Ires;;(z))a—1 + dimy (I (2))a- (16)

Let us assume that the supports of Z are r points such that t of them lie on the hyperplane H,
i.e, Resy(Z) is the union of r — t many two-fat points and ¢ simple points in P"" and Try (Z) is a scheme
of t many two-fat points in P"~! i.e., with the notation of linear systems introduced above,

dimy (Ires;;(2))d—1 =dim< nd—1 ( 221’ -y Pi)) +1;

i=r—t+1
dimy (I, (z))a = dim( n—1d ( 22P>>

Assuming that:
1. Resy(Z) imposes independent conditions on Opn(d — 1), i.e.,

d—1+n

dimk(IResH(Z))d—l = max { ( "

)—(r—t)(n-i—l)—t,O},

2. and Try(Z) imposes independent conditions on Op,.-1(d), i.e.,

. d+n—1
dlm]k(ITrH(Z))d:maX{< na1 )—tn,O},

then, by (16) and since the expected dimension (Definition 12) is always a lower bound for the actual
dimension, we conclude the following.

Theorem 3 (Brambilla-Ottaviani [36]). Let Z be a union of r many two-fat points in P", and let H C IP" be
a hyperplane such that t of the r points of Z have support on H. Assume that Try(Z,) imposes independent
conditions on O (d) and that Resy Z, imposes independent conditions on Opn(d — 1). If one of the pairs of
the following inequalities occurs:

L < (Y and r(n+1) — tn < (4117,
2. > Yand r(n+1) — tn > (1Y),

then Z imposes independent conditions on the system Opn (d).

The technique was used by Alexander and Hirschowitz to compute the dimension of the linear
system of hypersurfaces with double base points, and hence, the dimension of secant varieties of
Veronese varieties is mainly the Horace method, via induction.

The regularity of secant varieties can be proven as described above by induction,
but non-regularity cannot. Defective cases have to be treated case by case. We have already seen that
the case of secant varieties of Veronese surfaces (Example 4) and of quadrics (Example 8) are defective,
so we cannot take them as the first step of the induction.

Let us start with 05(X33) C PY. The expected dimension is 4s — 1. Therefore, we expect that
05(X33) fills up the ambient space. Now, let Z be a scheme of five many two-fat points in general
position in P® defined by the ideal I; = 2 N ... N @2. Since the points are in general position, we may
assume that they are the five fundamental points of P3 and perform our computations for this explicit
set of points. Then, it is easy to check that:

HE(S/ @3N -+ N p2,3) = 19 — dimy (Iz)3 = 19 — 0.
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Hence, 05(X33) = P1%, as expected. This implies that:
dim(os(X33)) is the expected one for all s < 5. 17)

Indeed, as a consequence of the following proposition, if the s-th secant variety is regular, so it is the
(s — 1)-th secant variety.

Proposition 6. Assume that X is s-defective and that o, 1(X) # PN. Then, X is also (s + 1)-defective.

Proof. Let s be the s-defect of X. By assumptions and by Terracini’s lemma, if Py,..., P € X are
general points, then the span Tp, _ p, := (Tp X, ..., Tp,X), which is the tangent space at a general point
of 05(X), has projective dimension min(N, sn + s — 1) — ds. Hence, adding one general point Ps 1,
the space Tp,,...p, p, Y which is the span of Tp,,. p, and Tp, p.¢ has dimension at most min{N, sn +
s — 1} — &s + n + 1. This last number is smaller than N, while it is clearly smaller than (s + 1)n + s.
Therefore, X is (s + 1)-defective. [

In order to perform the induction on the dimension, we would need to study the case of d = 4,
s =8inP? ie. 0g(X34). We need to compute HFz(4) = HF (k[xo, ..., x3]/ (93 N+ - N ©3),4). In order
to use the Horace lemma, we need to know how many points in the support of scheme Z lie on a
given hyperplane. The good news is upper semicontinuity, which allows us to specialize points on a
hyperplane. In fact, if the specialized scheme has the expected Hilbert function, then also the general
scheme has the expected Hilbert function (as before, this argument cannot be used if the specialized
scheme does not have the expected Hilbert function: this is the main reason why induction can be
used to prove the regularity of secant varieties, but not the defectiveness). In this case, we choose to
specialize four points on H, i.e., Z = 2P; + ... +2Pg with Py, ..., Py € H. Therefore,

° RESH(Z):P]+"‘+P4+2P5+“~+2P3CP3;
o  Try(Zg) =2P, 4 ---+2P; C H, where 2P;’s are two-fat points in P2

Consider Castelunovo Inequality (16). Four two-fat points in P> impose independent conditions
to Ops (3) by (17), then adding four simple general points imposes independent conditions; therefore,
Resy Z imposes the independent condition on Ops (3). Again, assuming that the supports of Try (Z)
are the fundamental points of P2, we can check that it imposes the independent condition on Opa (4).
Therefore,

max { <4;r3> _8. 4,0} =3 = exp.dimy (Iz)s < dimy(Iz)s

< dimy (Ires (2))3 + dimy (I, (2 )a

:max{<3;3> 74-474,0}+max{<2;4> 7443,0}

= max{20 — 16 — 4,0} + max{15 — 12,0} = 3.
In conclusion, we have proven that
05(X3,4) has the expected dimension for any s < 8.

Now, this argument cannot be used to study 09(X34) because it is one of the defective cases,
but we can still use induction on d.

In order to use induction on the degree d, we need a starting case, that is the case of cubics.
We have done P? already; see (17). Now, d = 3, n = 4, s = 7 corresponds to a defective case. Therefore,
we need to start with d = 3 and n = 5. We expect that 070(X53) fills up the ambient space. Let us
try to apply the Horace method as above. The hyperplane H is a P*; one two-fat point in P* has
degree five, so we can specialize up to seven points on H (in %, there are exactly 35 = 7 x 5 cubics),
but seven two-fat points in P* are defective in degree three; in fact, if Z = 2P; +... +2P; C P4,
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then dimy, (Iz); = 1. Therefore, if we specialize seven two-fat points on a generic hyperplane H,
we are “not using all the room that we have at our disposal”, and (16) does not give the correct upper
bound. In other words, if we want to get a zero in the trace term of the Castelunovo exact sequence,
we have to “add one more condition on H”; but, to do that, we need a more refined version of the
Horace method.

2.2.2. La méthode d’Horace Differentielle

The description we are going to give follows the lines of [70].

Definition 16. An ideal I in the algebra of formal functions k[[x,y]], where x = (x1,...,%,_1), is called a
vertically-graded (with respect to y) ideal if:

[=h@®hye: &Ly & (™)
where, fori =0,...,m—1, I; C k[[x]] is an ideal.

Definition 17. Let Q be a smooth n-dimensional integral scheme, and let D be a smooth irreducible divisor on
Q. We say that Z C Q is a vertically-graded subscheme of Q with base D and supportz € D, if Z isa
zero-dimensional scheme with support at the point z such that there is a reqular system of parameters (x,y) at z
such that y = 0 is a local equation for D and the ideal of Z in @Q,Z = k|[x,y]] is vertically graded.

Definition 18. Let Z € Q be a vertically-graded subscheme with base D, and let p > 0 be a fixed integer.
We denote by Res?(Z) € Q and Tt} (Z) € D the closed subschemes defined, respectively, by the ideals sheaves:

— PP — . 7P
IRESE(Z) =Ty 4+ (Zz: ID )ID’ and ITrpD(Z),D = (Iz: ID) ® Op.

In Res})(Z), we remove from Z the (p + 1)-th “slice” of Z, while in Tr},(Z), we consider only the
(p + 1)-th “slice”. Notice that for p = 0, this recovers the usual trace Trp(Z) and residual schemes
Resp(Z).

Example 10. Let Z C P? be a three-fat point defined by o3, with support at a point P € H lying on a plane
H C P3. We may assume o = (x1,x2) and H = {xy = 0}. Then, 3P is vertically graded with respect to H:
X2

p° = (1) ® (x)x2 ® (11)23 @ (x3), 5 "1

Visualization of a three-fat point in P2 each dot corresponds to a

generator of the local ring, which is Artinian.
Now, we compute all residues (white dots) and traces (black dots) as follows:
Case p = 0. Res’(P) C P2 is defined by:
91 (n) =" = ()@ (v)n e (1), Y2,
o
i.e., it is a two-fat point in P2, while Te% (P) is defined by: .
9 = ¢ @k|[xo, %1, %]/ (x2) = (),

where X, X1 are the coordinates on H, i.e., it is a three-fat point in PL
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Case p=1. Resk(3P) C P? is a zero-dimensional subscheme of
P2 of length four given by:

90+ (9% ()22 = (a3, 1110, 29) = xz&
3 2
= (x7) D (x1)x2 D (x2)%; }

(1) @ (x1)x2 @ (x2) oo
roughly speaking, we “have removed the second slice” of 3P; while, ™7 @9 """" x1
Trk, (3P) is given by: '

(97 : (2)) @ K[xo, 11, %2]]/ (x2) = (%)
Casep = 2. Res%(P) C P? is a zero-dimensional scheme of length
five given by:
x
00+ (0% (9)x3 = (33, o, x]) = $e
3 2 2
= (x7) D (x7)x2 D (x2)°; H

(1) @ (x7)x2 © (x2) éoo

roughly speaking, we “have removed the third slice” of 3P; while ™ @ """"""" x1

Tr2, (P) is given by:

(6 : (13)) @ K[lxo, x1,%2]]/ (x2) = (1)

Finally, let Z;,...,Z, € Q be vertically-graded subschemes with base D and support z;
letZ=27Z1U---UZ, andsetp = (p1,...,pr) € N'. We write:

Tt (Z) :==Tef (Z1) U~ - U Tt (Z,), Resh(Z):=Res]}(Z1)U- - URes] (Z,).
We are now ready to formulate the Horace differential lemma.

Proposition 7 (Horace differential lemma, [71] (Proposition 9.1)). Let H be a hyperplane in P"*, and let
W C P" be a zero-dimensional closed subscheme. Let Yy,...,Y:, Z1,...,Z, be zero-dimensional irreducible
subschemes of P"* such that Y; = Z;,i = 1,...,r, Z; has support on H and is vertically graded with base H,
and the supports of Y = Y1 U---UY,and Z = Z1 U - - - U Z, are generic in their respective Hilbert schemes.
Letp = (p1,...,pr) € N'. Assume:

L HO(ITeruTrg(Z),H(d)) = Oand
2. HO(IRESHWURES’;,(Z)(d - 1)) =0

then,
H°(Zyuy (d)) = 0.

For two-fat points, the latter result can be rephrased as follows.

Proposition 8 (Horace differential lemma for two-fat points). Let H C P" be a hyperplane, Py, ..., P, €
IP" be generic points and W C P" be a zero-dimensional scheme. Let Z = 2P; 4 --- 4 2P, C P", and let
Z' = 2P{ + ...+ 2P/ such that the P}’s are generic points on H. Let Dy pj(P/) = 2P/ N H be zero-dimensional
schemes in P". Hence, let:

Z =Resy(W) + Dy (P)) +...+Doy(P) CP", and
T=Try(W)+ P +...+ P, C H=P" L,
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Then, if the following two conditions are satisfied:

degue :  dimy(I7)4_1 = 0;
dime : dlmk(IT)d =0,

then, dimy (I, z)yg = 0.

Now, with this proposition, we can conclude the computation of ¢70(X53). Before Section 2.2.2,
we were left with the problem of computing the Hilbert function in degree three of a scheme
Z = 2P + - -+ + 2Py of ten two-fat points with generic support in P5: since a two-fat point in P°
imposes six conditions, the expected dimension of (Iz)3 is zero. In this case, the “standard” Horace
method fails, since if we specialize seven points on a generic hyperplane, we lose one condition that we
miss at the end of the game. We apply the Horace differential method to this situation. Let Pj, ..., P§
be generic points on a hyperplane H ~ P* C IP5. Consider:

=P 4 ...+ P+ Dy (Pg) +2Py +2P;g C P5, and
=2P]+...+2P,+ P, C H~P"

~ N

Now, dime is satisfied because we have added on the trace exactly the one condition that we were
missing. It is not difficult to prove that degue is also satisfied: quadrics through Z are cones with the
vertex the line between Py and Pjy; hence, the dimension of the corresponding linear system equals the
dimension of a linear system of quadrics in P* passing through a scheme of seven simple points and
two two-fat points with generic support. Again, such quadrics in P* are all cones with the vertex the
line passing through the support of the two two-fat points: hence, the dimension of the latter linear
system equals the dimension of a linear system of quadrics in P> passing through a set of eight simple
points with general support. This has dimension zero, since the quadrics of P3 are ten. In conclusion,
we obtain that the Hilbert function in degree three of a scheme of ten two-fat points in P® with generic
support is the expected one, i.e., by (12), we conclude that 070(X53) fills the ambient space.

2.2.3. Summary of the Proof of the Alexander-Hirshowitz Theorem

We finally summarize the main steps of the proof of Alexander-Hirshowitz theorem (Theorem 2):

1. The dimension of 05(X, 4) is equal to the dimension of its tangent space at a general point Q;
2. By Terracini’s lemma (Lemma 1), if Q is general in (Py, ..., Ps), with P, ..., Ps € X general points,
then:
dim(Tgos(X)) = dim((Tp X, ..., Tp,X));

3. By using the apolarity action (see Definition 9), one can see that:
dim ((Tp, Xpq, - To. X)) = HE(R/ (g1 0= N1 93),d) =1,

where 2 N -+ N ? is the ideal defining the scheme of two-fat points supported by P"
corresponding to the P;’s via the d-th Veronese embedding;

4. Non-regular cases, i.e.,, where the Hilbert function of the scheme of two-fat points is not as
expected, have to be analyzed case by case; regular cases can be proven by induction:

(a)  The list of non-regular cases corresponds to defective Veronese varieties and is very
classical; see Section 2.1.3, page 11 and [36] for the list of all papers where all these cases
were investigated. We explained a few of them in Examples 2, 4 and 8;

(b)  The proof of the list of non-regular cases classically known is complete and can be proven
by a double induction procedure on the degree 4 and on the dimension 7 (see Theorem 3
and Proposition 6):
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e  The starting step of the induction for the degree is d = 3 since quadrics are defective
(Example 8):

- The first case to study is therefore X3 3: in order to prove that 05(X33) = P as
expected (see page 26), the Horace method (Section 2.2.1) is introduced.

e The starting step of the induction for the dimension is n = 5:

- 03(X34) has the expected dimension thanks to upper semicontinuity
(see page 26), so also the smallest secant varieties are regular (page 26);

- 09(X34) is defective ([4,43,62]);

- Therefore, one has to start with oq9(X35), which cannot be done with the
standard Horace method (see page 27), while it can be solved (see page 29)
by using the Horace differential method (Section 2.2.2).

2.3. Algorithms for the Symmetric-Rank of a Given Polynomial

The goal of the second part of this section is to compute the symmetric-rank of a given symmetric
tensor. Here, we have decided to focus on algorithms rather than entering into the details of their
proofs, since most of them, especially the more advanced ones, are very technical and even an idea of
the proofs would be too dispersive. We believe that a descriptive presentation is more enlightening on
the difference among them, the punchline of each one and their weaknesses, rather than a precise proof.

2.3.1. On Sylvester’s Algorithm

In this section, we present the so-called Sylvester’s algorithm (Algorithm 1). It is classically
attributed to Sylvester, since he studied the problem of decomposing a homogeneous polynomial
of degree d into two variables as a sum of d-th powers of linear forms and solved it completely,
obtaining that the decomposition is unique for general polynomials of odd degree. The first modern
and available formulation of this algorithm is due to Comas and Seiguer; see [27].

Despite the “age” of this algorithm, there are modern scientific areas where it is used to describe
very advanced tools; see [14] for the measurements of entanglement in quantum physics. The following
description follows [28].

If V is a two-dimensional vector space, there is a well-known isomorphism between A?~"+1(57V)
and §%~7+1(S7V); see [72]. In terms of projective algebraic varieties, this isomorphism allows us to view
the (d — r + 1)-th Veronese embedding of P ~ PS"V as the set of (r — 1)-dimensional linear subspaces
of P that are r-secant to the rational normal curve. The description of this result, via coordinates,
was originally given by Iarrobino and Kanev; see [25]. Here, we follow the description appearing
in [73] (Lemma 2.1). We use the notation G(k, W) for the Grassmannian of k-dimensional linear spaces
in a vector space W and the notation G(k, n) for the Grassmannian of k-dimensional linear spaces
in P,

Lemma 2. Consider the map ¢, 4,11 : P(S'V) — G(d —r +1,5%V) that sends the projective class of
F € SV to the (d — r + 1)-dimensional subspace of S*V made by the multiples of F, i.e.,

Prara([F]) = E-$7V C 57V,

Then, the following hold:

1. theimage of g, 4 ry1, after the Pl ucker embedding of G(d — r + 1,54V inside P(A?"1 V), is the
(d — r + 1)-th Veronese embedding of PS"V;

2. identifying G(d —r 41,5V with G(r — 1,PS4V*), the above Veronese variety is the set of linear spaces
r-secant to a rational normal curve Cy C PSAV*,
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For the proof, we follow the constructive lines of [28], which we keep here, even though we take
the proof as it is, since it is short and we believe it is constructive and useful.

Proof. Let {xo, x1} be the variables on V. Then, write F = uox( + ulx{)’lxl +- -4 ux] € S'V. Abasis
of the subspace of SV of forms of the type FH is given by:

d— d—
xg 'F = uoxg oA uxg X,
X F = uxd Ly + - upxd I
(18)
d— _ d— d
x{~'F = uxpxy "+ - g

The coordinates of these elements with respect to the standard monomial basis {xg, xg_lxl, ., x‘f }of
SV are thus given by the rows of the following (r + 1) x (d + 1) matrix:

up up ... up 0 ... 0 0
0 w wu ... u 0 0
0 ... 0 wu wuw ... u 0
0 ... 0 0 wuy ... U1 U

The standard Pliicker coordinates of the subspace ¢, 4,11 ([F]) are the maximal minors of this matrix.
It is known (see for example [74]) that these minors form a basis of k[uy, . .., 1y] 4,41, so that the image
of ¢, 4—r+1([F]) is indeed a Veronese variety, which proves (1).

To prove (2), we recall some standard facts from [74]. Consider homogeneous coordinates
20,...,24 in P(89V*), corresponding to the dual basis of the basis {x{,xd 'xi,...,x7}. Consider
C; C P(S9V*), the standard rational normal curve with respect to these coordinates. Then, the image
of [F] by ¢, 4—,+1 is precisely the r-secant space to Cs spanned by the divisor on C; induced by the
zeros of F. This completes the proof of (2). [

The rational normal curve C; C P is the d-th Veronese embedding of PV =~ P! inside PS?V ~ P,
Hence, a symmetric tensor F € 54V has symmetric-rank r if and only if 7 is the minimum integer for
which there exists a P"~1 ~ PW C PS?V such that F € PW and PW is r-secant to the rational normal
curve Cy C P(§%V) in r distinct points. Consider the maps:

P(s'V) "4 Gd - 1, PSV) TR G(r — 1, PSIVY). (19)
Clearly, we can identify PS?V* with PS?V; hence, the Grassmannian G(r—1, IP)SdV*) can be identified
with G(r — 1, PS$?V). Now, by Lemma 2, a projective subspace PW of PSYV* ~ PS?V ~ P is r-secant
to Cy C PSV in r distinct points if and only if it belongs to Im(a, 4_y41 © Pr4—ry1) and the preimage
of PW via &, 4,11 © ¢y g_r41 is @ polynomial with r distinct roots. Therefore, a symmetric tensor
F € SV has symmetric-rank r if and only if 7 is the minimum integer for which the following two
conditions hold:

1. Fbelongs to some PW € Im(&t, 4_y11 0 ¢pg—rr1) C G(r — 1,PsV),
2. there exists a polynomial F € SV that has r distinct roots and such that &, 4,11 (¢ 4—r+1([F])) =
P(W).
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Now, let PU be a (d — r)-dimensional linear subspace of PS?V. The proof of Lemma 2 shows that PU
belongs to the image of ¢, s, 1 if and only if there exist uo, ..., u, € ksuchthat U = (Fy,..., F;_,41),
where, with respect to the standard monomial basis B = {xg, xg’lxl, e, xf} of $7V, we have:

Fl = (uo,ul,...,ur,O,...,O),
F = (0,up,u1,...,u,0,...,0),
Fi i1 =(0,...,0,up,uy,..., uy).

Let B* = {z,...,z4} be the dual basis of B with respect to the apolar pairing. Therefore, there exists
aW C S such that PW = a,,_,,1(PU) if and only if W = Hy N --- N Hy_,;,, and the H/’s are
as follows:

Hy: uozo + -+ upzr =0;
Hy : ugz1 + -+ upzp1 =0;
Hp i1 upzg—y + -+ + 1z = 0.

This is sufficient to conclude that F € PS4V belongs to an (r — 1)-dimensional projective subspace of
PS4V that is in the image of &, 4,11 © ¢r 4,1 defined in (19) if and only if there exist Hy, ..., Hy_,11
hyperplanes in S?V as above, such that F € H; N...N Hy_,.1. Now, given F € $4V with coordinates
(ag, ..., a4) with respect to the dual basis B*, we have that F € Hy N...N Hy_, 4 if and only if the
following linear system admits a non-trivial solution in the u;’s

upag + -+ - + upay =0

upay + -+ Ul =0

uoldg_p + - +upay =0.

Ifd —r+1 < r+1, this system admits an infinite number of solutions. If r < d/2, it admits a
non-trivial solution if and only if all the maximal (7 + 1)-minors of the following catalecticant matrix
(see Definition 1) vanish:

ap ar
m r41
gy agq

Remark 11. The dimension of 0,(Cy) is never defective, i.e., it is the minimum between 2r — 1 and d. Actually,
0,(Cy) C PSSV ifand only if 1 < r < [d%ﬂ Moreover, an element [F] € PS?V belongs to a,(Cy) for

=

1<r< [d%lw sie, Ry (F) = r, ifand only if Cat, 4, (F) does not have maximal rank. These facts are very
classical; see, e.g., [1].
-1 . .
Therefore, if we consider the monomial basis {(‘f) xf)xf” |[i=0,...,d } of $4V and write

—1 . .
F = Z?:o (‘Ii) u{xéx‘f*’, then we write the (i,d — i)-th catalecticant matrix of F as Cat;;_;(F) =
(@h4k) n=0,..i -

=0,...,d—i
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Algorithm 1: Sylvester’s algorithm.

The algorithm works as follows.
Require: A binary form F = sz:o llixéx‘li*i € sy,
Ensure: A minimal Waring decomposition F = Y7_; A;L;(xg, x1)".
1: initialize r < 0;
2. if rk Cat, ;_,(F) is maximal then
3 increment v < r+1;
4: end if
5. compute a basis of Cat, 4_,(F);
6: take a random element G € S"V* in the kernel of Cat, 4_,(F);
7: compute the roots of G: denote them («;, B;), fori =1,...,r;
8: if the roots are not distinct then
9:  goto Step 2;
10: else
11:  compute the vector A = (Ay,...,A,) € k" such that:

o ad "y 0
of Bl | [ an
d-202 d—252 -
&y 1T :Br . = (g) ap

: : : /\r :

I ag

12: end if
. construct the set of linear forms {L; = a;xo + fix1} C S'V;

_
w

4: return the expression }|_; )\iL?.

Example 11. Compute the symmetric-rank and a minimal Waring decomposition of the polynomial
F = 2x¢ — dx3x; + 30x3x% — 28x0x3 + 17xf.

We follow Sylvester’s algorithm. The first catalecticant matrix with rank smaller than the maximal is:

Catz/z(F): -1 5 -7 ’
5 =7 17

in fact, tk Caty(F) = 2. Now, let {yo,y1} the dual basis of V*. We get that ker Caty(F) = (2y3 — yoy1 —
y3). We factorize:

295 — yoy1 = yi = (=yo +y1)(=2y0 = y1).
Hence, we obtain the roots {(1,1), (1, —2)}. Then, it is direct to check that:

1 1 2
1 -2 -1
1 4 <1> =151,
1 -8 -7
1 16 17
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hence, a minimal Waring decomposition is given by:
F = (xo+x1)* + (x0 — 2x1)"

The following result was proven by Comas and Seiguer in [27]; see also [28]. It describes
the structure of the stratification by symmetric-rank of symmetric tensors in SV with dim vV = 2.
This result allows us to improve the classical Sylvester algorithm (see Algorithm 2).

Theorem 4. Let Cy = {[F] € PS?V | Rym(F) = 1} = {[L] | L € S'V} C P? be the rational normal curve
of degree d parametrizing decomposable symmetric tensors. Then,

d+1
Vr,2<r< {T—‘ , 07 (Ca) N 07-1(Ca) = 07, (Ca) U 0y 4—r12(Ca),

where we write:
0r5(Cq) := {[F] € 07(Cyq) | Rsym(F) = s} C 07(Cy)-

Algorithm 2: Sylvester’s symmetric (border) rank algorithm [28].

The latter theorem allows us to get a simplified version of the Sylvester algorithm,

which computes the symmetric-rank and the symmetric-border rank of a symmetric tensor,
without computing any decomposition. Notice that Sylvester’s Algorithm 1 for the rank is
recursive: it runs for any r from one to the symmetric-rank of the given polynomial, while
Theorem 4 shows that once the symmetric border rank is computed, then the symmetric-rank
is either equal to the symmetric border rank or it is d — r + 2, and this allows us to skip all the
recursive process.

Require: A form F € $V, withdim V = 2.
Ensure: the symmetric-rank Rsym (F) and the symmetric-border rank Ry, (F).

Dsym
1. r:=r1k CatL%H%W (F)

2 Ry (F) =7;

3: choose an element G € ker Cat, 4_,(F);

4: if G has distinct roots then

5 Rsym(F) =r

6: else

7 Reym(F) =d—r+2;

8: end if

9: return Rgym (F)

Example 12. Let F = 5xx1, and let {yo, y1} be the dual basis to {xo, x1}. The smallest catalecticant without
full rank is:

Caty3(F) =

o = O

1
0
0

o O o
o O O

which has rank two. Therefore [F] € 02(Cg). Now, ker Catp3(F) = (y3), which has a double root. Hence,
[F] € 2,6(Cs).

Remark 12. When a form F € K[xq, ..., x| can be written using less variables, i.e., F € K[Lo, ..., Ly], for
Lje k[xo, ..., xu]1, with m < n, we say that F has m essential variables (in the literature, it is also said that F
is m-concise). That is, F € S*W, where W = (Lo, ..., Ly) C V. Then, the rank of [F] with respect to X,, 4 is
the same one as the one with respect to v;(PW) C X, 4; e.., see [75,76]. As recently clearly described in [77]
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(Proposition 10) and more classically in [25], the number of essential variables of F coincides with the rank of the
first catalecticant matrix Caty g1 (F). In particular, when [F] € 04(X,,4) C P(S?V) with dim(V) =n +1,
then, if r < n -1, there is a subspace W C V with dim(W) = r such that [F] € PS?W, i.e., F can be written
with respect to r variables.

Let now V be (1 + 1)-dimensional, and consider the following construction:

Hilb,(P")  -%» G (3" - r,57)
IR (20)
G(r—1,PSV*) «— G((dﬁ”)frfl,]P’SdV)

where the map ¢ in (20) sends a zero-dimensional scheme Z with deg(Z) = r to the vector space
(Iz)4 (itis defined in the open set formed by the schemes Z, which impose independent conditions
to forms of degree d) and where the last arrow is the identification, which sends a linear space to its
perpendicular.

Asin the case n = 1, the final image from the latter construction gives the (r — 1)-spaces, which are
r-secant to the Veronese variety in PN 2 P(k[xo, ..., x,]4)*. Moreover, each such space cuts the image
of Z via the Veronese embedding.

Notation 1. From now on, we will always use the notation 1y to indicate the projective linear subspace of
dimension r — 1 in PS?V, with dim(V') = n + 1, generated by the image of a zero-dimensional scheme Z C P"
of degree r via the Veronese embedding, i.e., 11y = (v4(Z)) C PS?V.

Theorem 5. Any [F] € 02(X,,4) C PS*V, with dim(V) = n + 1 can only have symmetric-rank equal to 1, 2
or d. More precisely:

2 (X a) N Xpa = 022(Xp0,0) U0 4(Xpa);

more precisely, 054(Xp4) = T(Xpa) \ X4, where T(X,, 4) denotes the tangential variety of X, 4,
i.e., the Zariski closure of the union of the tangent spaces to X,, 4.

Proof. Thisis actually a quite direct consequence of Remark 12 and of Theorem 4, but let us describe the
geometry in some detail, following the proof of [28]. Since r = 2, every Z € Hilb, (P") is the complete
intersection of a line and a quadric, so the structure of Iy is well known, i.e., Iz = (Lo, ..., Ly,—2,Q),
where L;’s are linearly independent linear forms and Q is a quadric in S2V (Lo, ..., Ly—2)2.

If F € 02(X,,4), then we have two possibilities: either Rsym(F) = 2 or Rsym(T) > 2, i.e., F lies
on a tangent line Il to the Veronese, which is given by the image of a scheme Z C PV of degree 2,
via the maps (20). We can view F in the projective linear space H = P? in P(S?V) generated by the
rational normal curve Cy C X, 4, which is the image of the line ¢ defined by the ideal (Lo, ..., L,—>) in
PV,i.e. £ C P" is the unique line containing Z. Hence, we can apply Theorem 4 in order to get that
Rsym (F) < d. Moreover, by Remark 12, we have Rgym (F) = d. [

Remark 13. Let us check that 05(X, 4) is given by the annihilation of the (3 x 3)-minors of the first two
catalecticant matrices, Caty g_1 (V') and Caty 4_» (V') (see Definition 1); actually, such minors are the generators
OfIVZ(Vd(P”))" see [78]

Following the construction above (20), we can notice that the coefficients of the linear spaces defined by
the forms L; € V* in the ideal Iz are the solutions of a linear system whose matrix is given by the catalecticant
matrix Caty 4_1(V); since the space of solutions has dimension n — 1, we get rk Caty 4_1(V) = 2. When we
consider the quadric Q in Iz, instead, the analogous construction gives that its coefficients are the solutions of
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a linear system defined by the catalecticant matrix Caty 4_»(V'), and the space of solutions give Q and all the
quadrics in (Lo, . .., Ly—2), which are (3) + 2n — 1, hence:

rk Catyg_»(V) = (” ;“ 2) - ((;) + 2n> =2

Therefore, we can write down an algorithm (Algorithm 3) to test if an element [F] € 0»(X,, 4) has
symmetric rank two or d.

Algorithm 3: An algorithm to compute the symmetric-rank of an element lying on 03(X,, 4).

Require: A from F € SV, where dim V = n 4 1.
Ensure: If [F] € 02(X,, 4), returns the Reym (F).

1: compute the number of essential variables m = rk Caty 41 (F);
: if m =1 then
print F € X, 4;
. else if m > 2 then

print F & 03(X,.4);
else

let W = (ker Caty 4_1(F))* and view F € S*W;
. end if
: return apply Algorithm 2 to F.

D A L R S

Example 13. Compute the symmetric-rank of
F = xgxz + Bxéxlxz + 3x0x%x2 + x?xz,

First of all, note that (yo —y1) o F = 0; in particular, ker Caty 3(F) = (yo — y1). Hence, F has two essential
variables. This can also be seen by noticing that F = (xqg + x1)3%7. Therefore, if we write zg = xg + x1 and
Z] = X, then F = zgzl € k(zo, z1]. Hence, we can apply Algorithms 1 and 2 to compute the symmetric-rank,
symmetric-border rank and a minimal decompositions of F. In particular, we write:

0o 1/
Cutzrz(F) =11/4 0
0 0

4

o o o

which has rank two, as expected. Again, as in Example 12, the kernel of Caty »(F) defines a polynomial with a
double root. Hence, Bsym(F ) = 2 and Rsym (F) = 4. If we are interested in finding a minimal decomposition of
F, we have to consider the first catalecticant whose kernel defines a polynomial with simple roots. In this case,
we should get to:

1/4

whose kernel is ((1,0,0,0,0), (0,0,1,0,0),(0,0,0,1,0), (0,0,0,0,1)). If we let {wy, w; } be the variables on
W*, we take a polynomial in this kernel, as for example G = w§ + wiw? + wow$ + w}. Now, if we compute
the roots of G, we find four complex distinct roots, i.e.,

(a1,p1) = —3A~ 3VB+C (a2,p2) = —4A+3VB+C;
(a3,83) = §A=3VB=C  (as,ps) = jA+3VB-G;
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where:

1
2 1 3

9(%ivas7va- ) -6 (%ivETva-4§)’ +13
Livas7y3 -8 ’

A8 /3 e :
B=y|—(1/18iv257v3— =) —[-— 9 |
(v )" (was)

6 4
€= "3

1

2 1 3

9(&iVaTV3—£)3 —6(Liv257,/3-8)7 +13°
Liv257./(3)- 8

Hence, if we write Li = w;jzo + Biz1, for i = 1,...,4, we can find suitable A;’s to write a minimal
decomposition F = Y, A;L%. Observe that any hyperplane through [F] that does not contain the tangent
line to Cy at [z§] intersects Cy at four distinct points, so we could have chosen also another point in
((1,0,0,0,0),(0,0,1,0,0),(0,0,0,1,0), (0,0,0,0,1)), and we would have found another decomposition of F.

Everything that we have done in this section does not use anything more than Sylvester’s
algorithm for the two-variable case. In the next sections, we see what can be done if we have to deal
with more variables and we cannot reduce to the binary case like in Example 13.

Sylvester’s algorithm allows us to compute the symmetric-rank of any polynomial in two essential
variables. It is mainly based on the fact that equations for secant varieties of rational normal curves
are well known and that there are only two possibilities for the symmetric-rank of a given binary
polynomial with fixed border rank (Theorem 4). Moreover, those two cases are easily recognizable by
looking at the multiplicity of the roots of a generic polynomial in the kernel of the catalecticant.

The first ideas that were exploited to generalize Sylvester’s result to homogeneous polynomials
in more than two variables were:

e agood understanding of the inverse system (and therefore, of the scheme defined by the kernels
of catalecticant matrices and possible extension of catalecticant matrices, namely Hankel matrices);
we will go into the details of this idea in Section 2.3.3;

e apossible classification of the ranks of polynomials with fixed border rank; we will show the few
results in this direction in Section 2.3.2.

2.3.2. Beyond Sylvester’s Algorithm Using Zero-Dimensional Schemes

We keep following [28]. Let us start by considering the case of a homogeneous polynomial with
three essential variables.

If [F] € o3(vy(P")) \ 02(v4(P")), then we will need more than two variables, but actually, three
are always sufficient. In fact, if [F] € 03(v4(P")), then there always exists a zero-dimensional scheme
v4(Z) of length three contained in v,;(IP"), whose span contains [F|; the scheme Z C P" itself spans
a P2, which can be seen as P((Ly, Ly, L3);) with L;’s linear forms. Therefore, F can be written in
three variables. The following theorem computes the symmetric-rank of any polynomial in [F] €
3 (vg(P")) \ 02 (v4(P")), and the idea is to classify the symmetric-rank by looking at the structure of
the zero-dimensional scheme of length three, whose linear span contains [F].

Theorem 6 ([28] (Theorem 37)). Letd > 3, X, ; C P("*1). Then,

03(X3) N 02(X3) = 033(Xp3) Uz a(Xu3) Uozs(Xn3),
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while, for d > 4,

3(Xpa) N 02(Xpa) = 033(Xpa) U03d-1(X0) U041 (Xna) U0z pa-1(Xa)-

We do not give here all the details of the proof since they can be found in [28]; they are quite
technical, but the main idea is the one described above. We like to stress that the relation between the
zero-dimensional scheme of length three spanning F and the one computing the symmetric-rank is in
many cases dependent on the following Lemma 3. Probably, it is classically known, but we were not
able to find a precise reference.

Lemma 3 ([28] (Lemma 11)). Let Z C P", n > 2, be a zero-dimensional scheme, with deg(Z) < 2d + 1.
A necessary and sufficient condition for Z to impose independent conditions on hypersurfaces of degree d is that
no line £ C P" is such that deg(Z N ¥¢) > d + 2.

Remark 14. Notice that if deg(¢ N Z) is exactly d + 1+ k, then the dimension of the space of curves of degree
d through them is increased exactly by k with respect to the generic case.

It is easy to see that Lemma 3 can be improved as follows; see [79].

Lemma 4 ([79]). Let Z C P", n > 2, be a zero-dimensional scheme, with deg(Z) < 2d + 1.
IFhY(P", T7(d)) > 0, there exists a unique line ¢ C P" such that deg(Z N €) = d + 1+ k' (P",Z,(d)) > 0.

We can go back to our problem of finding the symmetric-rank of a given tensor. The classification
of symmetric-ranks of the elements in 04(X,, 4) can be treated in an analogous way as we did for
03(X,,,4), but unfortunately, it requires a very complicated analysis on the schemes of length four.
This is done in [80], but because of the long procedure, we prefer to not present it here.

It is remarkable that 04(X, 4) is the last s-th secant variety of Veronesean, where we can use
this technique for the classification of the symmetric-rank with respect to zero-dimensional schemes
of length s, whose span contains the given polynomial we are dealing with; for s > 5, there is a
more intrinsic problem. In fact, there is a famous counterexample due to Buczynska and Buczyski
(see [81]) that shows that, in 05(Xy 3), there is at least a polynomial for which there does not exist any
zero-dimensional scheme of length five on X4 3, whose span contains it. The example is the following.

Example 14 (Buczyriska, Buczynski [81,82]). One can easily check that the following polynomial:
F = x3xp + 6x3x3 — 3 (x0 + x1)%x4.
can be obtained as lim,_q %Fe = F where:
Fe = (%0 +ex2)® +6(x1 +ex3)® —3(xg + x1 +exq)® +3(x0 +2x1)° — (%0 +3x1)°

has symmetric-rank five for € > 0. Therefore, [F] € o5(v3(P*)).

An explicit computation of F* yields the Hilbert series for HSp ,p1 (z) = 1+ 5z +52% +2°. Let us
prove, by contradiction, that there is no saturated ideal I C F* defining a zero-dimensional scheme of length
< 5. Suppose on the contrary that I is such an ideal. Then, HFg /(i) > HFy p. (i) forall i € N. As
HFg (i) is an increasing function of i € N with HFp p. (i) < HFg, (i) <5, we deduce that HSg(t) =
14+5Y5°, 2. This shows that Iy = {0} and that I, = (F-),. As Lis saturated, I : (xo,...,x4) = I = {0},
since HF 1 (1) = 5. However, an explicit computation of (FL), : (xo, ..., x4) gives (xp,x3,x4). In this
way, we obtain a contradiction, so that there is no saturated ideal of degree < 5 such that I C F*. Consequently,
the minimal zero-dimensional scheme contained in X4 3 whose linear span contains [F| has degree six.
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In the best of our knowledge, the two main results that are nowadays available to treat these
“wild” cases are the following.

Proposition 9 ([28]). Let X C PN be a non-degenerate smooth variety. Let H, be the irreducible component of
the Hilbert scheme of zero-dimensional schemes of degree r of X containing r distinct points, and assume that for
eachy € Hy, the corresponding subscheme Y of X imposes independent conditions on linear forms. Then, for each
P € 0,(X) ~02(X), there exists a zero-dimensional scheme Z C X of degree r such that P € (Z) = Pr—1,
Conversely, if there exists Z € H, such that P € (Z), then P € 0,(X).

Obviously, five points on a line do not impose independent conditions on cubics in any P" for
n > 5; therefore, this could be one reason why the counterexample given in Example 14 is possible.
Another reason is the following.

Proposition 10 ([81]). Suppose there exist points Py,...,P, € X that are linearly degenerate, that is
dim(Py,...,P;) < r—1. Then, the join of the r tangent stars (see [83] (Section 1.4) for a definition) at
these points is contained in o (X). In the case that X is smooth at Py, ... Py, then (Tp X, ..., Tp,X) C 0;(X).

2.3.3. Beyond Sylvester’s Algorithm via Apolarity

We have already defined in Section 2.1.4 the apolarity action of S*V* ~ klyo, ..., y,] on S°V =~
k[xp, ..., x,] and inverse systems. Now, we introduce the main algebraic tool from apolarity theory
to study ranks and minimal Waring decompositions: that is the apolarity lemma; see [24,25]. First,
we introduce the apolar ideal of a polynomial.

Definition 19. Let F € S*V be a homogeneous polynomial. Then, the apolar ideal of F is:
F-={GeSV*|GoF =0}

Remark 15. The apolar ideal is a homogeneous ideal. Clearly, F- = S'V*, for any i > d, namely Ap =
S*V*/Ft is an Artinian algebra with socle degree equal to d. Since dimy(Af)y = 1, then it is also a
Gorenstein algebra. Actually, Macaulay proved that there exists a one-to-one correspondence between graded
Artinian Gorenstein algebras with socle degree d and homogeneous polynomials of degree d; for details, see [24]
(Theorem 8.7).

Remark 16. Note that, directly by the definitions, the non-zero homogeneous parts of the apolar ideal of a
homogeneous polynomial F coincide with the kernel of its catalecticant matrices, i.e., fori =0, ...,d,

F* = ker(Cat;g_;(F)).

The apolarity lemma tells us that Waring decompositions of a given polynomial correspond to
sets of reduced points whose defining ideal is contained in the apolar ideal of the polynomial.

Lemma 5 (Apolarity lemma). Let Z = {[L1],...,[L,]} C P(S'V), then the following are equivalent:

1. F=YI_ ALY forsomeAq,..., Ay €K;
2. I(Z) C F-

If these conditions hold, we say that Z is a set of points apolar to F.

Proof. The fact that (1) implies (2) follows from the easy fact that, for any G € $¢V*, we have that
G o L% is equal to d times the evaluation of G at the point [L] € PV. Conversely, if [(Z) C F*, then we
have that F € I(Z)} = (LY, ..., L%); see Remark 9 and Proposition 4. [
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Remark 17 (Yet again: Sylvester’s algorithm). With this lemma, we can rephrase Sylvester’s algorithm.
Consider the binary form F = Zfizo ci(‘f)xg*’xﬁ, Such an F can be decomposed as the sum of r distinct powers
of linear forms if and only if there exists Q = qoyly + quyly ‘y1 + - - - + ey such that:

c €1 - Cr qo

1 Crt G 1
S I B ) 1)

Ca—r g qr

and Q = uIT,_, (Bxyo — axy1), for a suitable scalar y € k, where [w; = B;]'s are different points in P. In this
case, there exists a choice of Ay, ..., Ay such that F = b _, Ag(agxo + Brx1)?. This is possible because of the
following remarks:

o Gorenstein algebras of codimension two are always complete intersections, i.e.,
1(Z) € (FY) = (G1, Gy
e Artinian Gorenstein rings have a symmetric Hilbert function, hence:
deg(Gy) +deg(Gy) = deg(F) +2, say deg(Gq) < deg(Gy);
o If Gy is square-free, i.e., has only distinct roots, we take Q = Gy and Reym(F) = deg(G); otherwise,
the first degree where we get something square-free has to be the degree of Gy; in particular, we can take Q

to be a generic element in FdLeg(cz) and Reym (F) = deg(Gy).

By using Apolarity Theory, we can describe the following algorithm (Algorithm 4).

Algorithm 4: Iarrobino and Kanev [25].

We attribute the following generalization of Sylvester’s algorithm to any number of variables
to larrobino and Kanev: despite that they do not explicitly write the algorithm, the main idea
is presented in [25]. Sometimes, this algorithm is referred to as the catalecticant method.

Require: F € 5V, where dimV = n 4 1.
Ensure: a minimal Waring decomposition.
1: construct the most square catalecticant of F, i.e., Caty, 4, (F) form = [d/2];
2: compute ker Catyy, 4, (F);
3: if the zero-set Z of the polynomials in ker Cat,, 4_,,(F) is a reduced set of points, say
{[L1],...,[L]}, then continue, otherwise the algorithm fails;
4: solve the linear system defined by F = }; /\,L‘f in the unknowns A;.

Example 15. Compute a Waring decomposition of:
F =3x* + 12022 + 2y* — 12x%yz + 12x1%z — 41>z + 120227 — 12xy22 + 6y°2% — 4yz° + 224

The most square catalecticant matrix is:

3 0 0 2 -1 2
0 2 -1 0 1 -1
0 -1 2 1 -1 0
Cat2B)=1 5 o 1 2 21 1

N
|
—
o
—
|
_
N
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Now, compute that the rank of Caty o (F) is three, and its kernel is:

ker(Catya(F)) = ((1,0,0,—1,—1,—1), (0,1,0,—1,-2,0), (0,0,1,0,2,1)) =
(Y5 — Y1 — v1va — Y5, Yoy1 — Yi — 212, Yoy2 +2y1¥2 + y5) C SV

It is not difficult to see that these three quadrics define a set of reduced points {[1:1:0],[1:0: —1],[1: —1:
1]} C PV. Hence, we take Ly = xo + x1, Ly = xo — xp and Lz = xo — x1 + xo, and, by the apolarity lemma,
the polynomial F is a linear combinations of those forms, in particular,

F = (xo+x1)*+ (x0 — x2)* + (x0 — 11 + x2)*.

Clearly, this method works only if Reym (F) = rank Cat,, 4_,,(F), for m = [%W Unfortunately,
in many cases, this condition is not always satisfied.

Algorithm 4 has been for a long time the only available method to handle the computation of
the decomposition of polynomials with more than two variables. In 2013, there was an interesting
contribution due to Oeding and Ottaviani (see [84]), where the authors used vector bundle techniques
introduced in [85] to find non-classical equations of certain secant varieties. In particular, the very
interesting part of the paper [84] is the use of representation theory, which sheds light on the geometric
aspects of this algorithm and relates these techniques to more classical results like the Sylvester
pentahedral theorem (the decomposition of cubic polynomial in three variables as the sum of five
cubes). For the heaviness of the representation theory background needed to understand that algorithm,
we have chosen to not present it here. Moreover, we have to point out that ([84] Algorithm 4) fails
whenever the symmetric-rank of the polynomial is too large compared to the rank of a certain matrix
constructed with the techniques introduced in [84], similarly as happens for the catalecticant method.

Nowadays, one of the best ideas to generalize the method of catalecticant matrices is due to
Brachat, Comon, Mourrain and Tsidgaridas, who in [29] developed an algorithm (Algorithm 5) that
gets rid of the restrictions imposed by the usage of catalecticant matrices. The idea developed in [29] is
to use the so-called Hankel matrix that in a way encodes all the information of all the catalecticant
matrices. The algorithm presented in [29] to compute a Waring decomposition of a form F € SV
passes through the computation of an affine Waring decomposition of the dehomogenization f of
the given form with respect to a suitable variable. Let S = Kk[xy, ..., x,] be the polynomial ring in n
variables over the field k corresponding to such dehomogenization.

We first need to introduce the definition of Hankel operator associated with any A € S*. To do so,
we need to use the structure of $* as the S-module, given by:

axAN:S—k, b~ A(ab), forae S AeS".
Then, the Hankel operator associated with A € S* is the matrix associated with the linear map:
Hp : S — S*, such thata — a* A.
Here are some useful facts about Hankel operators.
Proposition 11. ker(Hy ) is an ideal.
Let Iy = ker(Hp) and Ap = S/1I4.

Proposition 12. Ifrank(Hp) = r < oo, then the algebra A  is a k-vector space of dimension r, and there exist
polynomials Iy, .. . Iy of degree one and g1, . . ., gy of degree dy, . .., dy, respectively, in k[0y, . . ., 9] such that:

A=Y 1 g

k
i=1
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Moreover, I defines the union of affine schemes Zy,...,Z with support on the points I7,..., I} € k",
respectively, and with multiplicity equal to the dimension of the vector space spanned by the inverse system
generated by lf% gi-

The original proof of this proposition can be found in [29]; for a more detailed and expanded
presentation, see [30,31].

Theorem 7 (Brachat, Comon, Mourrain, Tsigaridas [29]). An element A € S* can be decomposed as
A=Y, )\il;’l if and only if rankHp = r, and 1 is a radical ideal.

Now, we consider the multiplication operators in A5. Givena € Ax:

Mg : Ax — Ap,
b—a-b,
and,
M AL — AR,
v axy.
Now,
Hpop := M! - Hy. (22)

Theorem 8. Ifdim Ap < oo, then, A = /\:f'c:l l[dfd’g,' and:

o the eigenvalues of the operators M, and MY are given by {a(17),...,a(I})};
e the common eigenvectors of the operators (Mtv’ )1<i<n are, up to scalar, the I;’s.

Therefore, one can recover the /;’s, i.e., the points l;‘ ’s, by eigenvector computations: take B
as a basis of Ay, i.e, say B = {by,...,by} with r = rankH,, and let Hf*A = MleR = HRM,,
(M, is the matrix of the multiplication by a in the basis B). The common solutions of the generalized
eigenvalue problem:

(Hﬂ*A - /\HA)U =0,

for all a € S yield the common eigenvectors H{v of M}, that is the evaluations at the points [;’s.
Therefore, these common eigenvectors H5v are up to scalar the vectors [b;(I7), ..., by(I])], for i =
1,...,r.

Iff=y, )\ilf’, then the Z;’s in Proposition 12 are simple, and one eigenvector computation is
enough: in particular, for any a € S, M, is diagonalizable, and the generalized eigenvectors H{v are,
up to scalar, the evaluations at the points /;'’s.

Now, in order to apply this algebraic tool to our problem of finding a Waring decomposition
of a homogeneous polynomial F € k[xo,...,x,], we need to consider its dehomogenization f =
F(1,x1,...,x,) with respect to the variable xo (with no loss of generality, we may assume that the
coefficients with respect to x( are all non-zero). Then, we associate a truncated Hankel matrices
as follows.

Definition 20. Let B be a subset of monomials in S. We say that B is connected to one if Vm € B either
m = 1orthereexistsi € {1,...,n} and m' € B such that m = x;m’.
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Let B, B’ C S<4 be sets of monomials of degree < d, connected to one. For any f =

ZaeN” caly lal, M M)x € S4, we consider the Hankel matrix:
|af<d

HJIE'B = (ha+ﬁ)aeB,ﬁeB’r

where h, = ¢, if |a| < d, and otherwise, , is an unknown. The set of all these new variables is
denoted h. Note that, by this definition, the known parts correspond to the catalecticant matrices of F.
For simplicity, we write H Jl} =H fl-; "B This matrix is also called quasi-Hankel [86].

Example 16. Consider F = —4xgx1 + 2xox2 + 2x1X2 + x% € Kk|xo,x1,x3]. Then, we look at the
dehomogenization with respect to xo given by f = —4xy + 2xp + 2x1%2 + x5 € k(x1,x2]. Then, if we

consider the standard monomial basis of S<, given by B = {1, x1,x2, x%, X1X2, x% }, then we get:

0 -2 1 0 1 1
200 I T heay oo By
f 0 haoy oy hao hey Peg) |

1 hpyy haz heyy hez) hag)

Lohapy s hez) has) hos

where the h's are unknowns.

Now, the idea of the algorithm is to find a suitable polynomial f whose Hankel matrix extends
the one of f, has rank equal to the Waring rank of f and the kernel gives a radical ideal. This is done by
finding suitable values for the unknown part of the Hankel matrix of f. Those f are elements whose
homogenization is in the following set:

20— f[F] € p(sty)| 3L € S'V {0}, 3F € Y st L' = F}
& {[ J€PEW)] with m = max{r, [d/2]},m' = max{r —1, [d/2]}

where Y471 = {[F] € P($?V) | rankCat; 4_;(F) < r}. If [F] € £, we say that f is the generalized
affine decomposition of size r.
Suppose that H ? % is invertible in k(h), then we define the formal multiplication operators:
BB 1\ ._ (17B.B BB/
M () = (Hg™)™ 1fo

Notation 2. If B is a subset of monomials, then we write BY = BUxBU...Ux,B. Note that, if B is
connected to one, then also B is connected to one.

The key result for the algorithm is the following.

Theorem 9 (Brachat, Comon, Mourrain, Tsigaridas [29]). If B and B’ are sets of monomials connected to
one, the coefficients of f are known on B x B'", and if H};’B is invertible, then f extends uniquely to S if and
only if:
/ / / !
MI.B’B ~MJB’B = M]B’B ~M1.B’B, forany1l <i<j<n.
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Algorithm 5: Brachat, Comon, Mourrain, Tsigaridas [29-31].
Here is the idea of algorithm presented in [29]. In [30,31], a faster and more accurate version
can be found.

Require: Any polynomial f € S.
Ensure: An affine Waring decomposition of f.
1r+1;
: Compute a set B of monomials of degree < d connected to one and with |B| = r;
. Find parameters & such that det(H};) # 0 and the operators MP = (H }3)’1H fi £ commute;
. if there is no solution then
go back to 2 with 7 < r+1;
else
compute the 1 - r eigenvalues z; ; and the eigenvectors v; such that M;v; = z; jv;,
i=1,...,n,j=1,...,r, until one finds r different common eigenvectors;
. end if
9: Solve the linear system f = Z;Zl )\]-z;-i in the A;’s, where the z;’s are
the eigenvectors found above.

®

For simplicity, we give the example chosen by the authors of [29].
Example 17. We look for a decomposition of:

F = — 1549440 x(x1 x2° + 2417040 x0x1 2222 4 166320 x02x1 22 — 829440 x0x1° x>
— 5760 x93 x1xp — 222480 x02x12x5 + 38 x0° — 497664 x1° — 1107804 x,°
— 120 xp*xq + 180 x0* x5 + 12720 x93 x12 4 8220 x03x,% — 34560 xy2x1>
— 59160 x92x7> + 831840 xgx;* + 442590 x0x2* — 5591520 x1*x,
+ 7983360 x71°x22 — 9653040 x12x5° + 5116680 xqx2*.

1. Weforma ("*Zﬁl) X ("*571) matrix, the rows and the columns of which correspond to the coefficients of

. . . d «
the polynomial with respect to the expression f = F(1,x1,...,%n) = Ypenn Ca (dflal,m,..',an)x .
|| <d
The whole 21 x 21 matrix is the following.
| 1 «, % 2 1 2 2 By x 3
1 38 24 36 1272 288 822 3456 7416 5544 5916
X1 —24 1272 —288 —3456 —7416 5544 166,368 —41472 80,568 —77472
xp 36 —288 822 —7416 5544 —5916 —41,472 80,568 —77472 88,518
x% 1272 3456 7416 166,368 41,472 80,568 497,664 1,118,304 798,336 965,304
xX)xp —288 —7416 5544 —41,472 80,568 —77472 —1,118,304 798,336 —965,304 1,023,336
X% 822 5544 —5916 80,568 ~77A72 88,518 798,336 —965,304 1,023,336 —1,107,804
x —3456 166368  —41472 —497,664 1,118,304 798,336 h6,0,0 hs,1.0 g 330
2y | 746 41472 80568 1,118,304 798,336 ~965,304 h5,1,0 hyn0 330 h40
X3 5544 80,568 77472 798,336 965,304 1,023,336 hyn0 h330 h40 1,50
3 5916 77472 88,518 965,304 1,023,336 1,107,804 h3,3,0 40 50 h0,6,0

Notice that we do not know the elements in some positions of the matrix. In this case, we do not know the
elements that correspond to monomials with (total) degree higher than five.
2. Weextract a principal minor of full rank.

We should re-arrange the rows and the columns of the matrix so that there is a principal minor of full rank.
We call this minor Ag. In order to do that, we try to put the matrix in row echelon form, using elementary
row and column operations.
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In our example, the 4 x 4 principal minor is of full rank, so there is no need for re-arranging the matrix.
The matrix Ag is:
38 —24 36 1272
—24 1272 —288  —3456
36 —288 822 7416
1272 —3456 —7416 166,368

Ny =

Notice that the columns of the matrix correspond to the set of monomials {1, x1, x2, x3}.
3. We compute the “shifted” matrix Ay = x1¢.

The columns of Ag correspond to the set of some monomials, say {x*}, where & C N". The columns of Aq
correspond to the set of monomials {xq x"}.

The shifted matrix Ay is:

—24 1272 —288 —3456
1272 3456 7416 166,368
—288 —7416 5544  —41,472
—3456 166,368 —41,472 —497,664

A =

Notice that the columns correspond to the monomials {x1,x2, x1x, %3 }, which are just the corresponding
monomials of the columns of Ao, i.e., {1,x1, x2, x%}, multiplied by x;.

In this specific case, all the elements of the matrices Ay and Ay are known. If this is not the case, then
we can compute the unknown entries of the matrix, using either necessary or sufficient conditions of the
quotient algebra, e.g., it holds that the My, My, — My, My, = 0, forany i,j € {1,...,n}.

4. We solve the equation (A1 — AAg)X = 0.

We solve the generalized eigenvalue/eigenvector problem [87]. We normalize the elements of the eigenvectors
so that the first element is one, and we read the solutions from the coordinates of the normalized eigenvectors.

The normalized eigenvectors of the generalized eigenvalue problem are:

1 1 1 1
—12 12 -2 2
-3 || -13 |’ 317 3
144 144 4 4

The coordinates of the eigenvectors correspond to the elements of the monomial basis {1, x1,x2, x3}. Thus,
we can recover the coefficients of x1 and xy in the decomposition from the coordinates of the eigenvectors.

Recall that the coefficients of xg are considered to be one because of the dehomogenization process. Thus,
our polynomial admits a decomposition:
F = Aq(x0 — 1251 — 3x2)° + Ag(x9 + 1221 — 13x2)°+
)\3(3(0 —2x1 + BXZ)S + /\4(360 +2x1 + SXZ)S.
It remains to compute A;’s. We can do this easily by solving an over-determined linear system, which we

know that always has a solution, since the decomposition exists. Doing that, we deduce that Ay = 3,
Ao =15,A3 = 15and Ay = 5.
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3. Tensor Product and Segre Varieties
3.1. Introduction: First Approaches

As we saw in the Introduction, if we consider the space parametrizing (17 + 1) x -+ x (n; +
1)-tensors (up to multiplication by scalars), i.e., the space PN with N = Hf:] (n; 4+ 1) — 1, then additive
decomposition problems lead us to study secant varieties of the Segre varieties X, C PN, n =
(n1,...,n;), which are the image of the Segre embedding of the multiprojective spaces P"1 x - - x P™,
defined by the map:

vy,1c Px e X P — PN,

vy, 1(P) = (a10820 - @0, -+, lny = Aty

where P = ((a10,...,810,),---, (@10, ,8tn,)) € P" x --- x P™, and the products are taken in
lexicographical order. For example, if P = ((ag,a1), (by, b1, b)) € P! x P2, then we have v 1(P) =
(ﬂobo, agby, apbo, a1by, a1by, ﬂlbz) € PS5,

Note that, if {x;g,...,;,, } are homogeneous coordinates in P" and z;, ., ji € {0,...n;} are
homogeneous coordinates in PN, we have that X, is the variety whose parametric equations are:

Zjy i = X1 Xje jied{l,...n}.

Since the use of tensors is ubiquitous in so many applications and to know a decomposition for a given
tensor allows one to ease the computational complexity when trying to manipulate or study it, this
problem has many connections with questions raised by computer scientists in complexity theory [88]
and by biologists and statisticians (e.g., see [16,89,90]).

As it is to be expected with a problem with so much interest in such varied disciplines,
the approaches have been varied; see, e.g., [88,91] for the computational complexity approach, [16,90]
for the biological statistical approach, [22,92-94] for the classical algebraic geometry approach, [95,96]
for the representation theory approach, [97] for a tropical approach and [98] for a multilinear algebra
approach. Since the f = 2 case is easy (it corresponds to ordinary matrices), we only consider t > 3.

The first fundamental question about these secant varieties, as we have seen, is about their
dimensions. Despite all the progresses made on this question, it still remains open; only several partial
results are known.

Notice that the case f = 3, since it corresponds to the simplest tensors, which are not matrices,
had been widely studied, and many previous results from several authors are collected in [22].

We start by mentioning the following result on non-degeneracy; see [22] (Propositions 2.3 and 3.7).

Theorem 10. Let ny < np < --- < ny, t > 3. Then, the dimension of the s-th secant variety of the Segre
variety Xy is as expected, i.e.,

dimos(X,) =s(ny+ng+---+n+1)—1
if either:

e s<mn+1, or
R max{nt—&-l,s}g{w].

In the paper mentioned above, these two results are obtained in two ways. The first is via
combinatorics on monomial ideals in the multihomogeneous coordinate ring of P x - . x [P™:
curiously enough, this corresponds to understanding possible arrangements of a set of rooks
on an f-dimensional chessboard (corresponding to the array representing the tensor). There is
also a reinterpretation of these problems in terms of code theory and Hamming distance (the
so-called Hamming codes furnish nice examples of non-defective secants varieties to Segre’s of type
P"x ... x P,
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Combinatorics turns out to be a nice, but limited tool for those questions. The second part
of Theorem 10 (and many other results that we are going to report) are obtained by the use of
inverse systems and the multigraded version of apolarity theory (recall Section 2.1.4 for the standard
case, and we refer to [99-102] for definitions of multigraded apolarity) or via Terracini’s lemma
(see Lemma 1).

The idea behind these methods is to translate the problem of determining the dimension of o5(X),
into the problem of determining the multihomogeneous Hilbert function of a scheme Z C P x - - - x
P of s generic two-fat points in multi-degree 1 = (1,...,1). We have that the coordinate ring of the
multi-projective space Pt x - -- x P is the polynomial ring S = k[x1,0, ..., X1, -, Xt,0, - - -, Xt ],
equipped with the multi-degree given by deg(x;;) = e; = (0,..., }, ...,0). Then, the scheme Z is
defined by a multi-homogeneous ideal I = I(Z), which inherits the multi-graded structure. Hence,
recalling the standard definition of Hilbert function (Definition 11), we say that the multi-graded
Hilbert function of Z in multi-degree d = (dy, ..., d;) is:

HF(Z;d) = dimk(S/I)d = dim]k Sd - dim]k Id-

3.2. The Multiprojective Affine Projective Method

We describe here a way to study the dimension of 05 (X;;) by studying the multi-graded Hilbert
function of a scheme of fat points in multiprojective space via a very natural reduction to the Hilbert
function of fat points in the standard projective space (of equal dimension).

We start recalling a direct consequence of Terracini’s lemma for any variety.

Let Y C PN be a positive dimensional smooth variety, and let Z C Y be a scheme of s generic
two-fat points, i.e., a scheme defined by the ideal sheaf 7y = 12’1,1( NN ZJ%S,Y C Oy, where the
P;’s are s generic points of Y defined by the ideal sheaves 7p y C Oy, respectively. Since there is a
bijection between hyperplanes of the space PN containing the linear space (Tp, (Y),..., Tp,(Y)) and
the elements of H’(Y,Z7(1)), we have the following consequence of the Terracini lemma.

Theorem 11. Let Y be a positive dimensional smooth variety; let Py, ..., Ps be generic points on Y; and let
Z C Y be the scheme defined by Zp N ...NZp y. Then,

dim oy (Y) = dim(Tp, (Y),..., Tp,(Y)) = N — dimy H(Y, Zz(1)).

Now, we apply this result to the case of Segre varieties; we give, e.g., [103] as the main reference.
Consider P" := P™ x ... x P, and let X, C PN be its Segre embedding given by Opn (1) ® ... ®
Opni (1). By applying Theorem 11 and since the scheme Z C X, corresponds to a scheme of s generic
two-fat points in X, which, by a little abuse of notation, we call again Z, we get:

dim oy (Xs) = HF(Z,1) — 1.

Now, let n = ny + - - - + 14, and consider the birational map:

P" --» A",
where:
([XLO el Xl,n,]r- cey [Xr,o/..-,xt,n,])
X1 X12 Xing | Xo1 X2y , X1 Xty
X107 X107t Xug M X0 T X 1T X0 X

This map is defined in the open subset of P™ given by {x7 0x20 - - - x40 # 0}.
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Now, let klzp,z14,.. 22Uy 220 B2 1 ZE L .,Ztn,] be the coordinate ring of P",
and consider the embedding of A" — P", whose image is the affine chart {zy # 0}. By composing the
two maps above, we get:

P> P,
with:
([XLO el Xl,n|]/~ ey [Xf,(], .. ‘,Xp,m])
[1:m:mz~-:x”11 :@:-I'A:Xz’”2 see.p M :'4':1"”‘}
X1,0 X1,0 X1,0 X2,0 X2,0 Xt0 X0

Let Z C X be a zero-dimensional scheme, which is contained in the affine chart {x1x07 - - - xo¢ 7 0},
and let Z' = ¢(Z). We want to construct a scheme W C P" such that HF(W;d) = HF(Z; (dy, ..., d})),
whered = dy +...+d;.

Let:

Qo, Q1,1+, Quuy, Q21+ -+ Qs Qi1, -+, Qb

be the coordinate points of P". Consider the linear space Il; = P"~! C P", whereI1; = (Q;1,..., Qi)
The defining ideal of IT; is:

I(TT;) = (20,2110 - - o Z0ngs - -5 Zids s Bigmgs -+ -3 2400+ -+ 1 Zbny) -

Let W; be the subscheme of P" denoted by (d; — 1)IT;, i.e., the scheme defined by the ideal I(IT;)4~1.
Since I(T1;) is a prime ideal generated by a regular sequence, the ideal I(IT;)% 1 is saturated (and even
primary for I(I1;)). Notice that W; N W; = @, for i # j. With this construction, we have the following
key result.

Theorem 12. Let Z, Z', Wy,..., W; be as above, and let W = Z' + Wy + -+ -+ W, C P™. Let [[W) C S
and I(Z) C R be the ideals of W and Z, respectively. Then, we have, for all (dy, ..., d;) € N':

dimy [(W)y = dimy [(Z) 4,4,/
whered = dy + - - - + dy.

Note that when studying Segre varieties, we are only interested to the case (dy,...,d;) = (1,...,1);
but, in the more general case of Segre—Veronese varieties, we will have to look at Theorem 12 for any
multidegree (dy, ..., d;); see Section 4.2.

Note that the scheme W in P" that we have constructed has two parts: the part Wy 4 --- + W;
(which we shall call the part at infinity and we denote as Weo) and the part Z’, which is isomorphic to
our original zero-dimensional scheme Z C X. Thus, if Z = @ (and hence, Z' = @), we obtain from the
theorem that:

dim]k I(Woo)d = dim]k S(Lﬁ,...,d,)r d= dl +---+ dt~

HE(Weo; d) — <d1+-~+df+ﬂ> _<d1+"1).”<dt+ﬂf).

n n n

It follows that:

With this observation made, the following corollary is immediate.
Corollary 3. Let Z and Z' be as above, and write W = Z' + Weo. Then,
HE(W;d) = HE(Z; (d3, . ..,d;)) + HF(We; d).
Eventually, when Z is given by s generic two-fat points in multi-projective space, we get

the following.
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Theorem 13. Let Z C X be a generic set of s two-fat points, and let W C P" be as in the Theorem 12. Then,
we have:
dim o (Xn) = HE(Z,(1,...,1)) =1 = N — dim I(W);,

where N =TI!_ (14 n;) — 1.

Therefore, eventually, we can study a projective scheme W C P", which is made of a union of
generic two-fat points and of fat linear spaces. Note that, when ny = ... = n; = 1, then also W is a
scheme of fat points.

3.3. The Balanced Case

One could try to attack the problem starting with a case, which is in a sense more “regular”,
i.e., the “balanced” case of ny = - - - = n;, t > 3. Several partial results are known, and they lead Abo,
Ottaviani and Peterson to propose, in their lovely paper [92], a conjecture, which states that there
are only a finite number of defective Segre varieties of the form P"" x - - . x P, and their guess is that
04(P? x P2 x P?) and 03(P! x P! x P! x P!) are actually the only defective cases (as we will see later,
this is just part of an even more hazardous conjecture; see Conjecture 6).

In the particular case of n; = --- = ny = 1, the question has been completely solved in [104],
supporting the above conjecture.

Theorem 14 ([104]). Let t,s € N, t > 3. Let Xy be the Segre embedding of P' x --- x P1, (t-times).
The dimension of 05(X1) C PN, with N =2t — 1, is always as expected, i.e.,

dimoy(X) = min{N,s(t +1) — 1},
except for t = 4, s = 3. In this last case, dim 03(X) = 13, instead of 14.

The method that has been used to compute the multi-graded Hilbert function for schemes of
two-fat points with generic support in multi-projective spaces is based first on the procedure described
on the multiprojective affine projective method explained in the previous section, which brings
to the study of the standard Hilbert function of the schemes W C P’. Secondly, the problem of
determining the dimension of I(W); can be attacked by induction, via the powerful tool constituted
by the differential Horace method, created by Alexander and Hirschowitz; see Section 2.2.2. This is
used in [104] together with other “tricks”, which allow one to “move” on a hyperplane some of the
conditions imposed by the fat points, analogously as we have described in the examples in Section
2.2.2. These were the key ingredients to prove Theorem 14.

The only defective secant variety in the theorem above is made by the second secant variety
of P! x P! x P! x P! ¢ P'5, which, instead of forming a hypersurface in P'3, has codimension two.
Via Theorem 13 above, this is geometrically related to a configuration of seven fat points; more precisely,
in this case, the scheme W of Theorem 13 is union of three two-fat points and four three-fat ones (see
also Theorem 12 for a detailed description of W). These always lie on a rational normal curve in P*
(see, e.g., Theorem 1.18 of [1]) and do not have the expected Hilbert function in degree four, by the
result in [105].

For the general “balanced” case P x - - - x [P", the following partial result is proven in [92].

Theorem 15. Let Xy, be the Segre embedding of P x - - - x P" (¢t times), t > 3. Let s; and e; be defined by:

n+1)t .
s = {(ntJrl)J and e¢; =symod (n+1) with ¢ € {0,...,n}.

Then:

o ifs <s; —e, then 05(X) has the expected dimension;
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o ifs>s;—e+n+1, then o5(X) fills the ambient space.

In other words, if s; = g(n+1) +r, with 1 < r < n, then 05(Xn) has the expected dimension
both fors > (g +1)(n +1) and for s < q(n + 1), but if n + 1 divides s, then 05 (X) has the expected
dimension for any s.

Other known results in the “balanced” case are the following:

o 0y(P? x P2 x P?) is defective with defect §; = 1; see [21].

e P" x P" x P" is never defective for n > 3; see [106];

o P"xP"xP"xP"for2 <n < 10is never defective except at most for s = 100 and n = 8 or for
s = 357 and n = 10; see [107].

3.4. The General Case

When we drop the balanced dimensions request, not many defective cases are actually known.
For example:

o P2 x5 x P is defective only for s = 5, with defect J4 = 1; see [92];
e P2 xP" x P" with n even is defective only for s = 37” + 1 with defect s = 1; see [22,94].
o Pl xPlxP"xP"is defective only for s = 2n + 1 with defect dp,1 = 1; see [92].

However, when taking into consideration cases where the 7;’s are far from being equal, we run
into another “defectivity phenomenon”, known as “the unbalanced case”; see [22,108].

Theorem 16. Let Xy be the Segre embedding of P™ x - - x P x P* C PM, with M = (n + 1)ITL_, (n; +
1) — 1. Let N =TT'_, (n; + 1) — 1, and assume n > N — i, n; + 1. Then, 05(X) is defective for:
t

N—=Y n+1<s <min{n;N},
i=1

with defect equal to 65(X) = s2 —s(N — Y n; +1).

The examples described above are the few ones for which defectivities of Segre varieties are
known. Therefore, the following conjecture has been stated in [92], where, for n; < np < ... <y, itis
proven for s < 6.

Conjecture 6. The Segre embeddings of P x - - . x P™, t > 3, are never defective, except for:

o PLxP!xP!xP! fors=3withd; =1;

° IP’z><IP2><IPz,fors=4,with54:1;

o  the “unbalanced case”;

o P2xP3xPS fors=>5withés =1;

o P2xP"xP" withn even, for s = 37” +1, with 6s = 1);
o PLxPLxP"xP" fors=2n+1,withdpy, 1 = 1).

4. Other Structured Tensors

There are other varieties of interest, parametrizing other “structured tensors”, i.e., tensors that
have determined properties. In all these cases, there exists an additive decomposition problem,
which can be geometrically studied similarly as we did in the previous sections. In this section,
we want to present some of these cases.

In particular, we consider the following structured tensors:

1.  skew-symmetric tensors, i.e., v; A ... Avg € /\k V;
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decomposable partially-symmetric tensors, i.e., L‘li1 ®...® Lf’ €SMVE@- - ®@SHVy
d-powers of linear forms, i.e., homogeneous polynomials L‘fl e Lff € SV*, for any partition
d= (dl,...,dt) - d;
4. reducible forms, ie., F - - - F € $4V*, where deg(F;) = d;, for any partitiond = (dy,...,d;) - d;
5. powers of homogeneous polynomials, i.e.,, G¥ € $9V*, for any k|d;

4.1. Exterior Powers and Grassmannians

Denote by G(k, n) the Grassmannian of k-dimensional linear subspaces of P" = PV, for a fixed
n + 1 dimensional vector space V. We consider it with the embedding given by its Pliicker coordinates
as embedded in PNk, where Ny = (") — 1.

The dimensions of the higher secant varieties to the Grassmannians of lines, i.e., for k = 1, are well
known; e.g., see [7], [109] or [110]. The secant variety o5(Gr(1, n)) parametrizes all (n+1) x (n+1)
skew-symmetric matrices of rank at most 2s.

Theorem 17. We have that o5(G(1,n)) is defective for s < | "1 | with defect equal to 6, = 2s(s — 1).

For k > 2, not many results can be found in the classical or contemporary literature about this
problem; e.g., see [109-111]. However, they are sufficient to have a picture of the whole situation.
Namely, there are only four other cases that are known to be defective (e.g., see [110]), and it is
conjectured in [112] that these are the only ones. This is summarized in the following conjecture:

Conjecture 7 (Baur-Draisma—de Graaf, [112]). Let k > 2. Then, the secant variety o5(G(k,n)) has the
expected dimension except for the following cases:

actual codimension | expected codimension
3(G(2,6)) 1 0
03(G(3,7)) 20 19
04(G(3,7)) 6 2
04(G(2,8)) 10 8

In [112], they proved the conjecture for n < 15 (the case n < 14 can be found in [113]).
The conjecture has been proven to hold for s < 6 (see [111]) and later for s < 12 in [114].

A few more results on non-defectivity are proven in [110,111]. We summarize them in
the following.

Theorem 18. The secant variety o5(G(k,n)) has the expected dimension when:

o k>3andks<n-+1,
o k=2n>9ands <sj(n)ors>sy(n),
where: 5 5
20 287 6n—13 11 44 6n—13 | .
51(”):{’11*8_277”"'WJ+{L9 J ””dSZ(”):[%_T;'Fﬁ-"F[i% 1

in the second case, 05(G(2,n)) fills the ambient space.
Other partial results can be found in [114], while in [115], the following theorem can be found.

Definition 21. Given an integer m > 2, we define a function hy, : N — N as follows:

o  Iyu(0)=0;
o foranyk > 1, writek +1=2M 42" .. 4 2% + ¢, for asuitable choice of Ay > Ay > ... > Ay > 1,
€ € {0,1}, and define:
B (k) := mM =t 2=t ML
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In particular, we get hy, (2k) = hy, (2k — 1), and hy (k) = Lk%lj

Theorem 19 (Theorem 3.5.1 of [115]). Assume that k > 2, and set:

. n+1
Tlk+1]”

If either:

° n2k2+3k+1andh§1th(k—l);

or:

o n<k+3k+1,kiseven,and h < (a — 1)hy(k —1) + hy(n —2 — ar);
or:

o n<k®+43k+1,risodd, and:

h < (a0—=1)ha(k—2)+hy(min{n —3 —a(k—1),r —2}),

then, G(k, n) is not (h + 1)-defective.

This results strictly improves the results in [111] for k > 4, whenever (k,n) # (4,10), (5,11);
see [115].

Notice that, if we let R (k, ) be the generic rank with respect to G(k, 1), i.e., the minimum s such
that o5 (G(k, 1)) = PNe, we have that the results above give that, asymptotically:

n2

R/\(Z,n) ~ E

A better asymptotic result can be found in [115].

Finally, we give some words concerning the methods involved. The approach in [110] uses
Terracini’s lemma and an exterior algebra version of apolarity. The main idea there is to consider the
analog of the perfect pairing induced by the apolarity action that we have seen for the symmetric case
in the skew-symmetric situation; see Section 2.1.4. In fact, the pairing considered here is:

k n—k n
AV ANV—=AV~Ek

induced by the multiplication in A V, and it defines the apolarity of a subspace Y C V of dimension k to
be Yt :={we N"*V|wAv=0Y0 € Y}. Now, one can proceed in the same way as the symmetric
case, namely by considering a generic element of the Grassmannian G(k, ) and by computing the
tangent space at that point. Then, its orthogonal, via the above perfect pairing, turns out to be, as in
the symmetric case, the degree n — k part of an ideal, which is a double fat point. Hence, in [110],
the authors apply Terracini’s lemma to this situation in order to study all the known defective cases
and in other various cases. Notice that the above definition of skew-symmetric apolarity works well for
computing the dimension of secant varieties to Grassmannians since it defines the apolar of a subspace
that is exactly what is needed for Terracini’s lemma, but if one would like to have an analogous
definition of apolarity for skew symmetric tensors, then there are a few things that have to be done.
Firstly, one needs to extend by linearity the above definition to all the elements of /\k V. Secondly,
in order to get the equivalent notion of the apolar ideal in the skew symmetric setting, one has to define
the skew-symmetric apolarity in any degree < d. This is done in [116], where also the skew-symmetric
version of the apolarity lemma is given. Moreover, in [116], one can find the classification of all the
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skew-symmetric-ranks of any skew-symmetric tensor in A® C" for n < n (the same classification can
actually be found also in [117,118]), together with algorithms to get the skew-symmetric-rank and the
skew-symmetric decompositions for any for those tensors (as far as we know, this is new).

Back to the results on dimensions of secant varieties of Grassmannians: in [112], a tropical
geometry approach is involved. In [111], as was done by Alexander and Hirshowitz for the symmetric
case, the authors needed to introduce a specialization technique, by placing a certain number of points
on sub-Grassmannians and by using induction. In this way, they could prove several non-defective
cases. Moreover, in the same work, invariant theory was used to describe the equation of 03(G(2,6)),
confirming the work of Schouten [119], who firstly proved that it was defective by showing that it is a
hypersurface (note that by parameter count, it is expected to fill the ambient space). Lascoux [120]
proved that the degree of Schouten’s hypersurface is seven. In [92], with a very clever idea, an explicit
description of this degree seven invariant was found by relating its cube to the determinant of a 21 x 21
symmetric matrix.

Eventually, in [115], the author employed a new method for studying the defectivity of varieties
based on the study of osculating spaces.

4.2. Segre—Veronese Varieties

Now, we consider a generalization of the apolarity action that we have seen in both Section 2 and
Section 3 to the multi-homogeneous setting; see [99-102]. More precisely, fixing a set of vector spaces
Vi,..., Vi of dimensions ny +1,...,n; + 1, respectively, and positive integers dy, . . ., d;, we consider
the space of partially-symmetric tensors:

LR AL A

The Segre—Veronese variety parametrizes decomposable partially-symmetric tensors, i.e., it is the
image of the embedding;:

Vpa: P(S'V) x...xP(SWV}) — P(ShV®...@SMVy)
(IL1), .., [Le]) > [L;“@...@Lff],

where, for short, we denote n = (ny,...,nt), d = (dy, ..., ds).
More geometrically, the Segre—Veronese variety is the image of the Segre-Veronese embedding;:

tord. .
Vn,dfpn::]p'l]X...X[F’"f—)[PN, where N = < 1+”1>_1/

i=1 ni

given by Opn (d) := Opny (d1) @ ... @ Opr, (d;), that is via the forms of multidegree (dy, ..., d;) of the
multigraded homogeneous coordinate ring:

R =K[X1,0,. -0/ X1ny3 X200 s X255 X005 -+ -1 Xt g+

For instance, if n = (2,1), d = (1,2) and P = ([ag : a1 : ap], [by : b1]) € P? x P!, we have v, 4(P) =
[aobé s agboby : aob% : a1b(2) : mboby : a1b% : azb% : ayboby - azb%], where the products are taken in
lexicographical order. We denote the embedded variety v, 4 (Pm™) by X, 4. Clearly, for t = 1, we recover
Veronese varieties, while for (dy,...,d;) = (1,...,1), we get the Segre varieties.

The corresponding additive decomposition problem is as follows.

Problem 3. Given a partially-symmetric tensor T € SUV} x ... x PS"V; or, equivalently,

a multihomc;geneous polynomial T € R of multidegree d, find the smallest possible length r of an expression
r 1 dy

T=Y_,L}®.. oL
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As regards the generic tensor, a possible approach to this problem mimics what has been done for
Segre and Veronese varieties. One can use Terracini’s lemma (Lemma 1 and Theorem 11), as in [22,103],
to translate the problem of determining the dimensions of the higher secant varieties of X, 4 into that of
calculating the value, at d = (dy, ..., d¢), of the Hilbert function of generic sets of two-fat points in P".
Then, by using the multiprojective affine projective method introduced in Section 3.2, i.e., by passing
to an affine chart in " and then homogenizing in order to pass to P", with n = 17 + - - - + ny, this last
calculation amounts to computing the Hilbert function in degree d = dq + - - - + d;;, for the subscheme
W C P"; see Theorem 12.

There are many scattered results on the dimension of 05(X,, q), by many authors, and very few
general results. One is the following, which generalizes the “unbalanced” case considered for Segre
varieties; see [92,108].

Theorem 20. Let X = Xy, . n) (dy,....d,1) be the Segre=Veronese embedding:

t . .
P x P ox PP e M it M= (n 4+ 1) (H (”’;dl>> —1
i=1 i

Let N =TTi_ (" iy 1, then, for N — Yi_y nj +1 < s < min{n, N}, the secant variety o5(X) is defective
with 65(X) = s? — s(N i 1)

When it comes to Segre-Veronese varieties with only two factors, there are many results by
many authors, which allow us to get a quite complete picture, described by the following conjectures,

as stated in [121].

Conjecture 8. Let X = X(,, ) (a,b), then X is never defective, except for:

e b=1,m > 2, and it is unbalanced (as in the theorem above);
o (mmn)=(Ln), (ab)=(24,2)

o (mn)=(34),(ab)=(21)

o (mn)=(2n) (ab)=(22);

o (mmn)=(2,2k+1),k>1,(ab)=(1,2);

o (mn)=(12),(ab)=(13);

o (mmn)=1(22),(ab)=(22);

° (m, ) (373)' (arb) = (2/ 2);

o (m,n)=(3,4),(a,b) =(2,2).

Conjecture 9. Let X = X, 1) (a,p), then for (a,b) > (3,3), X is never defective.

The above conjectures are based on results that can be found in [93,99,112,121-134].
For the Segre embeddings of many copies of P!, we have a complete result. First, in [99] and
in [130], the cases of two and three copies of P!, respectively, were completely solved.

Theorem 21. Let X = X(1 1) (q), @ < . Then, X is never defective, except for (a,b) = (2,2d); in this case,
094+1(X) is defective with 5,1 = 1.

Theorem 22. Let X = X(111),(ab,c) @ < b < ¢; then X is never defective, except for:

o (a,bc)=(1,1,2d); in this case, 05411 (X) is defective with dyz11 = 1;
o (a,bc)=(222); here, 07(X) is defective, and 5; = 1.
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In [135] the authors, by using an induction approach, whose basic step was Theorem 14
about the Segre varieties Xq [104], concluded that there are no other defective cases except for the
previously-known ones.

Theorem 23. Let X = Xy, 1) (a,,..a,)- 1hen, X is never defective, except for:

o X(,),224) (Theorem 21);
° X(l,l,l),(l,l,Zd) and X(l,l,l),(2,2,2) (Theorem 22),‘
o Xa10),01,1,,) (Theorem 14).

For several other partial results on the defectivity of certain Segre-Veronese varieties, see,
e.g. [99,115,133,136], and for an asymptotic result about non-defective Segre—Veronese varieties,
see [115,137].

4.3. Tangential and Osculating Varieties to Veronese Varieties

Another way of generalizing what we saw in Section 2 for secants of Veronese Varieties X, 4 is to
work with their tangential and osculating varieties.

Definition 22. Let X, 4 C PN be a Veronese variety. We denote by T(X,, 4) the tangential variety of X,, 4,
i.e., the closure in PN of the union of all tangent spaces:

T(Xn,d) = U TP(Xn,d) C IPN'
PeX, 4

More in general, we denote by OF(X,, 4) the k-th osculating variety of X,, 4, i.e., the closure in PN of the union
of all k-th osculating spaces:

O (Xpa) = |J Of(Xyq) cPN.
PeX,,yd

Hence, T(X,,4) = OY(X,,4).

These varieties are of interest also because the space O¥(X,, ;) parametrizes a particular kind of
form. Indeed, if the point P = [L9] € X,, 4 C PS,, then the k-th osculating space O%(X,, 4) correspond
to linear space {[L"’*kG] |G e Sk}. Therefore, the corresponding additive decomposition problem
asks the following.

Problem 4. Given a homogeneous polynomial F € Kk[xy, ..., x,)|, find the smallest length of an expression
F=yI, Lf*kGi, where the L;’s are linear forms and the G;’s are forms of degree k.

The type of decompositions mentioned in the latter problem have been called generalized additive
decomposition in [25] and in [29]. In the special case of k = 1, they are a particular case of the so-called
Chow-Waring decompositions that we treat in full generality in Section 4.4. In this case, the answer to
Problem 4 is called (d — 1,1)-rank, and we denote it by Ry_1 1) (F)-

Remark 18. Given a family of homogeneous polynomials F = {F, ..., Fy}, we define the simultaneous rank
of F the smallest number of linear forms that can be used to write a Waring decomposition of all polynomials
of F.

Now, a homogeneous polynomial F € SV can be seen as a partially-symmetric tensor in S'V @ $7-1v
via the equality:

1& oF
F=-Y'x®—.
di;)Xl(g) axi
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From this expression, it is clear that a list of linear forms that decompose simultaneously all partial derivatives
of F also decompose F, i.e., the simultaneous rank of the first partial derivatives is an upper bound of the
symmetric-rank of F. Actually, it is possible to prove that for every homogeneous polynomial, this is an equality
(e.g., see [138] (Section 1.3) or [139] (Lemma 2.4)). For more details on relations between simultaneous ranks of
higher order partial derivatives and partially-symmetric-ranks, we refer to [139].

Once again, in order to answer the latter question in the case of the generic polynomial, we study
the secant varieties to the k-th osculating variety of X, 4. In [21], the dimension of 05 (7(X,, 4)) is studied
(k =1 case). Via apolarity and inverse systems, with an analog of Theorem 11, the problem is again
reduced to the computation of the Hilbert function of some particular zero-dimensional subschemes of
P"; namely,

dim oy (T(X,,4)) = dimy (L§71,..., LI L972My, .. LI2M) — 1 =
= HF(Z,d) -1,

where Ly, ...,Ls, My, ..., M are 2s generic linear forms in k[xo, . .., x,], while HF(Z, d) is the Hilbert
function of a scheme Z, which is the union of s generic (2, 3)-points in P”, which are defined as follows.

Definition 23. A (2,3)-point is a zero-dimensional scheme in P" with support at a point P and whose ideal
is of type I(P)® + 1(£)?, where I(P) is the homogeneous ideal of P and ¢ C P" is a line through P defining
ideal 1(£).

Note that when we say that Z is a scheme of s generic (2, 3)-points in P, we mean that I(Z) =
1(Q1) N...NI(Qs), where the Q;’s are (2,3)-points, i.e., [(Q;) = I(P;)® + I(¢;)?, such that Py, ... Ps are
generic points in P", while /1, ..., (s are generic lines passing though Py, ..., Ps, respectively.

By using the above fact, in [21], several cases where 03 (7(X,, 4)) is defective were found, and it
was conjectured that these exceptions were the only ones. The conjecture has been proven in a few
casesin [22] (s < 5and n > s+ 1) and in [140] (n = 2,3). In [70], it was proven for n < 9, and moreover,
it was proven that if the conjecture holds for d = 3, then it holds in every case. Finally, by using this
latter fact, Abo and Vannieuwenhoven completed the proof of the following theorem [141].

Theorem 24. The s-th secant variety o5(7(X,, 4)) of the tangential variety to the Veronese variety has dimension
as expected, except in the following cases:

1. d=2and2 <2s<mn;

2. d=3andn=2,3,4.

As a direct corollary of the latter result, we obtain the following answer to Problem 4 in the case
of generic forms.

Corollary 4. Let F € S; be a generic form. Then,

n+d
Rig1(F) = { () } ,

2n+1

except for:

1. d =2, where R(dfl,l)(F) = \_%J +L

n+d
2. d=3andn=2,3,4,whereRy 1y(F) = [%W 1

The general case of 05(0(X,,4)) is studied in [70,142-144]. Working in analogy with the case
k = 1, the dimension of 5 (0% (X, 4) is related to the Hilbert function of a certain zero-dimensional
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scheme Z = Z; U - - - U Zs, whose support is a generic union of points Py, ..., Ps € P", respectively,
and such that, foreachi =1,...,s, we have that (k+1)P; C Z; C (k+2)P;.

As one of the manifestations of the ubiquity of fat points, the following conjecture describes the
conditions for the defect of this secant variety in terms of the Hilbert function of fat points:

Conjecture 10 ([70] (Conjecture 2a)). The secant variety os(O¥(X,, 1)) is defective if and only if either:

1. Kt (Zx(d)) > max{0,deg Z — (dﬁ")}, or
2. h(Zr(d)) > max{0, (*/") — deg Z},

where X is a generic union of s, (k + 1)-fat points and T is a generic union of (k + 2)-fat points.

In [142,144], the conjecture is proven for n = 2,5 < 9, and in [70] for n = 2 and any s.

4.4. Chow-Veronese Varieties

Letd = (dy,...,d;) be a partition of a positive integer d, i.e., d; > ... > d; are positive integers,
which sum to d. Then, we consider the following problem.
Let S = @y Sy be a polynomial ring in 7 + 1 variables.

Problem 5. Given a homogeneous polynomial F € Sy, find the smallest length of an expression F =
1 L'le e L'Z’t, where L; ;s are linear forms.
The decompositions considered in the latter question are often referred to as Chow-Waring
decompositions. We call the answer to Problem 5 as the d-rank of F, and we denote it by R4 (F).
In this case, the summands are parametrized by the so-called Chow—Veronese variety, which is
given by the image of the embedding:

vg: PSSy x...xPS — PS,,
(L)oo [Le])  — {L‘fl..-Lff].

We denote by X4 the image v4(P"). Notice that this map can be seen as a linear projection of the
Segre—Veronese variety X, 4 C P(S5, ®...®Sy,), forn = (n,...,n), under the map induced by the
linear projection of the space of partially-symmetric tensors Sy, ®@ ... ® Sy, on the totally symmetric
component S;. Once again, we focus on the question posed in Problem 5 in the case of a generic
polynomial, for which we study dimensions of secant varieties to Xq.

In the case of d = (d —1,1), we have that X4 coincides with the tangential variety of the Veronese
variety 7(X,, 4), for which the problem has been completely solved, as we have seen in the previous
section (Theorem 24).

The other special case is givenby d = (1,...,1), for d > 3. In this case, X; has been also referred
to as the Chow variety or as the variety of split forms or completely decomposable forms. After the
first work by Arrondo and Bernardi [73], Shin found the dimension of the second secant variety in
the ternary case (1 = 2) [145], and Abo determined the dimensions of higher secant varieties [146].
All these cases are non-defective. It is conjectured that varieties of split forms of degree d > 3 are never
defective. New cases have been recently proven in [147,148].

The problem for any arbitrary partition d has been considered in [149]. Dimensions of all s-th
secant varieties for any partition haves been computed in the case of binary forms (1 = 1). In a higher
number of variables, the dimensions of secant line varieties (s = 2) and of higher secant varieties with
s < 2|%] have been computed. This was done by using the classical Terracini’s lemma (Lemma 1)
in order to obtain a nice description of the generic tangent space of the s-th secant variety. In the
following example, we explain how the binary case could be treated.
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Example 18. If P = [L‘lil . L‘Z'] € Xq, then it is not difficult to prove (see Proposition 2.2 in [149]) that:
Tde:]P)((Ip)d), withd =dy+ ...+ d;

where Ip = (LY 'L - L L@t ph Ll i,

In the particular case of binary forms, some more computations show that actually, TpXq = P ((Ip)q),
where I}, is the principal ideal (L'ljl_1 R Lf’fl). In this way, by using Terracini’s lemma, we obtain that, if Q is
a generic point on the linear span of s generic points on Xgq, then:

dy—1 di—1 dy—1 di—1
Toos(Xg) =P ((Ll}1 SRS IO S Y £ )d) ,

where L;j's are generic linear forms. Now, in order to compute the dimension of this tangent space, we can
study the Hilbert function of the ideal on the right-hand side. By semicontinuity, we may specialize to the case
Li1=...= Liy foranyi=1,...,s. In this way, we obtain a power ideal, i.e., an ideal generated by powers of
linear forms, whose Hilbert function is prescribed by Froberg—larrobino’s conjecture; see Remark 10. Now, since
in [150], the authors proved that the latter conjecture holds in the case of binary forms, i.e., the Hilbert function
of a generic power ideal in two variables is equal to the right-hand side of (14), we can conclude our computation
of the dimension of the secant variety of Xq in the binary case. This is the way Theorem 3.1 in [149] was proven.

In the following table, we resume the current state-of-the-art regarding secant varieties and
Chow-—Veronese varieties.

d s d n References | dimoy(Xq)
(d-1,1) any any any [141] non-defective, except for
(1) d =2 and
2<2s<m
(2)d =3 and
n=234
(1,...,1) d>2|3(s-1)<n [73] non-defective
any any 2 [146] non-defective, except for
some numerical constraints [146,148] cases above
any any any 1 [149] non-defective, except for
2 any any cases above
<204 | any | any

4.5. Varieties of Reducible Forms

In 1954, Mammana [151] considered the variety of reducible plane curves and tried to generalize
previous works by, among many others, C. Segre, Spampinato and Bordiga. More recently, in [147],
the authors considered the varieties of reducible forms in full generality.

Letd = (dy,...,d;) - d be a partition of a positive integer d, i.e., dy > ... > d; are positive
integers, which sum up to d and t > 2. Inside the space of homogeneous polynomials of degree d,
we define the variety of d-reducible forms as:

Yq = {[F] € PS; | F = Gy - - - Gt, where deg(G;) =d,},
i.e., the image of the embedding:

ll)d : IP’Sdl X ... X IP’Sdt — IP’Sd,
(Gi,...,G)  +— Gh...gh

Clearly, if d = 2, then d = (1,1), and Y(q ) is just the Chow variety X(1,1)- In general, we may see
Yq as the linear projection of the Segre variety X,, inside P(Sq, ® - -- ® S,), where m = (my, ..., m;)
with m; = (%) — 1. Note that, if d,d’ are two partitions of d such that d can be recovered from d’ by
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grouping and summing some of entries, then we have the obvious inclusion Y4/ C Yq4. Therefore, if we
define the variety of reducible forms as the union over all possible partitions d I~ d of the varieties Yy,

2]
Y = Y(dfk,k) c Ps,.
k=1

we can actually write:

[SEN

In terms of additive decompositions, the study of varieties of reduced forms and their secant varieties
is related to the notion of the strength of a polynomial, which was recently introduced by T. Ananyan
and M. Hochster [152] and then generalized to any tensor in [153].

Problem 6. Given a homogeneous polynomial F € Sy, find the smallest length of an expression F =
Yio1Gi1Gio, where1 < deg(G;;) <d —1.

The answer to Problem 6 is called the strength of F, and we denote it by S(F).

In [147], the authors gave a conjectural formula for the dimensions of all secant varieties 05 (Yq) of
the variety of d-reducible forms for any partition d (see Conjecture 1.1 in [147]), and they proved it
under certain numerical conditions (see Theorem 1.2 in [147]). These computations have been made
by using the classical Terracini’s lemma and relating the dimensions of these secants to the famous
Froberg’s conjecture on the Hilbert series of generic forms.

The variety of reducible forms is not irreducible and the irreducible component with biggest
dimension is the one corresponding to the partition (d —1,1),i.e., dimY = dim Y{;_; 1). Higher secant
varieties of the variety of reducible forms are still reduced, but understanding which is the irreducible
component with the biggest dimension is not an easy task. In Theorem 1.5 of [147], the authors proved
that, if 25 < n — 1, then the biggest irreducible component of o5(Y) is 05(Y(y_1,1), i.e, dimos(Y) =
dim0s(Y(4_1,1)), and together with the aforementioned Theorem 1.2 of [147], this allows us to compute
the dimensions of secant varieties of varieties of reducible forms and answer Problem 6 under certain
numerical restrictions (see Theorem 7.4 [147]).

In conclusion, we have that Problem 6 is answered in the following cases:

1. any binary form (n = 2), where S(F) =1,

since every binary form is a product of linear forms;
2. generic quadric (d = 2), where S(F) = | 3] +1,

since it forces d = (1, 1), which is solved by Corollary 4 (2);
3. generic ternary cubic (n = 2, d = 3), where S(F) = 2,

since Y(, 1) is seven-dimensional and non-degenerate inside P? = PS;, then 0, (Y(2,1)) cannot be
eight-dimensional; otherwise, we get a contradiction by one of the classical Palatini’s lemmas,
which states that if dim 051 (X) = dimos(X) + 1, then 051 (X) must be a linear space [2].

4.6. Varieties of Powers

Another possible generalization of the classical Waring problem for forms is given by
the following.

Problem 7. Given a homogeneous polynomial F € S, and a positive divisor k > 1 of d, find the smallest length
of an expression F = YI_; G,

The answer to Problem 7 is called the k-th Waring rank, or simply k-th rank, of F, and we denote
it R’;(P ). In this case, we need to consider the variety of k-th powers, i.e.,

Via = {[G"] € PS; | G € Sy}
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That is, the variety obtained by considering the composition:
o PSy — PSK(Sy k) - PS,, (23)

where:

1. if W = S;/, then vy is the k-th Veronese embedding of PW in PSkW;

2. if we consider the standard monomial basis w, = x* of W, i.e., |a| = d/k, then 7 is the linear
projection from PSKW to PS; induced by the substitution w, ++ x*. In particular, we have that
the center of the projection 7 is given by the homogeneous part of degree k of the ideal of the
Veronese variety v, (P").

Problem 7 was considered by Froberg, Shapiro and Ottaviani [154]. Their main result was that, if F is
generic, then:

RY(F) < K", (24)
i.e., the k"-th secant variety of Vj ;4 fills the ambient space. This was proven by Terracini’s lemma.

Indeed, for any G, H € S;/4, we have that:

(G +tH)* = kG 1H;
t=0

dt

therefore, we obtain that:
TioyVka = P (([G*"'H] | H € Sap)),

and, by Terracini’s lemma (Lemma 1), if Q is a generic point on ([Gf],..., [G]), where the G,’s are
generic forms of degree d/k, then:

ToosVig = P ((G’f’l,. . .,Gif*l)d> . (25)
In [154] (Theorem 9), the authors showed that the family:
G,‘I/W’in = (XO + §i1x1 +...+ gi"xn)d/k S Sd/kr foriy, ..., iy € {0,. k= 1},

where & = 1, is such that:
(Gllcfl, cey Gsil)d =S,

In this way, they showed that oy (Vj,4) fills the ambient space. A remarkable fact with the

upperbound (24) is that it is independent of the degree of the polynomial, but it only depends
(Vl+d)

on the power k. Now, the naive lower bound due to parameter counting is [ dcilrixrlnSi’jk—‘ = [(H»;/k) w )
n

which tends to k" when d runs to infinity.
In conclusion, we obtain that the main result of [154] is resumed as follows.

Theorem 25 ([154] (Theorem 4)). Let F be a generic form of degree d in n + 1 variables. Then,
RE(F) < k™.
Ifd > 0, then the latter bound is sharp.

This result gives an asymptotic answer to Problem 7, but, in general, it is not known for which
degree d the generic k-th Waring rank starts to be equal to k", and it is not known what happens in
lower degrees.

We have explained in (23) how to explicitly see the variety of powers Vj 4 as a linear projection
of a Veronese variety Xy = v¢(PN), where N = ("+f/k) — 1. It is possible to prove that 03 (X k)
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does not intersect the base of linear projection, and therefore, Vj 4 is actually isomorphic to Xy .
Unfortunately, higher secant varieties intersect non-trivially the base of the projection, and therefore,
their images, i.e., the secant varieties of the varieties of powers, are more difficult to understand.
However, computer experiments suggest that the dimensions are preserved by the linear projection;
see [155] (Section 4) for more details about these computations (a Macaulay?2 script with some examples
is available in the ancillary files of the arXiv version of [155]). In other words, it seems that we can
use the Alexander—Hirschowitz theorem to compute the dimensions of secant varieties of varieties of
powers and provide an answer to Problem 7. More on this conjecture is explained in [155].

Conjecture 11 ([155] (Conjecture 1.2)). Let F be a generic form of degree d in n + 1 variables. Then,

RE(F) {mm{s 1[50 = () = (4} fork=2;
min{s > 1| s(""4/k) > (")} fork > 3.
Remark 19. The latter conjecture claims that for k > 3, the correct answer is given by the direct parameter
count. For k = 2, we have that secant varieties are always defective. This is analogous to the fact that secant
varieties to the two-fold Veronese embeddings are defective. Geometrically, this is motivated by Terracini’s lemma
and by the fact that:
T[Gz]Vz,d N T[Hz] Voua= [GH],

and not empty, as expected.

Example 19. Here, we explain how the binary case can be treated; see [155] (Theorem 2.3). By (25),
the computation of the dimension of secant varieties of varieties of powers reduces to the computation of
dimensions of homogeneous parts of particular ideals, i.e., their Hilbert functions. This relates Problem 7 to some
variation of Fréberg’s conjecture, which claims that the ideal (G, ..., GX), where the G;’s are generic forms of
degrees at least two, has Hilbert series equal to the right-hand side of (14); see [156]. In the case of binary forms,
by semicontinuity, we may specialize the G;'s to be powers of linear forms. In this way, we may employ the
result of [150], which claims that power ideals in two variables satisfy Froberg—larrobino’s conjecture, i.e., (14)
is actually an equality, and we conclude the proof of Conjecture 11 in the case of binary forms.

By using an algebraic study on the Hilbert series of ideals generated by powers of forms, we have
a complete answer to Problem 7 in the following cases (see [155]):

d+1
RE(F): [m“,

2. ternary forms as sums of squares (n = 2,k = 2), where:
d+2
200y _ | (50
Rd(F) - ’V(d/2+2)—‘ ’
2

except for d = 1,3,4, where Rﬁ(P) = L; >)“ +1.;

3. quaternary forms as sums of squares (n = 3,k = 2), where:
a+3
2py - | 30
Rd(F) - ’V(d/2+3)—‘ 7
3

except for d = 1,2, where Ré(P) = {%—‘ +1.

1. binary forms (n = 1), where:
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5. Beyond Dimensions

We want to present here, as a natural final part of this work, a list of problems about secant
varieties and decomposition of tensors, which are different from merely trying to determine the
dimensions of the varieties 0, (X) for the various X we have considered before. We will consider
problems such as determining maximal possible ranks, finding bounds or exact values on ranks of
given tensor, understanding the set of all possible minimal decompositions of a given tensor, finding
equations for the secant varieties or studying what happens when working over R. The reader should
be aware of the fact that there are many very difficult open problems around these questions.

5.1. Maximum Rank

A very difficult and still open problem is the one that in the Introduction we have called the
“little Waring problem”. We recall it here.

Which is the minimum integer » such that any form can be written as a sum of r pure powers
of linear forms?

This corresponds to finding the maximum rank of a form of certain degree d in a certain number
n + 1 of variables.

To our knowledge, the best general achievement on this problem is due to Landsberg and
Teitler, who in [76] (Proposition 5.1) proved that the rank of a degree d form in n + 1 variables is
smaller than or equal to ("}?) — n. Unfortunately, this bound is sharp only for n = 1ifd > 2
(binary forms); in fact, for example, if n = 2 and d = 3,4, then the maximum ranks are known
tobe5 < (223) —3=7and7 < (224) — 4 = 11, respectively; see [28] (Theorem 40 and Theorem
44). Another general bound has been obtained by Jelisiejew [157], who proved that, for F € $9k"+1,
we have Reym (F) < ("4 — ("55%). Again, this bound is not sharp for 1 > 2. Another remarkable
result is the one due to Blekherman and Teitler, who proved in [158] (Theorem 1) that the maximum
rank is always smaller than or equal to twice the generic rank.

Remark 20. The latter inequality, which has a very short and elegant proof, holds also between maximal and
generic X-ranks with respect to any projective variety X.

In a few cases in small numbers of variables and small degrees, exact values of maximal ranks
have been given. We resume them in the following table.

d n | Maximal Rank Ref.
binary forms any | 1 d classical, [159]
quadrics 2 | any n+1 classical
plane cubics 3 2 5 [76,160]
plane quartics 4 2 7 [161,162]
plane quintics 5 2 10 [163,164]
cubic surfaces 3 3 7 [160]
cubic hypersurfaces | 3 | any | < L%J [165]

We want to underline the fact that it is very difficult to find examples of forms having high

rank, in the sense higher than the generic rank. Thanks to the complete result on monomials in [166]
(see Theorem 31), we can easily see that in the case of binary and ternary forms, we can find monomials
having rank higher than the generic one. However, for higher numbers of variables, monomials do not
provide examples of forms of high rank. Some examples are given in [164], and the spaces of forms of
high rank are studied from a geometric point of view in [167].

5.2. Bounds on the Rank

In the previous subsection, we discussed the problem of finding the maximal rank of a given
family of tensors. However, for a given specific tensor T, it is more interesting, and relevant, to find
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explicit bounds on the rank of T itself. For example, by finding good lower and upper bounds on the
rank of T, one can try to compute actually the rank of T itself, but usually, the maximal rank is going
to be too large to be useful in this direction.

One typical approach to find upper bounds is very explicit: by finding a decomposition of T.
In the case of symmetric tensors, that is in the case of homogeneous polynomials, the apolarity lemma
(Lemma 5) is an effective tool to approach algebraically the study of upper bounds: by finding the
ideal of a reduced set of points X inside F, we bound the rank of F from above by the cardinality of X.

Example 20. For F = xgx1xy, in standard notation, we have F L= (y%,y%,y%), and we can consider the
complete intersection set of four reduced points X whose defining ideal is (y2 — y3,y3 — y3), and thus, the rank
of F is at most four. Analogously, if F = xox2x3, we have F- = (y3,y3,y3), and we can consider the complete
intersection of 12 points defined by (y3 — v, y3 — y3).

Other upper bounds have been given by using different notions of rank.

Definition 24. We say that a scheme Z C PN is curvilinear if it is a finite union of schemes of the form
Oc,p,/ mf,"i, for smooth points P; on reduced curves C; C PN. Equivalently, the tangent space at each connected
component of Z supported at the P;’s has Zariski dimension < 1. The curvilinear rank Reury (F) of a degree d
form F in n + 1 variables is:

Reurv(F) := min {deg(Z) | Z C X, 4, Z curvilinear, [F] € (Z)} .

With this definition, in [168] (Theorem 1), it is proven that the rank of an F € S4km+1 is bounded
by (Reurv (F) — 1)d + 2 — Reurv (F). This result is sharp if Reury (F) = 2, 3; see ([28] Theorems 32 and 37).
Another very related notion of rank is the following; see [82,169].

Definition 25. We define the smoothable rank of a form F € S¥k"*1 as:

Z is a limit of smooth schemes Z; such that
Rsmooth (F) := min ¢ deg(Z) ‘ Z,7Z; C X, 4, are zero-dim schemes with deg(Z;) = deg(Z), » .
and [F] € (Z)

In ([168] Section 2), it is proven that if F is a ternary form of degree d, then Reym(F) <
(Remooth (F) — 1)d. We refer to [82] for a complete analysis on the relations between different notions
of ranks.

The use of the apolarity lemma (Lemma 5) to obtain lower bounds to the symmetric-rank of a
homogeneous polynomial was first given in [170].

Theorem 26 ([170] (Proposition 1)). If the ideal F* is generated in degree t and X is a finite scheme apolar to
F, that is Iy C F*, then:

1
n deg F+ < degX.
This result is enough to compute the rank of the product of variables.
Example 21. For F = xgx1xp, Theorem 26 yields:
18 < degX
27 =85
If we assume X to be reduced, i.e., degX = |X|, by the apolarity lemma, we get Rsym(F ) > 4, and thus, by
Example 20, the rank of F is equal to four. However, for the monomial xox2x3, we get the lower bound of six,

which does not allow us to conclude the computation of the rank, since Example 20 gives us 12 as the upper
bound.
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To solve the latter case, we need a more effective use of the apolarity lemma in order to produce a
better lower bound for the rank; see [166,171].

Theorem 27 ([171] (Corollary 3.4)). Let F be a degree d form, and let e > 0 be an integer. Let I be any ideal
generated in degree e, and let G be a general form in I. For s > 0, we have:

—_

Reym(F) > = ZS:HF (R/(Fl I+ (G)),i) .

€iz0

A form for which there exists a positive integer e such that the latter lower bound is actually
sharp is called e-computable; see [171]. Theorem 27 was first presented in [166] in the special case
of e = 1: this was the key point to prove Theorem 31 on the rank of monomials, by showing that
monomials are one-computable. In order to give an idea of the method, we give two examples: in the
first one, we compute the rank of xox3x3 by using one-computability, while in the second one, we give
an example in which it is necessary to use two-computability; see [166,171].

Example 22. Consider again F = xox3x3. We use Theorem 27 with e = 1,G = yg and I = (yo). Note that:
F-:1+(G) = (v, ¥3,42) : () + (o) = (Yo, 47, ¥5)-
This yields to:

S
Reym(F) > ZHF <R/(y0,y?,y§),i> =12,
i=0

since HS(R/ (o, v3,v3),z) = 1+ 2z + 322 + 323 + 2z* + 2. Hence, by using Example 20, we conclude that
the rank of F is actually 12.

Example 23. Consider the polynomial:

F =x}! —22x3x2 + 33x0x1 22xx5 + 396x0x1x2 462x3x3x3+
33x]x5 — 462x0x1x§ + 385x0x1 1x3, !
we show that F is two-computable and Reym (F) = 25. By direct computation, we get:

= (W5 +vi+¥5)% G, G),

where Gy = 3 +y2(y§ + Y3 +y3)* and Gy = y3 +yo(v§ +y3 + ¥3)*
Hence, by (27), we get:

HE(T/(F': (Y + vi +v3) + (v§ + v3 + v3)),1) = 25.

N[~
.mg

Ryym(F) =

i=0

Moreover, the ideal (Gy,G,) C F L is the ideal of 25 distinct points, and thus, the conclusion follows. It can be
shown that F is not one-computable; see [171] (Example 4.23).

Another way to find bounds on the rank of a form is by using the rank of its derivatives. A first
easy bound on the symmetric-rank of a homogeneous polynomial F € k[xo,...,x,] (where k is
a characteristic zero field) is directly given by the maximum between the symmetric-ranks of its
derivatives; indeed, if F = Zle Lf, then, forany j =0,...,n,

OF & oLf oLi 41
L 2
ax, IZ E)x] Zi (26)
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A more interesting bound is given in [172].

Theorem 28 ([172] (Theorem 3.2)). Let 1 < p < n be an integer, and let F € Kk[xy, . .., x,] be a form, where k
is a characteristic zero field. Set F, = aa—;,for 0<k<nlIf

n
I‘ksym(F[) -+ 2 )\ka) >m,
k=1

forall Ay € k, and if the forms Fy, B, ..., Fy are linearly independent, then:
rksym (F) > m + p.

The latter bound was lightly improved in [173] (Theorem 2.3).

Formula (26) can be generalized to higher order differentials. As a consequence, for any G € S/V*,
with1 < j <d —1, we have that Rsym (F) > Rsym (G o F), and in particular, if F € <L‘11, e, Lf), we have
that GoF € (L'ffj PR Lffj ). Since this holds for any G € S/IV*, we conclude that the image of the
(j,d — j)-th catalecticant matrix is contained in (L‘lifj ey L‘,iij ). Therefore,

Rsym(F) 2 dlm]k(Imm Cﬂtj’d,]*(F)) =rk C[lt]‘/d,]‘(F). (27)

The latter bound is very classical and goes back to Sylvester. By using the geometry of the hypersurface
V(F) in P", it can be improved; see [76].

Theorem 29 ([76] (Theorem 1.3)). Let F be a degree d form with n + 1 essential variables. Let 1 < j < d — 1.
Use the convention that dim @ = —1. Then, the symmetric-rank of F is such that:

Rsym(F) Z rk Cat]‘/d,j(F) -+ dlmZ](F) -+ 1,

where Cat;y_;(F) is the (j,d — j)-th catalecticant matrix of F and:

o*F
ax®

%i(F) = {PEV(F)CIP’V: (P)=0, V|« gj}.
The latter result has been used to find lower bounds on the rank of the determinant and the
permanent of the generic square matrix; see [76] (Corollary 1.4).

The bound (27) given by the ranks of catalecticant matrices is a particular case of a more general
fact, which holds for general tensors.

Givenatensor T € V; ®...® Vj, there are several ways to view it as a linear map. For example,
we can “reshape” it as a linear map V" — V1 ®...® V;®...®V,, for any i, or as Vi ® V]* —
V1®..‘®17i®...®‘7j®.‘.®Vd,foranyi#j,ormoreingeneral,as:

VioVi®.. oV 2 Ve..oV, 0.0V, 0.0V, (28)

for any choice of iy, ..., is. All these ways of reshaping the tensor are called flattenings. Now, if T is a
tensor of rank 7, then all its flattenings have (as matrices) rank at most r. In this way, the ranks of the
flattenings give lower bounds for the rank of a tensor, similarly as the ranks of catalecticant matrices
gave lower bounds for the symmetric-rank of a homogeneous polynomial.

We also point out that other notions of flattening, i.e., other ways to construct linear maps starting
from a given tensor, have been introduced in the literature, such as Young flattenings (see [85]) and
Koszul flattenings (see [84]). These were used to find equations of certain secant varieties of Veronese
and other varieties and to provide algebraic algorithms to compute decompositions.
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We conclude this section with a very powerful method to compute lower bounds on ranks of
tensors: the so-called substitution method. In order to ease the notation, we report the result in the
case T € Vi ® V, ® V3, with dimy, V; = n;. For a general result, see [174] (Appendix B).

Theorem 30 (The substitution method ([174] Appendix B) or ([175] Section 5.3)). Let T € V1 ® V, ® V3.
Write T = Zgl e; ® T;, where the e;’s form a basis of Vy and the T;’s are the corresponding “slices” of the tensor.
Assume that My, # 0. Then, there exist constants Ay, .. - Ay, —1 such that the tensor:

ny—1
T'=Y @(Ti—ATy) €K' @V, V3,
i=1

has rank at most R(T) — 1. If Ty, is a matrix of rank one, then equality holds.

Roughly speaking, this method is applied in an iterative way, with each of the V;’s playing the
role of Vj in the theorem, in order to reduce the tensor to a smaller one whose rank we are able to
compute. Since, in the theorem above, R(T) > R(T’) + 1, at each step, we get a plus one on the lower
bound. For a complete description of this method and its uses, we refer to [175] (Section 5.3).

A remarkable use of this method is due to Shitov, who recently gave counterexamples to
very interesting conjectures such as Comon’s conjecture, on the equality between the rank and
symmetric-rank of a symmetric tensor, and Strassen’s conjecture, on the additivity of the tensor
rank for sums of tensors defined over disjoint subvector spaces of the tensor space.

We will come back with more details on Strassen’s conjecture, and its symmetric version, in the
next section. We spend a few words more here on Comon’s conjecture.

Given a symmetric tensor F € sy ¢ V®d, we may regard it as a tensor, forgetting the symmetries,
and we could ask for its tensor rank, or we can take into account its symmetries and consider its
symmetric-rank. Clearly,

R(F) < Roym(F). (29)

The question raised by Comon asks if whether such an inequality is actually an equality. Affirmative
answers were given in several cases (see [176-180]). In [181], Shitov found an example (a cubic in 800
variables) where the inequality (29) is strict. As the author says, unfortunately, no symmetric analogs
of this substitution method are known. However, a possible formulation of such analogs, which might
lead to a smaller case where (29) is strict, was proposed.

Conjecture 12 ([181] (Conjecture 7)). Let F,G € S = k[x, ..., x,] of degree d,d — 1, respectively. Let L be
a linear form. Then,
Reym(F+LG) > d + inil; Reym (F + L'G).
=

Remark 21. A symmetric tensor E € STV can be viewed as a partially-symmetric tensor in SV @ ... @ SV,
forany d = (dy,...,dw) € N such that dy + ... +d, = d. Moreover, ifd' = (dy,....d,) € N is a
refinement of d, i.e., there is some grouping of the entries of d’ to get d, then we have:

Rsym(F) 2 Rﬁ(P) > RQ’(F)I (30)
which is a particular case of (29). In the recent paper [139], the authors investigated the partially-symmetric
version of Comon’s question, i.e., the question if, for a given F, (30) is an equality or not. Their approach consisted
of bounding from below the right-hand side of (30) with the simultaneous rank of its partial derivatives of some
given order and then studying the latter by using classical apolarity theory (see also Remark 18). If such a
simultaneous rank coincides with the symmetric-rank of F, then also all intermediate ranks are the same. In
particular, for each case in which Comon’s conjecture is proven to be true, then also all partially-symmetric
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tensors coincide. For more details, we refer to [139], where particular families of homogeneous polynomials
are considered.

5.3. Formulae for Symmetric Ranks

In order to find exact values of the symmetric-rank of a given polynomial, we can use one of
the available algorithms for rank computations; see Section 2.3. However, as we already mentioned,
the algorithms will give an answer only if some special conditions are satisfied, and the answer will be
only valid for that specific form. Thus, having exact formulae working for a family of forms is of the
utmost interest.

Formulae for the rank are usually obtained by finding an explicit (a posteriori sharp) upper bound
and then by showing that the rank cannot be less than the previously-found lower bound.

An interesting case is the one of monomials. The lower bound of (27) is used to obtain a rank
formula for the complex rank of any monomial, similarly as in Example 22; i.e., given a monomial
F = x%, whose exponents are increasingly ordered, we have that FL = (ySOﬂ,. . yﬁ"“), and then,
one has to:

1. first, as in Example 20, exhibit the set of points apolar to F given by the complete intersection
(W1 —yo' ..., yn" — yg); this proves that the right-hand side of (31) is an upper bound for the
rank;

2. second, as in Example 22, use Theorem 27 with e = 1 and G = yg to show that the right-hand

side of (31) is a lower bound for the rank.

Theorem 31 ([166] (Proposition 3.1)). Let 1 < ag < ay... < ay. Then,

1

Roym(x) = =

ﬁ(lxi +1). @D
i=0

Another relevant type of forms for which we know the rank is the one of reduced cubic forms.
The reducible cubics, which are not equivalent to a monomial (up to change of variables), can be
classified into three canonical forms. The symmetric complex rank for each one was computed, as the
following result summarizes: the first two were first presented in [76], while the last one is in [172].
In particular, for all three cases, we have that the lower bound given by Theorem 28 is sharp.

Theorem 32 ([172] (Theorem 4.5)). Let F € Clxy, ..., x,] be a form essentially involving n + 1 variables,
which is not equivalent to a monomial. If F is a reducible cubic form, then one and only one of the following holds:

1. Fis equivalent to:
xo(x3 4+ 2%+ ... 4+ x2),
and Reym (F) = 2n.
2. Fisequivalent to:
xo(x3 4+ 23+ ...+ x3),
and Rsym (F) = 2n.
3. Fequivalent to:
xo(xpx1 + xox3 + xﬁ +... 4 x2),

and Reym (F) = 2n + 1.
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Another way to find formulae for symmetric-ranks relies on a symmetric version of Strassen’s
conjecture on tensors. In 1973, Strassen formulated a conjecture about the additivity of the tensor
ranks [182], i.e., given tensors T, ..., Ts in V@4 defined over disjoint subvector spaces, then,

S

S
R(LT) = L R(Ty).
i=1 i=1

After a series of positive results (see, e.g., [183-185]), Shitov gave a proof of the existence of a
counter-example to the general conjecture in the case of tensors of order three [186]. Via a clever
use of the substitution method we introduced in the previous section, the author described a way to
construct a counter-example, but he did not give an explicit one.

However, as the author mentioned is his final remarks, no counter example is known for the
symmetric version of the conjecture that goes as follows: given homogeneous polynomials Fj, ..., Fs in

different sets of variables, then:
S s

Rsym(xﬁ) = 2Rsym(l:‘i)'

i=1 i=
In this case, Strassen’s conjecture is known to be true in a variety of situations. The case of sums of
coprime monomials was proven in [166] (Theorem 3.2) via apolarity theory by studying the Hilbert
function of the apolar ideal of F = }_;_; F;. Indeed, it is not difficult to prove that:

S
FL = ﬂ FI-L + (FZ + /\l/]Fj T 75 ]), (32)
i=1
where the A; ;s are suitable coefficients.

In this way, since apolar ideals of monomials are easy to compute, it is possible to express explicitly
also the apolar ideal of a sum of coprime monomials. Therefore, the authors applied an analogous
strategy as the one used for Theorem 31 (by using more technical algebraic computations) to prove
that Strassen’s conjecture holds for sums of monomials.

In [187], the authors proved that Strassen’s conjecture holds whenever the summands are in either
one or two variables. In [171,173], the authors provided conditions on the summands to guarantee
that additivity of the symmetric-ranks holds. For example, in [173], the author showed that whenever
the catalecticant bound (27) (or the lower bound given by Theorem 29) is sharp for all the F;’s, then
Strassen’s conjecture holds, and the corresponding bound for };_; F; is also sharp.

A nice list of cases in which Strassen’s conjecture holds was presented in [171]. This was done
again by studying the Hilbert function of the apolar ideal of F = }_;_; F;, computed as described
in (32), and employing the bound given by Theorem 27.

Theorem 33 ([171] (Theorem 6.1)). Let F = Fy + ...+ F,,, where the degree d forms F; are in different sets
of variables. If, fori = 1,...,m, each F; is of one of the following types:

e F;is a monomial;

e Fjisa form in one or two variables;

o Fi=x3(X+...+xh) witha+1>b;

o Fi=uxj(x}+xb);

o Fi=x3(x§+...+xh) witha+1>b;

o Fi=x(x§+xb+2b);

e F=x8G(xy,...,x,) where G- = (Hy, ..., Hy) is a complete intersection and a < deg H;
e [ isa Vandermonde determinant;

then Strassen’s conjecture holds for F.
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5.4. Identifiability of Tensors

For simplicity, in this section we work on the field C of the complex numbers. Let us consider
tensors in V.= CM*l ® ... ® C%*l. A problem of particular interest when studying minimal
decompositions of tensors is to count how many there are.

Problem 8. Suppose a given tensor T € V has rank r, i.e., it can be written as T = @}_, 0} ® ... ® v‘i”.
When is it that such a decomposition is unique (up to permutation of the summands and scaling of the vectors)?

This problem has been studied quite a bit in the last two centuries (e.g., see [12,188-190]), and it is
also of interest with respect to many applied problems (e.g., see [191-193]). Our main references for
this brief exposition are [194,195].

Let us begin with a few definitions.

Definition 26. A rank-r tensor T € V is said to be identifiable over C if its presentation T = @}_, v} ®
® vi-i is unique (up to permutations of the summands and scaling of the vectors).

It is interesting to study the identifiability of a generic tensor of given shape and rank.

Definition 27. We say that tensors in V are r-generically identifiable over C if identifiability over C holds
in a Zariski dense open subset of the space of tensors of rank r. Moreover, we say that the tensors in 'V are
generically identifiable if they are r4-generically identifiable, where 1y denotes the generic rank in V.

Let us recall that the generic rank for tensors V is the minimum value for which there is a Zariski
open non-empty set U of V where each point represents a tensor with rank < r,; see Section 3.
Considering n = (n3,...,14), let X;, C PV be the Segre embedding of Pt x ... x P". As we already
said previously, if r¢ is the generic rank for tensors in V, then O, (Xy) is the first secant variety of Xy,
which fills the ambient space. Therefore, to say that the tensors in V are generically identifiable over C
amounts to saying the following: let r¢ be the generic rank with respect to the Segre embedding X,
in PV; then, for the generic point [T] € PV, there exists a unique P!, which is re-secant to X, in rg
distinct points and passes through [T]. The r, points of X, gives (up to scalar) the r; summands in the
unique (up to permutation of summands) minimal decomposition of the tensor T.

When 0,(X,,) # PV, i.e., the rank r is smaller than the generic one (we can say that r is sub-generic),
then we have that the set of tensors T € V with rank r is r-generically identifiable over C if there is an
open set U of 0;(X;) such that for the points [T] in U, there exists a unique "1, which is r-secant in r
distinct points to X, and passes through [T7.

Obviously, the same problem is interesting also when treating symmetric or skew-symmetric
tensors, i.e., when n; = ... = ng = nand T € $4(C"*1) € Vor T € A*(C"*!). From a geometric
point of view, in these cases, we have to look at Veronese varieties or Grassmannians, respectively,
and their secant varieties, as we have seen in the previous sections.

Generic identifiability is quite rare as a phenomenon, and it has been largely investigated;
in particular, we refer to [12,188,196-201]. As an example of how generic identifiability seldom
presents itself, we can consider the case of symmetric tensors.

It is classically known that there are three cases of generic identifiability, namely:

e  binary forms of odd degree (n = 1 and d = 2t + 1), where the generic rank is ¢ + 1 [189];
e ternary quintics (n = 2 and d = 5), where the generic rank is seven [190];
e quaternary cubics (n = 3 and d = 3), where the generic rank is five [189].

Recently, Galuppi and Mella proved that these are the only generically identifiable cases when
considering symmetric-ranks of symmetric tensors; see [202].
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When we come to partially-symmetric tensors (which are related to Segre—Veronese varieties,
as we described in Section 4.2), a complete classification of generically-identifiable cases is not known,
but it is known that it happens in the following cases; see [203].

o SNC2@...®SUC% with d < ...d; and d1 +1 > rg, where r¢ is the generic
partially-symmetric-rank, i.e., forms of multidegree (dy,...,d;) in t sets of two variables; here,
the generic partially-symmetric-rank is ¢ 4+ 1 [204];

o S2Cntl @ S2Cntl e, forms of multidegree (2,2) in two sets of n + 1 variables; here, the generic
partially-symmetric-rank is n + 1 [205];

e S2C3®S%CP ® S2C% @ S2C3, i.e., forms of multidegree (2,2,2,2) in four sets of three variables;
here, the generic partially-symmetric-rank is four (this is a classical result; see also [203]);

e S2C3%® S3C3, ie., forms of multidegree (2,3) in two sets of three variables; here, the generic
partially-symmetric-rank is four [206];

o S2C3® S2C3 @ S*C3, i.e., forms of multidegree (2,2,4) in three sets of three variables; here,
the generic partially-symmetric-rank is seven [203].

When considering r-generically identifiable tensors for sub-generic rank, i.e., for r < Tg, things
change completely, in as much as we do expect r-generically-identifiability in this case. Again,
the symmetric case is the best known; in [201] (Theorem 1.1), it was proven that every case where 7 is a
sub-generic rank and ¢ (X, ;) has the expected dimension for the Veronese variety X, 4, r-generically
identifiability holds with the only following exceptions:

e S°C3,ie., forms of degree six in three variables, having rank nine;
e S*C% ie., forms of degree four in four variables, having rank eight;
e S3C9, .., forms of degree three in six variables, having rank nine.

In all the latter cases, the generic forms have exactly two decompositions.

Regarding generic identifiability for skew-symmetric tensors, there are not many studies, and we
refer to [207].

It is quite different when we are in the defective cases, namely, when we want to study r-generic
identifiability and the r-th secant variety is defective. In this case, non-identifiability is expected;
in particular, we will have that the number of decompositions for the generic tensor parametrized by a
point of ¢;(Y) is infinite.

5.5. Varieties of Sums of Powers

Identifiability deals with the case in which tensors have a unique (up to permutation of the
summands) decomposition. When the decomposition is not unique, what can we say about all possible
decompositions of the given tensor? In the case of symmetric tensors, that is homogeneous polynomial,
an answer is given by studying varieties of sums of powers, the so-called VSP, defined by Ranestad
and Schreyer in [208].

Definition 28. Let F be a form in n + 1 variables having Waring rank r, and let Hilb,P" be the Hilbert scheme
of v points in IP"'; we define:

VSP(F,}’) = {X = {P1,...,Pr} € Hilb,P" : Ix = @1 MN...Ngr C FJ‘}

For example, when identifiability holds, VSP is just one single point. It is interesting to note that,
even for forms having generic rank, the corresponding VSP might be quite big, as in the case of binary
forms of even degree.

Using Sylvester’s algorithm we have a complete description of VSP for binary forms, and it turns
out to be always a linear space.
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Example 24. Consider the binary form F = x3x2. Since F+ = (yg, y{’), by Sylvester’s algorithm, we have that
the rank of F is three. Moreover, by the apolarity lemma, we have that VSP(F, 3) is the projectivization of the
vector space W = (y3,y3) because the generic form in W has three distinct roots.

In general, the study of VSPsis quite difficult, but rewarding: VSPs play an important role in
classification work by Mukai see [209-211]. For a review of the case of general plane curves of degree
up to ten, that is for general ternary forms of degree up to ten, a complete description is given in [208],
including results from Mukai and original results. We summarize them in the following.

Theorem 34 ([208] (Theorem 1.7)). Let F € SAC3 bea general ternary cubic withd = 2t —2,2 <t <5,
then:

VSP <F, (Hz_1>> ~G(tLV,5)={E€G(V)| N2 ECy}
where V is a 2t + 1-dimensional vector space and 1 is a net of alternating forms 17 : A2V — C® on V. Moreover:

e if F is a smooth plane conic section, then VSP(F,3) is a Fano three-fold of index two and degree five in P°.

e if Fisa general plane quartic curve, then VSP(F, 6) is a smooth Fano three-fold of index one and genus 12
with anti-canonical embedding of degree 22;

e if Fisa general plane sextic curve, then VSP(F, 10) is isomorphic to the polarized K3-surface of genus 20;

e if Fisa general plane octic curve, then VSP(F,15) is finite of degree 16, i.e., consists of 16 points.

Very often, for a given specific form, we do not have such a complete description, but at least,
we can get some relevant information, for example about the dimension of the VSP: this is the case
for monomials.

Theorem 35 ([212] (Theorem 2)). Let F € Clxy, ..., x,] be a monomial F = x* with exponents 0 < ay <
... < ay. Let A= Cly,. ..,yn]/(y‘fl“, w3 Y. Then, VSP(F, Reym (F)) is irreducible and:

n
dim VSP(F, Reym(F)) = Y HF(A; d; — do).
i=1

A complete knowledge of VSP(F,r) gives us a complete control on all sums of powers
decompositions of F involving » summands. Such a complete knowledge comes at a price: a complete
description of the variety of sums of powers might be very difficult to obtain. However, even less
complete information might be useful to have and, possibly, easier to obtain. One viable option is
given by Waring loci as defined in [213].

Definition 29. The Waring locus of a degree d form F € SV is:
We={[L]€PV : F=L"+Li+...+ L% r=Rym(F)},

i.e., the space of linear form which appears in some minimal sums of powers decomposition of F. The forbidden
locus of F is defined as the complement of the Waring locus of F, and we denote it by Fr.

Remark 22. In this definition, the notion of essential variables has a very important role; see Remark 12.
In particular, it is possible to prove that if F € C|x,...,x,] has less than n + 1 essential variables, say
X0, - - -, Xm, then for any minimal decomposition F = Y [_; L;, the L;’s also involve only the variables xo, . . ., Xp.
For this reason, if in general, we have F € SV, which has less than dimc V essential variables, say that W C V
is the linear span of a set of essential variables, then Wr C PW.

In [213], the forbidden locus, and thus the Waring locus, of several classes of polynomials was
computed. For example, in the case of monomials, we have the following description.
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Theorem 36 ([213] (Theorem 3.3)). If F = x*, such that the exponents are increasingly ordered and m =
min;{a; = ag}, then:

Fr= V(yO' ' 'ym)-

The study of Waring and forbidden loci can have a two-fold application. One is to construct
step-by-step a minimal decomposition of a given form F: if [L] belongs to Wr, then there exists some
coefficient A € C such that F/ = F + ALY has rank smaller than F; then, we can iterate the process by
considering Wys. In [214], this idea is used to present an algorithm to find minimal decompositions of
forms in any number of variables and of any degree of rank r < 5 (the analysis runs over all possible
configuration of r points in the space whose number of possibilities grows quickly with the rank);
a Macaulay?2 package implementing this algorithm can be found in the ancillary files of the arXiv
version of [214]. A second possible application relates to the search for forms of high rank: if [L]
belongs to W, then the rank of F + AL? cannot increase as A varies, but conversely, if the rank of
F 4+ AL increases, then [L] belongs to the forbidden locus of F. Unfortunately, it is not always possible
to use elements in the forbidden locus to increase the rank of a given form; however, this idea can give
a place to look for forms of high rank. For example, since Fyx,x, = V(yoy1y2), that is the forbidden
locus of the monomial F = x¢x; X is the union of the three coordinate lines of P2, the only possible
way to make the rank of F increase is to consider F + AL3 where L is a linear form not containing at
least one of the variables. However, as some computations can show, the rank of F + AL3 does not
increase for any value of A and for any choice of L in the forbidden locus.

Another family of polynomial for which we have a complete description of Waring and forbidden
loci are binary forms.

Theorem 37 ([213] (Theorem 3.5)). Let F be a degree d binary form, and let G € F be an element of minimal
degree. Then,

o ifrk(F) < (“31), then Wr = V(G);

o iftk(F) > (“31), then Fr = V(G);

o ifrk(F) = (d;rl) and d is even, then Fr is finite and not empty;
if tk(F) = (“3") and d is odd, then W = V(G).

Example 25. The result about Waring and forbidden loci of binary forms can be nicely interpreted in terms of
rational normal curves. If F = xox2, then:

Fr={nl},

and this means that any plane containing [F] and [y3] is not intersecting the twisted cubic curve in three distinct
points; indeed, the line spanned by [F) and [y3] is tangent to the twisted cubic curve.

Other families of homogeneous polynomials for which we have a description of Waring and
forbidden loci are quadrics [213] (Corollary 3.2) (in which case, the forbidden locus is given by
a quadric) and plane cubics [213] (Section 3.4). We conclude with two remarks coming from the
treatment of the latter case:

e inall the previous cases, the Waring locus of F is always either closed or open. However, this is
not true in general. In fact, for the cusp F = x} + x3x,, we have that the Waring locus is:

W = {31} U{[(ay1 +by2)%] : a,b € Cand b # 0},

that is the Waring locus is given by two disjoint components: a point and a line minus a point;
therefore, Wr is neither open nor closed in P2;

e since the space of minimal decompositions of forms of high rank is high dimensional, it is
expected that the Waring locus is very large, and conversely, the forbidden locus is reasonably
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small. For example, the forbidden locus of the maximal rank cubic F = xo(x% + xpx) is just a
point, i.e.,

Fr={[v3]}

There is an open conjecture stating that, for any form F, the forbidden locus FF is not empty.

5.6. Equations for the Secant Varieties

A very crucial problem is to find equations for the secant varieties we have studied in the previous
sections, mainly for Veronese, Segre and Grassmann varieties. Notice that having such equations
(even equations defining only set-theoretically the secant varieties in question) would be crucial in
having methods to find border ranks of tensors.

5.6.1. Segre Varieties

Let us consider first Segre varieties; see also [108]. In the case of two factors, ie., X, with
n = (n1,ny), the Segre variety, which is the image of the embedding;:

P x P2 — X, CPN, N=(m+1)(np+1)—1,

corresponds to the variety of rank one matrices, and 05(Xn) corresponds to the variety of rank s
matrices, which is defined by the ideal generated by the (s + 1) x (s + 1) minors of the generic
(n14+1) x (np + 1) matrix, whose entries are the homogenous coordinates of PN. In this case, the ideal
is rather well understood; see, e.g., [215] and also the extensive bibliography given in the book of
Weyman [216].

We will only refer to a small part of this vast subject, and we recall that the ideal I, (x,) is a
perfectideal of height (n; +1— (s+1) = 1) x (np+1—(s+1)—1)=(n3 —s—1) x (np —s—1)in
the polynomial ring with N + 1 variables, with a very well-known resolution: the Eagon-Northcott
complex. It follows from this description that all the secant varieties of the Segre embeddings of a
product of two projective spaces are arithmetically Cohen-Macaulay varieties. Moreover, from the
resolution, one can also deduce the degree, as well as other significant geometric invariants, of these
varieties. A determinantal formula for the degree was first given by Giambelli. There is, however,
a reformulation of this result, which we will use (see, e.g., [1] (p. 244) or [217] (Theorem 6.5)), where this
lovely reformulation of Giambelli’s Formula is attributed to Herzog and Trung:

ny—s (n2+1+i)

deg(US(X(m,nz))) = H %ﬂ
-0 ()
Let us now pass to the case of the Segre varieties with more than two factors. Therefore, let X, C PN
withn = (ny,...,n;), N = Hle(ni +1) —1and t > 3, where we usually assume thatn; > ... > n;.

If we let T be the generic (11 + 1) X ... x (n; + 1) tensor whose entries are the homogeneous
coordinates in PV, then it is well known that the ideal of X, has still a determinantal representation,
namely it is generated by all the 2 x 2 “minors” of T, that is the 2 x 2 minors of the flattenings of T.
It is natural to ask if the flattenings can be used also to find equations of higher secant varieties of
Xn. If we split1,...,t into two subsets, for simplicity say 1,...,f and £ +1,...,t, then we can form
the composition:

Vi) X Vingoypoms) * (P X0 X P < (P L x P) — PT x PP,
wherea = IT{_;(n;+ 1) —1,b =TI!_, , (n; + 1) — 1, followed by:

v11: P?x PP — PN, N asabove.
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Clearly X, C v11(P? x P), and hence, 05(Xn) C 05(vy1(P? x P?)).

Thus, the (s +1) x (s + 1) minors of the matrix associated with the embedding v; ; will all vanish
on 05(Xn). That matrix, written in terms of the coordinates of the various P, is what we have called a
flattening of the tensor T.

As we have seen in (28), we can perform a flattening of T for every partition of 1, ..., t into two
subsets. The (s + 1) x (s + 1) minors of all of these flattenings will give us equations that vanish on
05(Xn). In [90], it was conjectured that, at least for s = 2, these equations are precisely the generators
for the ideal I,,,(x,) of 02(Xn). The conjecture was proven in [218] for the special case of f = 3 (and set
theoretically for all #’s). Then, Allman and Rhodes [16] proved the conjecture for up to five factors,
while Landsberg and Weyman [96] found the generators for the defining ideals of secant varieties for
the Segre varieties in the following cases: all secant varieties for P! x P x P" for all m, n; the secant
line varieties of the Segre varieties with four factors; the secant plane varieties for any Segre variety
with three factors. The proofs use representation theoretic methods.

Note that for s > 2, one cannot expect, in general, that the ideals I, (x,) are generated by the
(s41) x (s + 1) minors of flattenings of T. Indeed, in many cases, there are no such minors, e.g., it is
easy to check that if we considern = (1,1,1,1,1) and X, C P31 we get that the flattenings can give
only ten 4 x 8 matrices and five 2 x 16 matrices. Therefore, we get quadrics, which generate Ix,,
and quartic forms, which are zero on 03(Xyn), but no equations for 04(Xn) or 05(Xn), which, by a
simple dimension count, do not fill all of P3!.

There is a particular case when we know that the minors of a single flattening are enough to
generate the ideal I(05(Xn)), namely the unbalanced case we already met in Theorem 16, for which
we have the following result.

Theorem 38 ([108]). Let X = Xn C PM with M = TI!_, (n; + 1) — 1; let N = IT._] (n; + 1) — 1, and let
Y(nu,) be the Segre embedding of PN x P into PM. Assume ny > N — Zf;} n; + 1. Then, for:

=1
N — Z”i""l <s <min{n;, N},

i=1

we have that 05(X) = o5(Y) # PM, and its ideal is generated by the (s + 1) x (s + 1) minors of an
(nt 4+ 1) x (N + 1) matrix of indeterminates, i.e., the flattening of the generic tensor with respect to the splitting

{1,...,t =1} U{t}

We can notice that in the case above, X is defective for N — 2;;% n; +1 < s; see Theorem 16,
while when equality holds, 0s(X) has the expected dimension. Moreover, in the cases covered by the
theorem, 05 (X) is arithmetically Cohen-Macaulay, and a minimal free resolution of its defining ideal is
given by the Eagon—Northcott complex.

5.6.2. Veronese Varieties

Now, let us consider the case of Veronese varieties. One case for which we have a rather complete
information about the ideals of their higher secant varieties is the family of rational normal curves,
i.e., the Veronese embeddings of P!. In this case, the ideals in question are classically known; in
particular, the ideal of 05(Xj 4) is generated by the (s +1) x (s + 1) minors of catalecticant matrices
associated with generic binary form of degree d, whose coefficients corresponds to the coordinates of
the ambient coordinates. Moreover, we also know the entire minimal free resolution of these ideals,
again given by the Eagon-Northcott complex.

Since the space of quadrics can be associated with the space of symmetric matrices, a similar
analysis as the one done for the Segre varieties with two factors can be done in the case d = 2.
In particular, the defining ideals for the higher secant varieties of the quadratic Veronese embeddings
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of P, i.e., of 05(Xy,2), are defined by the (s + 1) x (s + 1) minors of the generic symmetric matrix of
size (n+1) x (n+1).

For any n,d, the ideal of 05 (X, 4) is considered in [78], where it is proven that it is generated by
the 3 x 3 minors of the first two catalecticant matrices of the generic polynomial of degree d in n 41
variables; for the ideal of the 3 x 3 minors, see also [219].

In general for all 05(X,, 4)’s, these kinds of equations, given by (s + 1) x (s + 1) minors of
catalecticant matrices ([220]), are known, but in most of the cases, they are not enough to generate the
whole ideal.

Notice that those catalecticant matrices can also be viewed this way (see [2]): consider a generic
symmetric tensor (whose entries are indeterminates) T; perform a flattening of T as we just did for
generic tensors and Segre varieties; erase from the matrix that is thus obtained all the repeated rows
or columns. What you get is a generic catalecticant matrix, and all of them are obtained in this way,
i.e., those equations are the same as you get for generic tensors, symmetrized.

Only in a few cases, our knowledge about the equations of secant varieties of Veronese varieties is
complete; see for example [25,78,85,108]. All recent approaches employ representation theory and the
definition of Young flattenings. We borrow the following list of known results from [85].

0s(X2) size s + 1 minors generic symmetric matrix ideal classical
05(X1,4) size s + 1 minors of any generic catalecticant ideal classical
02 (Xy,4) size 3 minors of ideal [78]
generic (1,d — 1) and (2,d — 2)-catalecticants
03(Xn3) Aronhold equation + size 4 minors of ideal Aronhold (n = 2) [25]
generic (1,2)-catalecticant [85]
03(X,,4) size 4 minors of scheme [221] (n = 2,d = 4)
d>4) generic (1,3) and (2,2)-catalecticant [85]
04(Xp4) size 5 minors of scheme [221] (d = 4)
generic ([%J , [%W )-catalecticant [85]
05(Xp,4) size 6 minors of scheme Clebsch (d = 4) [25]
d>6,d=4) generic ({%J , [%1 )-catalecticant [85]
05(Xa5) size 2s + 2 sub-Pfaffians of irred.comp. [85]
s<5 generic Young ((31), (31))-flattening
06(Xa5) size 14 sub-Pfaffians of scheme [85]
s<5 generic Young ((31), (31))-flattening
06(Xp,4) size 7 minors of scheme [85]
generic ({%J , [%1 )-catalecticant
07(X26) symmetric flattenings + Young flattenings irred. comp. [85]
03(Xa6) symmetric flattenings + Young flattenings irred. comp. [85]
09(Xo6) determinant of generic (3, 3)-catalecticant ideal classical
0s(Xa7) size (2s + 2) sub-Pfaffians of irred. comp. [85]
(s <10) generic ((4,1), (4,1))-Young flattening
0s(Xo,0m) rank of (a,d — a)-catalecticant < min { s, (”452)} scheme [25,85]
(s < ("’;1)) for 1 < a < m, open and closed
0s(Xo0m+1) rank of (a,d — a)-catalecticant < min {5, (”452)} scheme [25,85]
(s < ("’;1) +1) for 1 < a < m, open and closed
0s(Xn2m) size s + 1 minors of irred. component [25,85]
(s < (") generic (m, m)-catalecticant
0s(Xo0m+1) size (L"l/,ZJ )j + 1 minors of a Young flattening irred. comp. [25,85]

< ("M

Note that the knowledge of equations that define the 05(X,, 4)’s, also just set-theoretically,
would give the possibility to compute the symmetric border rank for any tensor in S?V.
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For the sake of completeness, we mention that equations for secant varieties in other cases can be
found in [85] (Grassmannian and other homogeneous varieties), in [108] (Segre—Veronese varieties and
Del Pezzo surfaces) and in [83] (Veronese re-embeddings of varieties).

5.7. The Real World

For many applications, it is very interesting to study tensor decompositions over the real numbers.

The first thing to observe here is that since R is not algebraically closed, the geometric picture
is much more different. In particular, a first difference is in the definition of secant varieties, where,
instead of considering the closure in the Zariski topology, we need to consider the Euclidean topology.
In this way, we have that open sets are no longer dense, and there is not a definition of “generic rank”:
if X is variety in PY, the set U,(X) = {P € PY | Rx(P) = r} might be non-empty interior for several
values of r. Such values are called the typical ranks of X.

It is known that the minimal typical (real) rank of X coincides with the generic (complex) rank of
the complexification X ® C; see [158] (Theorem 2).

The kind of techniques that are used to treat this problem are sometimes very different from what
we have seen in the case of algebraically-closed fields.

Now, we want to overview the few known cases on real symmetric-ranks.

The typical ranks of binary forms are completely known. Comon and Ottaviani conjectured
in [222] that typical ranks take all values between V#J and d. The conjecture was proven by
Blekherman in [223].

In [224], the authors showed that any value between the minimal and the maximal typical rank is
also a typical rank. Regarding real symmetric-ranks, they proved that: the typical real rank of ternary
cubics is four; the typical ranks of quaternary cubics are only five and six; and they gave bounds on
typical ranks of ternary quartics and quintics.

Another family of symmetric tensors for which we have some results on real ranks are monomials.
First of all, note that the apolarity lemma (Lemma 5) can still be employed, by making all algebraic
computations over the complex number, but then looking for ideals of reduced points apolar to the
given homogeneous polynomial and having only real coefficients. This was the method used in [225]
to compute the real rank of binary monomials.

Indeed, if M = x{'x}!, then, as we have already seen, M+ = (y3*',y1"""). Now, Waring
decompositions of M are in one-to-one relation with reduced sets of points (which are principal
ideals since we are in P!), whose ideal is contained in M. Now, if we only look for sets of points
that are also completely real, then we want to understand for which degree d it is possible to find
suitable polynomials Hy and H; such that G = yg"ﬂ Hy + yi‘lﬂ Hj is of degree d and have only distinct
real roots.

The authors observe the following two elementary facts, which hold for any univariate g(y) =
cay? +cq_1y? 1+ ...+ 1y + co, as a consequence of the classic Descartes’ rule of signs:

o ifc¢; =c1 =0, forsomei = 1,...,d, then f does not have d real distinct roots; see [225]
(Lemma 4.1);

e foranyj=1,...,d— 1, there exists ¢;’s such that f has d real distinct roots and cj = 0; see [225]
(Lemma 4.2).

As a consequence of this, we obtain that:

e ifd < ag+ &y, then G (or rather, its dehomogenization) has two consecutive null coefficients;
hence, it cannot have d real distinct roots;

e if d = ap+ ay, then only the coefficient corresponding to yy’y;! of G (or rather its
dehomogenization) is equal to zero; hence, it is possible to find Hy and H; such that G has
d real distinct roots.

Therefore, we get the following result.
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Theorem 39 ([225] (Proposition 3.1)). If ag, a1 are not negative integers, then Rgm (x0x]") = g + ag.

Note that, comparing the latter result with Theorem 31, we can see that for binary monomials,
the real and the complex rank coincide if and only if the least exponent is one. However, this is true in
full generality, as shown in [226].

Theorem 40 ([226] (Theorem 3.5)). Let M = x;° - - - x3," be a degree dmonomial with ag = min;{a;}. Then,
Rgm(M) R;C},m(M) ifand only if  wp = 1.

Note that the real rank of monomials is not known in general, and as far as we know, the first
unknown case is the monomial x3x2x3, whose real rank is bounded by 11 < Rsym(xox1 x3) < 13; here,
the upper bound is given by [226] (Proposition 3.6 and Example 3.6), and the lower bound is given
by [227] (Example 6.7).

We conclude with a result on real ranks of reducible real cubics, which gives a (partial) real
counterpart to Theorem 32.

Theorem 41 ([172] (Theorem 5.6)). If F € R(xy, ..., xy] is a reducible cubic form essentially involving n + 1
variables, then one and only one of the following holds:

e Fisequivalent to xo(Y 14 e[x%), where e; € {—1,+1}, for 1 <i < n, and:
2n <RE,(F) < 20+ 1.

Moreover, if Y_; €; = 0, then Rg%,m(l: ) =2n.

o Fisequivalent to xo(L1_ €;x?), where €; € {—1,+1}, for 1 <i < n, and:

21 <RE (F) <2n+1.

sym

Moreover, ifeg = ... = €y, then R]fg,m(F) =2n.Ifeg # € ande; = ... = €y, then Rgm(F) =2n+1
o Fisequivalent to (axo + xp) (Tig €x2), for & # 0, where eg = ... = €p_1 = landep = ... = €, =
—1forl1 <p<mn, and:

1=

2 <RE(F) <2n+3.

Moreover, ifa = —1ora =1, then 2n +1 < R]%m(l-") <2n+3.
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