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Chapter 0

Introduction

The thesis considers the study of (Waring) decompositions of homogeneous poly-
nomials (forms), mainly under the point of view of methods which can determine
the uniqueness and minimality of a given decomposition.

Forms are natural algebraic objects that become multilinear objects because
they can be associated to symmetric tensors. The growing interest on tensors
that rises from different branches of Mathematics, both theoretical and ap-
plied, is determined by the growing number of applications that tensors find in
Statistics, Signal Theory, Artificial Intelligence, Algebraic Geometry, Numerical
Analysis, and other fields. We will not mention the wide literature on the sub-
ject, which should involve many titles, and remain nevertheless rather partial
and incomplete.

The focus of the thesis is on methods of Algebraic Geometry that can guar-
antee the identifiability of a symmetric tensor. The word identifiability has a
precise, general meaning in applied Mathematics. From the point of view of
Algebraic Statistics, it is associated to parametric models, and indicates that
an element uniquely determines the parameters it comes from. In the case of
forms, the parametric description that we consider is the so called Waring de-
composition, that presents a form as a sum of powers of linear forms. Indeed,
since we will work over an algebraically closed field C, every form F' has finite
representations of type

F=L{+ - +1I

where each L; is a linear form. In these expressions, that we call Waring de-
compositions, we are particularly interested in minimizing the number r, that
we call the length of the decomposition.

Waring decompositions owe their importance to the fact that, in the natural
association between forms and symmetric tensors, powers of linear forms cor-
respond to tensors of rank 1. So, if one accepts that tensors of rank 1 are the
simplest objects in the category, then r is a good measure for the complexity
of a decomposition, and the minimal r for which the decomposition exists is a
good measure of the complexity of F' itself. The minimal value is now called
the Waring rank of F.

The name of Waring decomposition is historically connected with the En-
glish mathematician Edward Waring, that in his work Meditationes Algebraicae
(See [48]) presented the problem of finding the minimal expression of a natural
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number as a sum of powers. The original conjecture made by Waring is that
any natural number can be written as a sum of 4 squares, of 9 cubes, of 19
fourth-powers. The conjecture for squares, which indeed goes back to Diophan-
tus, was then proved by the Italian mathematician G.L. Lagrange at the end of
the XVIII century. Generalizing the problem and translating it in the setting
of polynomials, we obtain the starting point of the theory mentioned above.

Though the Waring rank of a general form is known, in terms of the de-
gree and the number of variables, due to the basic paper by Alexander and
Hirschowitz [1], the problem of finding a minimal decomposition of a specific
form is not easy to solve, except for forms of degree 2, which correspond to
symmetric matrices. In fact Hillar and Lim in 2013 proved that the problem of
finding the rank of a tensor is NP-hard (see Theorem 8.2 of [35]).

In the thesis, we assume to know a decomposition of a form F', and our
problem concerns its minimality and uniqueness. Indeed, since it is easy to see
that uniqueness implies minimality, we will mainly focus on the latter problem.
The assumption that we already know some decomposition is restrictive, but
widely satisfied in many settings. A lot of heuristic methods are available for the
computation, mainly approximate but also, in some cases, algebraically precise,
of some decomposition of a tensor. Besides, there are situations in which a
decomposition is naturally known (Strassen’s problem, Comon’s problem, etc.),
and the problem is the certification of minimality and uniqueness.

We will take the problem from the point of view of projective geometry. In
almost all cases in which are used, tensors can be considered modulo rescaling,
i.e. modulo the multiplication by non-zero scalars. This suggests to look at pro-
jective spaces of tensors, and consequently identify a decomposition with a finite
set A of points in a projective space P" (for forms in n + 1 variables), given in
homogeneous coordinates by the coefficients of the L;’s. The problem naturally
translates to the question on the minimal r such that the point corresponding
to F' belongs to the r-th secant variety of the d-th Veronese embedding of P™,
d being the degree of F.

The aim of the thesis is to illustrate how geometric methods for the study
of finite sets in projective spaces can determine effective algorithms to detect
the identifiability of forms. The methods that we will use are based on classical
and modern results on the Hilbert function of the finite set A.

The definition of Hilbert function of a finite set A is quite natural. Given
a set of coordinates for the points, one can consider the evaluation of forms at
the r points of A. If R; denotes the linear space of forms of degree i in the
polynomial ring R = Clxy, . .., Z,], then the Hilbert function h4 sends ¢ to the
dimension of the cokernel of the evaluation map R; — C”, which is independent
on the choice of the coordinates. Several important properties of the set A are
encoded in the Hilbert function h 4 and in its first difference Dh 4.

In our setting, we start with a decomposition A of F', of length r, and we
want to exclude the existence of a second decomposition B with length r’ < r.
The main tool we will use is the analysis of the Hilbert function of Z = AU B.
Indeed, by induction on r’, we show that we can restrict ourselves to the case in
which A, B are disjoint. If ANB = ), we get from classical and modern projective
geometry a long list of restrictions on the difference Dhy, that eventually imply
that B cannot exist.

If we compare our method with classical methods universally employed to
guarantee the identifiability of symmetric tensors (the celebrated Kruskal cri-
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terion [38], and its reshaped version [20]), we see that we can determine the
uniqueness of a decomposition A in a range for the length r which cannot be
explored (for theoretical reasons!) with the aforementioned procedures.

The analysis follows the guidelines of several recent papers on the subject,
starting with [20], [7], to the more recent [6], [40], and [5], [4]. The results
that we obtain are mainly focused on forms in three variables (ternary forms).
For degree d < 6, Kruskal criterion provides a complete analysis for reasonably
general forms. We improve the situation by completing the analysis in degree
7, where even the reshaped Kruskal method fails for high value of the length
r. Kruskal method also often fails for low r, when the position of A is not
sufficiently general. We show how a deep study of the Hilbert function allows to
handle similar cases. In particular, we determine bounds for the identifiability
of the form F', when the given decomposition A sits in a cubic curve.

We want to stress that if the decomposition A turns out to be non-unique or
non-minimal, yet our methods, via the analysis of the Hilbert-Burch matrix of A
and the liaison process, can construct from A a minimal decomposition of F'. In
many cases, e.g. for decompositions lying in a cubic curve, our method provides
an algorithm for the identifiability whose complexity (i.e. the number of needed
elementary operations) is lower than the Kruskal algorithm, even when this last
is applicable.

In the last part of the thesis we deal with forms in 4 variables (quaternary
forms). The first situation in which Kruskal-based methods fail to determine the
identifiability is the case of forms of degree 5 with a decomposition of length 13.
For quaternary forms the analysis is more complicated, because the resolution of
the ideal of A involves two matrices, instead of a unique Hilbert-Burch matrix.
In more geometric terms, in order to determine the identifiability we are forced to
analyze not only hypersurfaces containing A, but also curves of P? containing the
set of points, and the latter task is much more demanding. For decomposition
of length 13 of a quintic quaternary form, we can provide an algorithm which
tests the minimality, except for a final gap, related to determine the smoothness
of a general cubic surface containing the union Z = A U B defined above. This
is the reason why we present the final analysis in the form of work in progress.

The structure of the thesis is the following.

In Chapter 1 we recall some basic definitions and results about multi-projective
varieties.

In Chapter 2 we describe the main aspect regarding symmetric tensors. In
particular we state the identifiability problem and we present the main results
known in literature that describe when a given symmetric tensor 7 is identifiable
or not.

In Chapter 3 we define the Hilbert function of a given graded module and
the Cayley-Bacharach property. In particular we explain how to use these two
objects to study the identifiability problem for symmetric tensors.

In Chapter 4 we give a more geometrical proof of the Kruskal Theorem for
symmetric tensors.

In Chapter 5 we present some new results about the identifiability problem
for symmetric tensors. In particular, we describe the results originally presented
in [6] and [40].

In Chapter 6 we study the properties of symmetric tensor T of type 4 x - - - x4
(5-times) with a given decomposition A of length at most 13.



Chapter 1

Algebraic Geometry of
Multiprojective Varieties
and Secant Varieties

In this section we collect, for reference, some results and definitions about pro-
jective and multiprojective varieties that will be useful in our investigation. In
particular, we are interested in defining what is the dimension of a variety and
what are secant varieties of a given projective variety.

Recall that the projective space over a field K, P(K"*1), is the set of equiv-
alence classes of (n + 1)-tuples (ag,a1,...,a,) of elements of K, not all zero,
under the equivalent relation given by

(ag,a1,...,a,) ~ Xag,a1,...,an)

with 0 #2 A € K. For a point P = (ag,...,a,) € P(K"™) we will also write
P=lap:ay: - :a,] and we will call the a;’s the (projective) coordinates of P.
If there is no confusion about the field we will write P™ instead of P(K™*1).
As usual, the projective dimension of P" is n, equal to the dimension of K*t!
minus one.
In the next definition we recall some basic concepts of linear algebra, just to
fix the notation that we will use in the rest of the thesis.

Definition 1.0.1. Given a non-empty finite set A C P we denote by ¢(A)
the cardinality of A. Moreover, we say that A is linearly independent if any
set of coordinates for the points of A consists of linearly independent vectors.
Finally, we denote with < A > the linear span of A, i.e. the set of points whose
coordinates are linearly dependent from A.

Remark 1.0.2. One of the main advantages of working in projective space
is that given a set of points X C P" it is easy to compute < X >. In fact,
differently from the affine case, the linear projective space generated by X is
exactly the projectivization of the linear space generated by coordinates of the
given points (seen as affine vectors). Thus, finding the linear space generated
by r projective points Py, ..., P, € P" is equivalent to finding the linear space
generated by r lines in K™™', passing through the origin, of directions equal
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to (Po),...,(P.) where (P),...,(P.) are coordinates of the projective points
Py, ..., P.. So, we have that the linear projective space < Py, ..., P, > is equal
to P(L((Fo), - .., (P))) where L((P),...,(P,)) is the linear space spanned by
(Po), ., (P.).

Next example shows some differences between the affine and the projective
case.

Example 1.0.3. Let Py = (ag,a1,a2), P1 = (bg, b1,b2) be two points of the
affine space C3. We want to find the affine line L passing through Py, P;.

In order to do that we need first to find the direction of the line P; — Py and
then we need to impose the passage through P;. So a parametric expression of
the line will be of the form L : a(by — ag, b1 — a1,bs — az) + (ag, a1, az). Notice
in particular that the linear space spanned by Py and P is different from the
line passing through these two points.

On the other hand, let Py = [ag : a; : az] and Py = [bg : by : by] be two
points of P2. The projective line L passing through Py and P, can be expressed
in parametric form just as L : aPy + SP;. Moreover the space which defines L
coincides with the linear projective space < Py, P; >.

Remark 1.0.4. Notice that given a polynomial F' € Kz, z1,...,2,] we cannot
interpret f as a function to P(K"*!) to K. In fact, given f a non constant
polynomial in n + 1 variables and [ag,a1 : -+ : an] = [Aag : Aag : -+ : Aay] a

point in P, we have that in general f(ag,a1,...,an) # f(A-ag, A a1,..., -
ap). However, if we work with homogeneous polynomials, we can still define
correctly what is the zero locus. In fact if f € K[zg, 21, ..., 2,] is homogeneous
of degree d, then f(ag,ai1,...,a,) = 0 implies f(\ - ag, A a1,..., A a,) =
M f(ag,ay,...,a,) =0 for all A # 0 and viceversa. As a consequence, we can
give a definition of projective variety.

Definition 1.0.5. Given T' C K|xq, x1, ... z,] we call the variety generated by
T the set V(T) C P(K"*!) such that:

V(T) = {z € P(K"*") s.t. f(z) = 0 for all homogeneous polynomials f € T }.

The results we need about projective varieties are quite standard, so we
avoid to recall it directly (for some reference see Chapter 1 of [34] or [23]).

Instead, we will focus mainly on the properties of the so called multipro-
jective varieties, a generalization of varieties for a product of projective spaces.
Indeed, since projective varieties can be considered as particular multiprojective
varieties, all the properties and definitions we give for multiprojective varieties
applies also in general for any projective variety. As the theory of multiprojec-
tive variety is not completely standard, we recall it in details.

First of all, in order to give the definition of multiprojective variety, we
recall that a point P € P(K“ 1) x ... x P(K%*1) is an r-tuple of (a; +1)-tuples
(Pi,05 - - -, Pi,a;) modulo the equivalence relation given by

((p1,07 s apl,a1)7 ey (pr,O o pr,a,-)) -
- ()\1(191,0, e apl,al)a B )‘T(pr,O; oo apr,ar))
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with 0 # X\; € K. As before, for a point P € P(K@+1) x ... x (K1) we will
also write:

P=([pio: - :pra)--[Pro: i Pral)

It is not trivial to show that multiprojective spaces are isomorphic to par-
ticular projective varieties. Indeed, we will show in the next section that a
multiprojective variety can be identified with a projective variety via the Segre
embedding.

Notice in particular that all the components of P can be scaled indepen-
dently, so we cannot use homogeneous polynomials to define a multiprojective
variety. Instead we will use multiprojective homogeneous polynomials.

Definition 1.0.6. Let A = {zg,...z,} beaset of a+1 = (a;+1)+---+(a,+1)
variables ordered with the lexicographic order and let K[z, ..., z,] = K[A] be
the corresponding ring of polynomials. Fix a partition of the set of variables
A= AyU---UA, with A; of cardinality a; + 1. We say that a polynomial
f € K[A4] is multihomogeneous of multidegree (dy,...,d,) if, for all i =0,...,r,
f considered as a polynomial in the variables A; is a homogeneous polynomial
of degree d;.

Example 1.0.7. Let A = {xzg, 1, 22,23} be our set of variables and let f =
ToT175 + 37323 + 32973 be a polynomial in K[zg, 1, 22, 3], If we fix A; =
{zop, 21} and Ay = {x2, x5} we have that f is multihomogeneous of degree (2,4).
On the other hand, if we fix A; = {xo} and Ay = {x1, 29,235} then f is not
multihomogeneous.

Remark 1.0.8. Let R = K]z, ...,z,] be a ring of polynomials with a + 1 =
(ap+1)+ (a1 +1)+ -+ (ar + 1). In order to simplify the notation, instead
of giving explicitly a partition for the set of variables of R, we will write R as
K210,y Z1.a15-++sZr0s--- Tpa,] or, more shortly, K[z1,9,...,2Zrq,]. In this
case we will always take as a partition of the set of variables of R the one made
by the sets A; = {x;0,...,®iq } fori=1,... 7

Remark 1.0.9. As for the projective case, if we work with multihomogeneous
polynomials, we can still define correctly what is the zero locus of a polynomial.
In fact if f € K[z1,0,...,2Zrq,] is multihomogeneous of multidegree (d1,...,d,),
then f(b1,0,b1,1,--.,brq,) =0 implies

Fbro, - Ab1ars - Aebros oo, Apbra,) =
= Afl e )\gr : f(b1,07b1,17 L 7b’r,a,«) =0

for all A\; # 0 and viceversa. As a consequence, we can give a definition of what
is a multiprojective variety.

Definition 1.0.10. A multiprojective variety is a subset X C P(K*+1) x ... x
P(K% 1) defined as the vanishing locus of a set T' C K[z1.0, . . -, Ty q,] of multi-
homogeneous polynomials.

Given S C K[z1,0,...,%4,] we indicate with V(S) C P(K®*!) x ... x
(Ke+1) the multiprojective variety defined by the vanishing locus of the multi-
homogeneous polynomials in S.



CHAPTER 1. ALGEBRAIC GEOMETRY OF MULTIPROJECTIVE ... 8

Remark 1.0.11. Let K|zg,...,2,] be a ring of polynomials. If we take as
a partition of the set of variables {zg,...,x,} the trivial one, the notion of
projective and multiprojective varieties coincide.

Example 1.0.12. The variety generated by a single multihomogeneous poly-
nomial f, V(f) C P(K®+1) x ... x (K% *1) is called a hypersurface.

Example 1.0.13. The projective variety X C P(K"*1) generated by linear ho-
mogeneous polynomials { f1,..., fr} is a variety which can be identified with the
linear projective subspace generated by the solution of the set of polynomials.

Example 1.0.14. The twisted cubic curve in P(C*) is a projective variety de-
fined by the following polynomials in K[zg, z1, 22, z3]:

2. _ 2. _
fo = zoxs — T3 fi=z123 — Ta; fo = zox3 — T172.

Notice that fo, f1, fa € Clxo, 21,22, 3] form a multiprojective variety only if we
take as a partition of the variables the trivial one.

Remark 1.0.15. Not all multiprojective varieties are a (Cartesian) product
of projective varieties. As an example take K = C and consider the variety
V of P! x P! defined by V = V(zoy; — 71y0). We have that V # P! x P!
since for example @ = ([1 : 2],[3 : 5]) does not belong to V. Moreover, given
a point P € P! we have that all the points of the form (P, P) belongs to V.
As a consequence, we have that V' cannot be written as the product of two
subvarieties of P!, one of which needs to be different from the whole space P*!.

Definition 1.0.16. Let R be a ring and let fi,..., f, be elements of R. The
set
I= {a1f1 + - +arfrst.oa; € R}

is an ideal called the ideal generated by f1,..., f.. We indicate the ideal gener-
ated by f1,...,fras I(f1,..., fr).

The multiprojective variety generated by a set of multihomogeneous poly-
nomials T is equal to the variety V(I(T')) where I(T) is the ideal generated by
T. Moreover, given a variety V' we can define what is the ideal generated by
the variety.

Definition 1.0.17. Given V C P(K®+!) x ... x P(K%*!) a multiprojective
variety, we define the ideal generated by V', I(V) as follows.

IV)=I{f€K[r10,...,%r4,] s.t.
f is multihomogeneous and f(z) =0 Va € V}).

Another property of the ideals defined by varieties is the following.

Definition 1.0.18. Let R = K[z1,...,z,] be a ring of polynomials. Any f € R
can be written uniquely as f = _ f; where each f; is the sum of multihomoge-
neous monomials of fixed multidegree in f. The polynomials f; are called the
multihomogeneous components of f.

We say that an ideal I C R is multthomogeneous if for all F' € I all the
multihomogeneous components of F' belongs to I.
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It is easy to prove that I(V) is a multihomogeneous ideal. Moreover the
maps I and V define an inclusion reversing correspondence between the class of
multihomogeneous ideals and the class of multiprojective varieties. In fact we
have the following proposition.

Proposition 1.0.19. Given T1,T> C K[z1,0,...,%Zra,] and ¥,Y7,Ys C P™ x
<o X P we have:

If Ty C Ty then V(T1) D V(Tb)

If Yy C Yy CP" then (Y1) 2 I(Ya)

o VI(Y) =Y
e for all multihomogeneous ideal a C K[z1,0, ..., Ty q,] we have that I(V(a)) D
a

Proof. We can find a proof of this proposition for projective varieties in Propo-
sition 1.2 in Chapter 1 of [34]. The same proof can be easily adapted for the
multiprojective case. O

The union of two multiprojective varieties is a variety, the intersection of
any family of multiprojective varieties is a variety and the whole space and
the empty sets are multiprojective varieties (a proof of this fact in Proposition
1.1 of [34]). So, multiprojective varieties can be considered as the collection of
closed sets of a topology.

Definition 1.0.20. We define the Zariski topology on P™ as the topology such
that the open sets are complements of multiprojective varieties.

Since not all multiprojective varieties are generated by products of projective
varieties, we have that the Zariski topology of a multiprojective space P** x - - - X
P?r is not the product topology of the Zariski topology of the P%. Indeed the
following example shows that the Zariski topology of a multiprojective space is
finer then the product topology.

Example 1.0.21. Suppose K = C. In P! all the closed sets are finite unions of
points, except PL. In fact, we have that a point [ag, a;] can be seen as the zero
locus of the linear polynomial axg—agx1 so it is a Zariski closed set. Conversely,
take a homogeneous polynomial f € Clzg,z1]. Setting zp = 1 we obtain a

polynomial (f) € C[z;] that decomposes as: (f) =y(z1 —aq)™ -+« (z1 — ag)™*
where o ...q with v € C and nq,...,n; € N. Thus, going back to f, there
exists a power x§ with @ > 0 such that f can be written as f = kz§(x; —
a1xg)™ -+ (21 — agxo)™. So f has only a finite number of solutions i.e. the
variety generated by f is a finite union of points.

Notice in particular that the Zariski topology satisfies the separation axiom
Ti but it is not Hausdorff.

Another important fact is that the ideal generated by a multiprojective va-
riety is finitely generated. This follows directly from the Hilbert Basis Theorem
that we cite below. First of all we give a definition of Noetherian ring.
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Definition 1.0.22. A ring A is Noetherian if for every ideal I C A and for any
set S of generators for I there exist elements f1, fa..., f, € S such that [ is
the ideal generated by f1, fo..., fa.

Equivalently, we can say that a ring A is Noetherian if it satisfies the as-
cending chain condition i.e. given a chain of ideals:

LCLC---CI,CI,y1C...
there exist an index i such that for every k >4 I, = Ijy1.

Example 1.0.23. Any field K is Noetherian. In fact K contains only two
finitely generated ideals Iy = I(0) and I, = I(1).

Now we can state the Hilbert Basis Theorem. From this theorem follows
directly that every projective variety can be defined by the zero locus of a finite
set, of polynomials.

Theorem 1.0.24 (Hilbert Basis theorem). Let A be a ring. If A is a Noetherian
ring then also its ring of polynomials Alz,...x,] is Noetherian. In particular,
every polynomial Ting over a field is Noetherian.

Proof. See Theorem 4 in Chapter 5 of [23]. O

A direct consequence of the Hilbert Basis Theorem is that every multiprojec-
tive variety is the intersection of a finite number of hypersurfaces (even though
we do not know a priori the number).

There is a strong connection between multiprojective varieties and multi-
homogeneous ideals. In particular, we can prove that there is a one to one
correspondence between a particular class of homogeneous ideals and multipro-
jective varieties. In order to show this relation we need first to understand which
are the ideals that generate the empty variety of a projective space. This class
of ideals is described by the weak (multi)homogeneous Hilbert Nullstellensatz
Theorem.

Theorem 1.0.25 (weak (multi)homogeneous Hilbert Nullstellensatz Theorem).
Assume K algebraically closed. Let R = K[z1,0,%2,0,...2%rq,] be the polynomial
ring in the field K with the usual partition of the variables Aq,..., A, with A;
of cardinality a1 + 1 and let I be a multihomogeneous ideal. Then the following
are equivalent:

1) the variety generated by I is empty;

2) there exists an ¢ with 0 < i < r such that for 0 < j < a; there exist an
integer mj > 1 such that x:njj el;

3) there exists ani with0 <i <1 and an integer r > 1 such thatx}, ..., z} ,.
I.

We call an ideal I satisfying one between 1) 2) and 3) an irrelevant ideal.

Proof. A proof of this theorem for homogeneous ideals can be found in Theorem
8 in Chapter 8 of [23]. The same proof can be adapted for the multiprojective
case. O
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Next example shows how to use the weak Hilbert Nullstellensatz Theorem
to prove that the product of closed subsets X; C P, ..., X, C P% is again a
multiprojective variety of Pt x ... x Por.

Example 1.0.26. Let P* x --- x P be a multiprojective variety and let X;
be a closed set of P* for i = 1,...,r. The product X; x --- x X, is a closed set
of P x -.- x P (in the Zariski topology).

Indeed, each X; is the vanishing locus of an homogeneous set of polynomials
T; C K[z 0,.-.,%iq;]- We extend each T; to a finite set J; such that J; defines
the empty set in P*. By the weak Hilbert Nullstellensatz Theorem 1.0.25 we
can do this simply adding to T; the variables x;0,...,%;4,. We claim that
X7 x -+- x X, is defined by the set of multihomogeneous polynomials

J:{f1"~f7- st.Vi f; e J; andﬂj:fjeTj}.

Indeed, if P € X; X -+ x X, then P annihilates all the elements in J.
Conversely suppose that P = (Py,...,P,) ¢ X1 x -+ x X,. so that there exists
a j such that P; ¢ X;. We construct an element of J which does not vanish at
P as follows. For every i # j take g; any homogeneous polynomial in J; such
that g;(P;) # 0, and take g; € T} such that g;(P;) # 0. The product g; ...g,
belongs to J and it does not vanish at P.

The weak Hilbert Nullstellensatz theorem is used to prove the so-called
strong (multi)homogeneous Hilbert Nullstellensatz Theorem. This result clar-
ifies the correspondence between homogeneous ideals and projective varieties.
In order to state the theorem, we recall the definition of radical ideal.

Definition 1.0.27. Given an ideal I C K|z, 1,...,2,] we define its radical
as:
VT ={feKzo,1,...,2,]s.t. f* el forsome neZy}.

We say that an ideal I is radical if I = /T.

Example 1.0.28. Let A = {x¢,z1,22,23} be a set of variables and let Ay =
{zo,z1}, A1 = {x2,z3} be the usual partition of A. The multihomogeneous
ideal I = I(23z?) C Clzg, 1,22, 73] is not a radical ideal since z¢z; does not
belongs to the ideal. The radical of I, v/T is the ideal generated by z¢z1. Notice
in particular that both these ideals define the same variety in P! x P!.

Now we can state the strong (multi)homogeneous Hilbert Nullstellensatz
Theorem.

Theorem 1.0.29 (Strong (multi)homogeneous Hilbert Nullstellensatz Theo-
rem). Assume K algebraically closed. Let I C R = Klxg,xa,...xy,] be a multi-
homogeneous ideal and assume V(I) # 0. Then I(V(I)) = /1.

Proof. For a proof of the homogeneous case see Theorem 9 of [23]. Once again
the same proof can be adapted for the multiprojective case. O

Remark 1.0.30. Both the weak and strong Hilbert Nullstellensatz Theorem
can be stated for the multiprojective case. Once again the proof of this results
in the more general setting is similar to the projective one.

As a consequence, we have the following corollary that describes the corre-
spondence between varieties and multihomogeneous ideals.
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Corollary 1.0.31. There is a one to one correspondence between non empty
multiprojective varieties and radical multihomogeneous ideals. In particular,
given a non-empty variety V. we can find an unique multthomogeneous radical
ideal T such that I = I(V). Conversely, we can associate to every radical ideal
I which does not contain any irrelevant ideal an unique variety V(I).

Proof. The proof is a direct consequence of Hilbert Nullstellensatz Theorem
1.0.29 and the fact that the maps I and V are inclusion reversing. A complete
proof for the projective case can be found in Chapter 8 of [23] (see Theorem 10).
Once again this proof can be adapted easily for the multiprojective case. O

An important class of varieties is the class of irreducible varieties. We recall
the definition of irreducible subset of a topological space, and then we define an
irreducible variety as an irreducible closed subset of the Zariski topology.

Definition 1.0.32. A nonempty subset V of a topological space X is irreducible
if it cannot be expressed as the union V' = Y; UY5 of two proper closed subsets
of X. The empty set is not considered as irreducible. A multiprojective variety
V' is irreducible if it is an irreducible topological space in the Zariski topology.

Irreducible varieties have a nice interpretation in terms of ideals, whenever
we work in a unique factorization domain.

Definition 1.0.33. Let R be a ring. We recall also that an element f € R is
irreducible if it is not a unit and if f = a-b with a,b € R implies either a or b is a
unit. We say that R is a unique factorization domain if it is an integral domain
and all the elements of R can be factored uniquely into irreducible elements up
to factors which are units.

Example 1.0.34. A polynomial ring Klzg,...,z,] is a unique factorization
domain where the irreducible elements are the irreducible polynomials.

A well known fact about unique factorization domain is that all irreducible
elements are primes i.e. irreducible elements generate prime ideals where a
prime ideal is defined as follows.

Definition 1.0.35. Anideal I C K[z, ..., z,] is prime if given two polynomials
fy9 € K[zo,...,z,]) we have that fg € I if and only if f € [ or g € I.

Remark 1.0.36. It is easy to see that nonempty irreducible multiprojective
varieties correspond, via the map defined in Corollary 1.0.31, to prime ideals.
Moreover, since we will work with unique factorization domains, we have that
prime ideals are generated by irreducible polynomials.

Example 1.0.37. The twisted cubic curve V(zozrs — x%,xlxg — {,C%,(E()J,';g —
x129) C ]P’((C4) is an irreducible variety. Indeed the ideal I(zozs — :E%, T1T3 —
x3,w0x3 — T172) = I is a prime ideal i.e. if there are two polynomial f, g such
that f-g € I then either f €I or g € I.

We can prove this fact just using the division algorithm to express f and g
in function of rox3 — 22, x173 — 23 and xow3 — r172 and using the fact that the
twisted cubic curve is the image of the map ¢ : P! — P3 which sends a point
p= [z :y] € P! to the point [z3 : 2%y : 2y? : 3] € P3.

We can describe a variety in terms of its irreducible components. In partic-
ular we have the following theorem.
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Theorem 1.0.38. Let X C P" be a multiprojective variety. Then there exist a
unique finite collection of subvarieties Xy, ..., X, C X such that every X; is an
irreducible variety, X; C X fori # j and

X=X1U---UX,.
We call X1, ..., X, the irreducible components of X.
Proof. See Theorem 6 in Chapter 8 of [23]. O

Example 1.0.39. Let V C P" be a hypersurface defined by a polynomial f.
Since the ring of polynomials of a field is an unique factorization domain, we can
write f as the product of its irreducible components i.e. f = f1-fa-... f.. Thus
we have that the irreducible components of V' are the varieties V(f1),..., V(f).

1.1 Multiprojective maps

In this section we want to describe good maps between multiprojective varieties.
First we want to define what is a regular map and in particular the object
called the sheaf of reqular maps from a projective variety to a field K. After
that, we will define two classes of objects strictly related to the problem of
decomposability of a tensor, the Veronese and Segre maps.

Since we are interested mainly to work over the complex field in this section
we will take K = C. Thus, instead of P(C"*!) we will write P".

We start by describing the class of maps from a projective variety to the
field C which can be written locally as a quotient of polynomials of the same
degree.

Definition 1.1.1. Let X be a multiprojective variety in P%* x ... x P% and
let U C X be an open set. A function f : U — C is regular at a point P if there
exists an open neighbourhood U of P in X and multihomogeneous polynomials
g, h, of the same multidegree, such that g is nowhere 0 in U and for all Q € U
we have f(Q) = %gg. We say that f is reqular in J C X if it is regular at every
point of J.

We indicate with O(J) the ring of all reqular functions on J and with Op
the ring of germs of regular functions at P € X i.e. the ring of regular function
in a neighbourhood of P modulo the following equivalent relation: given two
regular maps f,g at P we have that f ~ ¢ if and only if there is an open
neighbourhood of P in which f = g. Indeed it is easy to see that the sum and
the product of two regular function at P is still regular at P.

In the next proposition we show that the ring Op is a local ring i.e. a ring
with only one maximal ideal.

Proposition 1.1.2. Let X C P™ be a projective variety and let P be a point in
X. The ring of regular function at P, Op, is a regular local ming. In particular
Op/my, is a field isomorphic to C.

Proof. Let m, be the ideal of Op generated by quotients of polynomials defined
in an open neighbourhood of P which vanish at P. m, is maximal. Indeed if
we add another element f € Op we have that there is a neighbourhood of P
in which f does not vanish. Thus 1/f is regular at P and is an unit i.e. an
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invertible element. From Proposition 1.6 of [9] we have that Op is a local ring.
Moreover since m,, is maximal we have that Op/m, ~ C (a proof of this fact
can be found in Chapter 1 of [9]).

O
Remark 1.1.3. Let f,g € C[z1,0,...Zrq,] be two multihomogeneous polyno-
mials of the same multidegree (dy,...,d,) and let U be a Zariski open set in
which ¢g does not vanish. Then, the map f/g : U — C which sends a point
([P),...,[P]) € Pt x - x P to f((P1),...,(P)/g((P1),...,(P)), where

(P1),...,(P,) are sets of coordinates for the point ([P1],...[P,]), is a well defined
function.
Indeed for every point ([P1],...[P;]) € P™ x --- x P* we have that

FOa(P), A (P) A A F(P), - (P) - f((P) )

o (P,
g(Py), A (P) — AE A (P, (P)  g((Py),-- - (Pr)

for all \; different from O.

Proposition 1.1.4. Let B = {Py,...,P.} CP" be a finite set of length {(B) =
r. Then, the ring of regular functions O(B) is isomorphic to C" as a linear
space over C.

Proof. To show this, we define a map ¢ : O(B) — C" as follows. For every
f € O(B) and for every P; € B there exist an open neighbourhood U; C P" of
P; such that f = h;/g; on U; with h;, g; of the same degree. Thus, we define
o(f) as:

o(f) = (ho/go(P1)),-- -, hr/gr(Pr)).

Let f,g be two regular function in B such that ¢(f) = ¢(g). This means
that, there exists h;, h} and g¢;, g} polynomials and Uj . . . U] neighbourhoods such
that h;/g:(p;) = h}/g.(p;). Thus, f and g are equal as maps from B to C so ¢
is injective.

Moreover B is a finite set, so we can always find a polynomial g which vanish
in no points of B and another polynomial h of the same degree of g vanishing
in all the point of B but one. So, we have that h/g, up to scaling, is an element

of the canonical base of C". As a consequence ¢ is surjective.
O

Now we give a definition of multiprojective maps i.e. maps between multi-
projective spaces.

Definition 1.1.5. Let X C P x --- X P*™ and Y C P™ x --- x P™ two
multiprojective varieties. We say that a map f: X — Y is multiprojective if for
any point P € X there exists an open set U of X containing P and polynomials

1,05 fim; € K[z1,0,- -, %rn,] multihomogeneous of the same multidegree
such that for all Q € U:

Q)= [f1,0(Q) B fj,m,-(Q)]~

Remark 1.1.6. Let X be a multiprojective variety and let P € X. Notice
that every regular map can be also considered as a multiprojective map from
an open neighbourhood U C X to P!.
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Example 1.1.7. Given two projective spaces P", P with n < m we have that
the map ¢ : P — P™ defined as:

d([zo - rxp])=lro: - :xp:0:---:0]
is an injective projective map.
An important property of projective maps is the following.
Proposition 1.1.8. Projective maps are continuous in the Zariski topology.
Proof. See Proposition 9.3.5 of [15]. O

As for the projective case, it is easy to prove that the composition of two
multiprojective maps is a multiprojective map, and that multiprojective maps
are continuous in the Zariski topology.

An interesting class of projective maps are the maps from the whole space
P" to a variety Y C P™ defined starting from a linear map f : C**1 — C™*!.
The following example shows the construction of such projective maps.

Example 1.1.9. Given a set of linear injective maps f; : C**! — Cbit!

(i=1,...,7), we can define a projective map f : P4 x - .. xP% — Pb1 x...xPbr
as follows:
?([xl’o Do (El,al], ey [.’Er’o Do xT,ar]) =

= ([fl(l’l’o, e 71’1@1 )], ey [fr(lli,«,o, ey zr,ar)])-

Notice that, from the fact that f is linear and injective, f defined as before is
a well defined multiprojective map. We call such a map a linear multiprojective
map.

Notice that, in the previous example, if one of the linear maps f; : C*+! —
CY» 1 is not injective, we cannot define the multiprojective map f. In fact, since
fi is not injective, we have that the kernel of f; is different from {(0,...,0)}, so
there will be a point [x;0 : -+ : T;4,] such that f;(x;0,...,%iq,) is equal to 0.
So, we have that [fi(z:0,...,%iq,;)] is not defined.

However, also in this situation, we can avoid this problem restricting the
domain of the projective map in order to avoid the kernel of the map f. This
justify the following definition.

Definition 1.1.10. Given a linear map f : C**! — C™*! and a projective
variety X C P™ such that X NP(ker(f)) = (0 we have that if we restrict the
domain of f to X, the restricted map

which send a point P € X of coordinates [aq, . . ., a,] to the point [f(ao, ..., as)]
is a well defined projective map.

We call such a map the projection of V' from P(ker(f)). The subspace ker(f)
is called the center of the projection and we call P(ker(f)) the projective kernel

of f.
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Remark 1.1.11. Any linear multiprojective map ¢ : P* x --- x P4 — P™
is defined, up to isomorphism and change of coordinates, by multihomogeneous
polynomials of multidegree (1,...,1). In other words, for every point P €
P x ... x P% ¢ can be written as a quotient of polynomials taking as a
neighbourhood U of P the whole space. The proof of this fact follows almost
directly from the irreducibility of projective spaces and can be found generalizing
the proof of Proposition 9.3.2 of [15]. The same observation applies also for
projective maps.

Remark 1.1.12. We can repeat the argument used to define projections also to
find maps from a multiprojective variety to a multiprojective space induced by
linear maps. In particular, a set of linear maps ¢; : C% 1t — Cv+! (i =1,...,7)
induces a multiprojective map from X C P x ... x P% to P x ... x P’ when
(P(ker(¢p1) x - -+ x P(ker(¢,)) N X = 0.

An important property of projections is the following.

Proposition 1.1.13. Let f; be an injective linear map f; : C*+1 — Cli+l with
i=1,...7r and b; > a;. Then, given a projective variety X C P x ... xP%  we
have that f induces a projective map f : X — PP x ... x PP which is a closed
map in the Zariski topology i.e the image of a closed set is still closed.

Proof. We prove it by induction of the number of factors of the multiprojective
space P x ... x P9,

Suppose r = 1. If f is injective then, the proof is easy and it is based on
the fact that f can be written as a composition of two maps 1 o f’ where ¥ is
a change of variables and f” is the map which send a point P = (ag, ..., a,) to
the point (ag,...,an,0,...,0). A complete proof of this case can be found in
Proposition 10.1.4 of [15].

If f is not injective then, we can write f as f = 1o f” where 1) is the natural
surjection from C"*! to C"*1/ker(f) and f” is the map from C"*!/ker(f) to
C™ which send a point P +ker(f) € C"™!/ker(f) to f(P). The complete proof
of this case can be found in Proposition 10.4.2. of [15].

The proof for r > 1 follows directly from the general fact that the product
of closed maps is closed. O

We will use this kind of maps in the next session to define formally what is
the dimension of a variety.

Proposition 1.1.14. The projection m; : P x --- x P — P% _ which send a
point P = ([a1,0: - :Qiay)s---,[Qro -+t Gpra,]) to the point [a; 0 : - : Qi a;),
is a closed projective map.

Proof. 1t is easy to see that the map m; is a multiprojective map. As a matter
of fact, it follows directly from the definition that 7; is defined by multihomoge-
neous polynomials of multidegree (0,...,0,1,0,...,0) where the 1 is the degree
of the i-th set of variables. Indeed, the multihomogeneous polynomials are just
the variables x; ; for j =0,...,a;.

To prove that m; is closed we have to show that given a closed set X C
P x ... x P the image of X through m; is still closed.

Now we can proceed by induction. If 7;(X) = P% then there is nothing to
prove since P% is closed. In the same way, if a; = 0 for some ¢ then P* is a
point so the image of every non-empty closed subset of P%t x - - - x P%" is closed.
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Now we proceed by induction. Since 7 x is the map induced by the natural
map f:CHFl x ... x C*t — C%*! the conclusion follows. O

We introduce now two projective maps that will be involved in problems
related to tensors. This maps are the Veronese and Segre maps.
We can define Veronese maps as follows.

Definition 1.1.15. The Veronese map vq, : P* — PN with N = (”;d) —1is
the (non-linear) map such that:

Ugn(P) = [mo(P) : my(P) : -+ : my,(P)]

where the m; are the monomials of degree d (ordered in the lexicographic order).

Remark 1.1.16. In the literature, Veronese maps are defined also in other
ways. In particular we can consider the Veronese maps to be defined as

Tan(P) = [agmo(P) : cama(P) : -+ - : apymiy (P)] (1.1)

where the a; are some coefficients in C. It is easy to see that all those definitions
are equal up to a change of coordinates. Thus, all the properties that hold for
the maps defined as in 1.1.15 also hold for the maps defined in 1.1.

There is a way to choose the scalars «; in Equation 1.1 that is particularly
useful when we are dealing with symmetric tensors. This choice of the coef-
ficients is strictly related to the concept of dual of a vector space and can be
described as follows.

Fix a base of P" zg,x1,...,%, and write P = [ag : a1 : --- : a,] € P" as:

[ap:ay:---:ap] =apxo+arxy + - + anZn.

Definition 1.1.17. The (dual) Veronese map vg, : P* — PN (with N =
("'{;d) —1) is the (non-linear) map that associate to every point [ag : a1 : - - : ay]
the coefficients of [(agxo + a1zy + - - - + anz,)9].

Equivalently, v, 4 is the map obtained by choosing the coefficient a; in 1.1
equal to the Newton binomials, i.e. the i-th coordinate of vg, ([ao : a1 : - - : ay])
is the evaluation in (ag,as,...,a,) of the i-th monomial obtained from the
expansion of (agxg + a121 + - - - + a,r,)?% ordered lexicographically.

The following example shows that Definition 1.1.17 and Definition 1.1.15
differ only for some coefficients.

Example 1.1.18. Fix as a base for P° {xg, 71,72, 73,74, 75}. The standard
Veronese map Dz 2 : P2 — P5 is the map that sends at each point P = [ag : a; :
as] to the point

Uo,2(P) = [a2 : agay : apay : a3 : ajas : all.
On the other hand we have that

vo.2([ag : a1 @ ag]) = [a% s 2a0a1 : 2agas : a? : 2a1as : a%].

An important property of Veronese maps is that v, 4 is injective for all
n,d € ZT.
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Lemma 1.1.19. For all n,d € N the Veronese map vy, q is injective.

Proof. Suppose that there are two points P = (pg,...,pn), @ = (90, --,¢n) In
P™ such that vy, 4(P) = vp,q(Q). Thus we have that, up to a scalar multiplica-
tion, pf = qzd and then p; = e;q; with e; a d-th root of unity. If the e;’s are not all

equal to 1, then there exists a monomial m; such that m;(eo,...,e,) # 1. Thus,
we have that the monomial a;m;(po,...,p,) is not equal to a;m;(qo,---,qn)
where o is the coefficient that comes from the expansion of (po, . .., p,)¢. Thus,

since «; is a positive natural number different from zero for all monomials m;,

we have a contradiction.
O

Another important property of Veronese maps is that the image is a variety,
so there exists a set of equations that describes the image of 7y, 4.

Proposition 1.1.20. The image of a Veronese map is a projective subvariety.
In particular it is defined by a set of homogeneous polynomials of degree 2.
Moreover, every Veronese map is closed in the Zariski topology.

Proof. Since v, q and v, 4 are equal up to a change of coordinates, we sketch
the proof of this theorem for v, 4. A complete proof can be found in Theorem
10.5.4 and Theorem 10.5.7 of [15].

The Veronese variety can be defined as the vanishing locus of quadratic
equations as follows.

Fix (ag,...,an,) and (bg,...,b,) two (n + 1)-tuples of non-negative integers
such that Y a; = > b; = d and let (¢1,...,c,) another (n + 1)-tuple such that
>~ ¢; = d and such that for all ¢ we have a; +b; > ¢;. We define D = (d,,...,d,)
as d; = a; + b; — ¢;. Then we have that > d; = d and that the Veronese variety
V' is the zero locus of the quadratic polynomial of the form:

mAmB — mcmD

where each m’ is a monomial of multidegree i.
To prove that the Veronese map is closed we have to show that the image of
every projective subvariety of P" through v,, 4 is a projective subvariety of PV.
The proof is based on the fact that every polynomial F' € Clxo,...,x,] of

degree kd can be interpreted as a form of degree k in the coordinates My, ..., My
of PV together with the fact that for every variety X C P" the ideal I(X) is
equal to the ideal IM? where M is the maximal ideal of C[x1,...,x,]. O

Given a Veronese map vy, q, we call its image a Veronese variety. Since a
Veronese map is injective, sometimes we will refer to a Veronese map also with
the name of Veronese embedding.

Another important class of maps between multiprojective spaces, is the class
of Segre maps.

Definition 1.1.21. Fix a;,...,a, € Nand set N = (a1 +1) - (ag +1)-----

(an +1)— 1.

The Segre map of ay,...,a, is the map s4,,. 4, : P X oo X P — PV
that sends a point P = ([p1,0.--P1,a1)s---» [P0t - & Pnoan)) t0 [Mo(P) : - :
Mp(P)] where each M; is a monic monomial of multidegree (1,...,1) in the

variables ©1,0... %1415 %n,0---Tn,q, (ordered in lexicographic order).
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As for the Veronese map, we can prove that all the Segre maps are injective.
Lemma 1.1.22. Every Segre map is injective.

Proof. Let P x --. x P be a multiprojective space with n factors. We prove
our statement by induction on n.

If n = 1 then the Segre map is the identity map, so this case is trivial.

Let P,Q € P* x --- x P be two points of the form

P - ([pl,O Coe :pl,al]v'”aLpn,O“'pn,an])

Q = ([QLO Lol q1,a1]a ceey [Qn,O .. ~Qn,an])

and assume that se, . a, (P) = Say.....a, (Q)-

Fix indices ji,...,Jn such that pi;,,...,pn ;. are different from 0. The
monomial M = x4 j, - - %y, does not vanish at P, hence also the coordinates
of Q ¢1,,---,qn,j, are all different from 0.

Call @ = q1 5, /p1,;,- We want to show that also ¢1 ;/p1; =afori=1,...,m
i.e. that P = Q. Define 8 = (g2, ** - Gn,j. )/ (241 - * Pn,j,)- Then  ## 0 and:
a-B=1(q1j " Gn;j.)/ (P11 Pnyj,). Since P,Q have the same image in the
Segre map, then for all i+ = 1,...,a,, the monomials M; = x1;%2j, " Tnj,
satisfy: aBM;(P) = M;(Q). As a consequence we have that o-5-(p1,i - Pnj,) =
(q1i*qn,j,) so that a-B-p1; =qi, for all i . Thus [p1o: - :pra] = lq10:
“++ Q1,4 To conclude the proof we can repeat the same argument used before
for the remaining factors, obtaining P = Q. O

So, every Segre maps is the embedding of a multiprojective space P%* x - - - x
P to a projective space PY. Moreover, as before, we call the image of a Segre
map a Segre variety. The following result justifies this notation.

Proposition 1.1.23. The image of the Segre map is a projective subvariety of
PN . Moreover all the Segre maps are closed in the Zariski topology.

Proof. We can find equations in Cz1,0...,%1.a15--+»%n,0---,Tn,a,) defining the
Segre variety Sq,, .. q, (P* X --- x P%) as follows.

First we associate to every n-tuple Y = (aq,...,a,) with 0 < a; < a; the
multihomogeneous polynomial MY € Clx1p...%n.q,] of multidegree (1,...,1)
defined as:

Y _
M =210, Ty, -

Then, given any subset J C {0,1,...,n} and two n-tuple A = (aq,...,a,)
and B = (f1,...,8,) with 0 < «;,8; < a; we define an n-tuple CX,B =

(Y1, -+ yYn) With
o; ified
Vi = . (1.2)
B; otherwise

In the same way we define D = Cf‘jg where J¢ = {0,1,...,n}\ J.
Then Sq,, . q, (P* X -+ x P%) is defined by the polynomials of the form:

fiB — MAMB — MCMP

A complete proof of this fact can be found in Proposition 10.5.12 of [15].
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In order to prove that Segre maps are closed we need to prove that the image
in Sq,,....q, of a multiprojective subvariety X C P x ... x P%» is a projective
subvariety of PV.

As usual the multiprojective variety X is defined by multihomogeneous poly-
nomials in Clz1,0,...,%n,qe,] (with the usual partition of the variables).

As for the Veronese map, the proof is based on the following remark. If F'is
a monomial of multidegree (d, ..., d) in the variables z; ;, then it can be written
as a product of £ multilinear forms in the unknowns z; ; ’s, which corresponds
to a monomial of degree d in the coordinates My, ..., My of PV.

Thus, any form f of multidegree (d,...,d) in the x;; ’s can be rewritten as
a form of degree d in the coordinates M; ’s. For a complete proof see 10.5.16
of [15].

O

A direct consequence of Lemma 1.1.22 and Proposition 1.1.23 is that all
multiprojective spaces are projective varieties via the Segre embedding, and
that all multiprojective varieties can be identified with projective varieties.

There is a strong connection between the Veronese and Segre maps. In order
to show this relation we need to define the diagonal embedding.

Definition 1.1.24. We say that a multiprojective space P x - - - x P?" is cubic
if there exists an n € N such that a; = n for all i. We call a diagonal embedding
the map ¢ from P" to a multiprojective space of the form P™ x --- x P™ which
send a point P € P™ to the point (P,..., P) of P" x --- x P

Theorem 1.1.25. Fix a cubic multiprojective space with d > 1 factors. Then,
the Veronese embedding v, 4 of degree d corresponds to the composition of the
diagonal embedding 9, the Segre embedding s,.... , and one projection.

Proof. Let P = [pg : --- : pp] be a point of P* and consider s, ., 0 d(P) =
Sn,..n(P,..., P).

By definition of Segre embeddings it follows directly that all the coordinates
of sn,...n(P;..., P) corresponding to monomials 1 (i) - .. Zd,(i,), Where o is
any permutation of [d] = {1,...,d}, are equal.

A direct computation shows also that there are exactly ("gd) non-repeated
coordinates of s, , o 0(P) (with “non-repeated coordinates” we indicate the
coordinates of s, ,0d(P) corresponding to different monomials). In particular,
the non-repeated coordinates correspond to the multilinear forms x;;, ... zq,,
such that i; < iy < --- < 1g4.

We want to eliminate the repeated coordinates from s, ., o d(P). In other
words, we want to compose S, .., o d(P) with the projection induced by the
linear maps ¢ : CN*t1 — (C«ﬁd) which send a point @ = s, (P, ..., P) seen
as a point of CNV*1! to the point Q of (C(n;d) obtained from @ by removing the
repeated coordinates. In order to define correctly this projective map, we have
to check that the projective kernel of ¢ is disjoint from the points of the form
(P,...,P).

The kernel of ¢ is the set of all the (N + 1)-tuples in which the coordinates
corresponding to linear forms z; ;, ... 2q,, with i1 <iy < --. <4 are all zero.
So, for all P = [pg : p1 : --- : pp] € P" we have that s, ., o §(P) cannot
meet the kernel otherwise we would have that pgo = ... = pin = 0 that is
po =+ = pp = 0. Thus the map ¢ o s, . ,od is well defined for all P € P™.

.....
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Moreover, the coordinates of s, ., o §(P) corresponding to 1, ... %44,
with i3 <9 <--- <4 are equal to py° - - pie¢, where r; is equal to the number
of times in which the number i appears among i1,...,3q. Then, rq+---+r4=4d
and it is clear that the coordinates of ¢ o s, ., od are the monomials of degree
din xg,...,z,. So computing ¢ o s, ., od(P) is equivalent to computing the
Veronese map vy, 4(P) defined as in Definition 1.1.15.

O

Remark 1.1.26. Let A C P™ be a finite set of points and let ¢ a injective
projective map. As we have seen in Remark 1.0.2, A linearly independent means
that the projective span L(A) has dimension equal to the number of points minus
1. Moreover, if ¢(A) is linearly independent then also A is linearly independent.

We conclude this section by mentioning an important Theorem about pro-
jective maps: Chow’s Theorem.

Theorem 1.1.27. Every multiprojective map f : P* x. .. xP% — P™ is Zariski
closed.

Proof. For the projective case the proof follows directly from the fact that every
projective map can be written as the composition of a Veronese map, a change
of coordinates and a projection. Indeed, from Remark 1.1.11 we know that
there are fo,..., fm € Clzo,...,zy] of the same degree d which do not vanish
simultaneously at any point of P" and such that f(P) = [fo(P) : -+ : fu(P)]
for every P € P™. Since each f; is a linear combination of monomials of degree
d, we have that there exist a change of coordinates h of PV such that f is
the composition of the Veronese map vy, 4, the change of coordinates h and
a projection 7 to the first m + 1 factors. Notice that 7 is well defined since
fP)y=1[fo(P): - : fm(P)] #0 for all P € P".

The result follows from the fact that changes of coordinates are closed maps
and from Proposition 1.1.13 and Proposition 1.1.20.

The proof of the multiprojective case is similar and follows from the fact
that every multiprojective map factors through a Veronese map, a Segre map, a
change of coordinates and a projection. For a proof of this fact see Proposition
10.6.2 of [15]. Also in this case the conclusion follows from Proposition 1.1.20,
Proposition 1.1.23 and Proposition 1.1.14 O

Remark 1.1.28. Theorem 1.1.27 holds also for multiprojective maps whose
domain is a variety different from the whole space P** x - - - x P%" (see Corollary
11.3.7 of [15]).

1.2 Dimension of a variety

In this section we give a definition of dimension of a variety. In order to recall
this concept we will take as main reference [15].

In order to define what is the dimension of a variety we will use the notion
of dimension of a linear projective subspace. First of all we recall the definition
of a fiber of a projective map.

Definition 1.2.1. Let f be a projective map, f : X — Y. We call fiber of f
over a point P the inverse image f~1(P).
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Notice in particular that since projective maps are continuous in the Zariski
topology, the fiber over any point P is closed in the Zariski topology i.e. it is a
projective variety.

Proposition 1.2.2. Let X C P" be a projective variety. Then, there exists a
linear subspace L C P™ not intersecting X such that the projection of X from L
to a linear subspace L' is surjective with finite fibers.

Proof. See proposition 11.2.3 of [15]. O

Now, we are able to define what is the dimension of a projective variety.
First we will give the definition only for irreducible projective variables and
then we will extend this concept using the fact that every projective variety can
be seen as the union of a finite number of irreducible projective varieties.

Definition 1.2.3. Given X C PV an irreducible projective variety, we say that
X has dimension n if there exist a linear subspace L C PV of dimension N —n—1
with does not meet X and such that the projection with center L which maps
X to a linear subspace L’ of dimension n is surjective with finite fibers.

We assign dimension -1 to the empty set and if X = P we consider valid to
take L = () and the projection equal to the identity. So, P™ has dimension n.

Example 1.2.4. Let V C P? be a nonempty irreducible variety defined by an
irreducible polynomial g # 0. V has dimension equal to 1. In fact, let Py be a
point such that g(Py) # 0 and consider the projection 7 from Py which maps C'
to PL. Thus for each P € V the fiber 77!(P) is a proper subvariety of P! since
Py ¢ 7=1(P). So 7~ 1(P) is a finite union of points and all the fibers are finite.
Moreover, since by Theorem 1.1.27 7 is closed and since V is infinite we have
that the image of 7 has to be infinite and so 7 is surjective.

We can prove that the dimension of an irreducible variety is unique. In order
to state the next proposition, we recall the definition of quotient field of a ring.

Definition 1.2.5. Let R be a integral domain. We call the quotient field of
R the smallest field in which R can be embedded. An effective construction of
such a field can be found in Chapter 3 of [9].

In particular, given a prime ideal I corresponding to an irreducible variety
X we have that K[z, ..., x,]/I is a domain. We will refer to the quotient field
of K[zo, ..., 2,]/I as the quotient field of X.

Proposition 1.2.6. Given an irreducible variety X C P™, if there is a pro-
jection ® : X — P™ with finite fibers, then the transcendence degree of the
quotient field of X ismn. In particular, given m’ # m we cannot find a surjective
projection ' : X — P™ with finite fibers.

Proof. See Corollary 11.2.12 of [15]. O

Now that we know that the dimension of an irreducible variety is well defined,
we can give a definition of dimension for any variety.

Definition 1.2.7. Let X C P™ be a variety. We define the dimension of X as:
dim(X) = max{dim(X;)}

where each X is an irreducible component of X.
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We want to give a result that estimates the dimension of the fiber of a
projective map. First we give some preliminary definitions.

Definition 1.2.8. Given a projective function f : X — Y, for all P € Y we
define ps(P) as:

pg(P) = dim(f~'(P)).

Definition 1.2.9. Let f : X — Y be a continuous map. We say that f is
dominant if f(Y) is dense in Y.

Definition 1.2.10. Given a projective variety X C P® and amap f: X — Z
we say that g is upper semicontinuous if for every n € Z the set of points P € X
such that f(P) > n is closed in the Zariski topology.

Now, we can state the following theorem that characterize the dimension of
the fiber of a certain projective map.

Proposition 1.2.11. Let X be a irreducible variety and let f : X — Y be a
dominant projective map. Then we have that f is surjective, the function uys is
upper semicontinuous and py(P) < dim(X) — dim(Y') for all P € X.

Proof. See Theorem 11.3.5 of [15]. O

Corollary 1.2.12. Let X be a irreducible variety and let f : X — Y be a
dominant projective map with Y irreducible. If n is the dimension of the fiber

f~Y(P) with P general in Y, then dim X = dimY + n.

Proof. The proof follows directly from Proposition 1.2.11. O

1.3 Secant varieties

In this section we will introduce an important object useful for the study of
problems concerning tensors: the secant variety. In particular, we will see that
this concept is strictly related to the decomposition of a tensor.

Definition 1.3.1. Let Y7,...,Y, be projective subvarieties of P" and let Y7 X
-+ XY, be a multiprojective variety of (P*)" = (P") x - - - x (P"). The total join
of Y1,...,Y, is the subset T J(Y7,...,Y;) C Yy x-+-xY, xP" of all (r+1)-tuples
(Py,...,P.,Q) such that the points Pi,..., P.,Q as points of P" are linearly
dependent.

Remark 1.3.2. Notice that if » > n + 1 then the total join TJ(Y1,...,Y,) is
equal to Y7 x --- x Y, x P". In order to avoid this trivial cases we will suppose
r<n

In particular, a point v = (P, ..., P-, Q) in the total join of Y7 ...,Y, C P"
satisfies several conditions. In fact, every P; € Y; satisfies the set of equations
defining Y;. Moreover, using the condition of linear dependence we have the
following result.

Proposition 1.3.3. The total join of Y1,...,Y, CP" is a multiprojective sub-
variety of (P™)"+1.
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Proof. Let P = (Py,...,P.,T) be a point in TJ(Y7,...,Y,). We want to
find multihomogeneous polynomial f; € Clz1,0,.--sZ1m,-- s Trt1,05- - Trtln)
which vanish at P for all P in TJ(Y3,...,Y;).

Since each P; belongs to Y; foralli = 0,1,...,r, we have that P satisfies mul-
tihomogeneous equations defining Y; in the i-th set of unknowns z;0,...,Z;x.
Moreover since T is contained in the span of py,...,p., for a choice of homoge-
neous coordinates (h; g, ..., hin) for p; and homogeneous coordinates zg, . .., T,
for T, we have that all the (r + 1) x (r + 1) minors of the matrix

To T1 SR Ty
h170 hl,l . hl,n
hr,O hr,l e hr,n
vanish.
These minors define multihomogeneous polynomials in the multihomoge-
neous coordinates in Clx1,0,...,%1n;- - Tr41,05-- - Lrt+1,n)- Since conversely

every point which satisfies the previous equations lies in the total join, by defi-
nition, this concludes the proof.
O

Definition 1.3.4. Given a set of varieties A = {Y7,...,Y;} of P we say that
A is independent if we can find linearly independent points P, ... P, such that
P eYy,...,P. €Y. Inparticular if Y, = --- =Y, =Y then {V3,...,Y,.}
is independent if and only if Y is not contained in a projective subspace of
dimension r — 1.

Moreover, if Y is nondegenerate i.e. not contained in any hyperplane, then
for every r < n+1 we can obtain a set of independent varieties simply by taking
r copies of Y.

Remark 1.3.5. Let Y7,...,Y, be varieties of P". If there are points P, €
Y1,..., P. € Y, which are linearly dependent, then for every @Q € P™ the point
(P1,...,P., Q) belongs to the total join.

We want to exclude, whenever it is possible, the case shown in the previous
remark. To do this, we have to recall some results.

Proposition 1.3.6. The product of a finite number of irreducible projective
varieties is irreducible.

Proof. A proof can be found using the same argument of the proof of Theorem
5.8 of [32].
O

An important consequence of this Proposition is the following.

Theorem 1.3.7. Let Y1,...,Y, C P™ be a set of irreducible varieties. Then,
there exists a unique irreducible component Z of the total join TJ(Y7,...,Yy)
such that the restriction to Z of the projection m of Y1 X --- X Yy x P" to the
first k factors surjects onto Y1 X --+ X Y.
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Proof. We know from Theorem 1.0.38 that TJ(Y; x --- x Y,) =C1U---UC,
where each C; is an irreducible closed set for all # = 1,...,r. Thus, since
the projection 7 : TJ(Y1 x -+ x Y}) = Y1 X .-+ x Y}, is surjective and closed
(by Proposition 1.1.14), we have that Y7 x --- X Y} is contained in the union
m(C1)U---Un(C,), where each 7(C,) is a closed set. By Proposition 1.3.6 we
know that Y7 x --- x Y}, is irreducible and so there exists an index ¢ such that
Y7 x -+ x Y, = 7(C;). Notice that C; maps onto Y3 x -+ X Y in 7. We want
to prove that such ¢ is unique.

Since by hypothesis the set of varieties Y7, ..., Y} is independent we can find
P1,- - -, P linearly independent points of P™ such that p; € Y; fori=1,...k.

By definition of total join we have that the fiber 7=1(py, ..., px) is a subset of
{p1,...,pr} xP™ which is isomorphic to p1, . . ., pp X A, where A is the linear space
of dimension k — 1 spanned by p1,...,pr. So, the space 7~ 1(p1, ..., px) is irre-
ducible since it is the product of some irreducible varieties and as a consequence
it is contained in one irreducible component of the total join T'J(Y1,...,Y%).

Let W; be the set of k-tuples (Py,...,P;) C Y7 x .-+ x Y} such that for
all T €< Py,..., P, > the point (P1,..., P, T) belongs to C;. Each W; is a
subvariety. Indeed we can find a set of equations defining W; as follows. Since
each Cj is irreducible, we can find an irreducible multihomogeneous polynomial
f for C; seen as a subvariety of the space (P")¥ x P*. Now consider f as a
polynomial in the variables of the last factor P", with coefficients f;’s which
are multihomogeneous polynomials in the coordinates of (py,...,pr) € (PV)k.
Since (p1,...,pk,T) € C; for all T €< p1,...,pr > we have that (p1,...,px)
annihilates all the polynomials f; and vicecersa. This provides a set of multi-
homogeneous equations which defines W.

From the fact that each W; is a subvariety, the result follows. Indeed sup-
pose, by contradiction, that there are several irreducible components of the

join, C4, ..., Cy,, which map onto Y7 X --- X Y under 7, and consider the sets
Wi, ..., W, as above. We know that the fibers 7=!(p1, ..., px) belong to some
C;, whenever the points p1,...,py are independent. So, the union (J(C;) con-

tains the subset U of k-tuples (p1,...,px) in Y1 X - - - X Yy such that the p;’s are
linearly independent. We can prove that U is open. In fact the complement of
U i.e. the set of k-tuples (p1,...,px) such that the p;’s are linearly dependent
can be defined by the k x k minors of the matrix obtained by taking as rows
a set of coordinates of the P;’s. The set U is also non-empty since the Y;’s are
independent, so U is dense in Y7 X - -+ X Y} , which is irreducible, by Proposition
1.3.6. It follows that Y7 x --- x Y} , i.e. the closure of U, is contained in the
union 7(C;), hence it is contained in some 7(C;), say in 7(Cy). In particular,
m(C1) contains an open, non-empty, hence dense, subset of Y7 X - -+ x Y;. Thus
W(Cl):}/l Xoee XYk.

Assume that C5 in another component which satisfies 7(C2) = Y7 x -+ X
Y. We prove that Cy C C4, which contradicts the maximality of irreducible
components. Namely W = (Y} x --- x Y}) \ U is closed in the product, so
CoN (7~ Y(W)) is closed in Cy and it is a proper subset, since 7 restricted to Cy
surjects. Hence Cy\ (71 (W)) is dense in Cy, which is irreducible. On the other
hand if (p1,...,pk, Q) € Co \ = 2(W), then p1, ..., py are linearly independent,
thus (p1,...,pk, Q) € C1 because C; contains the fiber of w over (p1,...,pr). It
follows that Cy \ 7= 1(W) C Oy hence Cy C Cf, a contradiction.

O
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This Theorem guarantees that the following definition is correct.

Definition 1.3.8. Given an independent set of irreducible varieties Y7, ..., Y%
we define the abstract join of the Y;’s as the unique irreducible component
AJ(Y1,...Yy) of the total join TJ(Y7,...Y:) which maps onto Y7,...Y% in the
natural projection.

The (embedded) join J(Y71,...,Ys) is the image of AJ(Y7,...Y, k) under the
projection of (P™)* x P™ to the last copy of P™.

Definition 1.3.9. If we apply the previous definitions to the case Y1 = --- =
Y, = Y when Y is an irreducible variety of P™ we call the abstract join the
abstract secant variety ASk(Y) and we call the (embedded) join the secant
variety Si(Y).

Notice that both the secant variety and the abstract secant variety of an
irreducible variety Y are irreducible.

Example 1.3.10. Consider the Veronese variety V = vy 4(P'). A general
point of the abstract secant variety AS2(V) is of the form (P, Pi, Q) where Q
belongs to the line spanned by Py and P;. In particular, since Py and P; belong
to the Veronese variety V, they are the image of two points Py = [ag : a1]
and P; = [by : by] in P!, so they are of the form Py = (agzo + ajz1)? and
Py = (bowg+by71)?%. Now, by using the condition of linear dependence, we have
that Q = ao(aoxo + alxl)d + Oél(boxo + bll‘l)d.

So, the (embedded) secant variety S2(V') contains all the points of P4 (con-
sidered as the projective space of forms of degree d) that can be expressed as
combinations of the d-th power of two linear forms.

We can verify that not all the points of S3(V') can be written as a combination
of two linear forms. As an example consider the point of AS>(V) of the form
(Po, P1(t),Q) = (&, (zo + tx1)%,Q). For t that tends to 0 then P;(t) tends to
Py and, since AS5(V) is closed, then the limit of a family of points still belongs
to the abstract secant variety. Consider

Py— Py = (z0+txy)? — 2l = (d — D)ta®y + - 4ty

Since we are working in a projective variety we can divide ) by t. Passing to the
limit for ¢ that tends to 0 we have that Q tends to (d—1)x%~ 'y which cannot be
written as a sum of two d-th power of linear forms (see Example 12.1.10 of [15]).

We can estimate the dimension of the abstract join of some varieties as
follows.

Proposition 1.3.11. The abstract join AJ(Y1,...,Yy) has dimension (k—1)+
dim(Yy) - - - + dim(Yy). In particular, the abstract secant variety ASi(Y) of a
variety Y of dimension n has dimension k — 1 + nk.

Proof. The fiber of the projection 7w : AJ(Y1,...,Y;) = Y1 X --- x Y}, over a
general point P = (p1,...,pn) € Y1 X --- X Y}, (such that the p; are linear
independent) has dimension k — 1, since 7~ (P) corresponds to the projective
span of p1,...,pg. The conclusion follows directly from Corollary 1.2.12. O

In particular, the previous Proposition provides an easy method to compute
the dimension of an abstract secant variety.
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We conclude this section by recalling the relation between secant varieties
and tangent spaces.
We can give a definition of a tangent space as follows.

Definition 1.3.12. Let X C P" be the hypersurface defined by the form:
f=al hy + 28 2hy + -+ hy

where each h; is a homogeneous polynomial of degree 7 in the unknowns x4, ..., z,.
Notice that Py =[1:0---: 0] belongs to X. We define the (embedded) tangent
space to be the linear subspace T'x (Pp) of P" defined by the equation h; = 0.

Now we extend this definition to a generic variety.

Definition 1.3.13. Let X be any variety of P™ containing Py = [1: 0---: 0]
and consider the elements f; of the homogeneous ideal I(X). Each f; defines
an hypersurface V(f;) containing Py. We define the (embedded) tangent space
to X at Py the intersection of the tangent spaces Ty (y,)(Fo) with f; € I(X).

Given a variety X of P and a point P in X, then we define the tangent
space to X at P as:

Tx(P) = ¢~ Y (Tyx)(Po))

where ¢ is the change of coordinates that sends P to Pj.
An important result about tangent spaces is the following.

Theorem 1.3.14. For every P € X the following inequality holds.

dim(Tx (P)) > dim(X).

Proof. We can find a general proof of this fact in Corollary 11.15 of [9]. O

Example 1.3.15. Consider the Veronese embedding v, 4 of P" into PV with
N = ("zd) —1 and let P be a point of P" corresponding to a linear form L. We
claim that the tangent space to V = v, 4(P") at P is the ideal generated by

LY Ly, Ly,
To show this, first we change coordinates sending P to Py =[1:0:---:0].
Now P, correspond to the linear forms xy and it is mapped by v, 4 onto the

monomial m® = x¢.

As we have seen, the Veronese variety can be defined as the vanishing locus

of quadratic equations of the form:
mAmB — m&mP
where each m® is a monomial of multidegree i (see Theorem 1.1.20).

In particular, we can consider the quadratic equations of the form m®m? —
m&mP where m® is the monomial xd. We can notice that these equations are
not trivial whenever m® cannot be divided by xg_l.

Thus, to every equation of the form m®m? — m®mP in the ideal of the
Veronese variety it corresponds an equation of the form m* = 0 for the tangent
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space to V at Py, where m’ is a monomial in which the exponent of zq is smaller
or equal than d — 2.

So, it follows directly that the ideal Tx(P,) is contained in the space S
generated by the monomial corresponding to xg,xg_lxl, e ,xg_lxn. Since S
has dimension n = dim(V) (see Example 11.2.22 of [15]) and since we know
from Theorem 1.3.14 that the dimension of Ty (Fp) has to be at least n, we have
that Ty (Py) is the subspace of the space of polynomials of degree d in n + 1
variables generated by z¢, nglxl, . ,:vgflxn. Our claim follows by changing
the coordinates again.

Now we can state the following important results due to Terracini. The
idea of this Lemma is that given a variety X C P” and zy,...,z, € X, if
P e< x1,...,x, > is a general point, then the dimension of S;(X) is equal to
its expected dimension minus the number of ways in which we can move the x;
such that < xq,...,x; > still contains P.

Lemma 1.3.16 (Terracini). Let X C PV be an irreducible, non degenerate
projective variety of dimension n and let k < N be a positive integer. Let
Do, ---,Pr be general points of X and let P €< pg,p1,...,px > be a general
point in S(X). Then we have:

k

TS’;C(X),P =< U TX,pi > (13)
=0

where Tk, is the tangent space to X passing through p.

Proof. We give an idea of the proof.
Consider the map from ¥ : ASy(X) — PV defined as X(p1,...,pr,p) = p.
It is clear by the definition of k-secant variety that

Sk(X) = V(5(AS(X)))

where V(X(ASk(X))) is the Zariski closure of 3(AS,(X)). Notice in particular
that there exists an open set U C S;(X) such that all the points P € Si(X)
can be written as P = a1 + -+ + a, with a; € Y;. Thus, for a generic point
(P1,. .-, Pk, P) € AS(X) we have that the space T’s, (x),p is given by the linear
combination of polynomials obtained by differentiating curves v;(t) C Y;. The
result follows.

The original proof of this Lemma can be found in the work of Terracini
[47]. O

We will use several times this Lemma to study tensors. Moreover, thanks to
this Lemma we can associate to every variety an expected dimension, defined as
follows.

Definition 1.3.17. Given a variety X C P™ we define the expected dimension
of Si(X) as
exdimy(X) = min{n, kdim(X) + k£ — 1}.

Notice indeed that the expected dimension is the minimum between the
dimension of the space P" and the dimension of the abstract secant variety
AS,.(X), which by a simple count of parameters, is the maximum dimension
that Si(X) can reach. In particular, we always have:



CHAPTER 1. ALGEBRAIC GEOMETRY OF MULTIPROJECTIVE ... 29

dim(Sg(X)) < min{n, kdim(X) + &k — 1} (1.4)

Definition 1.3.18. When the inequality in 1.4 is strict, we say that X is
defective. In this case we call §;(X) = min{n, kdim(z) + k — 1} — dim(Sk (X))
the k—defect of X.

The k—defect of a Veronese variety is described by the following theorem of
Alexander and Hirschowitz (see [1]).

Theorem 1.3.19. Let vy, q be a Veronese variety with d > 2. Then, we have:

dim(Sy(vy.4)) = min { (” ; d) CLknt k- 1}

except the following cases:

(1) d=2,n>2,2<k<n, where
dim(Sk(vn,d)) =min { ("3?) —L,2n+1- (5)};

(2) d=3,n=4, k=T where o, = 1;
(8) d=4,n=2, k=15 where o, = 1;
(4) d=4,n=3, k=9 where o, = 1;
(5) d=4,n =4, k = 14 where & = 1.

Proof. See the work of Alexander and Hirschowitz [1]. O



Chapter 2

Tensor Geometry

In this section, we will introduce the study of the problem of the identifiability
for symmetric tensors. In this section we explain in details the problem, and
we recall some classic results and definitions useful for our investigations.

We start this section by defining formally what is a Tensor.

Definition 2.0.1. A tensor T over K of dimension n and type ay Xas X« - - Xa, is
a multi-linear map (i.e. a map which is linear with respect to all the arguments)
of the form:

T:K* x K*2 x ... x K — K.

Notice also that vectors and matrices are particular cases of tensors. In
particular each vector represents a linear map and every matrix represents a
bilinear map. _

Fix the canonical base for each K%, i.e. a base made of vectors ¢! whose
coordinates are all equal to 0 except the i-th one that is equal to 1. We can
represent a tensor 7' as a multidimensional array such that the entry of T' cor-

responding to the multi-index (i1, ..., i) is T(ej,, €7,,... €} ).
T(G(]-,el-,el)
hse1,en)
T(G(]-,el-,eo)
T(Gl-,eo-,eo) T(Gl-,el-,eo)

Figure 2.1: An example of a tensor seen as a multidimensional array.

The set of all tensors of fixed dimension n and type a; X -+ X a, is a vector
space, the operations being defined over elements with corresponding multi-
indices. We indicate this space by K> %,

One basis for this vector space is obtained by considering all the multidi-
mensional arrays with a 1 in only one place and a zero in every other place. If a

30
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unique 1 is in the position (i1, . .., i, ), we refer to the basis tensor as e(i1, . .., iy).
The space has dimension a; - ... - a,.

We can define also an operation between two tensors of different types, the
tensor product.

Definition 2.0.2. Given T € K% G ¢ K% we define the tensor
product T ® S as the tensor U € K% »»%:%1-%m guch that:

Ui, yUn, 815 58m) = T(v1,...,0,)5(81, ... Sm)-

We can extend this definition in order to consider more factors. Given any
i 4
finite collection of tensors T} € K% 5 =1,...,m, we define their tensor
1 1 m m
product as the tensor W =T ® - -- ® T}, € K% %nyo%%m guch that

Wit, . il i )y =T, il ) T ().

vy fmqo Y "Nom ni
Example 2.0.3. Consider the following vectors wvy,vs corresponding to the
bilinear map v; : K® — K and vy : K* = K.

v = (1,3,5) vy = (1,2,3,5).

Then the tensor product vy ® vy is the matrix:

1 2 3 5
(1,3,5)®(1,2,3,5)= |3 6 9 15 (2.1)
5 10 15 25

Remark 2.0.4. With a direct computation we can show that the following
properties hold.

e TRURV)=(TRU)RV;
e TRU+UN=TRQU+T U
e (T+THRU=TeU+T' aU;
e (N @U=TXU=XT®oU).
So, we see that the tensor product is a multi-linear product in its factors.

Using the multilinearity of the tensor product we can prove that the vanish-
ing law holds for the tensor products.

Lemma 2.0.5. Let T € K% [J € K0P be tensors. Then T@U = 0 if
and only if either T =0 or U = 0.

Proof. Suppose (without loss of generality) that 7= 0. Then, T'(i1,...,i,) =0
for all multi-indices i1, ...,14y,, so that

TRU(1, - yin,jiseesdm) =T (1, oy i) U1,y Jm) = 0.

Viceversa suppose that 7' # 0 and U # 0. So, there exist two multi-indices
(i1,-..,in) and (J1,...,Jm) such that T'(i1,...,4,) # 0 and U(j1,...,4m) # 0.
Thus, we have:

TRU(i1, - sbn, g1y Jm) =T (i1, in)U(1,- -+, Jm) # 0.
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Now, we are interested in defining an equivalence relation given by the tensor
product. It is easy to see that T ® U = T" ® U’ does not imply that T = T"
and U = U’. As an example, we can consider in the hypothesis of the previous
Lemma that T® 0= 0® U = 0. However, we have the following proposition.

Proposition 2.0.6. Let T,T' € K% gnd U,U" € KPP be tensors.
Suppose that T @ U =T’ @ U’ # 0. Then, there exists a coefficient a € K such
that T" = oT and U’ = 1U.

More in general, given T;,U; € Ke1:an fori=1,... s we have that, if
i@ @Tls=U1®--@Us #0

then there exist coefficients aq, ..., as € K such that U; = oT; and aq -+ - -+ Qg =
1.

Proof. We can prove the claim by induction on the number of factors. Since T'®
U=T ®U’"# 0 we have that there exists a multi-index (i1,...,%n,J1,--Jm)
such that:

T @U(ir, ... yinyjiy--rgm) = Tlirs i) U1, - -+ Jm) =
=T(ir, ..., in)U (G1y ooy jm) 0. (2.2)

TM@U@,W%Q¢OmdU@y“@@¢O\%cma:é%%%%¢0

T (i15041m)
T (i1, in)
that U’ = o/U. Using the multi-linearity of the tensor product we have:

and from 2.2 we have: 7" = oT. Similarly, if we call o/ = we have

TU =aT®dU=a-/TU.

So, since TV @ U' = T ® U we have a- o’ = 1. Thus o/ = é If we have s
factors, 71 ® - - - ® Ts we repeat this proof using the fact that the tensor product
is associative and the inductive hypothesis.

O

Remark 2.0.7. In our investigation, we consider only tensors defined over an
algebraically closed field e.g. the complex field. This is due to the fact that
studying tensors from a geometrical point of view is connected to the study of
systems of homogeneous polynomials, so it is easier working on an algebraically
closed field.

Now we want to define what is the rank of a tensor T', extending the notion
of matrix rank. First we will define tensors of rank one. Then, we will use this
notion to define the rank of general tensors.

Definition 2.0.8. A non zero tensor T' € K@% has rank 1 if there are
vectors v; € K% such that T = v ® -+ ® vp,.

We say that T has rank r if r is the minimum integer such that there exist
r rank one tensors 71} ...T, such that

T=T1+T+ --+1T,.

We will denote the rank of 7' by rank (7).
We call the expression T} + - - - + T). a decomposition of T" of length r.
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By convention, we say that null tensors have rank equal to 0.

The notion of decomposition was first introduced by Hitchcock in [36] and it
is often called parafac or CP decomposition, where C and P stands respectively
for Candecomp and Parafac, that are the names given for this decomposition
by Caroll and Chang in [16] and Harschman in [33].

In general, it is easy to verify when a given tensor has rank equal to 1.

Theorem 2.0.9. Let T # 0 be a tensor of dimension n and type a1 X -+ X ay,.
Then T has rank 1 if and only if for every subset J C {1,2,...,n} and for
every choice of multi-indices Iy = (l1,...,1l,),Is = (h1,...,hy), T satisfies all
the equalities of the form

T Tr, =Ty, 0Ty (11,15)

where J'(I1,15) = {1,2,...,n} \ J(I1,I2) and for every X C {1,2,...,n} we
have that X (11, I5) is the multi-index (aq,...a,) where

{liz’fieJ
a; =

h; otherwise.

Proof. See Theorem 6.4.13 of [15].
O

Notice that this procedure is very expensive from a computational point of
view, because the number of vanishing that one needs to control is huge.

Example 2.0.10. The tensor in figure 2.2 is a Tensor of rank equal to 1. In
fact the determinant of the matrix

( Tll TJUl))
TJ/(IQ) sz
vanishes for every choice of multi-indices Iy, I, J(I1), J(I2), so the hypotheses

of Theorem 2.0.9 are satisfied. Indeed we can write T' as the tensor product
(1,2)® (1,2) ® (1,1,1).

-)

Figure 2.2: An example of a tensor of rank 1.

Despite the fact that it is easy to recognize rank 1 tensors, is not easy to
determine when a certain tensor has rank bigger than one. To determine the
rank of a tensor, it is convenient to study the relation between Segre maps and
tensors.
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Remark 2.0.11. There is a strong connection between the Segre embedding
and the decomposition of a tensor T'. In fact, given ([b1],...,[by]) € P* x -+ x
Po» and fixed a set of coordinates b; for each projective point [b;], it follows
directly by the definition of tensor product and Segre embedding that one can
make the identification:

Sar,...,an (bl, ceey bn) =R - Rby,.

Moreover by using the properties of the tensor product described in Remark
2.0.4 it is easy to see that the previous equality holds independently from the
choice of coordinates for the points [b;]. Thus all the tensors with rank equal to
one belong to the Segre variety.

Moreover, all the tensors of rank k belongs to the k-secant variety of the Segre
variety. Indeed recall that T' = Ty +15+- - -+ T, implies that T' e< Ty, ..., T, >.

In our work we take into account a specific class of tensors, the class of
(projective) symmetric tensors.

The choice of the projective space is due to the fact that working in a compact
algebraic ambient allows us to use much more powerful tools without losing the
information encoded by the tensor T'. In particular, we can rephrase the results
in a probabilistic language, simply by imposing that the sum of some particular
entries of the tensor is equal to one.

Now, we can give a precise definition of the spaces we are working with.

Definition 2.0.12. We say that a tensor T' € K*»+»% ig cubic if all the a; are
equal. In particular, if a; = n+1 then T is of type (n+1) x (n+1) x---x (n+1)
d times.
We say that a cubic tensor is symmetric if for any multi-index (i1, ...44) and
for any permutation o of the set {i1,...,iq} T satisfies T;, . ;, = Tiytymsioia -
We call Sym®(K"*+1) the space of symmetric tensors 7' € K(nH+1)>xx(n+1)
(d-times).

Remark 2.0.13. Notice that in particular the set of symmetric tensors is a
linear subspace of K*t1+"+1 defined by a set of linear equations:

Ti,..is =1T;

o(1)s--sbo(d)

d

Figure 2.3: An example of symmetric tensor seen as an array.

Let T be the multidimensional array represented in figure 2.3. If we set the
indices of T such that T070,0 = 7, T1,171 = 4, T07170 = Tl,O,O = T0)071 =1 and
Ti1,0 =T1,01 =To,1,1 =2 then T represents also a symmetric tensor.
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Remark 2.0.14. It is well known that the space Sym?(C"*1) can be identified
as the space of homogeneous polynomial in n 4 1 variables and degree d.

In fact, given a tensor 7 € K1)+ (g times) we can identify 7' with
the polynomial Fr defined as:

Fr = g Ty in Ty * e e T,
i1yin

Viceversa, given an homogeneous polynomial F' we can associate to it a
tensor ¢t(F') defined as:

1
t(E) (i1, ...0q) = ———— - Qy; ;
( )(Zl’ Zd) m(il,...,id) Q(iq,..yiq)
where a;, ... i, is the coefficient of the monomial z;, ----- x;, and m(iy,...,0q)
is the number of different permutations of the multi-index (i1,...,iq). If some
monomial x;, - - - - x;, does not appear in F' then we put ¢(F)(iy,...,iq) = 0.
1 0 3
Example 2.0.15. The symmetric matrix M = [0 6 0 | corresponds to
3 0 15
the form
1 0 3 Xo
F = (mo,xl,xg) -10 6 0 -z ]| = x% +6x§ + 15m§ + 6zgxs.
3 0 15 o

Example 2.0.16. The tensor in Figure 2.4 corresponds to the form F = 3z3 +
43 + 3zk71.

Figure 2.4

It follows directly that the space Sym<(C"*!) has dimension equal to the
number of monomials of degree d in n 4 1 variables, so it is equal to (";d). As
a consequence we have that P (Sym®(C"*!)) has dimension equal to (") — 1.
This is the space we will work with.

By abuse of notation, we call P (Symd((C”H)) both the space of symmetric
tensors, and the space of homogeneous forms of degree d in n+ 1 variables. We
can consider P (Sym®(C"1)) as a projective space PV with N = ("gd) -1

Symmetric tensors of rank 1 can be well described not only using by Theorem
2.0.9 but also using the following Proposition.
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Proposition 2.0.17. Let T be a cubic tensor i.e. a tensor of type n X --- X n
d times. Then T is a symmetric tensor of rank 1 if and only if

T=Av®- - ®v)
where A € K is a non-zero scalar and v € K" is a non-zero vector.

Proof. Let v = (v1,...,v,) # 0 be a vector of P* and let T = Av ® -+ Q@ v).
By Lemma 2.0.5 we know that 7" # 0 thus it has rank equal to 1. Moreover,
for any multi-indices (i1,...,%,) and for any permutation o of {1,2,...,n} we
have

T,

Lyeenyin — Vi =" Vi, = Lo(iy),...,0(in)

thus T is symmetric.

Viceversa let T'= a1 ®- - - ®a,, be a symmetric tensors of rank 1. By Lemma
2.0.5 we known that none of the a; = [a;1...,a;,] is zero. As a consequence
there is a multi-index (i1,...,4,) such that T'(i1,...,4,) = a1,y - Ani, # 0.
Define by = as 4, /a1, . Then we claim that as = baa;. In fact, for all j we have,
by symmetry:

01,i,02,503,i5 - - - On,i, = ﬂ17j1i37---1in = Tj,il,is,-»-,in = 01,j02,i,A3,i3 " " " An,i,

which means that a1,4,a2,; = a1,;424, , SO that az; = bgal,j. In the same
way, we can define b3 = a3, /a14,,...,ba = @44, /a1,i,, and obtain that a3 =
bszay,...,aq = bgay. Thus, if we take A\ = by - b3 ...bg, we have

T:a1®a2®~--®an:a1®(b2a1)®-~®(bna1):)\(a1®a1®~~®a1).
O

Notice in particular that if we work in an algebraic closed field, in the pre-
vious Proposition we can take A equal to 1.

An important consequence of the previous proposition is the following result
that give us a useful identification between symmetric tensors of rank 1 and
powers of linear forms.

Corollary 2.0.18. Let F' be an homogeneous polynomial in n variables and let
t(F) be the associated cubic tensor of type n X --- x n (d-times). Then t(F) has
rank 1 if and only if there exist a linear polynomial L in n variables such that
F =11

Proof. The proof follows immediately by Proposition 2.0.17. For a complete
proof see Proposition 7.4.2 of [15].
O

Now, we have two different concepts of decompositions of a symmetric ten-
sor. In fact, given a symmetric tensor 7" we can be interested in finding a
decomposition of T as sum of rank 1 tensors or as sum of symmetric rank one
tensors. We will focus on the so-called Waring decomposition of a symmetric
tensor.
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Definition 2.0.19. Let T € P (Sym?(C™*!)) be a form of degree d in n + 1
variables. We say that T has a Waring decomposition of rank r and degree d if
we can write T as the sum of r-th powers of linear forms i.e. if we can write T’
as:

T = ih‘}
=0

where each h; are linear forms in n + 1 variables.
If r is minimal, then we call it the (symmetric) rank of T.

The problem of determining if the symmetric rank of a certain tensor T is
equal to the rank of T (defined in Definition 2.0.8) is still an open problem
called the Comon’s problem. Shitov in [45] gives an example of a tensor whose
symmetric rank is different from the non symmetric one, but in general the
Comon’s problem is still not well understood.

We can give a different and more useful definition of the Waring’s rank of
a symmetric tensor by using the Veronese map. As a matter of fact, Corollary
2.0.18 tells us that all the symmetric tensors T of rank 1 and typen X --- X n
(d-times) belong to the Veronese variety vy, 4(P").

So, we can reinterpret the definition of a Waring decomposition of a tensor
T as follows.

Definition 2.0.20. Let A C P” be a finite set of cardinality ¢(A). We say that
A is a decomposition of the symmetric tensor 7 € P(Sym?(C"*1)) if T € <
Un,a(A) > where < v, 4(A) > is the linear span of the image of the points of
A through the Veronese map defined as in Definition 1.1.17. We call £(A) the
length of the decomposition.

We say that the decomposition A is non-redundant if for every B C A, T is
not contained in the span of v, 4(B).

Notice in particular that if v, 4(A) is linearly dependent, then A cannot be
non-redundant.

Definition 2.0.21. Let T be a symmetric tensor in P(Sym?(C"*1)) and let A
be a decomposition of T. We say that A is minimal if there exists no B C P"
such that {(B) < ¢(A) and T € < v, q(B) >.

It follows directly from the definition of symmetric rank of a tensor and
Remark 1.1.26 that if A is a minimal decomposition of a symmetric tensor T'
then, the rank of T is equal to ¢(A).

Definition 2.0.22. Let T be a tensor T' € P(Sym?(C"*1)) and let A be a
decomposition of T" such that the rank of T is equal to £(A4). We say that T is
identifiable if A is unique (up to scaling and rearranging the elements of A).

We call the identifiability problem the problem to determine if a given tensor
T is identifiable or not.

Notice that as for the non symmetric case, the study of the identifiability of
a symmetric tensor T of rank k is strictly connected to the study of the k-secant
variety of the Veronese variety.
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2.0.1 Generic identifiability for symmetric tensors

In this section we will recall some well known results about the identifiability
problem for symmetric tensors. We start by recalling the state of the art for
the generic case i.e. when the symmetric tensor 7' lies in the complement of a
Zariski closed proper subset.

The identifiability of symmetric tensors, both in the generic and non-generic
case, is strictly related to the study of defective varieties (see Definition 1.3.18).

As we have seen in the previous chapter, given X C PV an irreducible non-
degenerate projective variety of dimension n and {pg,p1,...pr} C X a set of
independent points we have that the (k+1)-secant of X is the span (po,p1 ... k)
and that Si41(X) is the Zariski closure of the union of all the k + 1-secant of
X (see Definition 1.3.9). We recall also that Si11(X) is an irreducible algebraic
variety and the dimension of Si1(X) is bounded by the inequality 1.4 that we
re-write below.

dim(Sk4+1 (X)) < min{(n+1)(k+1) — 1, N}.

In order to study the identifiability of a generic symmetric tensor we need
the notions of border rank and generic rank.

Definition 2.0.23. Let Y C P” be an irreducible variety such that < Y >= P".
We say that T' € PV has Y-border rank k if k is the minimum integer such that
T e Sk (Y)

Notice that if k is the minimum such that S;(Y) = P", then for all T € P"
the border rank of T is at most k.

Since in this section we deal with symmetric tensors, in Definition 2.0.23 we
will take Y equal to the Veronese variety v, q4(P™) and, as a consequence, we
will take as PV the space of symmetric tensors P(Symd(Cnt1)).

Definition 2.0.24. Fix n,d > 1. We indicate with 74, the unique value such
that the set of tensors of rank 4, is dense in P(Sym?(C"*1)). We call 4, the
generic rank.

Remark 2.0.25. Definition 2.0.23 and Definition 2.0.24 are particularly inter-
esting from our point of view. Indeed, if a tensor 7 € P(Sym?(C"*1)) has
border rank equal to &k then we have that T' € Si(Y) so the rank of T is bigger
or equal than the border rank.

If the tensor T is general in Si(Y) we have that the rank of T is equal to
its border rank. Indeed, the set of tensors of rank exactly equal to k is open in
ASE(Y), thus a general tensor T' € Si(Y') has rank < k hence it has rank equal
to k.

If r4,, is the generic rank, no tensors T' € PV can have border rank bigger
than 7 because T' € PV = S, 2., (Y). However, there are some known examples
of tensors of rank bigger then the generic one. We can find some examples
of tensors whose rank is bigger than the generic one in section 3 of [22] and
Example 1.3.10 shows a tensor whose rank is bigger than its border rank. The
problem of the maximal rank for tensors is still an open problem. Indeed also
finding tensors of high rank is a difficult task since they belong to a set of
measure zero.
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The case of symmetric tensors whose rank is equal or smaller than the generic
one has been almost completely studied.

From the definition of Waring rank (Definition 2.0.20), given a symmetric
tensor T € P(Sym?(C"*1)) and a decomposition A C P" of T then T belongs
to an r-secant of the Veronese vy, q(P™) for some r € N. In particular, all the
symmetric tensors of rank r belongs to S, (v4(P™)). So in order to study the
identifiability of a symmetric tensor it is useful to study the defectivity of the
corresponding Veronese variety.

Definition 2.0.26. We say that a tensor T is algebraically r-identifiable with
respect to X if T admits only a finite number of decompositions of length r.

Remark 2.0.27. A general tensor T of rank r is algebraically k-identifiable
if and only if the dimension of the abstract secant variety ASy(X) is equal to
the dimension of Si(X). In fact if X is non defective the generic fiber of the
projection 7 : ASk(X) — Si(X) has dimension 0 i.e. is a finite union of points
so, there exists only a finite number of decompositions for 7.

Since dim ASk(z) = kdim(X)+ (k—1), when the last number is bigger than
n, then no tensor is algebraically r-identifiable when kdim(X) + (k — 1) < n.
Thus a general tensor of border rank k is algebraically k-identifiable if and only
if dim S (X) = expdimSk(X) i.e. X is not k-defective.

From Theorem 1.3.19 we have that v, q(P™) is non defective, except for
few special cases. Thanks to this important result, the problem of the generic
algebraic identifiability has been almost completely studied.

For identifiability itself, the case r < 74, has been completely described by
Chiantini, Ottaviani and Vannieuwenhoven in [21].

Theorem 2.0.28. Fized d,r > 2 and n € N we have that the general symmetric
tensor T in P(Sym?(C"*1)) of subgeneric rank v < r, 4 is identifiable, unless it
is one of the following cases:

o d=2;

e d=6,n=2,andr=9;
ed=4,n=3, andr =8;
e d=3,n=5 andr=9.

In the first case there are infinitely many decompositions for T, in the other
cases T has exactly two decompositions.

Proof. See Theorem 1.1. of [21]. O

The identifiability for the case in which the rank r is exactly equal to the
generic rank has been completed studied by Galuppi and Mella in [30].

Theorem 2.0.29. Let T be a generic symmetric tensor in P(Sym?(C™+1)) and
let r =rqy. Then we have that T is identifiable if and only if:

en=1d=2s—1 and k = s with s € N;
en=3d=3and k=05;
en=2d=5andk="1.
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2.0.2 Specific identifiability

In this section we will deal with the problem of specific (non-generic) identifia-
bility. We fix a tensor 7" and a minimal decomposition A and we want to know
whether or not A is unique (up to scalar multiplication).

The main results that give us a criterion for the identifiability of tensors is
the Kruskal Theorem (see [38]). In order to state correctly this result, we need
some preliminary definition.

Definition 2.0.30. Let A C P™ be a finite set of points. We call the Kruskal
rank of A the maximum integer k4 such that any subset B C A of length
{(B) < k4 is linearly independent.

Remark 2.0.31. The Kruskal rank is maximal if k4 = min{n + 1,4(4)}. In
this case we say that A is in linear general position. Thus A C P" is in linear
general position, if and only if any subset of A of cardinality at most n + 1
is linearly independent. In this case, for any subset B C A one has k(B) =
min{n + 1,4(B)}.

More in general for any subset B C A, we have k(B) > min{/(B), k(A)}

Example 2.0.32. The Kruskal rank of three points in P”, n > 1, is maximal
if and only if they are not aligned.

Example 2.0.33. Consider the points Pp =[1:0:2:0:0], ,=[0:1:3:0:
0) B, =[0:1:1:1:0and Ps=[1:2:6:1:0]. Then A = {Py, P1, P2, P}
has Kruskal rank equal to 2. Notice in particular that to find the Kruskal rank
it is necessary to find the rank of sub-matrices obtained from

1 0 0 1
01 1 2
M=1|2 3 1 6
0 0 11
0 0 00

by removing some columns. So, we can say that A has Kruskal rank equal to 3
if every sub-matrix of M obtained by removing a single column has rank equal
to 3.

We can generalize the notion of Kruskal rank using Veronese maps.

Definition 2.0.34. Let Z C P" be a finite set of points. We define the d-th
Kruskal rank kq(A) of A as the Kruskal rank of v, 4(Z).

Remark 2.0.35. Let Z C P™ be a finite set of points. The d-th Kruskal rank
ka(Z) is bounded above by min{¢(Z), ("}?)}. Moreover for any subset B C Z,
we have kq(B) > min{{(B), kqs(Z)}.

Notice also that the Kruskal rank k7 coincides with the first Kruskal rank
k1(2).

Remark 2.0.36. Let A C P™ be a finite set of points. In analogy to what we
have seen in Example 2.0.33 we can notice that in order to find the Kruskal
rank kq(A) it is necessary to find the dimension of all the subspaces spanned by
vg(B) for all B C A.
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Remark 2.0.37. We point out also that since projective spaces are irreducible,
if A is sufficiently general then all the Kruskal ranks k4(Z) are maximal.

Example 2.0.38. Let A = {R),Pl,PQ,Pg} with PO = [1 :0: 0}, P1 = [1 05 0],
Py=[1:2:2]and P3 = [3:4:4]. Then we have that k1(A) = 2 and k2(A) = 3.
Indeed let M be the matrix which columns are the coordinates of the points of
Alie.

111 3
M=10 5 2 4
0 0 2 4
k1(A) cannot be equal to 3 since the sub-matrix obtained from M removing
the second column has rank equal to 2. Moreover all the sub-matrices obtained
from M removing two columns have rank equal to 2 thus, k;(A4) = 2.

Now, let M’ be the matrix which columns are the coordinates of the points
of vy 2(A) ie.

1 1 1 9
0 10 4 24
, o o0 4 24
M= 0 25 4 16
0 0 8 32
0 0 4 16
M’ has rank equal to 4 so ka(A) =4

Now we can state the Kruskal criterion. This Theorem works for all kind of
tensor, but we state the criterion only for the symmetric case.

Theorem 2.0.39. [Kruskal, 1977]

Let T € P™ be a symmetric tensor of degree d in n + 1 wvariables and let
A=A{P,P,,...,P.} a decomposition of T. Let ki be the Kruskal rank of T. If
dky —d+1 > 2r then T is identifiable and it has rank equal to r.

Proof. The original proof of this Theorem can be found in [38].
O

In other words T is identifiable when its rank r is less or equal than %

In particular, if a decomposition A of T" of length » > n + 1 is in linear general
position, that is if the Kruskal rank of A is equal to n+1, we get the identifiability

as soon as
< dn + 1'
- 2
In the same way if the Kruskal rank of A is equal to k& + 1 we get the
identifiability as soon as

dk +1

r < 5
We point out that Kruskal Theorem gives us a method to determine the iden-
tifiability of a tensor which is effective. This means that, given a decomposition
A={P,P,,...,P.} of a symmetric tensor T i.e. T = a1 P, + -+ o, Py, the
Kruskal criterion certifies the uniqueness of the decomposition for every choice
of the scalars «; (see the work of Chiantini Ottaviani Vannieuwenhoven [19]).
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Nevertheless, Kruskal theorem can be expensive from the point of view of com-
putational costs, especially when the decomposition A is not in general position.

An important technique which is largely used to prove the identifiability
of a given symmetric tensor is the Reshaped Kruskal criterion. This theorem,
which is proved [20], is indeed the original Kruskal criterion applied to Veronese
varieties instead of Segre varieties.

Theorem 2.0.40 (Reshaped Kruskal criterion). Let T be a form of degree d
and let A be a non-redundant decomposition of T with £(A) = r. Fiz a partition
a,b,c of d and call ko, kp, k. the Kruskal ranks of v, (A), vp(A), v.(A) respectively.
If:
< ka+kb+kc—2’
- 2
then T has rank r and it is identifiable.
Proof. See Section 4 of [20]. O

Reshaped Kruskal criterion is a useful way to determine if a given tensor
is identifiable or not. Nevertheless, this criterion can be very expensive from a
computational point of view.

Remark 2.0.41. Derksen proved in [27] that the Kruskal Theorem 2.0.39 is
sharp i.e. if one only knows the first Kruskal rank k; and ignores the higher
Kruskal ranks, then it is not possible to enlarge the bound given by the inequality
in 2.0.39. With the use of the higher Kruskal ranks k; the original Kruskal
criterion is considerably refined. Nevertheless, as we will see in Chapter 5 it is
not true that the Reshaped Kruskal criterion is sharp.



Chapter 3

Hilbert Functions

A powerful instrument used in Algebraic Geometry to study varieties and in
particular finite sets is the Hilbert function. In order to define such a function
we need some basic definitions.

From now on we indicate the graded ring K[zo, z1, ..., z,] with R.

A concept that will be necessary in order to define the Hilbert function is
the notion of graded module. First we recall what is a graded ring.

Definition 3.0.1. A graded ring is a ring A together with a family (Ay,)n>0
of subgroups of the additive group of A such that A = @, A, and A, A, C

Apin.

Example 3.0.2. The ring K[zg, 21, ..., 2] is a graded ring if we define 4,, as
the vector space of all homogeneous polynomials of degree n.

Definition 3.0.3. Let A be a graded ring. A graded A-module is an A-module
M = (M, ) together with a family M; with ¢ € Z of subgroups of M ™ such
that:

[ ] M = @tEZ Mt.
o A, My C M, for all m,t € Z.

Given an element x of graded A-module M we say that x is homogeneous
(of degree n) if there exist an n € Z* such that x € M,. In particular all
the elements of the module can be written uniquely as a sum of homogeneous
elements.

Example 3.0.4. R is a graded R-module where each subgroup R,, is the set
of homogeneous polynomials of degree n. In this case homogeneous elements
coincide with homogeneous polynomials.

Example 3.0.5. A particular example of graded module is what we call a free
module. We say that a module M is free if M is the direct sum of copies of
R =K]|zg,...,2p] 6. M =R®---® R r times with » > 1. For r = 0, we set
RY = (0).

Notice that, since R is a graded R-module, every free R-module R™ is indeed
a graded module.

43
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Example 3.0.6. Let I be an homogeneous ideal of R (See Definition 1.0.18).
Then we have that I and R/I are graded R-modules.

Notice in particular that the R-module R"™ is finitely generated i.e. there
exists a finite set of elements of R™ which generate the whole module. For
example R? is generated by (1,0,0), (0,1,0),(0,0,1). Since we are working with
a Noetherian ring, also I and R/ are finitely generated.

Remark 3.0.7. Given an homogeneous ideal I of R and fixed d > 0 we have
that (R/I)q = Raq/I;. Moreover, Ry, I; and (R/I)4 can be seen as linear spaces
over the field K.

Remark 3.0.8. Let M be an R-module finitely generated. We can notice that,
fixed t € Z, M, can be seen as a K-vector space. The proof is straightforward
and follows directly by the definition of homogeneous elements.

We recall that given M, N two A-modules, a map f : M — N is an A-module
homomorphism if:

o flety)=f(x)+ f(y) forall z +y € M;
e af(x) = f(ax) for all x € M and a € A.

Thus, f is a homomorphism of abelian groups which commutes with the
multiplication by elements a € A.

Definition 3.0.9. Let M = @,., M; and N = @,., N; be two graded A-
modules and let f be an homomorphism of A-modules, f : M — N. We say
that f is a graded morphism of A-modules if and only if f preserves the degree
ie. f(M,) C N, for all n.

Example 3.0.10. Let M be a graded A-module. Let f : M — N be the
A-module homomorphism defined as: f(z) = 2z. It is easy to see that f is a
graded morphism of A-modules

Example 3.0.11. Let M be a graded R-module. Fixed a homogeneous element
g € R of degree d > 1 define f: M — M as f(z) =g - x.

Then f is not a graded morphism of R-modules. In fact from the definition
of graded R-module we have that if = is an homogeneous element of degree m
ie. z € M, then g-z € Ry jn.

A good reason why graded morphisms are important follows from the prop-
erty below.

Lemma 3.0.12. Let M, N be two graded A-module and let f : M — M' be a
graded A-module homomorphism. Then ker(f) andim(f) are graded A-modules.

Proof. The proof is standard and follows directly from the definitions of graded
homomorphism and graded module.
O

There is a trick that allows us to consider also the maps described in Example
3.0.11 as a graded morphisms. To do that we can change formally the grading
of the domain of our maps in order to make our definition work. We formalize
this fact as follows.
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Definition 3.0.13. Given a graded A-module M with a decomposition M =
P ez, My we define the twisted module, M(l) by setting M(l); = M. Notice
that M({) is still a well defined graded A-module for all [ € Z.

Example 3.0.14. In the hypothesis of Example 3.0.11 if we consider f as a
map f : M(—d) — M, then it becomes a graded morphisms of A-modules. In
fact now, if we take any element x € M (—d),, we have that x € M,,_4 and as a
consequence ¢ - € M,,. So, f(M(—d),) C M,.

Now it is possible to define the Hilbert function of a graded R-module.

Definition 3.0.15. Let M be a graded R-module finitely generated by elements
of positive degree, and let My with ¢t € Z the family associated to M. The Hilbert
function of M, denoted with hj(t) is the function:

har : Z — 720

such that hps(t) = dimg M; where the dimg M, is the dimension of M, as a K
vector space. We notice indeed that since M is finitely generated then M; has
finite dimension for all ¢ € Z.

In particular we are interested in studying the Hilbert function of the so
called standard graded algebras.

Definition 3.0.16. Suppose that A is a ring. R’ is a standard graded A algebra
if R, = A and R’ is generated by the elements of R}.

Example 3.0.17. The ring of polynomials R = K]z, ..., z,] is a standard K
algebra. Indeed Ry are the constants and all the polynomials of R are generated
by products and sums of linear polynomials.

The Hilbert function of a graded module is in general non-trivial to compute,
so we would like to give a better interpretation of this map in order to use it
more easily. A specific case in which it is easy to compute the Hilbert function
is illustrated in the following example.

Example 3.0.18. We recall that an R-module M is free if M is the direct sum
of copies of R (see Example 3.0.5). When M = R" we claim that

Hyr(d) =7 - dimgRg =1 - (“ jz_ d)

if d > 0 and H)ps(d) = 0 otherwise.

To prove this is sufficient to recall that monomials of degree d in n + 1

variables forms a base for each space Ry, and they are exactly (";d).

Example 3.0.19. Let M(—/) be a free graded module whose degree are shifted
by —I. Then using the same arguments used in the previous example we have

n+d—1
H —r.
m(-o)(d) =7 ( d—1 )

if d —1>0 and Hy(—s)(d) = 0 otherwise.
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Since it is easy compute the Hilbert function of free modules, the idea is to
reduce the complexity of computing the Hilbert function of a certain module M
by finding a free resolution of M.

Definition 3.0.20. We say that a sequence of A-modules and A-homomorphisms
of the form

e M4 ﬁ)Mz d)li)MH_l—)
is exact if for every ¢ we have that Im(f;) = ker(fi+1)-
Proposition 3.0.21. Given an exact sequence of graded A-modules

ﬁszlgMzMMz+l_>

we have that the sequence of vector spaces

fi fi
- — (Mi—l)(t) — (Mz)(t) vtl—> (Mi+1)(t) e — ..

where each f; is the restriction of ¢; to (M;); is exact for all t € Z.

Proof. The proof is straightforward. The fact that each f; is a linear map
between vector spaces follows directly from the definition of graded morphism.
For the same reason we have that ker(f;) = ker(¢); N (M;—1): and im(f;) =
im(¢); N (M;);. Moreover by definition of exact sequence we have im(¢;) =
ker ¢(i + 1). Thus, since ¢; and ¢;1 are both graded morphisms we have that
(ker ¢;11)r = (im(¢;)): C (M;): and this concludes the proof.

O

Definition 3.0.22. A free resolution of a graded module M is an exact sequence
of the form:

0—>Fn¢—n>—>Fzﬁ>FZ,1£>ﬂ)Fo—)M—>O (31)

such that for all ¢, F; is a free graded module and ¢; is a morphism of graded
modules. We call the number n the length of the resolution i.e. the number of
the graded modules F; minus 1.

Definition 3.0.23. Let X be a class of A-modules and let ¢ a function from
X to Z. We say that ¢ is additive if for every short exact sequence

0-A—-B—->C—=0
with A, B,C € X we have that ¢(4) — ¢(B) + ¢(C) = 0.

Example 3.0.24. Let X be the class of finitely generated vector spaces and let
A, B, C three finite dimensional vector spaces. Then, we have that the dimension
is additive i.e. if there exists the following exact sequence:

0—-—A—-B—-C—=0

we have that dim(C) — dim(B) 4+ dim(A) = 0. In particular we can compute
the dimension of C' knowing only the dimensions of A and B.

An important result that we will use several times is the following.
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Proposition 3.0.25. Let X a family of finitely generated modules, ¢ an additive
function on this families and let 0 — M, — M, _1 — -+ — My — 0 be an exact
sequence. Then we have:

Z $(M;) =0
i=0

Proof. See Proposition 2.11 of [9]. It is a consequence of the fact that the
sequence

0—>M0—>"'—>Mz’+1MMiiMi_lb'“—)Mo—)O

splits in a series of short exact sequences of the form
0 — ker ¢i =im ¢i+1 — M; —»im¢; = ker ¢i—1~
O

Notice in particular that if the exact sequence 3.1 is finite, then since the
dimension is additive we can compute the Hilbert function of M by computing
the Hilbert function of all the free modules F;.

Definition 3.0.26. Let M be a graded finitely generated R-module and let
0O—-F,— - —=F—>F—>M=0

be a free resolution of M. We call the modules F; the syzygy modules of M.

The fact that a free resolution of a module ends after a finite number of
steps is not trivial. We state below the theorem due to Hilbert that guarantee
us the finiteness of this kind of sequences.

Theorem 3.0.27 (Hilbert Syzygy Theorem). Fix R = Klzo,...,z,]. We have
that every finitely generated R-module M has a finite graded free resolution of
length smaller or equal to n+ 1 by finitely generated free modules.

Proof. See Theorem 1.13 of [29]. O

The Hilbert Syzygy Theorem guarantees that we can find a free resolution
of the module R/I, so now the problem is how to determine it.

We give an idea of a possible algorithm that constructs a free resolution of
a finitely generated graded modules M in the case in which M is generated by
homogeneous elements. For example M can be an homogeneous ideal defining
a variety.

Remark 3.0.28. Let M be a graded finitely generated R-modules and let
{mo,...,mg} be a set of generators of M such that m; has degree a;.

Step 1 - We define a map ¢o from the graded free module Fy = @, R(—a;) to M
such that ¢(f) = &(fo,---, fx) = forno + fim1 + ... fymy. Notice that
this map is surjective.

Step 2 - Now we consider M; = Ker(¢g). By the Hilbert basis theorem M; is
a finitely generated R-module. We chose a finite sets of syzygies that
generate M; and we define a map ¢ : F; — F5 as in point 1. Notice that
the image of ¢; is equal to the kernel of ¢g.
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Step 3 - We repeat Step 2 until ¢; becomes injective. Notice that Theorem 3.0.27
guarantee us that this will happen after at least n — 1 iteration of this
step.

Indeed, step 3 is effective. In fact we can compute a set of generators by
using the Buchberger’s algorithm to finding a Groébner basis for M;. More
informations about the Buchberger’s algorithm can be found in Chapter 2 of [23].

Example 3.0.29. Let I = I(z123 — 23,7172 — T0T3, ToT2 — T3) be the ideal
defining the twisted cubic curve. Suppose we want to find a free resolution of
I. In this case we have that Fy = R3(—2) and ¢ is the map which sends every
point (ag,ai,az) € R3(—2) to the row-column product (ag,a1,az) - (v123 —
x3, 1129 — Tox3, ToTe — 7)1

Moreover, we can verify that the kernel of ¢ is generated by the elements
my = (zo,21,72) and m} = (z1,x2,73). So Fy is equal to R?(—3) and the map
¢1 is injective, so the free resolution is:

0— R*(-3) = R}(-2)—»1—0.

Remark 3.0.30. The technique introduced in 3.0.28 helps us also to compute
the Hilbert function of an R-module of the form R/I where I is an homogeneous
ideal of I. In fact, by definition, we have that the Hilbert function of R/I is
equal to:

hR/I(d) = dme(R/I)d

Consider the exact sequence of graded R-modules:
0—1Is— Rqy— R/I;— 0.

Since the dimension is an additive function and since the sequence is exact we
have that:
hg/i(d) = dim(R/I)q = dim Ry — dim I,. (3.2)

In particular given a free resolution of the ideal I
0—-M —---—=-M,—-1—-0

where each M; is of the form M; = &;R" (—a;) with a;,n; positive integers
and £ < n we have that:

k
hpy1(d) = dim(R/I)g = dim Ry — » _(—1)7 dim (M;),,. (3.3)
j=0

As we have seen in Example 3.0.19 the dimension of each (M;)q is easy to
compute and it is equal to:

dim(Mj)d = anq]‘ (34>

where ¢; = (”+d_‘“) if d —a; > 0 and g; = 0 otherwise.

dfa]‘
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If we consider a degree d sufficiently large, all the summands in 3.3 will be
different from 0 so we will obtain a sum of binomials ("Zﬁ;%) These binomials
are polynomials in d. So from d sufficiently large, we have that the Hilbert
function of R/I, hr/; is indeed a polynomial. This fact is true also in general

and it is described in the following theorem due to Hilbert and Serre.

Theorem 3.0.31 (Hilbert-Serre). Let M be a finitely generated R-module then,
there is an unique polynomial Pp(d) € Qld] such that Py, (d) = ha(d) for
d >> 0. We call such a polynomial the Hilbert polynomial of M.

Proof. See Theorem 7.5 of chapter one of [34]. O

Example 3.0.32. The Hilbert function of the module R/T where I is the ideal
generating the twisted cubic defined as in 3.0.29 is:

o= (43 (1) ()

In this case the Hilbert polynomial is equal to Pg/;(d) = 3d + 1.

Remark 3.0.33. We will use the Hilbert function applied to a module of the
form R/I in order to obtain informations about the variety V(I). If Iy, is the
ideal associated to a variety V, we will write hy instead of hg,r, and we will
call the Hilbert function of R/I as the Hilbert function of V.

Definition 3.0.34. We define the first difference of Hilbert function Dhy of Z
as:

Dhy(j) = hm () —hm(G —1), j€Z.

In the same way we can define Dih,, as
D% (§) = D P hag () = D g (5 - 1), j € Z.

There is another way to define the Hilbert function of the ideal I of a certain
finite variety V i.e. when V is a finite set of points. The idea is to compute
directly the dimension of (R/I)y by computing the rank of the maps which
evaluates a homogeneous polynomial on the points of V. We can formalize this
idea in this way. We recall that the polynomials of degree d can be identified
with the space Sym?(C"*!) of symmetric tensors of degree d (see the previous
chapter).

Definition 3.0.35. Let Y C C"*! be a finite set of cardinality £(Y) = k of
vectors where we fix a certain ordering. Fix an integer d € N. The evaluation
map of degree d on Y is the linear map

evy (d) Ry — (Ck
which sends F' € R, to the evaluation of F' at the vectors of Y.

Proposition 3.0.36. Let Z C P" be a finite projective variety and let Y ¢ C*+!
be any ordered set obtained by choosing a set of homogeneous coordinates for the
points of Z. The map hy : Z — N such that :

Ry (d) = rank(evy (d))
is equal to the Hilbert function hz(d) of Z C P™ for all d € N.
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Proof. To prove the equality is sufficient to notice that the rank of the evaluation
map is equal to the dimension of (Clzo,...,x,])s/ ker(ev) and that the kernel

of the evaluation map is indeed equal to the homogeneous ideal I defining Z.
O

Remark 3.0.37. Let V C P" be a finite projective variety and let Z be any or-
dered set obtained by choosing a set of homogeneous coordinates for the points
of V. A direct consequence of Proposition 3.0.36 is that the rank of the eval-
uation map of a certain degree on Z does not depends neither on the ordering
chosen for Z nor on the choice of coordinates for the points of V.

One can ask when a certain sequence of integers is the Hilbert function of an
algebra. We can answer to this question by giving a relation between sequences
of integers and the Hilbert function of standard graded algebras.

In order to show which are the sequences corresponding to Hilbert functions
of graded algebras we have to recall a way to express a natural number in terms
of binomial coefficients.

Lemma 3.0.38. Let d be a positive integers and let a € NT. Then a can be
written uniquely in the form:

[ Ga ad—1 Qm
a_(d)+<d_1)+ +(m) (3.5)
where ag > ag_1 > -+ > ay > m > 1.

Proof. We can prove the existence of such an expression by induction on a.

For every d we have that 1 = (g)

Fix a > 1. We take a4 such that (add) is the largest values smaller than a.
Then, consider a — (“j). By inductive hypothesis there is a (d — 1)-binomial
expansion of a — (%).

To prove the unicity of this expression we can use another easy inductive
strategy.

In particular we claim that if we can write a in the form

__[aq ad—1 Am
= () ) ()
with ag > ag_1 > -+ > am, then ag is the largest integer with (“j) < a.

For a = 1 the claim is trivial. Suppose a > 1 and suppose by contradiction
that (adjl) < a. Then we have

()= ()= ()= ()= (51

a contradiction with standard formulas on binomials.

Definition 3.0.39. Given the expression:

([ Qa aq—1 A
= () ) ()
() _ ag+1 ag—1 +1 am +1
“ <d+1>+< i )T e )

we define
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Macaulay proved in [39] the following theorem.

Theorem 3.0.40. Let K be a field and h : N — N a numerical function. The
following are equivalent:

1) there exist an homogeneous ideal I such that the graded k—algebra R/I
has the Hilbert function hg,r(t) equal to h(t);

2) h(0) =1, h(n+1) < h(n)'? for allmn € N.
A sequence satisfying (2) is called an O—sequence.

Example 3.0.41. Counsider the sequence h = (1,3,6,8,10,11,11,...). We
can notice that h is an O-sequence. Indeed we have that the first element of
h is 1 and moreover we have that 3 = (i’) < (3) =6, 6 = (;) <8 < (g),
8=(3) + () +() <10=(3) + (5) + (3) and finally 10 = () + (3) + (5) <
<+ (+(=12

From Theorem 3.0.40 we know that h represents the Hilbert function of a
finite set of points V. In particular, the first difference of the Hilbert function
of V is equal to Dhy = (1,2,3,2,2,1,0,0,...).

In Figure 3.1 is represented the graph of Dhy . It is easy to verify that Figure
3.1 represents also a possible set of points whose Hilbert function is h.

Notice in particular that there are 10 points contained in a conic given by
the product of the lines s and t.

Dh,(n)
o
S
--0---0---0---0-----
t
- O ---6---0---0---"0---0---
» 11

0 1 2 3 4 )
Figure 3.1

Since from now on we will focus on the Hilbert function of a finite set of
points, we introduce some additional notation.

Definition 3.0.42. Given Z C P" a finite set, for any d > 0, the value hz(d)
is also called the number of conditions that Z imposes to forms of degree d.

It is easy to understand why such a terminology is used. In fact hz(d) is
equal to dim(Clzg, ..., z,])q minus the dimension of the degree d part of the
ideal of polynomials which vanishes at 0. In particular hz(d) can be seen as
the number of independent conditions on polynomials of degree d vanishing at
Z mnecessary to form a basis for the polynomial vanishing at Z.

Another useful definition is the following. Recall that for any finite set Z we
denote with ¢(Z) the cardinality.
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Definition 3.0.43. We say that the points of Z are separated by forms of
degree d or that Z imposes independent conditions to forms of degree d, if

hz(d) = 0(Z).

Remark 3.0.44. Notice that Z is separated by curves of degree d when fixed
a point P € Z we can find a curve of degree d which vanishes at all the point of
Z\ P and not in P. In fact since hz(d) = dim(R/Iz)q = ¢(Z) we have that the
evaluation map evz(d) defined in remark 3.0.36 is surjective and the kernel is
exactly equal to (Iz)4. Moreover to each element of the canonical base of C*#)
i.e. an element of the form e; = (0,...,1,0,...,0) with 1 in the j-th position,
correspond a point in Z. So since evz(d) is surjective we have that there exists
a polynomial F' € Sym?(C") such that evz(d)(F) = e;, so F vanishes at all the
points of Z except P;.

The following lemma collects some well known facts about Hilbert function
and its first difference.

Lemma 3.0.45. Let Z C P" be a finite set of points and set £ = £(Z) the
cardinality of Z. Then we have:

1) hz(d
2) Dhz(d) =0 ford < 0;

) < ¢ for all d;
(

3) hz(0) = Dhz(0) = 1;
(
) =

4) Dhz(d) >0 for all d;

5) hz(d) = ((Z) for alld > ((Z) —

6) hz(i) = Yg<a<; Dhz(d);

7) Dhz(d) =0 for d >> 0 and ¥, Dhy(d) = ((Z);
8) if hz(d) = U(Z), then Dhz(d +1) = 0;

9) if Z' C Z, then, we have hz (d) < hz(d) and Dhz/(d) < Dhz(d) for every
deZ.

Proof. We call I(Z) = Iz and, for any polynomial g € R, we call I, the ideal
generated by the union of I(Z) and g.

(1), (2): These two points follow directly from the definition of Hilbert
function.

(3): We have just to compute hz(0) = (0:") —I(Z)o=1—-0=1 and by
definition of Dhz and 2 we have that also Dhz(0) = 1.

(4): We have to show that dim(R/I)y > dim(R/I)4—1. First notice that
I;1 can be embedded in C I;. In fact fixed a linear form g which does not
vanish in Z we have that fg belongs to Iy. As a consequence notice that the
multiplication by g induces an embedding R/I;_1 EN R/I;. In fact given a form
F € Ry_1 which not vanish in Z we have that also F'g does not vanish in Z so
the class Fg is non zero in dim(R/1;). So dim(R/I;—1) < dim(R/Iy).

(5): We prove it just for the case d = ¢(Z) — 1. The other cases will follows
from (4). To prove that dim(R/I)q = ¢(Z) we define a surjective map ¢ from
R to C“%) such that the kernel of this map is equal to I. In particular we can
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choose ¢ equal to the evaluation map defined in Remark 3.0.36. Fix for each
point P; € Z a linear form L; which vanishes at P; and does not vanish at any
other points P; € Z. Then we construct ¢(Z) forms F; of degree ¢(Z) — 1 such
that Fj is the product of the linear forms L; with 7 # j. F} is a form of degree
¢(Z) — 1, which vanishes at all the points of Z except P;. Thus in this case the
evaluation map is surjective.

(6): follows directly from the definition of the first difference of an Hilbert
function.

(7) ,(8): They are consequences of (5) and (6).

(9): The first inequality follows directly from the fact that Iz O Iy and
equation 3.2. As we have seen for point (4) there is a natural embedding
between R/I; and R/I;1. The following sequence

0= R/(I2)a 2% R/(I2)as1 — R/(Iz.)as1 — 0 (3.6)

where g is a form not vanishing in Z, Iz 4 is the ideal spanned by I, and g and
¢o is the embedding induced by the multiplication of all the elements of I; by
g, is exact.

So we have that Dhy(d) = dim(R/(Iz,9)d+1)-

Similarly we have that g induces an inclusion (R/Iz/)q in (R/Iz/)4+1 and
that the following sequence is exact.

0— R/(Izl)d &) R/(Izl)d+1 — R/(IZ’,g)dJrl —0 (37)

As before we have that Dhy/(d) = dim R/(Iz/ 4)a+1. Moreover we have that
the following diagram commutes.

0 = R/Iza 5 R/UI2an — R/Uzgan — 0

4 1 + { {
0 = R/Uz)a 2 R/Uz)as1 — R/Uzgasn — 0

Since the map R/(Iz)a+1 — R/(Iz/)q41 surjects, by the snake Lemma (see
Proposition 2.10 of [9]) we have that also the map R/(Iz,4)a+1 = R/(Iz/,g)d+1
surjects and this conclude the proof. O

We will use several times the well known fact that the first difference of
Hilbert function, after a certain point, is not increasing.

Proposition 3.0.46. Let Z C P" be a finite set of points and assume that for
some j > 0 we have Dhyz(j) < j. Then:

Dhy(j) > Dhy(j +1)

and as a consequence Dhz(j) > Dhz (i) for alli > j. In particular, if for some
j > 0,we have Dhz(j) =0, then Dhyz(i) =0 for all i > j.

Proof. See section 3 of [13]. O

Remark 3.0.47. In particular we are interested in studying the Hilbert func-
tion of the set of points A such that v, 4(A) is a Waring decomposition of a
certain symmetric tensor 7. In fact, since Veronese maps are injective as we
saw in Remark 1.1.16 we can study directly the points of A in order to obtain
information about the points of v, 4(A).

That is why we will refer both to A and to v, 4(A) as decomposition of T'.
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When we will try to compute the Hilbert function of a certain set of points
Z which is the union of two different decompositions of a certain symmetric
tensor T' we will use several times the following proposition.

Lemma 3.0.48. Let Z C P" be a finite set of points with £(Z). Then we have
that hz(1) < (Z) if and only if Z is linearly dependent.

Proof. To prove the lemma we have just to notice that, given a point P € Z, P
imposes a condition to the forms of degree 1 in P". In particular, by definition,
we have that Z is linearly independent if and only if the number of conditions to
the forms of degree 1 imposed by Z is exactly equal to ¢(Z). Since the number
of conditions that Z imposes to the forms of degree 1 in P™ is equal to hz(1)
we have that hz(1) < £(Z) if and only if Z is linearly dependent. O

Proposition 3.0.49. Let v, 4 be the Veronese map from P" to PN with N =
("jl'd) — 1 and let Z C P™ be a finite set of points. Then we have that hz(d) <
UZ) if and only if v4(Z) is linearly dependent.

Proof. In order to prove this result we have just to notice that, by definition of
the Veronese map, we have:

B, o(z)(1) = hz(d).

The conclusion follows applying Lemma 3.0.48 to this particular setting.
O

We recall that R = C[xy, ..., 2], Iz is the homogeneous ideal generated by
Z and that we indicate with M, the homogeneous part of degree d of a graded
module M.

Remark 3.0.50. Let Z C P" be a finite set of points and let (Z) C C"*! be a
set of coordinates for the points of Z. Fix s € N.
Consider the sequence

0= Izs 2 Clag, ..., 2], 22 o) (3.8)

where dj is the natural embedding of Iz, and ev(z)(s) is the evaluation map of
degree d in (Z) defined before. We can notice that the sequence is left-exact i.e.
the map dy is injective for every s. However, the map ev(z)(s) in general is not
surjective. We point out again that the rank of the evaluation maps does not
depend from the choice of the coordinates of Z (see Remark 3.0.37).

Example 3.0.51. Consider a set Z C P? of length ¢(Z) = 7 such that Z is
contained in an irreducible conic g and take s = 2. Let (Z) be any set of
coordinates for the points of Z. In this case we have that the sequence 3.8 is
equal to:

0 = Iyy 2% Clzg, o1, wa]s 22, ct®), (3.9)

Notice that from Bézout’s theorem (see Chapter one Corollary 7.8 of [34])
174 is equal to I(g)2 that is the degree 2 part of the ideal generated by g. Thus
do(Iz5) can be seen as the linear subspace of the space of polynomial of degree
two generated by g. Moreover we have dim(Iz,) = 1.

Thus, since the sequence 3.8 is exact we have that dy(Iz4) is equal to the ker-
nel of the map ev(zy. Clzo, 21, x2]s is a linear space of dimension dim(C[zg, 21, 22]2) =
6. Thus dy cannot be surjective.
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Another useful definition borrowed from the sheaf theory is the following.

Definition 3.0.52. Let Z C P™ be a finite set of points and let Z’ be a set of
coordinates for the points of Z. We define h'Iz(s) as

W (s) = 6(Z) — hy(s).

Remark 3.0.53. Let Z be a finite set of points. We have that for every s € Z
the Hilbert function of Z is equal to hz(s) = ("7*) — Iz,. Moreover we have
that h'(Iz(i)) = > j>i Dhz(j).

The first fact follows directly from the definitions of I, the other one from
the definition of the first difference of the Hilbert function.

We can notice also that, given two disjoint decomposition A, B C P" of a
symmetric tensor T, bl  5(d) has an important interpretation. Indeed as we will
see in the next proposition kY 5(d) represent the dimension of the intersection
< ’Ud(A) >N< ’Ud(B) >.

Proposition 3.0.54. Let A, B C P™ be two minimal non-redundant disjoint
decompositions of a symmetric tensor T with £(A) > £(B). Then for any d we
have that

dim(< vg(A) > N < vg(B) >) + 1 = hly z(d).

Proof. Call Z = AU B. 1t is a straightforward fact that
<v4(Z) >=<vg(A) > + < wvq(B) > .

Thus, using the Grassmann’s formula we have that

dim < v4(Z) >= dim(< vg(4) >) + dim(< vg(B) >)
—dim(< v4(4) >N <vg(B) >) (3.10)

Notice also that, from Remark 3.0.53, we can write the Hilbert function of
Z at degree i as hz(i) = €(Z) — hi,(i). As a consequence, from the fact that
dim < vg(Z) >= hz(d) — 1, follows that

dim < vg(Z) >= hz(d)—1 = 6(Z)—1—hy(d) = £(A)+4(B)—L(ANB)—1—hy(d).

(3.11)

Since A and B are non redundant, so that both v4(A) and vg(B) must be

linearly independent, using the injectivity of the Veronese map, we have that

L(A) = dim < vg(A) > +1 and 4(B) = dim < v4(B) > +1. Finally, comparing
3.10 and 3.11 we obtain

dim(< vg(A) > N < wvg(B) >) = (AN B) — 1+ hy(d).

The conclusion follows from the fact that A and B are disjoint.
O

The shape of first difference Hilbert function Dh4 gives us also some infor-
mations on how the points of A C P" are located in the space. In particular,
we cite the following Theorem of Bigatti Geramita and Migliore.
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Theorem 3.0.55. Let Z C P™ be a finite set. Assume that for some s < j,
Dhz(j) = Dhz(j+1) = s. Then there exists a reduced curve C of degree s such
that, setting Z' = ZNC and Z" = Z\ Z':

[ fOTi > ] - 1, thl(l) = th(l)
o fori<j, hz (i) = he(i)

[ Dhe(i) fori<j—+1
'DhZ’{DhZ(z‘) fori>j

In particular, Dhy/ (i) = s for s <i<j+ 1.
Proof. See Theorem 3.6 of [13]. O

Example 3.0.56. The following table represents the first difference of Hilbert
function of a set of points Z C IP3.

d |0
1

1 2 3 4 5 6 7
th(d)‘ 3 6 4 4 2 2 0
From Theorem 3.0.55 we have that there are at least 13 points of Z contained
in a curve C of degree 2. Notice in fact that Dhz(5) = Dhz(6) = 2, thus we
have a reduced curve C' of degree 2 containing some points of Z. However,
notice that ¢(C'NZ) can be bigger than 13. Indeed if C' is the union of two skew

lines we have that the first difference of the Hilbert function of C' will be

d |0 1 2 3 4 5 6
Dhz(d) |1 3 2 2 2 2 2

Thus, from Theorem 3.0.55 we have ¢(C' N Z) = 14.
On the other hand, if C is an irreducible plane conic, the first difference of
the Hilbert function will be equal to

d |0 1 2 3 4 5 6
Dhz(d) |1 2 2 2 2 2 2

Thus, from Theorem 3.0.55 we have that ¢(Z N C) = 13.

3.1 The Cayley-Bacharach property.

Another property that we will use to describe the Hilbert function of a finite
set of points is the Cayley-Bacharach property.

Definition 3.1.1. A finite set Z C P satisfies the Cayley-Bacharach property
in degree d, abbreviated as CB(d), if for any P € Z every form of degree d
vanishing at Z \ {P} also vanishes at P.

Example 3.1.2. Let Z C P? be a set of 6 points contained in a irreducible
conic curve. It is a direct consequence of the Bézout’s theorem that Z satisfies
CB(2).
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Remark 3.1.3. Notice that if a finite set of points Z C P" satisfies C'B(d) then
it satisfies also CB(d—1). In fact suppose by contradiction that CB(d—1) does
not hold. Thus we can find an hypersurface F' C P™ of degree (d — 1) such that
F vanish at all the points of Z\ { P} and does not vanish at P. Thus the product
F- g, where ¢ is an hyperplane not-vanishing at P, is a curve of degree d which
vanish at all the points of Z \ {P} and not in P, a contradiction.

This property has a long history. Many classical problems can be reinter-
preted using the Cayley-Bacharach property (see [28]).
As an example we can consider the following Theorem of Pappus.

Pappus Theorem: Given two points z,y in a plane we call L[z, y] the line
passing through z and y. Let Xy = {4, B,C} and X; = {a,b,c} be two sets
of aligned points. Then, we have that the points X = L[A,b] N L[a, B],Y =
L[A,cJN L[a,C],Z = L[B,c] N L[, C] are collinear.

This theorem, that was originally proven by using Euclidean geometry, can
be seen as a direct consequence of the so called Cayley-Bacharach theorem.

Theorem 3.1.4 (Cayley-Bacharach). Let 1,72 C C? be two cubic curves that
intersect in precisely nine distinct points {A1, ..., Ag} € C2. Consider 3 an-
other cubic polynomial that vanishes on eight of these points. Then 3 is a
linear combination of y1,%v2, and in particular vanishes on the ninth point Ag.
In other word {Ay, ..., Ag} satisfies CB(3).

Proof. A proof of this theorem can be found in Chapter 5 Corollary 4.5 of
[34]. O

Notice that Pappus Theorem can be seen as a consequence of the Cayley-
Bacharach Theorem. Indeed, in the hypothesis of Pappus theorem, the points
A, B,C and a, b, ¢ belongs to the intersection between the cubic curve L[A, b]- =
L[A,c]- L[B,¢c] and L[a,B]- = Lla,C] - L[b,C]. Thus from Cayley-Bacharach
Theorem we have that the cubic L[A,C] - L|a, ] - L|X, Z] has to vanish also in
Y.

In particular, we can notice in this example that the fact that a certain set
of points Z satisfies the Cayley-Bacharach properties give us some information
about the ideal I(Z) and, as a consequence, about the Hilbert function of Z.

We give a useful definition in order to simplify the notation.

Definition 3.1.5. Let Z C P” be a finite set of points. We call h-vector of Z
the vector
(h07 h17 h27 ey hT)

where h; = Dhz(i) for all i = 0,...,r and where r is the largest positive integer
such that the first difference of the Hilbert function of Z is different from O.

As another example of how the Cayley-Bacharach property influences the
shape of the h-vector of a given variety, consider the following Lemma.

Lemma 3.1.6. Let Z C P" be a finite set of points. Then, if CB(d) holds, we
have that for all P € Z there exists a j > d such that the first difference of the
Hilbert function of Z \ {P} is equal to:

1, Dhz(1),Dhy(2),...,Dhy(d), ..., Dhy(j) —1,...,0,0,...



CHAPTER 3. HILBERT FUNCTIONS 58

Proof. In order to prove this Lemma we have just to show that, for every P € Z,
Dhy(i) = Dhz p(i) fori = 0,1,...,d. Suppose that there is a point P for which
there exist an 4 < d + 1 such that the i-th value Dhz\ (p} (i) is smaller than
Dhz(i). Then we would have that dim(/z(#)) < dim(, 5(i)). In particular Z
can be separated by the curves of degree i, so CB(%) cannot hold for Z and, as
a consequence C'B(d) cannot hold for Z, a contradiction. O

Conversely, we can describe the behaviour of a finite set of points Z which
does not satisfies CB(d) for some d.

Lemma 3.1.7. Let Z C P" be a finite set of points. If Z does not satisfy C B(d)
then, there exists a point P € Z such that h,(d) = hlz\P(d).

Proof. Let i < d be the minimum integer such that C'B(i) does not hold for Z.
Then, there exists a point P € Z and a curve F of degree i vanishing at Z\ { P}
and not in P. Thus dim(Iz(i)) < dim(I 4 5(1)) and so Dhz(i) > Dhy 5(i). As
a consequence using the trivial fact that Z\ P C Z and Lemma 3.0.45 we have
that

Dhz(j) = Dhy5(j)

for all j # ¢. In particular since ¢ < d we have that Dhz(j) = th\ﬁ(j) for all
j>d.

In conclusion using Remark 3.0.53 we have that we can always choose P
such that:

hyz(d) = hy p(d).
O

Another Theorem that shows us how the CB-properties characterize the
shape of Dhy is the following.

Theorem 3.1.8. If a finite set Z C P™ satisfies CB(i), then for any j such
that 0 < j <i4 1 we have

Dhz(0) + Dhz(1)+ -+ Dhz(j) < Dhz(i+1—j)+ -+ Dhz(i+1).
Proof. See Theorem 4.9 of [7]. O

The first version of Theorem 3.1.8 was proven by Geramita Kreuzer and
Robbiano in [31]. They proved this Theorem just taking i equal to the socle
degree of Z ie. taking i equal to the last integer such that Dhz(i + 1) >
0. In 2018, Angelini, Chiantini and Vannieuwenhoven (see [7]) generalized the
result of Geramita Kreuzer and Robbiano proving Theorem 3.1.8 just using the
original theorem for the socle degree and using an inductive argument. Theorem
3.1.8 will be essential to prove our results about the identifiability of symmetric
tensors.

We conclude this section by recalling an important Lemma that we will use
several times in our investigations.

Lemma 3.1.9. Let T be a symmetric tensor of degree d in n + 1 variables
and consider two non-redundant decompositions A, B of T. Set Z = AU B. If
AN B =1, then Z has the Cayley-Bacharach property CB(d).
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Proof. Suppose by contradiction that C'B(d) does not hold for Z. This means
that there is a point P € Z and a hypersurface F' C P" of degree d such that F'
vanishes at all the points of Z \ {P} and does not vanish at P. From Remark
3.1.7 we have that we can find P such that:

hz(d) = hy (py (d).

Thus by Proposition 3.0.54 we have:

dim(< va(A) >N < wva(B) >) = hiz(d) =1 = hj (py(d) — 1 =
=dim(< vg(A\ {P}) >N <va(B\{P}) >). (3.12)

Notice that either A\ {P} # A or B\ {P} # B and that T still belongs to
<va(A\{P}) > N < wvg(B\ {P}) >. Thus we have that T € v4(A\ {P}) and
T e<vqg(B\ {P}) > but this is a contradiction because we have assumed A, B
non redundant. O



Chapter 4

A new proof of Kruskal
Theorem.

4.0.1 Preparatory results

Our goal is to prove the Kruskal criterion using the properties of the Hilbert
function of a decomposition A C P™ of a given symmetric tensor 1" of degree d
in n + 1 variables.

In particular we have the following Lemmas which describe the behaviour of
the Hilbert function of a set of points A in linear general position.

Lemma 4.0.1. Given A= {Py, Ps,...P.} CP", if the first Kruskal rank ki of
A is equal to k + 1 then we have:

o ha(i)>1+ik ifl+ik<r

o ha(i+ 1) =r otherwise.

Proof. We prove that when r > 1+ ik we can separate 1+ ik points of A using
curves of degree i then, as a consequence, we will have that h (i) > 1+ ik.

So take Ag = {P1, Pa, ..., Piyi} C A so that £(Ap) = 1+ ik. From the fact
that the first Kruskal rank of A is equal to k + 1, we also have that the first
Kruskal rank of Ag is at least k + 1 by Remark 2.0.35. Suppose we want to
separate a point P; € Ayg. We can take 7 disjoint subset formed by %k points of
Ap \ {P;} and, for each of this subsets, we take an hyperplane passing through
all the points of the subset. We call these hyperplanes Ly, Lo, ..., L;. Thus,
we know that P; is contained in none of these hyperplanes because we know
that the first Kruskal rank of Ag is ki = k + 1. So, P; is not contained in the
hypersurface of degree i defined by Ly - Ly - .. .- L; which contains Ay \ {P;}. So
we have that ha,(i) > 1+ ik for all the subsets Ag of A of cardinality 1 + ik.
The statement follows directly from point 9 of Lemma 3.0.45.

The proof of the second claim is the same of the first one, except for the fact
that one of the subsets of Ay can be of cardinality smaller then . O

The previous Lemma gives us also some information about the first difference
of the Hilbert function of a set of points A.

60
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Lemma 4.0.2. Let T be a symmetric tensor of degree d in n + 1 variables and
let A={Py, Ps,...,P.} CP" be a decomposition of T so that the Kruskal rank
of A is equal to k + 1 and such that r < %.

Then we have:

o Dha(%+1)=0ifd is even.
o Dha(“FY 1 1) =0 if d is odd.

Moreover we have that Dha(%) < k — 1 when d is even, Dha(%$t) < 51
when d and k are both odd and Dha(*EL) < & —1 when d is odd and k is even.

Proof. Suppose d even. Let i € N be the maximum such that 1 4+ ik < r. We
can prove that 1 < %. Indeed if i = g then we have 1 + % < r but this is a
contradiction since we know by hypothesis that r < % and 1+ % > %.

Thus, from Lemma 4.0.1 we have:

d . (dk
ha <2> > min <2 + 1,r> =7

So, ha (g) = r and as a consequence we have Dh 4 (g + 1) =0.

Moreover, we can prove that Dha (%) < k — 1. In fact, suppose by con-
tradiction that Dhy (%) > k. By definition of the first difference of Hilbert
function we have that:

(8)m (4 o)

If ha (% — 1) = r then we have also that Dh 4 (%) = 0, a contradiction because
we have supposed Dh 4 (g) > k.
If ha (g — 1) < r then from Lemma 4.0.1 and from our assumption we have:

d d d dk dk
——1)+Dha(z)>(=—1) - k+1+k=——k+1l4+k="+1>r
hA(2 )+ hA(2)_<2 ) k+1+k 5 E+1+k 5 T1>7

a contradiction.

Suppose now d odd. Let ¢ € N be the maximum such that 1+ ik < r. As
before we can prove that ¢ < %. Indeed if ¢ = % then we have 1+ @ <r
but this is a contradiction since we know by hypothesis that r < % and
14 (GHLk o it

Thus, from Lemma 4.0.1 we have:

d+1 . d+ 1)k
ha <2> Zmln<(2)

So, ha(%4t) = r and as a consequence Dhy (%t +1) = 0.

If d is odd and k is even we have that Dha(%2) < £ — 1. In fact suppose
by contradiction that DhA(%) > %

By definition of the first difference of Hilbert function we have:

d+1 d+1 d+1
hal——)=ha|—5——1)+Dha(——).
() = (5 ) o (557)

+
:_‘

-
~
I
=
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As before, if hy (M — 1) = r then we have Dh 4 (%) = 0 a contradiction
because we have supposed Dhy (242) > &.
If hy (M - 1) < r then from Lemma 4.0.1 we have:

d+1 d+1 d+1
— ) = ——-1)+D >
() () e () 2

d—1)k ko dk
L——L+1+—=4—+1>r(4n

>
- 2 2 2

a contradiction.
Suppose that d and k are both odd. We prove that Dh 4 (%) < %
Suppose by contradiction that Dh 4 (d'H) > kz L.
We know that:

d+1 d—1 d+1
() () o (1)

As before, if h 4 (M — 1) = r then we have Dh 4 ( ) = 0 a contradiction
because we have supposed Dh » (’H‘l) > k Ly
If hy (d'H — 1) < r from Lemma 4. 0.1 we have:

d+1 d—1 d+1
= — >
()= (5) (55

d—1)k k—1 dk 1
!+1+7+1:7+—+1>r (4.2)

>
- 2 2 2 2

a contradiction.
O

Given A, B C P™ two sets of points, if we know the h-vector of A we can
also have some information on the shape of the h-vector of AU B. In particular
we have the following Lemma.

Lemma 4.0.3. Let A, B C P" be two nonempty subsets with AN B = (. Call
Z = AU B and let (ho,h1,...,hy) be the h-vector of Z. Fiz s € N such that
s < «o and hllA(s) = 0. Then, there exist a subset By of B such that the
h-vector of Z \ By is equal to (hg,h1,...hs,0).

Proof. We construct the set By removing from Z one point of B at a time and
verifying that the new h-vector satisfies the condition of the statement. Suppose
by contradiction that there is no choice of a point P € B\ B; for which the
h-vector decreases in h; for some j > s 4 1 where B; is the set points that
we have removed up to the i-th step (By = 0). Thus, there is an ¢ for which
dim(Iz\ ,)(s) < dim(Iiz\ B,))\p)(s). So CB(s) does not hold for Z\ B; because
P is separated by curves of degree s. In particular, for a point P in B\ B; there
exist a curve C of degree s such that C' vanishes in all the points of (Z\ B;) \ P
and C does not vanish in P. We can do this for all the points in B\ B;.

Our claim is that hllz\Bi (s) = 0. In order to prove this fact we have just to
show that the evaluation map evz\ g, (s) : Ry — CHZ\B1) is surjective. In other
word we have just to show that there are polynomials C1, ..., Cyz\B,) € Opn(5)
such that the image of C1 ... Cyz\ B,) forms a base for CHZ\B:
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Fix a set of coordinates and an ordering for Z \ B;, say that {P1,..., P}
are coordinates of the points of A and {P,41,...,Ps} are coordinates for the
points of B\ B;.

We proved that any P; € B\ B; is separated by polynomials of degree s
thus, we have that for any P; € B; (j = (y+1),..., ) there exists a polynomial
Cj € R such that evz p,(s)(Cj) = (0,...,0,7;,0,...,0) where 0 # v; € Cis
the j-th coordinate of evy\ g, (s)(Cj).

Thus, from the fact that h'14(s) = 0 and so that the evaluation map eva(s)
is surjective, we have that the matrix associated to the evaluation map evz p,
is a block-matrix of the form:

710
T\|1

where I is the identity matrix and T’ is a triangular matrix of full rank.
Thus the evaluation map evz\ g, is surjective. As a consequence we have that
h'Iaue\B;)(s) = 0 and so Dhayp\p,)(s + 1) = 0. Thus, we have that the
h-vector of Z \ B; is equal to (hg, h1,...,hs) and this conclude the proof. [

Remark 4.0.4. In the hypothesis of the previous Lemma, if ¢(B) > 2, we can
always find a set By such that Z \ By has h-vector equal to (hy,ha,..., hs, 1).
Indeed, as in the proof of the lemma, we have just to remove one point of B at
a time until we obtain a set B’ such that hll(Z\B/) = 1. This means that if we
remove another points from B we obtain an h-vector for Z minus the removed
points of the form (hy, ha, ..., hs,0).
The conclusion follows since from Proposition 3.0.46 we know that if Dhz(n) =

0 for some n € N then, Dhz(j) =0 for all j > n.

4.1 Kruskal Theorem (for symmetric tensors)
revisited

Now, we are able to prove that a tensor T of degree d in n + 1 variables with
a decomposition A C P" of length ¢(A) < % and Kruskal rank equal to
k + 1 is identifiable by using the properties of the Hilbert function and the

Cayley-Bacharach property.

Theorem 4.1.1. Let T be a symmetric tensor of degree d and let A C P™ be
a decomposition of T such that L(A) = r < %. If the Kruskal rank of A is
k+ 1 then T is identifiable.

In order to prove this proposition, first we prove that, under our hypothesis,
if there exist two different decompositions of a tensor T then these two decom-
positions cannot be disjoint. We will prove this fact separately for tensors of
degree d even and odd. Then, we will use an inductive strategy to deduce the
identifiability of T

Proposition 4.1.2. Assume we have a symmetric tensor T of degree d and
A C P™ a decomposition of T such that L(A) =1 < % and first Kruskal rank
ki =k+ 1 with k € N. Then, T cannot have two disjoint decompositions.
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Proof.

Case 1. d even.

Suppose that T is a symmetric tensor of degree d = 2m. We start by proving
that a symmetric tensor of degree even and rank bounded by % cannot have
two disjoint decompositions.

Suppose by contradiction that T' is not identifiable and call B another de-
composition of B such that ¢(B) < {(A) and ANB =0. Wecall Z=AUB.
Let (ag, ..., am) be the h-vector of A and let (hg, ..., hy) be the h-vector of Z.
From Theorem 3.1.9 we know that Z = AU B satisfies CB(d).

Since Z contains A, then from Lemma 3.0.45 we have that

Dhz(0) + Dhz(1) 4+ -+ -+ Dhz(m) > Dha(0) + Dha(1) + -+ + Dha(m) = r.

Thus, from the fact that ¢(A) > ¢(B) and since from Theorem 3.1.8 we know
that

Dhy(m+ 1)+ -+ Dhy(d+1) > Dhz(0) + -+ Dhy(m) =r

we have that:

m d+1
2r > ((Z) = L(A) + ((B) > Y Dhz(i)+ Y  Dhg(i) >
=0 i=m+1
m d+1 d+1
> Dha(i)+ > Dhz(i)=r+ > Dhy(i)>2r. (4.3)
1=0 i=m-+1 1=m-+1
Thus, we have necessarily that:
m d+1 d+1
2r = ((A) + £(B) = > Dha(i)+ Y Dhg(i)=r+ > Dhy(i) (4.4)
=0 i=m-+1 1=m-+1

and so we have ¢(B) = Z?;ln-s-l Dhz(i) =1, Dhz(d+2) =0, a,, > 0 and
Dhz(i) = Dha(i) for all i < m.

Moreover, from Lemma 4.0.2 we know that h,, = a.,, < k — 1.

Now, we remove from Z all the points of B but one. The set Z; that we
obtain has cardinality ¢(Zy) = r + 1 and contains A. Thus, its h-vector is
hzy, = (1, k,ha,...hm,1) = (1,k,az2,...,am,1). We can notice that CB(m)
does not hold for Zy. In fact, if CB(m) hold we would have by Theorem 3.1.8
Dhz,(m)+ Dhz,(m+1) > Dhz,(0)+ Dhz,(1). But hyy+1<k—141<k+1
a contradiction.

Now we remove points from Zy to preserve the value 1 in degree m + 1 in
order to obtain a subset Z{ having the Cayley-Bacharach property CB(m) (see
Remark 4.0.4). In doing so, since a,, < k—1, we are forced to decrease the value
in degree 1 (otherwise we have a contradiction with Theorem 3.1.8). So, the set
Zj has h-vector hy, = (1,a},as,...,ay,,1) with a;, <k, hence aj < k because
of the CB(m) property. Since m > 2 and a}, > 0 (otherwise we would have
a contradiction by Proposition 3.0.46), then Z is contained in a subspace of
dimension a < k of P™ and contains at least a} +2 points of A. This contradicts

the fact that the Kruskal rank of A is equal to k + 1.
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So CB(d) cannot hold and as a consequence T' cannot have two disjoint
decompositions.

Case 2. d odd.

Now we analyse the cases where the symmetric tensor T is of odd degree d.
It turns out that this case is more difficult than the previous one.

Suppose by contradiction that C'B(d) holds for Z.

From the fact that A is in linear general position by the definition of the
Hilbert function, we know that the h—vector of A is of the form:

(1’ ka h27 sy h(%))
where h(%) < g —1if k is even and h(%) < % otherwise (see lemma 4.0.2).
Moreover, from the fact that ¢(A) > ¢(B) we have that the h-vector of Z is

of the form (1, k, ha, hs, ha, ..., hat1) with heany < k—1. In fact, from Lemma
4.0.2, Theorem 3.1.8 and Proposition 3.0.46 we know that:

d+1

d—1 d—1
Dhy(i) > Dhy(i) > Dh >k- 1
;ZZZZA L E O L Y
and so we have:
d+1 - &
Dh( )<2r—> Dhy(i)— > Dhyg(i)<dk+1—dk+k—-2=Fk—1
1=0 ,L'fd+3
If r <k-(%2)+1 from Lemma 4.0.2 we have that
d— izt d+1
ke (w5 +1<ZDhA Zth < Y Dhg(i)

=0 j— d+3
2

So from the fact that ¢(A) > £(B) we have Dhz(%4%) = 0, a contradiction
with Proposition 3.0.46.

Thus, suppose r > k- (41) + 1.

From Lemma 3.1.6 and the fact that C'B(d) holds we have that the h-vector
of Z\ Py, where Py is any point in B, is:

1,k hoy... hayr — 1.

The set Z \ Py must satisfy CB(d — 1), otherwise Z could not satisfy C'B(d)
(see Remark 3.1.3). Thus, if we remove any other point P’ € Z \ Py, we get an
h-vector (1,k, ha, ..., hy, hyy, 1), with by +h)y | = ha + hay1 — 2.

For any pair of points Py, P’ € B, we can apply Lemma 4.0.3 and find a
subset B = B(Py, P') C B, with Py, P’ € B, such that the h-vector of Z \ B is
equal to

(1,k,h2,...,h(%),k—h(%)).
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Figure 4.1

We can notice that Z \ B does not satisfy CB(%5!) otherwise we will get a
contradiction with Theordenll 3.1.8.

Since r = £(A) = >, 2, Dha(i), from Proposition 3.0.46, we can find the
following two inequalities. If k£ is odd we have:

d+1
=
(A +UB) = (B) =Y hit+k—han) >
=0
& d+1 k k

Otherwise, if k is even we have:

d+1
(A +UB) = UB) =) hitk—ha >
1=0
d+1
2 1
> MM@+M¥—Dmﬁ;)+k—@¥>
1=0
k—1 k+1
> — = .
r+k 5 r—+ 5

In both cases we have that £(B) < @.

(dgl) disjoint subsets B, ... ,Edg;l c B such

We write B as the union of

_ a1
that ¢(B;) < k and | J,2, B; = B. o o

Since CB(%£t) does not hold for Z \ B there exists a point Q1 € Z \ B and
a curve S; of degree <! which contains (Z \ B) \ {Q1} and misses Q1.

d- _
We show that v%(Ql) € U,:T; < v%(Bi) >. In fact, if v%(Ql) ¢

d—1
2 < Vd+1 Bi > we could take the pI'OdllCt of a1 hyperplanes L1 et
=1 o= 2

2
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L4 such that each L; contains < B; > and misses Q;. Thus, the product
Sy : Lo ... - Ld2;1 contains Z \ @ and misses @1, contradicting the CB(d)
property for Z.

Note also that, from the fact that CB(%t!) does not hold for Z \ B, the
point Q1 preserves the value k — h g of the h-vector i.e the last value of the

h-vector of the set of points (Z \ B) \ Q is still equal to k — hags.

Figure 4.2

Now, we eliminate @1 from Z \ B. The set Z; = (Z \ B) \ {Q1} contains
at least r — 1 > k + 1 points of A, thus Vi (Z1) cannot be contained in n — k
independent hyperplanes, because the first Kruskal rank k; of A is equal to
k+ 1. The h-vector of Z; is equal to (1,k,hy, ..., Wuys , k — h%)7 where there
is an ¢ for which A} = h; — 1 and h = h; for all jz;é 7. We can notice that
CB(%f2) still does not hold for Z;, otherwise we will have a contradiction with
Theorem 3.1.8.

We continue dropping points of Z; and preserving the last value of the h-
vector of Z \ B, until we get a set of points with Kruskal rank less than k + 1.

These sets Z; that we find at any step cannot satisfy C'B (%) Thus at any
step one can find a point Q; € Z; and a curve S; of degree % passing through
Z; \ Q; and missing Q;. Moreover all the points @; belong to the union of the
spans < Va1 (B;) >. At the next step, we can remove @Q; and still preserve the
last value & — h EEE] in the h-vector.

The process stops when we get a subset with Kruskal rank less than k41, but
this can happen only after removing at least » — k — 1 points of A. Thus for any
pair of points Py, P’ € B there exists a subset B of h# +- ot hgp1— (k—h%)

points of B, with Py, P’ € B, and a partition of B = B, U---U Ba_: such that
{(B;) <k and < v%(ﬁl) >U---U< vd#(ﬁ%) > contains at least r —k—1

d—1 —_—
points of A. Call Cp = B\ (U2, < v%(Bi) >) C B. The set Cy has

cardinality at most ¢(B) — ¢(B). By construction and using again Lemma 4.0.1
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and Theorem 3.1.8 we have that:

E(E):h%s thas + - +hap —k+has

> Dha(0) + Dha(1) +--- 4 Dha (d;l> —k+ Dhy ()

So we have that:

U(Co) <U(B)—UB)<r—r+k<k.

a1
Now, we prove that A\ (|J,2, < B; >U<Cp>)=0.

1=

Ll_ —_—
Suppose by contradiction that A\ (|J,2; < va+1(B; >)U < Cp >) is non-
2

a1 —
empty. Then from the fact that (J;2; < vas (B;) > contains at least r —k — 1
points of A we can find a hyperplane H” which contains all the points of A\

(U:l:%l1 <vap (B;) > U < Cy >) but one point T".

Now, consider the curve S = Ly - Lo+ ... - L% such that < B; >C L;
defined as before, an hyperplane L EES] containing < Cy > and avoiding 7', and
H”. We can notice that since £(Cp) < k < n it is always possible to find an
hyperplane passing through (Cy) and avoiding T'. Moreover from the definition
of the L; it is clear that T' does not belong to (UE < v%(ﬁi >)U < Cp >).

Thus, we have a curve Ly - - Lz - H" of degree %12 that contains Z \ {T'}
and misses T', a contradiction with C'B(d).

Figure 4.3

d—1 —_—

So, A is contained in the union (J;2; < v%(Bi) > U < Cp >. Since

da—1 _ _
<Co>and |J; 2 < v%(Bi) > can contain at most £(Cy) and ¢(B) points of



CHAPTER 4. A NEW PROOF OF KRUSKAL THEOREM. 69

A, because the first Kruskal rank of A is k + 1 and ¢(Cy) < k and ¢(B;) < k ,
then we have:

(A) =7 <U(B)+{(Cy) <UB)+{B)—4B)<r. (4.5)

d—1 J— —_—

So, we have necessarily ¢(B) = r and that | J,2, < van (B;) > contains £(B)
points of A while < Cy > contains the remaining ¢(Cp) pOlIltb of A. Moreover
we have that £(B) = £(B) + ¢(Cy) and from the fact that Cy, B C B, we have
that B and Cj are disjoint and as a consequence Cj is equal to B \ B From

d—1
the deﬁmtlon of Cy we have also (|2 < v%(Bi) >)N B = B. Moreover,

AN (U 21 <vap (B;) >) and AN < Cy > are disjoint.

Now, repeat the procedure varying the choice of the point Py. So, we take
another point Py, different from Py, in B\ B, and we define the sets B and C;
corresponding respectively to B and Cj.

We can notice that £(B) = ¢(B). As before we can ﬁnd a partition of B of

the form B, with 0 <i < % such that ¢(B;) < k and Ui:1 B, =B.

_ d-1 _
Moreover we have that all the properties of the sets B and | J, 2, < v 4 (B;) >
a1 a1
are also properties of B and |J; 2, < vanr(B;) >. In particular, | J, 2, <
2

Ud+1 (B

T

) > contains ¢(B) = {(B) points of A and we can define a set C; =
B\ (U; ;1 < vap (B;) >) such that < C; > contains the remaining points of

A. As before we have also that AN (|, 211 < vap (B;) >) and AN < Cy > are
disjoint

We want to prove that the new set C7 defines a span < Cj > which is
different from the span of Cy.

In fact, suppose by contradiction that < Cy >=< Cy >. Then, we have
< Cy > NA =< Cy >nNA and as a consequence we have

d—l
2

U <’Ud+1 >ﬂA U <1}d+1(B)>ﬂA.

=1

Moreover, we know that:

d—l
2

U<ud+1 ) > NA) _4U<ud+1( ) >nNA) =4(B) = ((B).

=1

From the fact that the first Kruskal rank of A is k + 1 and that ¢(B,) < k,
we can take among the generators for < B, > the points in < B, > NA and
among the generators for < B; > the points in < B; > NA. Thus, from the fact
that we made no assumptions on how the points of B are divided on the sets
B,, we can suppose that each (B;) is generated by the same generators of B;.
So we have that also < v%(ﬁi) >=< vap (B;) > and for what we have seen
before we have
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a contradiction.

In particular we have that (Cyp) N A must be different from (C1)NA, otherwise
we obtain a contradiction in the same way as before.

Thus < C; > must miss at least one point T of A\ < Cy > and as a

a1 _
consequence Ay = (A\ ;2 < v%(Bi) >)\ < C; > is non empty. We recall

d—1 —
that ¢(Ap) is at most k+ 1 since J,; %, < vas1(B;) > contains at least r —k —1
2
points of A.

Now, we can take the product of hyperplanes containing U::Tll < B; > and
< C7 > that avoid T and a general hyperplane containing all the points of Ay
but the point 7. We obtain a curve of degree 42 that contains Z \ {T'} and
misses 1. A contradiction.

O

4.2 Inductive step: non empty intersection

Now we are able to prove again the Kruskal criterion using only the previous
results and an inductive strategy.

Proposition 4.2.1. Given a symmetric tensor T of degree d and A C P" a
decomposition of T such that ¢(A) =r < %. Then, if the Kruskal rank of A
is k+ 1 then T is identifiable.

Proof. Suppose by contradiction that there exist another decomposition B of T
of length ¢(B) = r' < {(A). Of course we may assume that B is non-redundant.
If AN B = 0 we have a contradiction from Proposition 4.1.2. So, assume
ANB # 0.
Thus we can write, without loss of generality, B = {Py,... P;, P/ ,..., P}
i.e. we may assume that ANB = {Py,...,P;}, i > 0. Then there are coefficients
a,...,ap,b1,..., b such that:

T = arvg((P1)) + -+ - + awa((Pi)) + aiv1va((Pig1)) - - + arva((F)) =
= biva((P1)) + -+ -+ biva((P)) + bix1va((Piyy)) 4 - - + brva((P))

where we indicate with (P;) a possible choice of affine coordinates for the pro-
jective point P;. Consider the form

To = (a1 =b1)va((P1))+- -+ (ai—=bi)va((F)) + air1va((Pit1)) ++ - - +arva((Pr)),

which is also equal to biy1vq((Pj ;1)) + -+ + bpva((P))). Thus Ty has two
decompositions A and B’ = {P/,,..., P/}, which are disjoint. If A and B’ are
both non-redundant, then by Lemma 3.1.9 applied to A, B’ and Ty, we get that
AU B’ satisfies CB(d). Since AUB’ = AUB = Z, and we know by Proposition
3.1.9 that Z does not satisfies C B(d), we find that either A or B’ are redundant.

Assume that B’ is a redundant decomposition of Ty. Then we can find a
point of B’, say P/, _,, such that Ty belongs to the span of v4(B’\ {P/ }). Since
T =Ty + brvg((P1)) + - - + bjva((P;)), this would mean that T" belongs to the
span of vg(B’ \ {P/}), which contradicts the fact that B is a non-redundant
decomposition of T



CHAPTER 4. A NEW PROOF OF KRUSKAL THEOREM. 71

Assume that A is a redundant decomposition of T and in particular that
Ty belongs to the span of vg(A \ {P;}), for some j > i. As above, since T =
To+brva((Py))+- - -+ brv4((Pr)), this would mean that T belongs to the span of
va(A\{P;}), which contradicts the fact that A is a non-redundant decomposition
of T

Assume that A is redundant, and Ty belongs to the span of vg(A \ {F;}),
for some j < i, say j = 1. Then Ty = y2va((P2)) + -+ + vva((Py)), for some
choice of the coefficients 7;. Since vg(A) is linearly independent, because A is
non-redundant, this is only possible if a; — by = 0. So there exists a proper
subset A’ C A which provides a non-redundant decomposition of Ty, together
with B’. Moreover ((A’) < 4L and A’ N B’ = §.

From the fact that A’ C A, we also know that the Kruskal rank of A’ is
min{k + 1,4(A")}.

From Proposition 4.1.2 the existence of B’ yields a contradiction.

We conclude that T is identifiable.



Chapter 5

Extending Kruskal criterion

In this chapter we want to extend the bound given by the Reshaped Kruskal
criterion 2.0.40 using a strategy similar to the one used in our proof of Kruskal
criterion. We present here the results obtained in [6].

The first case we want to analyse is an extension of the Kruskal criterion
for the case of symmetric tensors of type 3 X --- x 3 (7 times), or equivalently
we want to study forms T of degree 7 in 3 variables. We suppose to know a
non-redundant decomposition A = {Py,..., P11} C P? of T with ¢(A) = 11 and
we will give a criterion for the identifiability of A.

We need some assumptions on the points of A. In particular we will make
the hypothesis that no 3 points of A are aligned and that no 10 points of A are
contained in a cubic curve. We can describe these two conditions in terms of
Kruskal ranks as follows.

e The Kruskal rank &k of A is 3;

e the third Kruskal rank k3 of A is 10 or equivalently the Kruskal rank of
’02)3(14) is 10.

Notice that these assumptions hold in a Zariski open subset of (P?)!!.

Remark 5.0.1. The Reshaped Kruskal criterion 2.0.40 does not cover the case
of tensors of degree 7 in 3 variables and ¢(A) = 11. Consider the partition of 7
of the form a + b + ¢ and compute the corresponding Kruskal ranks in order to
find the bound given by the Theorem.

Consider the partition 7 = 3 + 3 + 1. Under our hypothesis the given de-
composition A of T satisfies k3 = 10, k; = 3, but:

104+ 10+3—2
ng%.

Another exemplifying case is when we take the partition 7 =2+ 2 + 3. In
this case we know that k3 = 10 and that ky < 6. On the other hand we have

that 64+6+10—2
g

A similar computation holds for any other partition of 7.

The goal of this section is to present the proof of the following result origi-
nally presented in Theorem 5.1 of [6].

72
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Theorem 5.0.2. Let T be a symmetric tensors and let A be a decomposition of
T of length £(A) = 11 such that the first Kruskal rank ki of A is equal to 3 and
the third Kruskal rank of A is 10. Then T has rank 11 and it is identifiable.

The proof of this theorem is based on the fact that under this hypothesis we
have a complete knowledge of the first difference of the Hilbert function of A.
Indeed we can represent Dhy using the following table.

i |o
1

4 5 6
Dha(j) | 1

1 2 3
2 3 4 0...

Our strategy is similar to the one used in the previous chapter. The first fact
that we prove is that if there is another decomposition B of T with £(B) < ¢(A)
then A and B cannot be disjoint.

Proposition 5.0.3. Let Z = AU B the union of two non-redundant decompo-
sitions for a symmetric tensors T in 8 variables. Suppose also that ((A) = 11
and that £(B) < L(A). Then Z cannot satisfy CB(7) so, from Lemma 3.1.9, A
and B cannot be disjoint.

Proof. Assume by contradiction that Z satisfies CB(7). From Lemma 3.0.45,
Proposition 3.0.49 and the fact that A C Z we know that Hilbert function of Z
can be represented as follows.

j |0 1 23 4 5 6 7 8
Dhz(j) [1 2 3 4 hs hs he hy hs

where hg is different from 0. Moreover from Proposition 3.0.46 we know that
also hy, hs, hg, hy > 0.
By Proposition 3.1.8 we know that:

hs +he+h7+hg >14+24+3+4=10.

So, from the fact that ¢(Z) < 22, we have that hy < 2.

But then, by Proposition 3.0.46, hs,...,hs < 2. Thus hs + hg + hy + hg <
2+2+2+2 =238, a contradiction. Thus CB(7) cannot hold and the conclusion
follows directly from Lemma 3.1.9. O

Now, using an inductive strategy, we can prove the main Theorem 5.0.2 of
this section.

Proof of Theorem 5.0.2. Suppose we have another non-redundant decomposi-
tion B of T of length smaller or equal to A. By 5.0.3 we know that A and B
cannot be disjoint. and in particular by Lemma 3.1.9 we know that Z = AU B
cannot satisfy CB(7).
After rearranging the points of A, B, we may assume

A=A{Py,...,P,Piy1,...,P11} B= {Pl,...,H,Pi’H,...,Pé},
where ¢ = £(B) < 11, (AN B) = i < g, and the set By = {P/,,,..., P} is
disjoint from A, i.e. By = B\ A.
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Now, as we did in Proposition 4.2.1, we construct another tensor Ty starting
from A and B as follows. By definition of decomposition we can write T as:

arvr((Pr)) + -+ +anve((Pr1)) =T
=bror((P1)) + -+ + bivr((P)) + big1vr((Pfy1)) + - - + bgvr((Py))

where none of the coefficients a;,b; is 0 (otherwise A and B cannot be non-
redundant) and where we indicate with (P;) a choice of affine coordinates for
the projective point P;.

We define Ty as:

To = (a1=b1)v7((Pr))+ - ~+(ai—=bi)vr((P;))+ait107((Pis1))+ - ~+a11v7((Pr1))
= bip1v7((P/yy)) + -+ bgur((Py)).  (5.1)

Notice in particular that T = Ty + byv7((Py)) + - - - + bjvr ((P))).

We want to prove that both decompositions of T have less than 11 sum-
mands. We already know that ¢(Bg) = ¢(B\A) < 10 since ANB # . Repeating
the argument used to prove Lemma 3.1.9 we can prove that there exists a point
P € Z such that

<vr(A\{P}) > N < v7(By \{P}) >=< v7(A) >N < v7(By) >.

As a consequence Ty belongs to < v7(A\ {P}) > N < v7(By \ {P}) >.
P cannot belong to < By > otherwise we would have that T' is spanned by
v7(B\ {P}), which contradicts the fact that B is non-redundant. Similarly, if
P = P; with j > i, i.e. if P € A\ B then T is spanned by v7(A \ {P}), which
contradicts the fact that A is non-redundant. The only possibility left is that
P is a point in AN B. We assume without loss of generality that P = P;.

Thus we can write Ty as Ty = covr((P2)) 4+ -+ + c11v7((P11)). Notice that
the coefficient ¢; can be chosen equal to the one of equation 5.1. Indeed if
a; — by # 0, this implies that v7(A) is linearly dependent, which contradicts
the fact that A is non-redundant. Thus a; = by, so that Ty is spanned by
v7((Pe)),...,v7((P11)) and can be written as:

To = (ag—b2)vr((P2))+- - +(ai—b;)vr((P:)) +aiv1v7((Pig1)) +- - - +an1vr((Pr1))

where not all the coefficients (a; — b;) are necessarily different from 0.

Thus Ty has a non-redundant decomposition A’ C A such that 11 — ¢ <
£(A”) < 10. Moreover Ty has a second decomposition, By, of length ¢(By) =
k—i<1l—i<((A").

Since k3 = 3 and k3 = 10 and A’ consists of at most 10 points of A, we
have that both A" and v3(A’) are linearly independent. In other words we can
say that the third Kruskal rank k% of v3(A’) is £(A’), while the Kruskal rank &}
of A’ is min{¢(A’),3}. Moreover ¢(A’) > 1, otherwise we would have i = 10,
k=11 and Ty = a11v7((P11)) = b11v7z((P{1)), which means that, as projective
points, Pi; = P/, a contradiction.

Thus one computes:

/ / ’
o(A) < k3+k32+k1 2'
It follows that by the Reshaped Kruskal criterion 2.0.40 Ty is identifiable. Thus
the existence of B yields a contradiction.

O
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5.1 Decompositions on cubics

The arguments used to prove the identifiability of symmetric tensors of degree
7 in 3 variables of rank 11 can be slightly generalized to prove the identifiability
of other classes of symmetric tensors. In this paragraph, we present another
case proven originally in Proposition 6.4 of [6].

Remark 5.1.1. We will consider symmetric tensors T of degree 7+ 2k in three
variables, which satisfy the following assumptions:

e Fix the integer k£ > 0 and let T' be a symmetric tensor of degree d = 7+ 2k
in 3 variables, with a decomposition A = {Py,...,P.} C P2, of length
r = {(A) < 10 + 3k such that A is contained in a plane cubic curve C
(thus the third Kruskal rank is not maximal).

e Assume that the Kruskal rank of A is k&1 = min{3,r} and the (k¥ + 3)-th
Kruskal rank k43 of A is equal to min{r, 3k + 9}.

Under this hypothesis we have a complete knowledge of the first difference
of the Hilbert function of A.

Remark 5.1.2. Assume r = 3k + 10.

Since A C P? is contained in a cubic curve, the difference of the Hilbert
function of A satisfies Dh4(0) =1, Dha(1) < 2, Dh4(2) < 3and also Dh(3) <
3. Moreover, by Proposition 3.0.46, we also know Dh (i) < 3 for i > 3.

From the fact that k; = 3 follows directly that the Hilbert function h4(1)
is equal to 3 hence Dhy(1) = 2. Moreover we can show that Dh4(i) = 3 for
2 < i < k4 3. Assume by contradiction that there exist an ¢ € N such that
2 <i<k+3and Dhy(i) < 3. Then by definition of first difference of Hilbert
function we have:

k+3
ha(k+3) =Y Dha(j) <1+2+3(k+1)+2<3k+09,
j=0

which contradicts the assumption ki3 = 3k + 9.

Tt follows that Zfig Dha(j) = 3k+9. As a consequence Dh 4 (k+4) cannot
be 0, otherwise by Proposition 3.0.46 we would have Dhy(j) =0 for j > k + 4
hence °7° ) Dha(j) < 3k 410, a contradiction. Tt follows that Dha(k+4) =1
and Dha(j) =0 for j > k + 4. In particular, we get ha(2) =6 and ha(3) =9,
which means that A is contained in no conics and in exactly one cubic curve.

Now we use the same strategy used before to exclude the existence of a second
decomposition B of T of length ¢(B) < 3k + 10. So assume, by contradiction,
that B exists, and assume, as above, that B is non-redundant. Define as above
Z = AU B, so that ¢(Z) < 6k + 20.

Using Lemma 3.1.9, we can prove that the intersection A N B cannot be
empty.

Proposition 5.1.3. The Cayley-Bacharach property CB(d) cannot hold for
Z =AUB. Thus AN B # {.
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Proof. The proof is similar to the one of Proposition 5.0.3 and consist on a
computation based on Theorem 3.1.8 and Lemma 3.1.9. For a complete proof
see Proposition 6.3 of [6]

O

Now we can prove the main results of this section (see Proposition 6.4 of [6]).

Theorem 5.1.4. Let T be a symmetric tensors of degree 7+ 2k in three vari-
ables, k € N and let A C P? be a decomposition of T of length £(A) < 10 + 3k.

Assume that A is contained in a plane cubic curve C. and that the Kruskal
rank of A is k1 = min{3,r} and the (k + 3)-th Kruskal rank ki4s of A is equal
to min{r, 3k + 9}. Then T is identifiable and has rank r = ((A).

Proof. Suppose by contradiction that there exists another decomposition B of
T. We know from Proposition 5.1.3 that A N B cannot be empty. Then, the
same procedure of Theorem 5.0.2 yields a contradiction.

O

Remark 5.1.5. We can apply the previous procedure even for the case k = —1.
In this case we get ternary forms of degree 7+2k = 5 and rank r < 10+3k = 7. In
particular, notice that 7 is the rank of a generic quintic form, by [1]. Notice also
that, for £ = —1, the assumption that A is contained in a cubic is unnecessary,
for any set of cardinality < 7 in P? lies in a cubic. Thus, we get back, from
our procedure, the classically well known fact that a general ternary form 7" of
degree 5 has a unique decomposition with 7 powers of linear forms.

Indeed, we can give a more precise notion of generality for T: the uniqueness
holds if a decomposition A of T' has Kruskal ranks k; = 3 and ko = 6.

5.2 Reducing the computational cost, via the
Terracini Lemma

One of the problems of the reshaped Kruskal criterion is that it can be rather
demanding from a computational point of view. So we would like to use another
strategy to verify if a tensor is identifiable that works at least in the same
range of Kruskal. In order to do that we will user a nice consequence of the
Terracini Lemma 1.3. The new aspect of this result is that it takes care of tensors
whose Kruskal ranks are not maximal. This enables to construct algorithms
which guarantee the identifiability, with a computational cost much smaller
than algorithms exclusively based on the Kruskal ranks.

In this paragraph we will present results originally proven in [40].

In particular, the goal of this section is to describe an algorithm that guar-
anties the identifiability of certain symmetric tensors 7" such that, fixed a natural
number g € N, we have:

1) T is a tensor of degree d = 8 4+ 2¢ in three variables;

2) we know a priori a decomposition A = {P;,..., P.} C P? of T of length
r=4{4(A) <11+ 3q.

Notice that it is possible to prove the identifiability of a symmetric tensor
T satisfying condition 1) and 2) using the Reshaped Kruskal criterion 2.0.40, if
we just add some hypothesis on the Kruskal ranks of the decomposition A of T'.
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Proposition 5.2.1. Let T be a symmetric tensor of degree d = 8 + 2q in three
variables and let A be a non-redundant decomposition of T' such that fized g € N

e A={P,...,P.} CP?is a non-redundant decomposition of T of length
r={((A) <11+ 3¢;

e the second Kruskal rank ke of A is ko = min{6,r},
o the (¢ + 3)-th Kruskal rank kyys of A is kgrs > {r,3q + 9}.
Then, T is identifiable.

Proof. The proof of this proposition is based on the Reshaped Kruskal criterion
and it consists on an easy computation (see Proposition 1 of [40]).
O

Remark 5.2.2. Through this section, we will always assume that A is non-
redundant, a condition that it is easy to check: it suffices to prove that vg(A)
is linearly independent and all the coefficients a;’s of the decomposition are
non-zero.

In the next remark we estimate the computational cost of applying the Re-
shaped Kruskal criterion.

Remark 5.2.3. Let T be a symmetric tensor of degree d = 8 + 2¢ and let A
be a decomposition of T of length ¢(A) < 11 + 3q.

In order to apply Proposition 5.2.1 we have to check that the hypothesis for
A are satisfied, so we need to compute that:

o ka(A) = min{r,6};
o kyrs(A) = min{r, 9 + 3q};

and verify that the inequality r < % holds.

We determine the rank of matrices derived by the coordinates of the points
of some Veronese images of A.

The standard method to find the rank of a matrix is the Gauss elimination
method. The computational cost of computing the rank of a matrix C™*™ using
this method is of 2m? - n flops (see Chapter 3.3 of [42]). In particular, if the
matrix is a n X n square matrix then the Gauss elimination method has a cost
in the order of %n?’.

In order to verify that ko(A) = min{6,r} we have to compute the rank of all

the 6 x 6 sub-matrices of the matrix [va(Py), ..., v2(P:)]. So, we need to compute

the rank of (g) ~ g—f matrices. By using the Gauss elimination algorithm, we

see that the computational cost is of about

\)

(=2}
w

<
=2
=2}

r

3 6!

£
In the same way, to verify that kqi3(A) > min{9 + 3¢, 7} we may have to
compute the rank of all the submatrices (q—;f)) X 3q + 9 of the matrix:

[Wg+3(P1), - -y vg43(Fr)]-
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So, the worst case is when r = 11 + 3¢, where we have to find the rank of
2
(5) ~ % matrices and the computational cost is of about

2 2!
2 r/34+4\ 12 S
— . _22. C— —.
37 r=2 ( 2 ) 2 ~ 54

Hence, for a general set A which verifies the conditions of Proposition 5.2.1,
the total cost expected for the computation is about

5976
270

Remark 5.2.4. In Proposition 5.2.1 instead of k43 > min{r, 3¢ + 9} we can
suppose that the (¢ + 3)-th Kruskal rank is exactly equal to min{r, 3¢ + 9}.
Indeed in Remark 4 of [40] it is proved that the bound obtained by the Reshaped
Kruskal criterion in the case kg43 = min{r,3¢ + 9} is maximal. Notice also
that, if we choose kq43 exactly equal to min{r, 3¢ 4+ 9}, nothing changes from a
computational point of view; in particular the computational cost remains the
same. So, from now on we will consider k,+3 exactly equal to min{r, 3¢ + 9}.

Fix ¢ > 0 and let T be a symmetric tensor of degree d = 8 + 2¢ in three
variables, with a decomposition A = {P1,..., P} C P? of length r = ((A) <
11+ 3q. We proceed by showing that in this situation 7" is either identifiable or
has an infinite family of decompositions. Then we will define an algorithm to
detect if such an infinite family of decompositions exists.

We will prove that T is either identifiable or has an infinite family of decom-
positions in three steps.

Step 1- We start our analysis with the case in which we cannot find 5 + ¢ points
of A aligned or 9 + 2¢ points of A in a conic curve.

Step 2- Then, we will analyse separately the cases in which there are 5 4 ¢ points
of A aligned and the case in which there are 9 + 2¢ points of A contained
in a conic curve

Step 3- Finally, we will use an inductive strategy to prove the main result of the
section.

Proposition 5.2.5. Suppose that v = ¢(A) is at most 11 + 3q and A is non-
redundant. If A does not contain 5+ q points on a line or 9+2q points in a conic
curve, then CB(d) cannot hold for AU B where B is another non-redundant
decomposition of T of length {(B) < r. Thus, AN B # 0.

In order to prove Proposition 5.2.5 we will use Theorem 1.5.1 of [14].

Theorem 5.2.6. Let T be a symmetric tensor of degree d in n + 1 variables,
with a non-redundant decomposition A. If ((A) < % then A is minimal and
T is identifiable.

Proof. We give a short proof of this result which was originally proven in The-
orem 1.5.1 of [14]. Suppose by contradiction to have another decomposition B
of T such that ¢(B) < ¢(A). Call Z =AU B C P*. We know from Proposition
3.0.49 that Dhz(d + 1) > 0. Thus, from the fact that Dhz(0) = 1, Proposi-
tion 3.0.46 and the fact that ¢(B) < ¢(A), follows directly that there exist an
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i < d+ 1 such that Dhz(i) = 0. This contradicts either Proposition 3.0.46 or
Proposition 3.0.49.
O

Now, we have ready to prove Proposition 5.2.5.
Proof of Proposition 5.2.5 : Set A = {Py, Pa,...P.} a non-redundant de-

composition of A contained in a cubic curve such that » < 11 4 3q.
We analyse the following cases:

1) r<b5+g.
2) 5+q¢<r<9+2.
3) 9+2¢<r <11+ 3q.

If r < 5 + ¢ the results follows directly from Theorem 5.2.6.

Suppose 5 + g < r < 9+ 2¢q. From the fact that there are not 5 4 ¢ aligned
points of A we know that A itself is not aligned. Assume that C'B(d) holds for
Z = AU B. Thus, by Theorem 3.1.8 we have

1 2q+9
> Dhz(j) < Y Dhz(j).
Jj=0 J=2q+8

So, Y340 < Dhz(j) > Yo Dhz(j) > ;_yDha(j) = 3 (Lemma 3.0.45)
then from Proposition 3.0.46 we have that DhZ(Zq + 8) is at least equal to 2
otherwise Dha(2q + 8) + Dha(2q +9) would be less or equal to 2. From the

fact that A is not aligned we know that Dhz(1) > Dha(1) = 2. We get:

2q+9
18 +4q > ((Z Z Dhy(j
1 2q+7 2q+9
=Y Dhz(j)+ Y Dhz(j)+ D Dhz(j) =
Jj=0 Jj=2 Jj=q+8
1 2q+7 2q+7
> 23" Dhy(j) ZDhZ ) =6+ Y Dhz().
7=0 Jj=2

Thus qu'” Dhz(j) < 12 4+ 4q. But then, by Proposition 3.0.46 and from the
fact that Dhz(2) > 2 and Dhz(2q + 7) > 2, we have:

2q+7
12+4q > Y Dhy(j) >2- (29 +6)
7j=3

a contradiction.
The second claim follows by Lemma 3.1.9 applied to A, B and T.
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Suppose now 9 + 2g < r < 11 + 3¢q. From the fact that A does not contain
9 4+ 2¢ points in a conic, we know that also A lies in no conic curves. Thus,
we know from the definition of the Hilbert function and Lemma 3.0.45 that
Dhz(2) > Dhy(2) = 3.
Moreover, we know that Dha(4 + ¢q) < 3. In fact, if Dha(4 + ¢g) > 3 then
we have that:
4+q

ZDhA >ZDhA ) > 3(qg+4) > ((A),

a contradiction.
If Dha(4 4 q) = 0 then CB(d) cannot hold for Z. In fact, suppose by
contradiction that CB(d) holds for Z. Then, by Theorem 3.1.8 we have:

3+q 3+q 9+2¢q
ZDhA < Zth < Y Dhy(j)
j:6+2q

From £(A) > ¢(B) we have 2¢(A) > ¢(Z). Thus, we can find the following

inequality:
3+q 9+2q

A) <Y Dhz(j)+ Y Dhz(j) < UZ). (5.2)
=0 j=6+2q
So, we have 2¢(A) = £(Z) and as a consequence we have that:

34+q 9+2q

> Dhz(j)+ Y Dhz(j)=(Z).
j=0

Jj=6+2¢

We can notice that Dhz(44 ¢q) must be equal to 0 and this is a contradiction. In
fact, from Proposition 3.0.46 we have that if Dhz(4 + q) = 0 then Dhz(j) =0
for all j§ > 4+ ¢q. Thus, we can conclude that C'B(d) does not hold for Z. As
before, the second claim of the statement follows by Lemma 3.1.9 applied to
A, Band T.

Suppose now Dha(4+ q) = 1. As before, from Proposition 3.0.46 we know
that also Dh4(3 + q) # 0.

If Dha(3+4 q) = Dha(4+ q) = 1 then, from Theorem 3.0.55 we have that
5 4+ q points of A are aligned. So, A does not satisfies the hypothesis of the
proposition.

If Dha(3+¢q) =2 and Dha(4+ q) = 1 we have two possibilities: by Propo-
sition 3.0.46 Dh (5 + ¢q) can be equal either to 1 or 0 .

If Dha(54 q) = 1 then, from Theorem 3.0.55 we have that 6 4+ ¢ points
of A are contained in a line and so, A does not satisfies the hypothesis of the
proposition.

If Dha(5+ q) = 0 then CB(d) cannot hold for Z.

In fact, suppose by contradiction that C'B(d) holds for Z. From the fact
that A is contained in no conic curve, from Dha(4 + q) = 1 and Proposition
3.0.46 we have:

44q d+q
=" Dha(j) = Dha(0) + Dha(1) + Dha(2) + ZDhA

21+2+3+2+q:8+q
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Thus by Theorem 3.1.8 we have that

44q 4+q 9+2¢q
((A) = Dha(j) <> Dhz(j) < Y Dhz(j) < U(Z).
j=0 j=0 Jj=5+q

So, we have that Z?igi q Dhz(j) > 84+ g and as a consequence we have

that Dhz(5 + ¢) > 1 otherwise we would have by Proposition 3.0.46 that
Yt Dhz(j) =5+¢.

Moreover, from the fact that ¢(A) > ¢(B) we have that ¢(Z) < 2¢(A) and as
a consequence:

In particular we have

4+q 9+2¢q 4+q 9+2q
20(A) <> Dha(j)+ Y, Dhz(j) <Y Dhz(j)+ Y Dhz(j) =
j=0 Jj=5+q j=0 Jj=5+q
9+2q

=Y Dhz(j) <U(Z) <20(A) (5.3)
j=0

and as a consequence we have {(B) = Z?:giq Dhyz(j) = r, Z?:g Dha(j) =
Z?ig Dhz(j). In particular we have Dhy(4+4 q) = Dhz(4+¢) =1. Thisis a
contradiction. In fact, from Proposition 3.0.46 we cannot have Dhz(4 +q) =1
and Dhz(5+q) > 1. So CB(d) cannot hold for Z.

As before, the second claim of the statement follows by Lemma 3.1.9 applied
to A, B and T.

If Dha(4+ q) = 2 we can have either Dhs(3+¢q) =2 or Dha(3+¢) =3. If
Dh4(3+ q) = 2 then from Theorem 3.0.55 we have that 9 + 2¢ points of A are
contained in a conic curve, so the hypothesis of the proposition are not satisfied
by A.

If Dha(3 + ¢q) = 3 then CB(d) cannot hold for Z. In fact, suppose by
contradiction that C'B(d) hold for Z. As before, from the fact that Dh4(4+¢) =
2, from Dh 4(34¢) = 3 and Proposition 3.0.46 we have that £(A) > 11+3¢ so, by
hypothesis, we have that £(A) = 11 4+ 3q. Moreover, we know from Proposition
3.0.46 and Lemma 3.0.45 that Dhz(3) > Dha(3) > 3.

Thus, by Theorem 3.1.8 we have:

3 d+1
9<> Dhz(j) < > Dhz(j). (5.4)
j=0 j=2q+6

We know that Dh(3) > Dha(3) = 3 and since 32°_o Dhz(j) > 35_g Dha(j) =

9, we get Z?Z;lﬁ_ﬁ Dhz > 9. Furthermore, from the fact that Dhz is not in-

creasing we have Dhz(2g+6) > 3 (otherwise we would have Z?i_;q+6 Dhz <38,
by Proposition 3.0.46).
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Using the inequality 5.4, we have

2q+9
6g+22>((Z) > Y Dhy(j) =
=0

3 2qg+5 2q+9
> Dhz(j)+ > Dhz(j)+ Y. Dhz(j)
Jj=0 j=4 Jj=2q+6
2q+5
>9+ )" Dhy(j) +9,
j=4

thus Z?q:f Dhz(j) < 6q + 4. Then, by Proposition 3.0.46, since Dhz(3) > 3
and Dhz(2q + 6) > 3, we have Z?S:S Dhz(j) > 3(2q + 2) for some 4. Thus:

2q+5
6g+4> > Dhz(j) > 6q+6,

Jj=4

a contradiction.
As before, the second claim of the statement follows by Lemma 3.1.9 applied

to A,B and T.
O

Next, we analyse the behavior of a symmetric tensor T" for which Proposition
5.2.5 does not hold. In particular, given a decomposition A = {Py, P,,..., P}
of T, we analyse the following cases:

1) There is a subset A’ of A such that A’ is aligned and ¢(A’) > 5 + q.

2) There is a subset A’ of A such that ¢(A’) > 9+ 2¢ and A’ is contained in
a conic curve.

In case 1 we are going to prove that 7" has always an infinite family of
decompositions. To do that, we recall Proposition 4.9 of [17].

Proposition 5.2.7. Assume that a decomposition A of length L(A) = r of T
is contained in a projective curve C' € P™ which is mapped by vy to a space
P™, with m < 2r — 1. Then there exists positive dimensional family of different
decompositions { A} of T, such that Ay = A.

Proof. By definition of decomposition we have that T €< v4(A) > and moreover
by hypothesis we know that < v4(A) >C< vg(C) >C P™. The abstract secant
variety of C, AS,(C), has dimension equal to 2r — 1 (see Chapter 1) thus all
the fibers of the projection map AS,(C) — P™ are positive dimensional (see
Chapter 1) and this concludes the proof.

O

As a consequence, we can prove the following lemma.

Lemma 5.2.8. Given a symmetric tensorT and a decomposition A = {Py, P, ..
of T, such that there exists a subset A’ of A with £(A") =71">5+4+q and A’ is
aligned, then there exists a positive dimensional family {A:} of decompositions
of T such that Ay = A.

P}
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Proof. We may assume that A’ = {P;, P, ..., P54} C L such that L is a line.
I T =aive(Pr) + asvg(Ps) + - - - + a,vq(P,.) we define Ty as follows:
Ty = alvd(Pl) + ag’l)d(PQ) + -+ a5+qu(P5+q).

The image of L through vy is the composition of v; and vgq applied to P'. Thus,
v4(C) is embedded in a P9.
Moreover, we have that the inequality

d=8+2¢<2r —1
holds for all 7" such that 5+ ¢ <7’ < 11 + 3q. In fact:
2r' —1>2(54+q)—1>8+2q.

Thus, from Proposition 5.2.7, T has an infinite family of decompositions. If we
add ag+qVd(Potq) + -+ + arvq(Py) to all the decompositions A} of Ty we find
an infinite family of decompositions A; for T

O

Py
L) Pg ’ P
o T
. Fe Ps
Rt
slig
1Pr9
Figure 5.1

Case 2 is similar to case 1. When there are at least 9 4+ 2n points of A con-

tained in a conic we can find the existence of an infinite family of decompositions
for T.

Lemma 5.2.9. Given a symmetric tensor T and a decomposition A = {Py, Ps, ..., P.}
of T, such that there exists a subset A" of A with ¢(A") =" > 9+ 2q and A’ is
contained in a conic curve, then there exists a positive dimensional family { A}

of decompositions of T such that Ag = A.

Proof. As before, we may assume that A’ = {Py, Pa,... Pyyo,} C C such that
C' is a conic curve.
T =a1v4(P1) + agvg(Ps) + -+ - + a,vq(Py,) we define Ty as follows:

To = a1va(P1) + agva(P2) + - - - + agy2qva(Pot2q)-
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As before, a conic curve C is a rational normal curve, so it is an image
through v, of P!. Moreover, the image of C' through v is the composition of
vy and vy applied to P'. So v4(C) is embedded in a P?¢ and, as before, the
inequality 2d = 16 +4q < 27’ — 1 holds for all 7’ such that 9+ 2¢ < v’ < 10+ 3q.
In fact:

2r' —1>2(9+42q) — 1 > 16 + 4q.

Thus, from Proposition 5.2.7 Ty has an infinite family of decompositions. If we
add a10+2¢Vd(Pro+2¢) +- - -+ arvg(Pr) to all the decompositions Aj of Ty we find
an infinite family of decompositions A; for T

O

Now, we are able to describe the behaviour of all symmetric tensors of degree
r < 11 4 3q with a decomposition contained in at least one cubic curve. This
result extends a similar result proven in [12].

Theorem 5.2.10. Given a symmetric tensor T of rankr = £(A) < 11+3q such
that A= {Py, Pa,..., P} is a non-redundant decomposition of T, then either A
is unique or there is an infinite family A; of decompositions of length 11 4 3q,
such that Ag = A.

Proof. Suppose by contradiction that there exists another decomposition B of
T. By Proposition 5.2.5 we know that A and B are disjoint. Thus, the same
inductive strategy of Theorem 5.0.2 yields a contradiction.

O

The previous result cannot be extended directly to higher value of r. In
fact, we can find an example of a tensor T of rank 12 in degree 8 that is not
identifiable and for which there are exactly two decompositions. This follows
from a result proved in [18].

Example 5.2.11. Take T a symmetric tensor and A = {P, Ps,..., P12} a
decomposition of 7" in degree 8 contained in an unique irreducible, smooth
plane cubic curve C'. This case is outside our numerical bound for the length of
the decomposition. Then T" has two different decompositions (so that our range
is sharp).

The proof is the same of Theorem 5.1 of [18] and it is a direct consequence
of Theorem 2.4, Theorem 2.10 and Proposition 5.2 of [18].

From our point of view, we can prove the claim as follows. From the fact
that A is contained in a unique smooth cubic curve C, we know from Theorem
3.1.8 and from Theorem 3.0.55 that all the other decompositions B of T lie in
C and, moreover, the function Dhy of Z = AU B is symmetric, i.e. it is:

i |0 1
1

2 3 4 5 6 7 8 9 10...
Dhy(i) | 2 3 3 3 3 3 3 2 1

0...

This implies that Z is a complete intersection of the cubic C with a curve C’ of
degree 8 (this follows directly from the fact that C' irreducible. For a complete
proof see the main theorem of [24]). Furthermore, we obtain that ¢(B) is 12 and
the intersection of the span of vg(A) with the span of vg(B) is only T, because
Yoo g(Dhz(i)) = 1 (see section 6 of [7]). One computes that the sets of 12
points B in the plane which, together with A, are a complete intersection of
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type 3,8, are parametrized by a projective space of dimension 11 i.e. P (%égz )

This space maps birationally to the span of Pi, ..., P12 (this can be obtained by
a direct computation on one specific point T, see e.g. [5] Claim 4.4).

Thus a general T in the span of Py, ..., P2 has two decompositions. Notice
that, in this situation, we know that the rank of T is equal to 12.

Numerically, if we know that A is not contained in a cubic curve, then we
can conclude the identifiability. Thus, In order to repeat the proof of 3.7 for
¢(A) = 3¢ + 12 we must have that no subset of 10 points of A sits in a cubic
curve. To control that, we need to compute k3, which we would like to avoid,
to maintain a cheap computational cost.

5.3 Excluding the existence of a family of de-
compositions

The main difference between Theorem 5.2.10 and Proposition 5.2.1 is that in
order to check the hypothesis of Theorem 5.2.10 we do not need to compute the
Kruskal ranks ks and k443, but only to determine the non existence of a family
of decompositions A; for T. This can be done by means of the Terracini test
on A. We briefly exemplify how this is possible.

We recall some definitions related to the secant varieties of a Veronese em-
bedding already given in Chapter 1 for general varieties.

Definition 5.3.1. We denote with S, the closure of the subset of tensors of rank
r in P(Sym?(C"*1)). Moreover we indicate with (P")" the product P" x - - - x P
(r-times).

Definition 5.3.2. We define the abstract secant variety AS, as the subvariety
of P(Sym?(C"*+1)) x (P")" which is the Zariski closure of the set of pairs (T, [P :
-+ : P.]) such that the set {vq(Py),...,vq(P:)} spans a subspace of dimension
r —1in P(Sym4(C™*1)) and T belongs to the span of vg(A).

We define the r—th secant map s, as the first projection

s, 1 AS, — P(Sym?(C"T)).

We note that the image of the secant map is .S, and that the inverse image
of a tensor T in the secant map is the set of decompositions of cardinality r
of T. Furthermore, since P" is a smooth variety, then (P")" is smooth outside
the diagonals. Thus, if U is the open set of (P™)" of sets [Py,..., P.] such that
{va(P1),...,vq(P.)} is linearly independent, then AS, is a P"~! bundle over U,
thus s 1(U) is smooth, of dimension (r — 1+ rn) (= dim AS,.).

We can now define the Terracini space 7.

Definition 5.3.3. Let T be a symmetric tensor and let A = {Py,..., P.} be a
decomposition of T. We call the Terracini space of a decomposition A the image
of the tangent space to AS, at the point (T, [P,..., P.]) in the differential of
s,. Thus 7 is a linear subspace of PV = P(Sym<(C"*1)). It is the linear space
spanned by the tangent spaces to vg(P™) at the points vy(P1), ..., ve(Py).

The Terracini Lemma (see Chapter 1 1.3) says that for a general choice of
T € S, and for r < N the Terracini space is the tangent space to S, at T'.
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Remark 5.3.4. We recall that the dimension of the Terracini space 7 is natu-
rally bounded:

dim(t) < (n+1Dr—1
and the equality means that the tangent spaces to vg(P™) at the points vg(F;)’s
are linearly independent. By [1], as soon as d > 2 and r > 5 we know that for
a general choice of the set A, the dimension of the Terracini space equals the
expected dimension.

The main link with our problem is given by the following observation.

Proposition 5.3.5. Let A be a non-redundant decomposition of T of length r
and assume that there exists a non trivial family A; of decompositions of T', such
that Ay = A. Then the Terracini space T of A has dimension strictly smaller
than (n+ 1)r — 1.

Proof. Ay determines a positive dimensional subvariety W in the fiber of s,. over
T (see Proposition 2.3 of [19]). Thus, there exists a tangent vector to AS, at
(T, [A]), where [A] is the point of the symmetric product corresponding to A,
which is killed by the differential of s, at (T, [A]). So 7 can not have maximal
dimension and this concludes the proof.

O

The converse of the previous proposition does not hold in general. However,
the proposition implies that, in order to exclude the existence of the family, it
is sufficient to control that the dimension of the Terracini space of A attains the
expected value. We can collect our results in the following.

Theorem 5.3.6. Let A be a non-redundant decomposition of a ternary form
T of degree d = 2q + 8. Assume that £(A) < 3q + 11. If the dimension of the
Terracini space of A equals the expected dimension 3r — 1, then A is minimal.

Thus T has rank r = £(A) and it is identifiable.

In the following remark, we explain how the dimension of the Terracini space
can be computed, in practice. The claims below on the structure of tangent
spaces to Veronese embedding are standard, and it is based on Example 1.3.15.
A complete proof of this fact can be found e.g. in [37] (see also [19]).

Remark 5.3.7. As we noticed in the introduction, a decomposition A =
{Py,..., P} of T € P(Sym?(C"*1)) corresponds to the datum of r linear forms
Ly, Lo, ..., L, in three variables.

The tangent spaces to vq(P™) at vg(P;) can be identified with the degree
d homogeneous piece of the ideal spanned by Lf_lm, where m is the ideal
generated by the variables.

It follows that the Terracini space can be identified with the degree d homo-
geneous piece of the ideal spanned by

d—1 d-1
LY "m,...,LT "m.

Thus, in our case, we have that the Terracini space is the ideal spanned by
L?_zqm, .. .LZ+2qm.

The computation of the dimension of the d-th piece of this ideal corresponds
to the computation of the rank of the matrix of coefficients of the forms LZHqJ;J—,
where the x;’s are the coordinates of P2,

We are now able to write an algorithm for detecting the identifiability of T'.
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5.3.1 The algorithm

Let T be a ternary form of degree d = 8 + 2q.

Assume that we are given a decomposition A of T, A = {Py, Ps,...,P.} C
P2, Assume that £(A) < 3¢+11 and that, if T = {a1vq4Pi +asvqPoa+- - -+a,vq P, },
none of the a; are equal to zero. Then, in order to prove that A is minimal and
so T is identifiable, the following steps could be taken.

S0. Compute the rank of the matrix My of coordinates of the points vq(P;)’s.

S0.1 If the rank of My is smaller than r, then A is redundant, and the
algorithm terminates and states that 7" has rank < r.

S0.2 If the rank of My is r, then A is non-redundant, and the algorithm
continues.

S1. If r < 4 + ¢, the algorithm terminates and states that 7" is identifiable.
S2. Perform the Terracini test as follows:

S2.1 Compute the linear form L, ... L, associated with Py,... P,.

S2.2 For ¢ = 1,2,...7 and j = 0,1,2 compute the rank of the matrix of
coefficients of the forms 2; L 727, and call it ¢

S2.3 If ¢ < 3r then the algorithm terminates claiming that it cannot prove
the identifiability of T'.

S2.4 If ¢ = 3r the algorithm terminates and states that T' is identifiable.

Now we can show that using the method exposed below we can reduce con-
siderably the computational cost.

Remark 5.3.8. In order to find the dimension of the Terracini space, the crucial
step is to compute the rank of the matrix made by [z;(L;)""%4] with i = 1,2,3
and j = 1,...,r. So, we have to compute the rank of a (9+22q) X 3r matrix.
Using the Gauss elimination method, we have that the computational costs of
this process is in the order of
2
2 (2r/3 4 27/22) 02~ érél.
3 2 3
Notice indeed that to verify that A is contained in a cubic curve, so to

compute h4(3), we have to find the rank of the matrix [vs(P1),...,vs(P)].
With the Gauss elimination method, we have a computational cost in the order
of

2
2102 -7,
3
So, the total computational cost is in the order of

4
*7‘4.
3

Then, comparing the two methods, we have that Terracini test can be much
quicker than computing the Kruskal ranks for high value of r.



Chapter 6

Tensors in 4 variables

Using the same techniques presented in the previous chapter one can find some
examples in which we can prove the identifiability of tensors in a range for the
rank which is larger than the range in which the reshaped Kruskal criterion
2.0.40 applies.

In this final section we will give an example concerning tensors in 4 variables,
in particular we consider a symmetric tensor of type 4 x - -+ x 4 (5 times).

We suppose to know a non-redundant decomposition A C P? of T with
¢(A) <12 and we want to prove that T is identifiable.

As usual, we will make some assumptions on the points of A. In particular
we suppose that:

e the Kruskal rank k1 of A is min{4,¢(A)};
e the second Kruskal rank ks of A is min{10,¢(A)}.

This case is not covered completely by the Reshaped Kruskal criterion 2.0.40.

Indeed, in order to apply the bound given by the theorem one must consider
partitions of 5 of the form a + b + ¢ and compute the corresponding Kruskal
ranks.

Consider the partition 5 = 2 + 2 + 1. Under our hypothesis the given de-
composition A of T satisfies ko = 20, ky = 4, but:

10410442
2

The other case is when we take the partition 5 = 3 4+ 1 4 1. In this case we
know that ks < min{20,£(A4)} = ¢(A) < 12 and that k2 = min{10,4(A)} < 10.
On the other hand we have that

1244+4-2
: -

In particular, the Reshaped Kruskal criterion 2.0.40 guarantee the identi-
fiability only if ¢(A) < 11. We want to present a method that certifies the
identifiability of T also when £(A) = 12.

As usual, the first fact that we prove is that if there is another decomposition
B of T with ¢(B) < ¢(A) then A and B cannot be disjoint.

To handle this case we need an useful result that can be found in the work
of Bigatti Geramita and Migliore [13].

11

9.

88
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Theorem 6.0.1. Let Z C P" be a finite set of points such that the first differ-
ence of the Hilbert function Dhz(i) = (“*""~") and Dhz(i + 1) = (trf) Then
we have:

a) Z is the disjoint union of two sets Zy and Zy where Z; lies in a P™ = A

b) the first difference of the Hilbert function of Zy is equal to:

| Dha(t) fort<i+1
Dhg, (t) = { Dhg(t) for t >i.

Proof. See Theorem 3.3 of [13]. O

The following Proposition, which is a direct consequence of Theorem 3.0.55,
will allow us to exclude a lot of cases simply using the fact that we can suppose
A non-redundant.

Proposition 6.0.2. Let T' be a symmetric tensor of degree d and let A C P™ be
a decomposition of T'. Let B C P™ be another decomposition of T disjoint from
A such that ¢(B) < £(A) and suppose that there exist i,j € N with j < i, such
that Dhz (i) = Dhz(i + 1) <4 and Dha(j) > Dhz(i). Then, A is redundant.

Proof. As usual call Z = AU B. From Theorem 3.0.55 we know that there
exists a curve C' of degree i such that the first difference of the Hilbert function
of the set Z' = Z N C is equal to

| Dhe(t) fort<i+1
* Dha(t) = { th(t) for t >1i.

In particular since Dh 4(j) > Dhz(3) for some j < i we know that ZNC does
not contains all the points of A. But from Proposition 3.0.54 and Theorem 3.0.55
we know that hl,(d) = hl-(d) thus in particular dim(< vg(A) > N < ve(B) >
) = dim(< vg(ANC) > N < vg(BNC) >) and since (ANC) C Aand (BNC) C B
follows that < v4(A4) > N < ve(B) >=< v4(ANC) >N <v(BNC)>. Thus
by definition of decomposition we have that AN C' is also a decomposition of T’
of length /(AN C) < £(A) and as a consequence A is redundant. O

Now we are ready to prove that under the hypothesis specified on the first
part of this chapter, if £(A) < 12 then T is identifiable and so, in particular,
the rank of T is equal to #(A). As usual, first we prove that T cannot have two
disjoint decompositions.

Proposition 6.0.3. Let Z = AU B the union of two non-redundant decom-
positions for a symmetric tensor T in 4 wvariables such that ((A) < 12 and
0(B) < L(A). Suppose also that, the first Kruskal rank of A is equal to k1 = 4
and that the second Kruskal rank of A is equal to ko = 10. Then Z cannot
satisfy CB(5) so A and B cannot be disjoint.

Proof. Assume by contradiction that Z satisfies CB(5).
From Lemma 3.0.45, Proposition 3.0.49 and the fact that A C Z we know
that Hilbert function of Z can be represented as follows.

j |0 1 2 3 4 5 6
Dhz(j) |1 h1 ha hy hy hs hg
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where hg is different from 0 and he = min{3,4(A)} and hy = min{6,((A)}.
Moreover from Proposition 3.0.46 we know that also h; > 0 for all i =1,...,6.
By Proposition 3.1.8 we know that:

ha + hs + he > 14 hy + ho. (6.1)

If £(A) < 10, from the inequality 6.1 and the fact that £(Z) < 20, it follows
that hg = 0 but this is a contradiction. If ¢(A) = 11,12, since k1 = 4 and
ko = 10 we have that the Hilbert function of Z is of the form:

j o 1 2 3 4 5 6
Dhz(j) |1 3 6 hs hs hs he

In particular, from the inequality 6.1, we have that hy + hs + hg > 10 and
from the fact that £(Z) < 23, we have that hs < 4.

If h3 < 3 we have a contradiction with Proposition 3.0.46. In fact we would
have hy, hs, hg < 3, so hy + hs + hg <9 and this contradicts inequality 6.1. So
we can suppose hg = 4.

Notice that 4 = (i) thus for Theorem 3.0.40 h4 can be at most (i) =5 1If
hy < 3, from Proposition 3.0.46 we have a contradiction as above. Indeed we
would have hy + hs + hg < 9 but this contradicts equation 6.1 since in this case
14+ hy + he = 10.

If hy = 4 then, from equation 6.1 we have hs = 4 and hg = 3, a contradiction
with Proposition 6.0.2.

If hy = 5 we have maximal growth in degree 3 thus, from Theorem 6.0.1, Z
contains a subset Z; which lies in a P? and whose Hilbert function is equal to

j |01 2 3 4 5 6
Dhz(j) |1 2 3 4 5 hs he

In particular Z; contains at least 19 points of Z and so, there would be at least 7
points of A contained in a plane. A contradiction with the fact that ky =4. O

Now using the usual inductive strategy we can prove the following Theorem.

Theorem 6.0.4. Let T be a symmetric tensor of degree 5 in 4 variables and let
A C P3 be a decomposition of T of length £(A) = 12 such that the first Kruskal
rank k1 of A is equal to 4 and the second Kruskal rank of A is 10. Then T 1is
identifiable and it has rank 12.

Proof. Suppose to able another decomposition B with ¢(B) < ¢(A). Then,
from Proposition 6.0.3, AN B # { and ¢(Z) < 23. Thus, using the same
inductive strategy of Theorem 5.0.2, we obtain that the existence of B yields a
contradiction. O

6.1 Work in progress: the rank of tensors with
a decomposition of length 13

In this last paragraph we present briefly another result we are still working on.

We study a symmetric tensor T of type 4 x --- x 4 (5 times) which has a
non-redundant decomposition A = {Py,..., P} C P? of length ¢(A) < 13 and
we want to certify that the rank of A is equal to ¢£(A4). In the previous section
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we proved that if the first and the second Kruskal ranks of A are maximal and
if (A) < 12 then T is identifiable. Thus, under the previous hypothesis, we are
sure that the rank of T' is equal to £(A).

When the decomposition has length ¢(A) = 13 the problem becomes much
more complicated. The knowledge of the Kruskal ranks of A is no more longer
sufficient neither to prove the identifiability of T nor to certify if the rank of
A is 13. Indeed if the first and the second Kruskal ranks of A are maximal we
have that the Hilbert function of A is of the form:

j |0 1 2 3 4 5
Dha(j) [1 3 6 3 0

Thus we want to exclude, e.g., that we can construct a tensor with two de-
compositions, A and B, one of length ¢(A) = 13 and the other one of length
¢(B) = 12 such that the Hilbert function of AU B is equal to

j |0 1 2 3 4 5 6
DhA(j)‘l 3 6 5 5 4 1
Indeed, a case in which our method cannot certify that the rank of T is 13 is
when A and B can be found in the intersection of an elliptic curve of degree 5
with a surface of degree 5.

In order to avoid this problem we have to strengthen our hypothesis. In

particular we suppose that:
1) the Kruskal rank k; of A is 4;
2) the second Kruskal rank ks of A is 10;
3) A is not contained in an elliptic curve of degree 5.

Notice that the first two conditions are easy to verify from the coordinates
of the decomposition, at least theoretically, The third condition is much harder
to treat, and we will not enter here in the details.

As usual, the first fact that we prove is that if there is another decomposition
B of T with ¢(B) < ¢(A) then A and B cannot be disjoint.

The case in which ¢(B) < 11 is easy to handle. Indeed, since ¢(Z) = ¢(AN
B) = 24, we are in a setting similar to the one of the previous section. As a
consequence we can use the same proof used in Proposition 6.0.3.

Suppose that £(B) equal to 12. We can simplify our problem using Propo-
sition 6.0.2 and Proposition 3.0.46. Indeed, with the methods illustrated in the
previous paragraph, we obtain that the only possible h-vectors for Z are

o H; =(1,3,6,5,6,3,1

H =
o Hy=(1,3,6,5,5,4,1
H. =

3=

)

)

1,3,6,5,5,3,2)

)

o Hs= )
o Hy

(

(

(
Hy=(1,3,6,4,5,4,2

(1,3,6,4,5,5,1

(

1,3,6,4,5,3,2,1).
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The case in which the h-vector of Z = AU B is equal to Hy, Hy, H5 and
Hg are easy to handle. Indeed we can notice that there is mazimal-growth from
degree 3 to degree 4 i.e. the first difference of the Hilbert function of Z achieve
the maximal value allowed by Theorem 3.0.40. Thus, we can use once again
Theorem 6.0.1 to eliminate these cases.

The case in which the h-vector of Z is equal to Hs requires an extra effort. We
cannot eliminate this case directly using just properties of the Hilbert function.
However, using strongly the Cayley-Bacharach property and a strategy similar
to the one of Proposition 4.1.2, we can handle also this case. The idea is to
reconstruct how the points of Z = AU B are disposed in the space removing one
by one some points either from A or B. Studying the new h-vectors we obtain
at several step we can show that in this case we would have A and B redundant.

The case in which the h-vector of Z is equal to Hs is the more complicated
one.

In order to eliminate this case we need a completely different approach. We
studied the degree 3 part of the ideal Iz of Z. Since the h-vector of Z is equal to
Hj we know that dim(Iz)s = 5, thus (Iz)s is generated by 5 cubic surfaces. Call
@ the intersection of 5 cubic surfaces generating (Iz)s. Notice that dim(Q) < 2
and that @ is not necessarily reduced.

The idea of our proof is to show that @ and A\ @ impose too many conditions
to the ideal (Iz)s and so that (Iz)s cannot have dimension equal to 5.

We can prove that @ cannot be a set of points. Indeed if @ is 0-dimensional
we can prove that Z is contained in a complete intersection of type (3,3, 3) and
the Hilbert function of such an intersection has to be symmetric, a contradiction
since we are supposing the h-vector of Z equal to Ho.

It is easy to see that @@ cannot contain a surface S. Indeed if the dimension
of () is two, then Z has to be contained in the union of a hyperplane with a
surface of degree two. But this yields a contradiction with the conditions on the
Kruskal ranks of A.

If @ contains a curve C of degree d there are many different cases to handle.
Notice that the degree of C' can be at most 9 since it has to be contained in the
intersection of two cubic surfaces.

A direct consequence of the Riemann-Roch theorem is that C' cannot have
degree equal to 2 < d < 9 unless it is an elliptic curve of degree 5. However,
if C' is an elliptic curve of degree 5, we can prove that C' contains the whole A
and this is excluded by our hypothesis.

Finally the case in which @ contains a line can be handled by studying
divisors of a cubic surface containing Z. Up to now, we can only exclude this
case by assuming that Z is contained in a smooth cubic surface S. Indeed if S
is smooth its well known that S is isomorphic to a P? blown up at 6 points and
the divisors of S are known. We are not yet able to get rid of the assumption
on the smoothness of S. Since quintics containing Z, when Hs holds, form a
5-dimensional subspace of (I4)s, we cannot exclude a priori that Z lies in no
smooth cubic, nor we have an easy way to exclude the case by computations
on A. Since all irreducible singular cubic surfaces are classified, then one can
use the classification and the geometry of Weil divisors to get a contradiction
even when S is singular. Due to the mass of examples and the complexity of
the relative Picard groups, the task is demanding and we did not solve all the
details. Probably there is a more direct strategy for the case in which Q is a
line, that can provide the conclusion of the computations. This is the part that
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remains work in progress.
Once the case in which A B are disjoint has been settled, we can exclude the

case in which AN B # (), with the same inductive strategy introduced in the
previous chapter.



Bibliography

[1]

2]

J. Alexander and A. Hirschowitz. Polynomial interpolation in several vari-
ables. J. Algebraic Geom., 4:201-222, 1995.

E.S. Allman, C. Matias, and J.A. Rhodes. Identifiability of parameters
in latent structure models with many observed variables. Ann. Statistics,

37:3099-3132, 2009.

A. Anandkumar, R. Ge, D. Hsu, S.M. Kakade, and M. Telgarsky. Tensor
decompositions for learning latent variable models. J. Machine Learn. Res.,
15:2773-2832, 2014.

E. Angelini and L. Chiantini. Minimality and uniqueness for decomposi-
tions of specific ternary forms. Available online arXiv:2007.10165, 2020.

E. Angelini and L. Chiantini. On the identifiability of ternary forms. Linear
Algebra and its Applications, 599:36 — 65, 2020.

E. Angelini, L. Chiantini, and A. Mazzon. Identifiability for a class of sym-
metric tensors. Mediterranean Journal of Mathematics, 16, 2019. Available
online arXiv:1811.01865.

E. Angelini, L. Chiantini, and N. Vannieuwenhoven. Identifiability beyond
Kruskal’s bound for symmetric tensors of degree 4. Rend. Lincei Mat.
Applic., 29:465-485, 2018.

C.J. Appellof and E.R. Davidson. Strategies for analyzing data from video
fluorometric monitoring of liquid chromatographic effluents. Anal. Chem.,
53:2053-2056, 1981.

M.F. Atiyah and I.G. MacDonald. Introduction To Commutative Algebra.
Addison-Wesley series in mathematics. Avalon Publishing, 1994.

E. Ballico and A. Bernardi. A partial stratification of secant varieties of
Veronese varieties via curvilinear subschemes. Sarajevo J. Math., 8:33-52,
2012.

E. Ballico and L. Chiantini. A criterion for detecting the identifiability of
symmetric tensors of size three. Diff. Geom. Applic., 30:233-237, 2012.

E. Ballico and L. Chiantini. Sets computing the symmetric tensor rank.
Mediterranean J. Math., 10:643—-654, 2013.

94



BIBLIOGRAPHY 95

[13]

[21]

[22]

23]

A.M. Bigatti, A.V. Geramita, and J. Migliore. Geometric consequences of
extremal behavior in a theorem of Macaulay. Trans. Amer. Math. Soc.,
346:203—-235, 1994.

J. Buczynski, A. Ginensky, and J.M. Landsberg. Determinantal equations
for secant varieties and the Eisenbud-Koh-Stillman conjecture. J. London
Math. Soc., 88:1-24, 2013.

Bocci C. and Chiantini L. An Introduction to Algebraic Statistic With
Tensors. Unitext. Springer International Publishing, 2019.

J. Carrol and J. J. E. Chang. Analysis of individual differences in multidi-
mensional scaling via an n-way generalization of “eckart—young” decompo-
sition, psychometrika. Psychometrika, 35:283-319, 1970.

L. Chiantini. Hilbert functions and tensor analysis. Quantum Physics and
Geometry. Lecture Notes of the Unione Matematica Italiana, 25:125-151,
2019.

L. Chiantini and C. Ciliberto. On the concept of k-secant order of a variety.
J. London Math. Soc., 73:436-454, 2006.

L. Chiantini, G. Ottaviani, and N. Vannieuwenhoven. An algorithm for
generic and low-rank specific identifiability of complex tensors. SIAM J.
Matriz Anal. Appl., 35:1265-1287, 2014.

L. Chiantini, G. Ottaviani, and N. Vannieuwenhoven. Effective criteria for
specific identifiability of tensors and forms. SIAM J. Matriz Anal. Appl.,
38:656-681, 2017.

L. Chiantini, G. Ottaviani, and N. Vannieuwenhoven. On generic identifi-
ability of symmetric tensors of subgeneric rank. Trans. Amer. Math. Soc.,
369:4021-4042, 2017.

P. Comon. Tensors versus matrices, usefulness and unexpected properties.
IEEE Workshop on Statistical Signal Processing Proceedings, pages 781 —
788, 10 2009.

David A. Cox, John Little, and Donal O’Shea. Ideals, Varieties, and Algo-
rithms: An Introduction to Computational Algebraic Geometry and Com-
mutative Algebra, 3/e (Undergraduate Texts in Mathematics). Springer-
Verlag, Berlin, Heidelberg, 2007.

E. Davis. Hilbert functions and complete intersections. Rend. Seminario
Mat. Univ. Politecnico Torino, 42:333-353, 1984.

E. Davis. 0-dimensional subschemes of P?. Queen’s Papers in Pure and
Appl. Math., 76, 1986.

E.D. Davis, A.V. Geremita, and F. Orecchia. Gorenstein Algebras and
the Cayley-Bacharach Theorem. Proc. of the American Mathematical Soc.,
95(4):593-597, 1985.

H. Dersken. Kruskal’s uniqueness inequality is sharp. Linear Alg. Applic.,
438:708-712, 2013.



BIBLIOGRAPHY 96

28]

[29]

[30]

D. Eisenbud, M. Green, and J. Harris. Cayley-Bacharach Theorems and
conjecture. Bull. Amer. Math. Soc., 33:295-324, 1996.

D. Esenbud. Commutative Algebra, with a View towards Algebraic Geom-
etry. Graduate Texts in Mathematics. Springer, Berlin, New York NY,
1995.

F. Galuppi and M. Mella. Identifiability of homogeneous polynomials and
Cremona transformations. Journal fir die reine und angewandte Mathe-
matik (Crelles Journal), 2019:279-308, 2017.

A.V. Geramita, M. Kreuzer, and L. Robbiano. Cayley-Bacharach schemes
and their canonical modules. Trans. Amer. Math. Soc., 339:443-452, 1993.

J. Harris. Algebraic Geometry, a First Course. Graduate Texts in Math.
Springer, Berlin, New York NY, 1992.

R. A. Harshman. Foundations of the parafac procedure: Models and con-
ditions for an “explanatory” multi-modal factor analysis. UCLA Working
Papers in Phonetics, 16:1-84, 1970.

R. Hartshorne. Algebraic Geometry. Graduate Texts in Math. Springer,
Berlin, New York NY, 1992.

Christopher J. Hillar and Lek-Heng Lim. Most tensor problems are np-
hard. J. ACM, pages 45:1-45:39, 2013.

F.L. Hitchcock. The expression of a tensor or a polyadic as a sum of
products. Journal of Mathematics and Physics, 6:164—189, 1927.

A. Tarrobino and V. Kanev. Power Sums, Gorenstein Algebras, and De-
terminantal Loci, volume 1721 of Lecture Notes in Mathematics. Springer,
Berlin, New York NY, 1999.

J.B. Kruskal. Three-way arrays: rank and uniqueness of trilinear decom-
positions, with application to arithmetic complexity and statistics. Linear
Algebra Appl., 18:95-138, 1977.

F.S. Macaulay. Some properties of enumeration in the theory of modular
systems. Proc. London Math. Soc., 26:531-555, 1927.

A Mazzon. On a geometric method for the identifiability of forms. Bollet-
tino dell’Unione Matematica Italiana, 13:137-154, 2020.

J. Migliore. Introduction to Liaison Theory and Deficiency Modules, volume
165 of Progress in Mathematics. Birkaduser, Basel, Boston MA, 1998.

A. Quarteroni, R. Sacco, and F. Saleri. Numerical Mathematics. Texts in
Applied Mathematics. Springer, Berlin, New York NY, 2000.

W. Rao, D. Li, and J.Q. Zhang. A tensor-based approach to L-shaped
arrays processing with enhanced degrees of freedom. IEEE Signal Proc.
Lett., 25:1-5, 2018.



BIBLIOGRAPHY 97

[44]

[45]

[46]

[47]

L. Reid, L. G. Roberts, and M. Roitman. On complete intersections and
their hilbert functions. Canadian Mathematical Bulletin, 34(4):525-535,
1991.

Y. Shitov. A counterexample to comon’s conjecture. SIAM Journal on
Applied Algebra and Geometry, 2, 05 2017.

R.P. Stanley. Hilbert functions of graded algebras. Advances in Mathemat-
ics, 28(1):57 — 83, 1978.

A. Terracini. Sulle V}, per cui la varieta degli S; (h+1)-seganti ha dimen-
sione minore dell’ordinario. Rend. Clircolo Mat. Palermo, 31:392-396, 1911.

E. Waring and D. Weeks. Meditationes Algebraicae, an English Traslation
of the Work of Edward Waring, volume 1721 of American Mathematical
Society. Springer, Berlin, New York NY, 1991.

F. Zanardello. Stanley’s Theorem on Codimension 3 Gorenstein h-vectors.
Proc. of the American Mathematical Soc., 134(1):5-8, 2005.



		2021-03-11T14:05:43+0000
	MAZZON ANDREA




