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Introduction

“Perché ha due nomi (il teorema di) Rouché-Capelli? Perché quando l’hanno fatto
lalgebra lineare non esisteva e la stavano inventando. L’algebra lineare di dimensione
finita e l'esempio piu riuscito di una teoria in cui tutte le difficolta sono state sbri-
ciolate, digerite nell’apparato definitorio. Cioé le definizioni sono date in modo cosi
efficiente che tutto il resto é quasi un banale esempio. Cioé ogni cosa seque in modo
diretto, banale, dall’apparato definitorio.” - Prof. Riccardo Benedetti, 2012

The Kronecker-Weierstrass decomposition for matrix pencils is the equivalent of the
Jordan form for matrices (actually, it is an extension of it since the latter is obtained
by studying a matrix pencil of type A + AI). Just as Rouche-Capelli theorem, such
decomposition is two-named since it was completely determined by Kronecker (1890,
[23]) and Weierstrass (1868, [36]) separately: Weierstrass determined the decomposi-
tion of regular pencils with respect to their elementary divisors since he was interested
in finding conditions for simultaneous congruence, and later Kronecker extended the
classification to singular pencils by studying their minimal indices. The similarity with
the Jordan form is in the nature of the invariants, but from a group action point of
view the Kronecker-Weierstrass form extends the “left-right equivalence” for matrices,
since its classes are given by left-right-multiplication and not by conjugacy (as for the
Jordan form).

The Kronecker-Wierstrass decomposition has several applications in different areas
of mathematics (and even other sciences), maybe the most known of which are the
generalized eigenvalues problem in numerical analysis and the study of linear differen-
tial equations in analysis. However, by birthright, it finds applications in algebra and
algebraic geometry too: indeed matrix pencils of size m x n have a natural structure of
tensors of type 2 x m x n, and this leads to derive several properties of given algebraic
and geometric objects from the invariants of the corresponding matrix pencils, with the
advantage of working with (multi)linear algebra tools.

In this work we investigate some of the above applications. In particular, we study
how the Kronecker-Weierstrass decomposition (and invariants) applies to the Segre
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classification of intersections of quadrics and to tensor rank decomposition.

The classification of intersections of two quadrics is a classical result due to Corrado
Segre (1883-1884, [34], |33]) and it may be reformulated in terms of matrix pencils
since the pencils of quadrics may be represented by symmetric matrix pencils. In this
perspective the Kronecker-Weierstrass decomposition helps to completely classify such
intersections in terms of the algebraic Kronecker invariants. However this algebraic
classification is strictly related to the geometric classification (due to Dimca in 1983,
[10]) of some objects associated to the pencils of quadrics. Every such pencil defines
a projective line in the space of all quadrics and a projective variety given by its base
locus: the position of the line describes the regular part of the pencil, while the singu-
larities of the base locus describe its singular part.

The tensor rank decomposition is a as-classical-as-modern topic in algebraic geometry
with several applications to applied sciences. The Kronecker-Weierstrass decomposi-
tion plays a central role in the case of 2-slice tensors, that are tensors in K2 @ K™ @ K":
this comes from the correspondence between these tensors and the matrix pencils. This
identification allows to explicitly determine the different ranks of such tensors and to
classify their orbits with respect to the action by GLs x GL,, x GL,. A particular topic
in tensor rank decomposition is the Waring decomposition problem, that is the problem
of finding the minimal decomposition of a homogeneous polynomial as sum of decom-
posable symmetric tensors: the problem is trivial for tensors in K" ® K™ (since these
tensors may be represented as matrices and the rank of such tensors is just the rank
of the corresponding matrices) but it becomes more complicated for tensors of higher
order. The main classical tool in tensor rank decomposition is given by secant vari-
eties. However the symmetric tensors have the advantage of being seen as polynomials
and this leads to tools which simplify the study of the symmetric decomposition: the
most important of them is the apolarity lemma. Such result does not hold anymore
for general tensors but it is generalized by the nonabelian apolarity due to Oeding
and Ottaviani (2013, [30]), which translates the problem of decomposition in terms of
eigenvectors of tensors.

We now give a detailed insight of our thesis work.

Chapter 1 is just preliminary: first we introduce A-matrices and their invariants
as a starting point to chapter 2, then we recall some basic properties about tensor
products and symmetric tensors which are the main characters of chapter 4.

Chapter 2 is about the decomposition of matrix pencils (i.e. degree-1 homogeneous
binomials with matrix coefficients) over a generic field K, denoted by 9, xn (K[g, Al1).
In the first section we introduce the notion of strict equivalence which defines the orbits
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with respect to the group action

GL,,(K) x GL,(K) — Aut(mtmxn(K[u,Ah))
(P.Q) = (A = PARN Q)

Its invariants lead to the Kronecker-Weierstrass canonical form: we first classify the so-
called regular pencils via the elementary divisors, then the singular ones via the minimal
indices for columns and rows. This determines the representatives of the classes in the

(double) quotient

GLm(K)\SﬁmX"(K[“ ’ Ah)/GLn(]K)

In the last section we focus on the symmetric pencils by exhibiting a symmetric Kro-
necker canonical form both over C and R.

In chapter 3 we apply the Kronecker decomposition of complex symmetric pencils to
intersections of complex projective quadrics. In the first section we determine the con-
ditions for the simultaneous reduction of complex quadratic forms in terms of Kronecker
invariants. In the second section we formulate the Segre classification of intersections
of projective quadrics in terms of pencils of quadrics via the so-called Segre symbol: we
explicitly classify all pencils of quadrics in IP’% and the regular pencils of quadrics in
]P’g’:, both schematically and geometrically (with the useful computation of the primary
decompositions on Macaulay?2). In the last section we give a geometric interpretation
of the Kronecker form of pencils of quadrics in terms of projective lines and singularity
of the base loci via projective bundles: for a concrete approach we study the two geo-
metric objects relatively to the pencils of quadrics in IP’% and we list them in tables.

Chapter 4 offers a new perspective for matrix pencils and pencils of quadrics in
terms of tensors. We start by briefly introducing different notions of rank (multilinear,
border, symmetric) for generic tensors and the algebraic-geometric objects related to
them (Segre varieties, secant varieties, Veronese varieties). In the second section we
focus on tensors in K2 ® K™ ® K", called 2-slice tensors: these are not a novelty since
they are in correspondence with matrix pencils

Mysen (K[, A1) +— K2 @ K™ @ K"

We introduce the GL-equivalence (which extends the strict equivalence for matrix pen-
cils) defined by the group action

GL5(K) x GL,,(K) x GLy(K) — Aut (K2 © K™ @ K")
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and we find out a canonical form: in small dimensions there are finitely many orbits
and we compute their dimensions by studying the dimension of the Lie algebras of the
stabilizers. Moreover, the Kronecker form allows to determine their ranks both by a
direct combinatorial approach and by applying the discrete Fourier transform: these
are the contents of the central sections. We also focus on the cases m = n = 2,3:
in these cases we list dimension, rank and border rank of all orbits, supported by an
implementation on Macaulay2. We conclude this chapter by determining the partially-
symmetric rank and the dimension of the orbits of tensors in K? @ Sym?(K™*!) with
respect to the group action

GLa(K) x GLys1(K) —  Aut (K? @ Sym?(K™11))
(M, P) > (u@Pw Mug P-12.P)

which correspond to pencils of quadrics in Pg': again we implement such computation
on Macaulay?2 and we list the results in tables.

Chapter 5 is about the abelian and nonabelian apolarity theory. In the first sec-
tion we show the classical catalecticant method for solving the Waring problem: the
minimal decomposition of a symmetric tensor f € Sym?V is to be found in the zeros
of its apolar ideal f*; the kernels of the catalecticant maps

Ck,f Sym* VY — Sym?* v

help to restrict the research loci. Since this method fails in many cases, in the second
section we introduce a generalization in terms of vector bundles: this language not
only allows to solve the gap of the previous method but it also suggests new methods
for the decomposition of general tensors, even not symmetric ones. The first two
sections are just introductory and motivational to the last one, where we recover the
nonabelian apolarity for general tensors in K? @ Sym?(K™*!) by deriving it from the
Kronecker decomposition of matrix pencils: in particular, the decomposition of the
tensor (By, Bo) € K? ® Sym?(K™*1) is given by the common eigenvectors of the kernel
of the map

CBy Byt Sy (C) — NV e NV
A = (ABi-Bi(4), ABy - By('A4))

We also exhibit an implementation of it on Macaulay?2 (see Ch.6, §4) which allows to
get hand dirty in small dimension.

In chapter 6 we collect all our implementations on Macaulay2: they were made for
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two reasons, as support to lighten calculations and as cast out nines for the theorical
statements. The implementations in the first section (about the Kronecker invariants)
and in the last one (about the common eigenvectors for nonabelian apolarity) had the
purpose of producing concrete examples which helped to get familiarity with the the-
ory. Instead, the implemetations in the two sections in the middle (about the orbit
dimensions) were specifically made to speed up a large number of calculations (and to
avoid typical hand calculation errors as welll).
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Chapter 1

Preliminaries

Let K be a field with characteristic 0, not necessarily algebraically closed.
We will work with finite dimensional vector spaces over K.

1.1 JA-matrices and M-equivalence
Let K[A] be the ring of the polynomials in the variable A with coefficients in K.

Definition. A A-matrix, or polynomial matrix, is a matrix A(\) whose entries are
polynomials in K[A].

We may represent a A-matrix A(\) as a matrix polynomia Ag+ A h+ -+ ApAE,
where k is the highest of the degrees of the elements of A()\). Thus we may think at the
set of A-matrices of size m x n as the matrix algebra 9., (K[A]) or the polynomial
algebra (9, xn (K))[A]. Consider the subalgebra

GL (K[A]) = {P(A) € My (K[A]) | det P(A) € K*}
of invertible A-matrices of size m and consider the group action

GLn(K) x GLo(K[\]) — Aut (Myn (K[A)))
(P(V), QM) = (A0 = POY AN QM) )

Definition. Two A-matrices A(\) and B(\) of size m x n are said to be A\-equivalent
if they are in the same orbit with respect to the above group action.

a polynomial with matrix coefficients
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Since K[A] is a PID, from commutative algebra we know that every A-matrix A(\)
of size m x n and rank r is equivalent to a canonical diagonal A-matrix of the form

di(V) 0 ... 0
da (M)
Loy o (1.1)
i 0o ... 0_

where di(A), ..., dr(A\) € K[AJ\{0} are monics with the divisibility property d;(\) | di+1(M)
and they are uniquely determined by A(\). Such form is said to be the Smith canon-
ical form of the matrix.

Invariant polynomials. We want to find a complete system of invariants for A-
equivalence of A-matrices. We recall the notion of minor of order h of a given matrix
A: it is the determinant of a submatrix of A of size h x h of the form

Qiygy -+ Qiggy

Qipjr -+ Qipgy

If A is a matrix of rank r, then every minor of order h > r of A is zero.
Let g;(X) be the greatest common divisor of all minors of order j in A(X). By a simple
count it turns out that each one of these polynomials is divided by the preceding one,

ie. 1=go(N) | g1(N) | - [ g-(N).

Definition. The invariant polynomials of A(\) are the quotients

. o gr—j-i-l(/\)
ij(A) = 7gr_j()\)

These polynomials are said invariants because they are such under equivalent trans-

for j=1:r

formations of the A-matrix. We may observe that, given D()\) the diagonal matrix in
(1.1), its invariant polynomials are

21()‘) :dr()\) I Zr()‘) :dl()‘)

Moreover by equivalence we deduce that these are exactly the invariant polynomials of
every A-matrix equivalent to such D(\). Thus the following holds.
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Fact 1.1.1. The invariant polynomials form a complete system of invariants for A-
equivalence of \-matrices, i.e. two A-matrices of the same size are A-equivalent if and
only if they have the same invariant polynomials i;(\).

By the divisibility property of the polynomials defining the Smith canonical form, it
follows that in the sequence of invariant polynomials i1 (), ... ,4,(\) every polynomial
divides the preceding one, i.e.

ir(A) [ ir—1(A) | oo [ia(X)

Elementary divisors. We may wonder how invariant polynomials behave in a block-

AN 0
C(A)_[ 0 B(A)}

diagonal matrix

We may hope that the invariant polynomials of C'()\) are just the union of the ones of
A(X) and B(A) but in general this does not hold: it is enough to think that the invariant
polynomials have the property of divisibility but in general the invariant polynomials
of A(X) and B(\) could not have any relations. We need to add one more hypothesis
to make things work.

Fact 1.1.2. Given C(\) = diag(A()A), B(\)) a block-diagonal A-matrix, if every in-
variant polynomial of A()\) divides every invariant polynomial of B()), then the set
of invariant polynomials of C'()\) is the union of the invariant polynomials of the two
diagonal blocks.

In the general case to determine the invariant polynomials of C'(\) we need to intro-
duce a new concept. Since K[\ is a UFD, we can decompose each invariant polynomial
into powers of irreducible factors over K. Moreover the divisibility property allow us
to consider the same irreducible factors for all the invariant polynomials and to let just
their powers vary:

. e oD
i1(A) = e1(A)a " - ps(A)
: o) ()
ir(A) = p1(A)4 Ps(A)®
where e§-1) > 65»2) > ... > egr) > 0 for all j = 1: r and each irreducible factor is monic

since each invariant polynomial is so. We observe that in the above notation there are
powers which are just 1 because we have choosen to represent the invariant polynomials
with the same set of irreducible factors.

(n)
Definition. The non-trivial powers ¢;(A)% for all j = 1: s,h = 1 : r are called
elementary divisors of the A-matrix A(\) over the field K.
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Note: We consider 1 as elementary divisor only when there exists an invariant polyno-
mial i;,(A) = 1. Obviously such elementary divisors would change if we consider the
A-matrix over another field since prime factorizations could be different.

In the case of block-diagonal A-matrix, the elementary divisors behave better than
the invariant polynomials.

Fact 1.1.3. Given C(\) = diag(A(A), B()\)) a block-diagonal A-matrix, the set of
elementary divisors of C(\) is always obtained by the union of the elementary divisors
of A(\) with those of B(\).

In the second chapter we will focus on A-matrices of degree 1, i.e. linear polyno-
mials with coefficient in 9« (K) of the form A + AB, and we will introduce a new
equivalence, called strict equivalence, which is finer than the A-equivalence and whose
complete system of invariants includes the elementary divisors.

1.2 Basics on tensors

Theorem 1.2.1 (Definition). Let Vi, ...,V be K-vector spaces (not necessarily finite
dimensional). There exist (unique up to isomorphism) a K-vector space denoted by
V1 ®...® V; and a multilinear map g : V1 x ... x V3 = V1 ® ... ® V; such that the
following universal property holds:

VZ K-vector space, Vf : Vi x ... x Vg — Z multilinear map there exists a
unique linear map h : V1 ® ... ® Vy — Z which makes the following diagram

commute:
Vix...xVy i Viw...V,;
\O /////
f ZL//h

Such vector space V} ® ... ® Vj is called tensor product and its elements tensors:
in particular the tensors in Im(g : Vi x ... x Vg = V1 ® ... ® V) (i.e. the ones of the
form v ® ... ® vy) are said decomposable. Moreover, given f: V) x ... x Vy — Z a
multilinear map, the corresponding linear map h: V; ® ... ® Vg3 — Z is defined on the
decomposable tensors by h(v; ® ... ® vg) = f(v1,...,v4) and extended by linearity to
the whole space.

Note: Historically the tensor product was introduced to linearize a multilinear map
from a cartesian product Vi x ... x V; to another vector space Z: indeed we note that
in the above theorem-definition the map A given by the universal property is linear and
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its making diagram commute is the same that linearizing the multilinear map f. The
construction of the tensor product makes clear why it linearizes multilinear maps (|1,
Proposition 2.12]).

Even if the definition holds in infinite dimension too, from now on we will assume
to work with finite dimensional vector spaces: indeed in this case the isomorphism
V ~ VYV between a vector space and its bidual space holds and this leads to interest-
ing results. Given U, V, W (finite dimensional) K-vector spaces, we recall the following
properties:

o (associativity) UQV W (U V)W U (Ve W);
e UQV 2V RUand UK ~U;

o 3 !isomorphism UV @ VYV @ W ~ Bil(U, V; W) such that

fegowe (o)~ fwgvw)
and in particular V @ W ~ Bil(VY, WV; K);

o if V= {(v1,...0m)x and W = (wy,...,wp)Kk, then a basis of V.® W is given by
(vi®wj|i=1:m,j=1:n) (and hence dim(V @ W) =dimV - dim W).

In general, themap g: Vi x ... x V3 = V1 ®...® Vy is not surjective, i.e. there are
tensors which are not decomposable.

Coordinates description. Let V ~ K™ and W ~ K" with basis (v1,...,v,) and
(w1, ..., wy) respectively. Let T' € V @ W be a tensor. Then we can write T with
respect to the basis (v; ® w; | 7,7):

T => Tijvi @ wj
Z’Mj

where Tj; € K, hence we may look at T" as a matrix (7j;) of size m x n with coefficients
in K. This lead to a first identification of the tensor product as

VoW ~My,xn(K)

Another way to look at the tensor 7T is as a K-homomorphism @7 : VV — W defined
as follows: given (v',...,v™) the K-basis of V'V dual to the basis (vi,...,vn), we
consider

pr(v*) =Y TippP(viw; =) Trjw;
i.J J
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Then
Tn T
SOT'[Ul\...\vm}: = tr
T . Tom
Similarly we may look at T as ‘o7 : WY — V and we have ‘o7 - [wl | oo w”} =T.

This other interpretation leads us to a second identification of the tensor product as
V@ W ~ Homg(VY, W)

Obviously these identifications hold for tensor products of three or more spaces too.

Flattenings. Let V ~ K™ and W ~ K". We recall that V @ W ~ 9, (K) and
through this identification a tensor ' € V@ W can be seen as a m x n matrix T' = (T5;).
By wectorizing matrices we obtain the identification 9, (K) ~ K™ so we can look
at a tensor '€ V ®@ W as a vector

VeCt(T) = t|:T115 T217 e aTmla T125 e 7Tm2) Tl37 cee )Tm(n—l)) T1n7 o aTmn:|

The tensor products of two spaces are in some sense poorer than the tensor products
of three or more spaces because the more spaces the more the identifications we may
consider.

For example, let U, V, W be K-vector spaces of dimension m, n,p respectively and let
(ui), (v5), (wg) be basis respectively. Then by associativity, with respect to these basis,
we may identify

URV)QW =~ Myuxp(K) ~Hom((U® V)Y, W)
U (VW) ~Myunp(K) ~Hom(UY,(V®W))
UW)RV =~ Muypxn(K) ~Hom((U® W)Y,V)

These different identifications lead to different expressions of a tensor T € UQV @ W:
for example if we consider 7' € (U ® V) ® W then we can write it with respect to the

T=7% (ZTzﬂcUz ®Uj) ® Wy
ko ig
or we can look at it in Hom((U ® V)V, W) as

above basis as

T(u® @0') = Z Tijk((us ® o' (u; ® vj))wk = Z Topwr €W
i7j7k k

We may think at T € U®V @ W as a 3-dimensional matrix (T3;%) (a cube-matrix): in
this perspective, by choosing a different identification of the tensor product U@V @ W
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we choose a different face of the cube-matrix (7j;1), then we may vectorize this cube-
matrix with respect to one of these faces and obtain a 2-dimensional matrix (a flat-
matrix). The idea is just the same as vectorizing a flat-matrix: we choose a side of the
matrix, for istance the first column, and we queue the other columns at the end of the
first one. We just gave the (quite intuitive) geometric idea of the following definition.

Definition. Let T € U ® V ® W be a tensor with coordinate (7j;) with respect to a
given basis. The flattening of T" with respect to W is the block-matrix

Tw =T | - | Tn| € Mpsm (K)
where
Tij1 .. Twmj1
Tj.=1: " D € M (K)
Tijp - Twjp
Similarly we define the flattenings of 1" with respect to U and V respectively as
Tig - Tk
Ty =T | o [ Top) € Mupn(®)  Top=1| 0 0 | €Mpa(K)
Ttk -+ Tonk
Tir ... Tap
Ty =T | o | o] € Mup(®)  Tio= | 0 1 | € Mup(K)
Tin1 - Tinp

Faithfully to the intuitive geometric interpretation of the tensor 7" as cube-matrix, the
submatrices

T, : VY =W |, T.j,.:WV—>U , T.,.,k:UV—>V

7y )

are said slices of the tensor.

Example 1.2.2. Consider U ~ V ~ W ~ K? with basis (uy,us), (v1,v2), (wy, ws)
respectively. Consider the tensor

T=u ®vi ®wi + us ® vy ® wy (E U@V@W)

Then its flattenings are

1 0 0 0
Ty = {Twl ’ T2} - lO 1 0 0]
r-fnn =)0 |

o o © o
o o
O =
| I |




1. Preliminaries

1.3 Symmetric tensors

Let V be a m-dimensional K-vector space and let V®¢ be the tensor product of d copies
of V: then V®? has dimension m? and, given (vi,...,v,) a basis of V, (v; ® ... ®
vi, | i; € {1,...,m}) is a basis of V¥4, Then a tensor T € V® can be written as

T= Y Ty.ivi®.. .®uv,)
ije{l,...,m}

The symmetric group S, acts linearly on V®¢: the action is defined on the decompos-
able tensors as follows

Vo €8y, 0- (11 ®...0V4) = Vy(1) ® ... ® Vy(q)

and extended to the whole tensor space by linearity. In particular, S; permutes the
decomposable tensors, hence V& is a &g-module.

Definition. A tensor T' € V®? is symmetric if

Yo € Gy s Til...id = To(i1)

.o (iq)

Note: If T is a symmetric tensor, we may look at its coordinates Tj,. ;, as coefficients
of a homogeneous polynomial of degree d in m variables. This perpective will be very
useful when we will work with projective spaces.

We denote with
Sym?V = {T € V® | T symmetric}

the subspace of all symmetric tensors, i.e. the subspace of G4-invariant tensors: it is
generated by {v®¢ | v € V'} since

Vo € Gy, J-(’U1®...®’Ud):UU(1)®...®UU(d) < VU1 =...=1¢g

A monomial basis for Sym? V' is (zj, ...z, | i1,...,4q) where

1
ajil-...-xidza E Vo (i) @ -+« @ Vs (sy)
T oeGy

hence

dimg Sym?V = (n—i— d- 1)

d

The above basis makes explicit the isomorphism of Symd(V) with the space of the
degree-d homogeneous polynomials on V' (however the isomorphism is independent
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from the basis). Moreover, with respect to this basis the coordinates of a symmetric
tensor T € Sym? V are often denoted with

1
T(i1,~~~,id) = E Z Ta(il)...a(id)
’ ceGy
Fact 1.3.1. Decomposable symmetric tensors {v®¢ | v € V} correspond to d-powers

of linear forms (ayzy + ...+ amam)? on VY (where dim V = m).

Note: To be honest we are cheating a little bit since we are identifying the symmetric
algebra of degree d on V' (properly denoted Sym? V) with the symmetric tensors. But
we are fully allowed to do this since in characteristic 0 they can be identified through
the map

SymlV = — {symmetric tensors}

1
Viy Vi, EZUGGd Vg (i1) &® -"®Ua(id)
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1. Preliminaries




Chapter 2

Kronecker form of matrix pencils

In this chapter we study the decomposition of matrix pencils. In the first sec-
tions we introduce the notion of strict equivalence and we find out the Kro-
necker canonical form: to do so we first classify the so-called regular pencils,
then the singular ones. In the last sections we focus on the symmetric pencils
by exhibiting a symmetric Kronecker canonical form both over C and R.

Let K be a field with characteristic 0, not necessarily algebraically closed.

2.1 Strict equivalence of pencils

Definition. A matrix pencil is a binomial of the form A(\) = Ay + AA; whose
coefficients are matrices.

Equivalently a matrix pencil is a A-matrix of degree 1 with respect to the variable
A. We denote by M, (IK[A]1) the set of matrix pencils of size m x n. Consider the
group action

Ly (K) x GLo(K) —  Aut (Mo (K[N1))

2.1
(P,Q) > (AN - PoAN) Q) 20

Definition. Two (matrix) pencils A(\) and B(\) are said to be strictly equivalent
if they are in the same orbit with respect to the above group action.

We fix the notations

AN R B . AN R B

for A-equivalence and strict equivalence respectively.
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We observe that A-equivalence and strict equivalence differ in the dependence (or not)
of the transformation matrices on the variable A. Actually when the pencils are square
these equivalences are somehow linked, but before showing this we share a preliminary
useful lemma.

Lemma 2.1.1 (Generalized Euclidean Division). Let R be a ring, not necessarily
commutative, let f(z), g(x) € R[z] be polynomials of degree n, m (respectively) with
coefficients in R such that n > m and the leading coefficients g,, of ¢ is invertible (i.e.
gm € R*). Then there exist p(x), q(z),r(x), s(z) € R[z] polynomials such that:

o (left-division of by g) f(z) = g(@)p(x) + r(x);
o (right-division of f by g) f(x) = q(x)g(x) + s(x);
o deg(r),deg(s) < deg(g).

Proof. Before proceeding with the proof we note that the notion “degree” is the one
induced by the graded structure of the R-module R[z]|. This enable us to work even if
we are not in an euclidean domain.

We only prove the right-division (the left one is analogous) and we do so in an algo-
rithmic way.

Let f(z) = fax"+... fo and g(z) = gmz™ +. .. go. Since g,, € R* we can left-multiply
g(z) by fng,laz™~™ and subtract the result to f(x): we obtain

FD(z) = f(2) = fagla™™™  glz) = foorz™ 4+ fo

for suitable f; € R, with deg(f(")) < n— 1. We can repeat the right-division by g(z) to
fM and obtain f( (x) of degree < n — 2. We iterate the right-division by g(z) until
we have deg(f*)) < m. So this algorithm returns

f@)=fE (@) g@)+ fB (=), deg(f*) < deg(g)

We note that at each iteration we strongly use the fact that g, is a unit in R.
The same argument exactly holds for the left-division up to right-multiply g.-! and the
whole divisor: for example in the first step we have

fO(@) = f(z) - g(x) - g frz™™™
0

Proposition 2.1.2. Let Ay + AA; and By + AB;1 be two square matrix pencils of size
m with det Ay, det By # 0. If they are A-equivalent, then they are strictly equivalent.
Moreover, if P(A\) and Q()) are such that By + AB; = P(\) - (Ap + AA1) -*Q(N), then
the matrices P and @ such that By + AB; = P - (Ap + AA;) *Q are obtained as left
and right remainders respectively of P(\) and Q()) in the division by By + ABj.
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Proof. Let P(X\) and Q()) be such that By + ABy = P()\) - (Ag + A1) *Q(N). Let
P(\)~! be the inverse of P()\). Then

P(A\) ™1 (By 4 ABy) = (Ao + A1) QN

By regarding P(A)~! and ‘Q()\) as matrix polynomials, since det Ay, det By # 0 (i.e.
A1, By € GL;,,(K) = M,,,(K)*) we can apply the previous lemma and divide this two
matrix polynomials respectively by Ag+ AA; (on the left) and By+ AB; (on the right):

P = (Ao + A1) - SA) + R, QN =T(N) - (Bo+AB1) +'Q
where R,!() are constant matrices of size m. Hence
((Ao +AA1) - S(A) + R) (Bo+AB1) = (Ao + M) - (T()\) - (Bo + ABq) +tQ) =

= (Ao + M) (T(V) = S(N)) - (Bo +AB1) = R+ (Bo + AB1) — (Ao + A1) 1 Q

By comparing the degrees of the two sides as matrix polynomials, since A; and B are
units (so there is no zero-divisor in the equation) it follows that 7'(\) — S(A\) = 0 and

R- (BO + )\Bl) = (AO —+ )\Al) ‘tQ

Thus it is enough to prove that R is non-singular: in this case we have P = R~! and
such P and @ satisfy our claim.
To do so we divide P(A) on the left by By + AB; and we obtain

P(A\) = (Bo+AB1) - U\ + P
By substitution in the previous equalities, we have
I=P)" PO = ((Ag+ A1) - SN + R) - ((Bo + AB1) - U(\) + P) =
= (Ao + A1) - (SO - (Bo +AB1) - UN) +'Q - U(\) + S(\) - P) + R P
and by degrees arguments (and since A; is a unit) it necessarily follows that
S(A) - (Bo+AB1)-UN) +'Q-UN+S\)-P=0 , RP=1I

so P = R~! is non-singular, hence By + AB; = P - (Ap + A\41) Q.
We conclude by noticing that even @ is non-singular since

Bi=P-A'Q = detB; =det P-det A; - det’Q

and det By,det Ay # 0. ]
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In the preliminary chapter we exhibited a complete system of invariants for A-
equivalence (given by invariant polynomials). Now our goal is to find a complete system
of invariants for strict equivalence: this would lead us to a canonical form for strict
equivalence, that is to a canonical representative of the classes in the group

m KI[A]1
GLy, (K)\ moen (KL )/GLn(K)

Note: It is kind to underline that the strict equivalence extends the notion of (left-right)
equivalence of matrices to matrix pencils.

We will reach our goal by steps and to do so we introduce the following definition.
Definition. A matrix pencil A + AB of size m x n is said to be:

o regular if m = n and det(A + AB) is a not-identically-zero polynomial;

o singular if m # n or det(A + AB) is identically zero.

Note: For square pencils, since det(A + AB) = det(B)A™ + - - - 4+ det(A), it follows that
if the pencil is singular so are both A and B. Conversely, if A or B are non-singular,
the pencil is regular.

2.1.1 From affine to projective matrix pencils

Let A + AB be a matrix pencil, not necessarily square. We can homogenize it and
consider the homogeneous pencil uA + AB. By repeating the construction of the in-
variant polynomials we did in the last section, we consider the (homogeneous) greatest
common divisors g;(u, A) of all the minors of order j of the matrix A+ AB and obtain
the (homogeneous) invariant polynomials

. 9r—j 7)‘
i(p, A) = grgilin )

for j=1:r
gT—j(:uvA)

Here again K|[u, A] is UFD, thus we can factorize the invariant polynomials as powers
of homogeneous irreducible factors over K and obtain the elementary divisors e, (g, A)
of the pencil A + AB over K.

We observe that by setting u = 1 we go back to the definitions we have given in the
last section for a pencil of the form A+AB and from each e, (p, A) we obtain an elemen-
tary divisor eq(1,A) = @q(X)%. Conversely, from each elementary divisor ¢;(A)% of
the pencil A+ AB we can obtain an elementary divisor of uA 4+ AB by homogenization
aliis A) = 175 (2)5.

In this way we obtain all the elementary divisors of uA + AB except the ones of the
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form p?: unfortunately this exception comes out from the fact that in general to deho-
mogenize and re-homogenize a polynomial gives not the identity on that polynomial.
Nevertheless we will see that to dehomogenize and re-homogenize a matrix pencil gives
right back the pencil we started from since we are just looking at a linear polynomial
of the form xa + by.

In particular, elementary divisors of A 4+ AB of the form p? are called infinite ele-
mentary divisors of A+ B and, for square pencils, they exist if and only if det B = 0:
indeed

14 is an elementary divisor of pA + AB <

<= 1 is an invariant polynomial of A + AB <—
<= the Smith form of A+ AB is of the form diag(1l,C + \D) <=
<= the Smith form of B is (up to permutation) of the form diag(0,x) <=
< detB=0

Note: In a geometric flavoured perspective, we may say that in the last section we just
worked in the affine chart {u # 0} of a projective space and what we missed were just
the informations at the infinity {x = 0}. This perspective is very useful because by
considering a pencil of the form pA + AB we are in fact considering a projective line
parameterized by [p : A\] € Pk and defined by the two matrices A and B. Thus we
are gratefully allowed to choose the generators A and B on this line as conveniently as
we need. We may (and will) refer to the homogeneous pencils as projective and to the
other ones as affine.

Since we obtain a homogeneous pencil by homogenizing an affine one, it follows:

Proposition 2.1.3. Ay + AA; and By + AB; are strictly equivalent so pAg + AAy
and uBy + AB; are. In particular, if two pencils are strictly equivalent, then their
elementary divisors (both finite and infinite ones) must coincide.

In general the elementary divisors are not enough to give a complete system of in-
variants of strict equivalence. Now it is important to distinguish between regular and
singular pencils.

2.2 Canonical form for regular pencils

Let us now see that for regular pencils the converse to proposition holds too.

Let Ag + AA; and By + AB1 be two regular pencils of size m with same elementary
divisors, both finite and infinite ones. Now we show that the homogenized pencils are
strictly equivalent too.
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Given pAy + AA; and puBy + AB; their homogenizations, we consider the parameters

IRl

where a1bs — asby # 0. We write the pencils with respect to the new parameters:

transformation

1Ay + AA1 = fi(baAg + an A1) + (b1 Ag + a1 A1) = ihg + MA,

uBo + AB1 = [i(be By + a2By) + S\(blBo +a1B;) = ﬂgo + 5\B~1

Since pAg+AA; and uBy+ABj are regular, we can choose aq, b such that det A, det By #+
0. Hence we are in the case where A-equivalence and strict equivalence coincide, so
[Ag + M, and fiBy + AB; are strictly equivalent, so Ay + AA; and pBo + AB; too.

We just proved the following result which answers our main problem in the case of
regular pencils.

Theorem 2.2.1. Two regular pencils Ag + AA; and By + AB; are strictly equivalent
if and only if their homogenized pencils Ay + AA; and puBy + AB; have the same
elementary divisors.

Next we determine the canonical form of the strictly equivalence classes for regular
pencils.  Given a regular pencil A + A\B, since det(A + AB) is not identically zero
there exists ¢ € K such that det(A + ¢B) # 0. By setting A; = A + ¢B we rewrite the
pencil

A+AB=A1+(A—¢)B

with det Ay # 0, thus by left-multiplication for Al_1 we obtain
I+(\—c)A]'B

Let J = diag(Jy,J1) be the Jordan form of A7'B where Jy is the nilpotent block
(i.e. with all zero eigenvalues) and J; is the non-singular block (i.e. with all non-zero
eigenvalues): then the pencil I + (A — ¢) A7 !B is similar to the pencil

I+()\c)[

Jo O B I+()\*C)J[) 0
0 Ji| 0 I+ (A—c)Jy

Now we separately work on the two blocks.

o By multiplying for diag((1 — c¢Jo)™!,I) we obtain

(2.2)

I+ XI—- CJo)_1J0 0
0 I+ ()\ - C)Jl
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We observe that (I — c¢Jg)~1Jy is nilpotent: indeed, if Jy has nilpotence index h,

Jh=0
(I—CJ())fl =[+CJO+...+(CJO)h+... e I—l—CJo—l—...—i—(CJo)h*l
and (I —cJo) to=Jo+cJd+...+ ch_lJél, which is nilpotent.
Thus, if Jp is the nilpotent Jordan form of (I — cJg)~'Jy, it follows that 1' is
similar to the block-diagonal pencil

N (u1)
I—F()\—C)Jl N (us) )
I + (/\ - C)Jl
where N(i) is a block of size u; x u; of the form
1 A
N = o (2.4)

Y

1

o Since det J; # 0 we may multiply (2.3) for diag(Z, J; ') and obtain
[diag(N(ul) . N(ws)y

(J7t =)+ AT

and, if we set J; for the Jordan form of (J;! — ¢I), we obtain the similar pencil

(2.5)

diag(N®1) . N(us))
Ji+ M

Next we want to find a canonical decomposition for the block j; + A too. One
may propose to explicit the Jordan form j; but that would depend on the field K we
are working over. Instead we are looking for a canonical form independently from the
base field. To reach this we need to introduce new “canonical” blocks but first it is
convenient to put ourselves in the homogeneous case.

Remark 2.2.2. Previously we remarked that to dehomogenize and re-homogenize a
homogeneous matrix pencil gives back the homogeneous pencil we started from. One
may wonder if to dehomogenize would give problems with respect to the elementary
divisors since we lost informations on the multiplicity of the infinite divisors. However,
from the point of view of the canonical form, these informations are kept hidden in the
dimensions of the diagonal blocks. Thus it follows that by homogenizing the canonical
form of the affine pencil we just obtain the canonical form of the projective one.
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By homogenizing the (affine) blocks N (%) in (2.4) we obtain the (projective) blocks
of size u; X u;
wooA

Fui) — R (2.6)
S
7

To lighten up the notation it is also convenient to introduce the next definition.

Definition. Let M, N be two matrix of size m; x mg and n; x ng respectively (not
necessarily of the same size). We define the block-direct sum of M and N the
((m1 +n1) X (ma + ng))-matrix

MEHN:M 0
0 N

Thus by homogeneizing the matrix in (2.5) we can rewrite it as

(EHWOEW3+M)
k=1

Let us introduce new canonical blocks. Let p(t) € K[t] be a monic polynomial of the
form
p(t) =" + pp_1t" ™+ ..+ po

and let ¢ € K. We define:

« () the companion matrix of p(t), i.e. the square matrix of size n of the form

0 1
0 1
C, = .
0 1
—Po —P1 ... TPn-2 “Pn-1

e 3, the Frobenius companion block (or simply Frobenius block) of p(t), i.e. the
square pencil of size n of the form

A

> =
=

Sp = uCp + A, = .
A Iz
—HPo —HP1 ... —MPn—2 A~ [iPn—1
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o Ju,q the Jordan block of size n with respect to the eigenvalue a, i.e.

e Jn,q the Jordan block of size n with respect to (A + ap)"™, i.e.

A+ap 1]

~ A+
Jn,a = HJma + A, = o

"
A+ ap

Let pA + AB be a projective pencil of rank r with invariant polynomials

~ Gr—jr1(p, A)

ij (1, A) = PR for j=1:r  ir(u,A) [dr—a(,A) | -0 [ia(u,A)

We factorize them as .
J

i) = - TT (08 1)
k=1
where u; > 0, w; > 0and pg )(1, A) is irreducible in K[A] of degree > 0. The polynomials
1" are the infinite elementary divisors of the affine pencil A+ AB and the polynomials
(pg )(1, )\))wk are the finite elementary divisors of A + AB.
If uA 4+ AB is regular of size m, then det(uA + AB) =[]

we recall that:

j=1:m %5 (1, A). In particular,

o det B is the leading coefficient with respect to A of det(uA + AB), i.e.

det(npA + AB) =det B- A\™ + D(u, \)  where degy (D) <m

e A+ AB does not have elementary divisors of the form p% <= det B # 0.

Proposition 2.2.3. Let p(t) = t" + p,_1t" ! + ... + po be a polynomial in K[t] and
let @ € K. Let §, and J, 4 be the pencils defined above. Then:

(¢) The only invariant polynomial of §), is

(DW= = A Y (1)



20 2. Kronecker form of matrix pencils

(#7) The only invariant polynomial of J,, , is
(A + ap)”
Proof. The above polynomials are the determinants of the respective pencils, so it is

enough to prove that the greatest common divisors of the minors of size less than n are
all equal to 1.

(i) In §, for all k < n there are the minors ¥ and A\* which are coprime.

(43) In Jpq for all k < n there are the minors (A + ap)* and p* which are coprime.

O

Since we are interested in the block ,ujz + A, we now assume pA + AB regular with
det B # 0, hence there are not infinite elementary divisors, hence pA+AB ~ uJ; + 1.

Let <pg)(1,)\))w be a finite elementary divisor of A + AB and let g;i(t) be the
polynomial defined by

Wk

ij(t) — (_l)wk deg(pggﬂ) (p](gj)(]‘7 —t))

. w
By proposition [2.2.3| the only invariant polynomial of §,, is (p,(j )(,u, )\)) . actually

this is the only elementary divisor of the Frobenius block since p,gj )(1, A) is irreducible.

Remark 2.2.4. With abuse of notation we will write § () instead of §g;, to keep
k

k
in mind its elementary divisor.

Thus the Frobenius block of g (t) is

A

> =

5 = pCqy + AL =

() :
A %
(_1)njklj’ﬁ0 (_1)"jk-+1’u/ﬁ1 N’ﬁnjk72 )\_,U/ﬁnkjfl

where p; are the coefficients of (pl(ﬁj)(l, )Wk and ng; = wy, deg(pg)) its degree. Then
B35 000 = B 0Cy +AD) = (G ) + M1
J7k ]7k ]7k
Since the elementary divisors are a complete system of invariants of strict equivalence
for regular pencils, it follows that

pA+AB & pi + M~ S 0,
ak
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This completes the classification for regular pencils. In the following we state the
same result in two different ways: first by exhibiting the Kronecker form as a diagonal-
block matrix, then as a (more compact) block-direct-sum.

Remark 2.2.5. We state the two theorems in terms of projective regular pencils:
clearly they hold for affine ones too and it is enough to dehomogenize the canonical
forms with respect to the variable u, i.e. by setting u = 1.

Theorem 2.2.6 (Kronecker - regular form). Every regular projective pencil A + \B
is strictly equivalent to a canonical regular projective pencil of the form

diag (H(“l) o H(us))
(2.7)

diag ({s(pg>)wk | d, k})

where the first s blocks H(%) are uniquely defined by the elementary divisors u* ... s
and the Frobenius blocks § (p

divisors {(pff))“’k | J, k}.

()yw, AT€ uniquely determined by the other elementary
k

Theorem 2.2.7 (Weierstrass - regular form). Every projective pencil uA + AB is
strictly equivalent to the canonical block-direct-sum

k=1 l,z

where the blocks H(“*) are uniquely determined by the elementary divisors of the form
pht ..o pts and the blocks S(

of the form (pg) (1, A))W=.

pOyw 2T€ uniquely determined by the elementary divisors

Note: We will indistinctly refer to both the above canonical forms as to the Kronecker

form, Weierstrass form or even Kronecker-Weierstrass form.

2.2.1 Jordan blocks and GL;(K)-action

Before concluding this section we emphasyze two interesting facts. Previously we as-
sumed that the pencil pA+\B was regular with det B # 0, so it did not have elementary
divisors of the form p".

Decomposition with respect to invariant polynomials. Consider i;(p, \) the
j-th invariant polynomial of A 4+ AB and factorize it as

Wk

ij(n, ) = ﬁ (P (1. 0)
k=1
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where p,(fj )(1, A) are irreducible in K[A] of degree > 0 and their powers (p,(cj )(,u, A))W
are (some of the) elementary divisors of pA + AB.

Proposition 2.2.8. In the above assumptions,
o
Sij ~ %S(Pg))wk

Proof. Before proceeding we underline that §;, is not the Frobenius block of 4;(1, )
but the one whose invariant polynomial is i;(x, A) (same notation we fixed for § (ryun ).
Since the elementary divisors give a complete system of invariants of strict equivalence
for regular pencils, it is enough to show that the ones of the two pencils coincide.

The pencil §;; has (one and only) invariant polynomial i;(u,A), thus its elementary

divisors are {(pg )(u, )\))wk}k. Each block § (o has (one and only) invariant poly-

- w
nomial (1101,(4;7 )(u, A)) * which is also its only one elementary divisor. From the fact [1.1.3

it follows that the pencil HH, § () has elementary divisors {(pg )(u, )\))wk}k, thus
k
the thesis. 0

This propostition gives us the perfect assist to our first goal:

Corollary 2.2.9. Let pA + AB be a regular pencil with det B # 0. Then it is strictly
equivalent to the block-direct-sum of the Frobenius blocks of its invariant polynomials,
ie.
pA+AB = H§,
J

Obviously the above decomposition is less fine than the one in Frobenius blocks of the
elementary divisors. But it gains interest if the pencil has only one invariant polynomial
(which factorizes in all the elementary divisors of the pencil) since it means that such
pencil is strictly equivalent to the Frobenius block of one only polynomial. But there
is more than this to unveil: in such case this polynomial is right the determinant of the
pencil, i.e.

BA + AB = Faet(uA+rB)

Remark 2.2.10. In general we cannot cluster the block-direct-sum H;;; in one Frobe-
nius block: we can do so only if the invariant polynomials i;(x, A) are coprimes but
by their divisibility property this is equivalent to say that there is only one invariant
polynomial (i.e. ig =...7, = 1).
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Jordan blocks. The next interesting fact we want to emphasyze concerns the Jordan
block with respect to (A + au)™, i.e.

A+ ap I

A+ap

3n,a = /'LJn,a + AL, = (29)

i
A4 ap

In particular we want to express some addends in the block-direct-sum of the Kronecker
form as Jordan block. Before going on we remark that in general we are not working over
an algebraically closed field, hence irreducible polynomials (in particular the elementary
divisors) may hgve degree greater than 1.

Let (p(u,)\)) be an elementary divisor of the regular pencil uA + AB and let us

assume p(p, \) to be linear, i.e.

(1, 0)" = A+ ap)”

(of course we can always assume the polynomial to be monic in A up to multiplication
by a unit). Let ¢(t) be the polynomial defined by

a®) = (-1 (p(1, )" = (~1)"(~t +a)"

Then the Frobenius block Fp» of ¢(t) has invariant polynomial <p(u, )\))n =(A+ap)”
and it is the only one. But this is the same (only one) invariant polynomial of the
Jordan block with respect to (A + au)™. Since such invariant polynomial is also the
only one elementary divisor of each of the two blocks, it follows that:

Proposition 2.2.11. The Frobenius block corresponding to an elementary divisor of
the form (X + ap)™ is strictly equivalent to the related Jordan block, i.e.

O A

8’()\+a‘u)n ~ dn,a
Thus the next result is just a corollary of what we found out.

Theorem 2.2.12. Every regular pencil pA + AB with det B # 0 is strictly equivalent
to the block-direct-sum of:

o the Jordan blocks Jy, q; with respect to its completely-factorized elementary
divisors (A + ajpp)"*);

e the Frobenius blocks § () corresponding to the remaining elementary divisors.
k
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In particular, if K is algebraically closed, the Kronecker-Weierstrass form is block-
direct-sum of only Jordan blocks

MA +AB ~ Hﬂ ijk’ajk
Jk

uniquely determined by the elementary divisors (X + ajju)"7*.

GLz(K)-action. We conclude the section with a simple remark. Above we did the
strong assumption that det B # 0 in the regular pencil pA + AB: we did so because we
were interested in the last block ,ujz + Al

Obviously not every regular pencil has such property, but we can always trace back to
that case.

Proposition 2.2.13. Let uA + AB be a regular pencil. Then there exists a linear
transformation over K2 for which the same pencil can be rewritten as A + AB with
det B # 0.

Proof. We are looking for a linear transformation of the form
a b |p]
c d| [A]

with ad—be # 0 (i.e. invertible) such that the pencil pA+AB = fi(aA+cB)+A(bA+dB)
has det(bA + dB) # 0. Since the linear system

I
A

ad —bc=10

det(bA+dB) =0
has a finite number of solutions and K is infinite, it follows that a linear trasformation
satisfying our requests exists. ]

This remark gains more interest if we look at the pencil uA + AB has a projective
line: what we did was just to change the points at the infinity of the line, that is the
infinite elemetary divisors % of A+ AB become finite elementary divisors of 14 + \B.

Let us denote with 9, xn (K[u, AJ1) the space of the projective pencils of size m x n.
In this chapter we just considered the action of GL,,(K) x GL,,(K) on 9, xn (K[, Al1).
What we are doing now is to extend the acting group to GL2(K) x GL,,(K) x GL,, (K)
as follows:

GLo(K) X GLi(K) x GLn(K) — Aut (Mscn (K[, A1) )

({‘CL 2},P,Q) = (MA~|—>\B»—>,&(P-A-tQ)+5\(P-B-tQ))
(2.10)
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In this new perspective the strict equivalence is traduced in the action of the triples
(I2, P,Q) (where Iy is the identity matrix of size 2). Later we will introduce a new
equivalence defined by the orbits of this new group action.

2.3 Canonical form for singular pencils

Let A+ AB be a singular pencil of size m x n. Since it is singular, Rk(A + AB) <
min{m,n}: say Rk(A + AB) < n. Hence its columns are linearly dependent over K[)],
hence there exists z(\) € (K[A])” \ {0} such that (A + AB)z(\) = 0. Consider

e = min { degz()) | #(\) € ker(4 + AB) \ {0} }

and x(A) = zg — 1A + ... + (—=1)x A\, where x; € K" and z, # 0.
Since x(A) € ker(A + AB)

Ax() =0
Bxp_ 1 — Az, =0 Vk=1:¢ (2.11)
Bx. =0

Such system may be represented by

. 1 A S
Ca B A e
M. : = B : =0 (2.12)
(—1)ae_y ol (D) e
(=D | | B| L (=D

where M, is a block-matrix of size (e 4+ 2) x (e + 1) with blocks of size m x n.
For all £ =0 : € let My be the submatrix of M, given by the first k + 2 block-rows and
k + 1 block-columns and let pr = Rk Mj: surely p. < (e + 1)n and by minimality of €

A

po = Rk =n

pr=((k+1)m Vi=1:e—1

Thus
e =min{k | pp < (k+ 1)n}
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Note: Let ra,rp,r be respectively the ranks of A, B, A+ AB. If ¢ = 0, then we have
a linear dependence over K (and not just over K[\]) for the columns of A + AB, and
for the identity principle of polynomials we have a linear dependence over K for A and
B. Thus in this case r4,7rg < n.

Our goal is to determine a canonical form of strict equivalence for singular pen-
cils, just as we did for the regular case. The main idea is to iteratively split a singular
pencil into “subpencils” until one of them is regular. A first step in the good direction
is given by the following result |14, Ch.XII, Theorem 4].

Theorem 2.3.1. If the equation (A + AB)z(A) = 0 has solution of minimum degree
€ > 0, then the pencil A 4+ AB is strictly equivalent to the pencil

L. 0
0 A+ )\B

where the matrix

Al
has size ex (e+1) and A+\B is such that every solution of the equation (A+AB)z()\) = 0
has degree greater than e.

Remark 2.3.2. Until now we have worked with the columns of the pencil but we may
repeat the same arguments by working with the rows of the pencil: it is enough to
left-multiply the pencil by a row left-solution of length m, or equivalently to study the
solution of the transposed pencil. Then the previous result still hold when working
with rows up to considering the transposed matrix pencil and this leads us to a block

of the form
A

of size (n+ 1) x 1.

Now we analyze two cases: in the previous notations, first we assume € > 0 and so that
there is no constant linear dependence (i.e. independent from ) neither for rows or
columns, then we admit the existence of such dependences.
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Case 1: Let r < n be the rank of the pencil and let ¢; > 0 be the minimum degree
of the non-zero solutions of (A 4+ AB)zx = 0. By theorem it follows

L, 0

A+ ABR
N [o Ay +AB,

where (A; + )\Bl)x(l) = 0 has no solution of degree < €.
We may repeat the above argument and consider € the minimum degree of the non-
zero solutions of (A1 +AB;)z() = 0: obviously 0 < €; < €. By reapplying the theorem

we obtain
o |L 0
Al +AB ~ |7
1+ ! [ 0 As+ ABQ]
hence
L,
A+ ABR L,
Ag 4+ ABy
By iteration we have that
L,
A+ AB R
Le,
Ay, + \B,

where 0 < ¢; <--- <€, and (4, + )\Bp)a:(p) = 0 has no non-zero solution, i.e. A+ B,
has linearly independent columns.

Note: If €1 + --- + €, = m, then A, + AB,, is missing.

Now we focus on the rows of A, + AB,. If they are linearly dependent, then the
same arguments (together with remark [2.3.2)) lead us to

diag(Le, - .. Le,)

A+ ABR diag(*Ly, ...t Ly,)
Ao+ ABy

where 0 < €1 <--- <¢,, 0<n <+ <nyand Ag+ ABy has linearly independent rows
and columns, i.e. Ag+ ABy is a regular pencil.

Remark 2.3.3. More precisely, the regular block Ag + ABy has size

(m*(zpjﬁi+zq:77j+4)) X (n*(zp:fﬂrzq:??jer))
1 j=1 1 j=1

1= ] 1=
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We note that Ag + ABy is indeed a square pencil, since the dimension of the span of
linearly independent rows is always equal to the dimension of the span of the linearly
independent columns, hence in this case necessarily p and ¢ are such that m—q = n—p.

Case 2: Let us assume that there are constant linear dependences of rows and/or
columns. We set

g = max{ number of independent constant solutions of (A + AB)x =0 }

h = max{ number of independent constant solutions of (*A + A'B)xz =0}

Let e1,...,e4 € K" be linearly independent constant solutions of (A + AB)x = 0. We
extend them to basis of K™ and we rewrite the pencil with respect to the new basis:
we obtain the pencil

14-+>A1§ ZZ[ Oﬂng | 111*+'A1§1]

In an analogous way by a basis change we may “annihilate” the first h rows of A; +\B;
and obtain the pencil

A > Onx Ohx(nf )
A+ B = 7 g
lo(mh)xg A% + \BY

where the diagonal block A° + AB has no constant linear dependences of rows and/or
columns, so we are again in Case 1. What we just obtained is (a part of) the canonical
form of a singular pencil:

Oth

diag(L L)

€g+1 ** ép

) (2.13)
dlag(thh+1 St Ly,)

Ao + A\By

where the last diagonal block is a regular pencil.

Note: We enumerated the diagonal blocks in the middle from g+ 1 to p and h+ 1 to ¢
respectively just to keep the notation similar to the previous case. Moreover, Ay + ABy
is actually a square pencil: we may have g # h but we must have m — ¢ =n — p.

Minimal indices. Let z1(A),...,2(\) € (K[A])™ be solutions of (A + AB)z(\) = 0.
Such solutions are linearly dependent if the matrix X (A) given by these vectors as
columns has rank less than k: in this case there exist pi(A),...,pr(A) € K[\ (not
all zero) such that p;1(N)z1(A) + ... + pr(N)zk(A) = 0. Else if the matrix X(\) has
maximum rank k, such solutions are linearly independent.

Let z1(A) # 0 be a solution of minimum degree €; and let z2(\) # 0 be a solution
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of minimum degree €2 among the solutions which are linearly independent with 1 (A).
By iterating we obtain

z1(A), ..., zp(N)

(where p < n) with associated degrees 0 < e; < ... < ¢, such set of solutions is called
fundamental series of solutions.

In general such set is not uniquely determined by the pencil A+ AB but the sequence
of degrees is so. This justifies the following good definition.

Definition. The minimal indices for columns of the pencil A+ B are the minima[/|
degrees of linearly independent solutions of the equation (A + AB)z(\) = 0.

Note: The solutions x1(\),...,z,(\) describes linear combinations of the columns of
A+ AB of degrees €1, ..., €p.

Definition. The minimal indices for rows of the pencil A + AB are the minima
degrees of linearly independent solutions of the equation (‘A + X!B)z(\) = 0.

These minimal indices play a central role in the canonical form of singular pencil for
strict equivalence as we realize by the following result.

Proposition 2.3.4. The minimal indices both for columns and rows are an invariant

for strict equivalence, i.e. two strictly equivalent pencils have the same minimal indices.

Proof. Let A+ AB and A’4+ AB’ be two strictly equivalent pencils and let P € GL,,(K)
and @ € GL,(K) be such that

A+ AB'=P-(A+AB)'Q

Since

(A+AB)z(\) =0 "€  po(A 1 AB) 1Q - ((Q)le(N) =0
=0

= (A +AB)((‘Q) " z(N)

for each x3()\) solution of (A 4+ AB)z(\) = 0 we have that y,(\) = (‘{Q) 'zx()) is a
solution of (A" + AB’)y(\) = 0, and conversely.

Moreover, since (!Q)~! does not depend on ), zx()\) and yx()\) have the same degree.
It follows that A + AB and A’ + AB’ have the same minimal indices for columns. By
the same arguments on transposed matrices it follows that the minimal indices for rows
are the same too. O

Iplural of the latin term minimum
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Our next goal is to determine the minimal indices of the singular form

Ohxg

diag Leg L. pr
D()\) = ( - ) diag(tL thq)

Ag + By

Mht1 *°

where Ag + ABy is a regular block.

Proposition 2.3.5. The complete system of minimal indices for columns (respectively
for rows) of the pencil D()) is given by the union of the systems of minimal indices for
columns (respectively for rows) of each diagonal block.

Proof. We analyze the simpler case of a matrix with two diagonal blocks

Ay o
C(A)_[ 0 B()\)]

Given z(\) a solution with respect to C'(\), we can rewrite the vector as

EZ®)
z(A) = _CUB()\)}

so that

AWz
CNe(d) = _B()\)ﬂfB()\)l

hence C(A\)z(A) =0 <= A(N)za(A) = B(AN)xzp(A) =0.
If xA(\) (resp. xp(A)) is a solution with respect to A(\) (resp. B()\)) of minimum
degree €4 (resp. €p), then

_ |za() | o
JI()\)—[ 0 ] <resp. z(A) = LUB(A)] )

is a solution with respect to C'(\), thus the smallest minimal index for columns for
C(N\) is € < €4 (resp. < ep), thus e < min{eg,ep}.
On the other end, if z()) is a solution with respect to C'(A) of minimum degree € and

_ |za(N)
xz(A) = L?B()\)}

we have ¢ = max{deg(z4),deg(zp)} and deg(za) > €4, deg(zp) > €p, thus ¢ >
min{e4, ep}. O

Now it only remains to determine the minimal indices of each block:
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e Obviously the regular block Ag + ABy has no minimal index since the pencil is

regular;

o Equally obviously the zero block 05,4 has g zero minimal indices for columns and
h zero minimal indices for rows

612...:Eg:n1:...:7]h:0

e Forall i =g+ 1:p the blocks

)\' 1
of size ¢; X (¢; + 1) have linearly independent rows, thus there is just one minimal
index for columns that is exactly e;.

e For j =h+1:q the blocks

A

1
tr
n

A
1

of size (n; + 1) x n; have linearly independent columns, thus there is just one

minimal index for rows that is exactly n;.

Theorem 2.3.6. The pencil

Ohxg
D) = diag(ngH...LEp) o t
diag(“Ly,,, ---" Ly,)
Ag + ABg
(where the block Ag 4+ ABj is regular) has minimal indices for columns ¢; = ... = ¢, =
0, €g+1,--.,€ and minimal indices for rows 71 = ... =, =0, Np41,...,7,-

We recall that the elementary divisors (both finite and infinite ones) are a complete
system of invariants of strict equivalence for regular pencils. Moreover we have just
found out that minimal indices (for rows and columns) are a complete system of in-
variants of strict equivalence for the singular block of singular pencils (i.e. the diagonal
blocks except the regular one). Thus we have to expect that the minimal indices to-
gether with the elementary divisors give a complete system of invariants of strict equiv-
alence for singular pencils. By fact [[.L1.3} the elementary divisors of a diagonal-block
matrix are given by the union of the ones of each block.
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Remark 2.3.7. It is worth resuming their relations with the size of a pencil of size
m X n. Let p and ¢ be the number of the minimal indices for columns and rows
respectively: then

m—q=n—p=>7_ €&+

p<n (2.14)

gsm

where the last two inequalities hold since there are at most p (respectively ¢) indepen-
dent solutions in K[A]™ (respectively K[A]™).

Remark 2.3.8. The blocks L, and thJ. have no elementary divisor: indeed they both
have a minor of size €; and 7; respectively equal to 1 and a minor of the same size equal
to A% and A" respectively. It follows that the set of elementary divisors of the pencil
D(]) is given by the set of elementary divisors of the regular block Ay + ABjy.

As for regular pencils, we want to reformulate what done so far in terms of projective
pencils. Let uA 4+ AB a singular projective pencil of size m x n. In the regular case we
noticed that we just need to homogenize the affine canonical form to obtain a projective
one and the same arguments still hold in the singular case. Consider the homogenized
blocks

A
Ap
1
R, = , tan =
A w A
Z (2.15)
wooA A u
H(ul) = ... J = °
ST ’ 3’(172 ))wk A U
m WE koo ko N — [k

where the *’s are for suitable coefficients.
The same arguments we have done so far prove the following theorems.

Theorem 2.3.9 (Kronecker). Every projective pencil A + AB is strictly equivalent
to a canonical pencil of the form

_Oth
diag ({Re}1, 1)
diag ({tan }§=h+1>
ding ({H)}i,)
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where the blocks 0p,4, R, and tR,]j are uniquely determined by the minimal indices
(for columns and rows) €;...€,,m1...174, the blocks H (ux) are uniquely determined
are uniquely

wy

by the elementary divisors p*!...u"s and the Frobenius blocks § ON
1

determined by the other elementary divisors.

Theorem 2.3.10 (Weierstrass). Every projective pencil uA+ AB is strictly equivalent
to the canonical block-direct-sum

Opxg H ( é Rq) H < é tR??j) H <é]—[(“k)> H (EE{S(pg))W> (2.17)
k=1 l,z

where the blocks 0p,x4, R, and tRn]. are uniquely determined by the minimal indices
€1...€p, M ...7g, the blocks H (ur) are uniquely determined by the elementary divisors
pt .o pts and the Frobenius blocks § (pWyw: T€ uniquely determined by the other

elementary divisors (pg) (e, N))*™=.

Remark 2.3.11. From the beginning we have worked (and we will continue to work)
over an infinite field K. However the above classification holds over finite fields too (we
refer to the work of Mirwald in its PhD thesis [29)]).

It is worth remarking how we can rewrite the Kronecker and Weierstrass forms in
(2.16) and (2.17) when the field K is algebraically closed (e.g. K = C). We recall that
Juw,a is the Jordan block with respect to the elementary divisor (A + ap)™.

Theorem 2.3.12 (Kronecker). Let K = K. In the same notations as above, every
projective pencil uA + AB is strictly equivalent to a canonical pencil of the form

_Oth
diag ({Re )11
diag ({tan }§:h+1)
s (1)

diag <{\~5wzzaazz} l)
5 i

(2.18)

or equivalently to a canonical block-direct-sum of the form
p q S
Onxg BB ( H Rei> A ( H tan> A (EElH(“k)) & (EH:;%%) (2.19)
i=g+1 j=h+1 k=1 lz
This concludes our research for canonical representatives of the classes in

GLm(K)\mmX"(K[“ ’ )\h)/GLn(K)
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Example 2.3.13. Let uA+ AB be a projective pencil with minimal indices e = 0, €3 =

l,e3 =2,m1 = 0,12 = 0,13 = 2 and elementary divisors x3, (A + u)2. Then the pencil

is strictly equivalent to the Kronecker form

0
0

o >
> =
T o
oxr >
T > O

o x
o xr >
T > O

A4 p
0

n
A+ ]

Next consider the pencil pC + AD with minimal indices €; = 0,62 = 0,e3 = 2,11 =

0,72 = 1,13 = 2 and elementary divisors p?, (A + )2, A + p. Then its Kronecker

canonical form is

o >
> =
x ©

ST >
T > O

I
0

A
o
A4
At
0

n
A+ ]

By comparing the pencils uA + AB and uC 4+ AD we focus on the elementary divisors
of the form (A +u)*: in the first pencil we have just one elementary divisor of this form

and indeed there is just one corresponding block of size k = 2; instead in the second

pencil there are two elementary divisors which are powers of A+ i, of multiplicity 1 and

2 respectively, and indeed we have two corresponding blocks of size 1 and 2 respectively.

This underlines that in the elementary divisors there is all the necessary information

to reconstruct the regular block of the canonical form. Same arguments hold for the

singular part but with minimal indices instead of elementary divisors.

Remark 2.3.14. Given a projective pencil uA 4+ AB, to compute its Kronecker form

(or at least its Kronecker invariants) we need to:
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e compute the greatest common divisor of all the minor k£ x k and compute their
consecutive quotients: these are the invariant polynomials of the pencil;

o factorize the invariant polynomials: each factor (counted with multiplicity) is an
elementary divisor and it uniquely determines a block of size its degreee;

o compute the dimension of ker A Nker B and ker(*A) Nker(* B) to obtain the sizes
g and h respectively of the zero-block;

e compute the minimaE] degrees of linearly independent vectors in ker(uA + AB) \
(ker ANker B) and in ker(u*A + A'B) \ (ker(*A) Nker(!B)) to obtain the minimal
indices €g41,...,€p and np41, ..., nq respectively.

In Chapter 6 we exhibit the implementations on Macaulay?2 for the above steps.

2.4 Symmetric matrix pencils

Symmetric matrix pencils have a geometric interest: they describe pencils of projec-
tive quadrics (we will better investigate this aspect in the next chapter). Consider two
quadrics A and B in IP’HTQ_1 described by the equations

A AX,X) =) a;;X;X; and B: B(X,X)= > b;X;X;
i,j=1 i,5=1

Let A = (a;j)i; and B = (b;;); ; be the symmetric matrices associated to the equations
of A and B respectively: they generate a pencil of square matrices uA + AB which
describes a pencil of quadratic forms of equations pA(X, X) + AB(X, X). We remark
that a square matrix pencil is symmetric if it is defined by two symmetric matrices and
we denote the set of symmetric pencils of size m over K by

Sym2 K" {1, A1

Now consider X = T'Z a non-singular linear transformation 7" (with detT" # 0) of
the projective variables X7i,..., X,, into the new variable Z1,...,Z,,: we obtain two

quadrics A and B described by the congruent matrices A = ‘TAT and B = ‘TBT
respectively, hence we have a pencil

pA+AB = 'T(uA + \B)T
As for matrices, we say that the two above pencils are congruent and we denote it by

pA+ A\B = pA+ \B

2plural of the latin term minimum
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Obviously congruence is a particular case of strict equivalence where the acting ma-
trices are a non-singular matrix 7" and its transpose !T: indeed the transformation 7'
is constant (i.e. independent from g, \). Thus we may reformulate the above definition
of congruence in terms of the group action

GL,(K) — Aut (Sym2 K™[u, )\]1)
T = (pA+AB > p('TAT) + M(TBT) )

Definition. Two symmetric pencils are congruent if they are in the same orbit with
respect to the above group action.

In general the converse does not hold, but it does over the complex field C: to prove
so we need the following lemma.

Lemma 2.4.1. Let U € 9M,,,(C) be a non-singular complex matrix (det U # 0). Then
there exists a polynomial f(t) € C[t] such that

fR=u

Proof. Let my(t) be the minimal polynomial of U: we recall it vanishes only for all the
eigenvalues of U.

The condition the polynomial f(¢) we are looking for must satisfy is equivalent to the
condition my(t) | f(t)?> —t, hence f(A\)? — X\ = 0 for all A € C eigenvalue of U. In
particular we can look for a polynomial f(¢) such that

VA € Eigval(U), f(\) = VA

Let Eigval(U) = {A1,... As} and for all i = 1 : s let k; be the multiplicity of \; as root
of the characteristic polynomial of U (i.e. its algebraic multiplicity). We put f(¢) the
polynomial interpolating the function g(¢) = v/t and its derivatives until the (k; — 1)-th
in the points \;, i.e.

FOD)=gN) . fDPN) =gD0N) Vi=1:s,Vj=0:k—1

We note that we are allowed to consider it since the only singularity of the function is
in 0 but 0 ¢ Eigval(U) since U is non-singular. Thus such f(¢) satisfies my (¢) | f(t)* —t
and this concludes the proof. O

Theorem 2.4.2. Two symmetric complex pencils are strictly equivalent if and only if
they are congruent:

PPy = P =P,
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Proof. The “only if” implication is obvious since the matrix which defines the congru-
ence is constant. Let us see the “if”.

Let Py = pA + AB and Py = A + AB be two strictly equivalent symmetric pencils of
size m: then there exist two constant non-singular matrices P,Q € GL(m) such that
Py = P -P; -tQ. By transposing the whole equation we obtain

Py=tPy= QP tP= Q- P P
Since ‘P and @ are non-singular too, we obtain
P-PiQ=Q PP = Pi-(Q)-('P)'=P QP

We set U = (*Q) - (*P)~! (which is still non-singular) and we have P; - U = ‘U - Py.
This equality extends to every polynomial in U: given f(t) a polynomial, it holds

PL-fU)= "f(U)-P,

Let f(t) be such that det(f(U)) # 0 (at least the polynomial f(t) =t satisfies it since
U is non-singular): then

7)1: tf(U)Plf(U)il — PQ:PPth:P(tf(U)Plf(U),l)tQ
The last equality would be a congruence transformation between P; and Po if
t(P tf(U)) = f(U)*l ,tQ — f(U)2 _ (tQ) . (tP)fl U

But from the previous lemma we can choose f(¢) such that the last equality holds.
Thus the matrix T = f(U)~! -*Q gives the congruence

Po='T-P - T=P
O]

Corollary 2.4.3. Two pencils of complex quadratic forms pA 4+ A\B and pA + AB can
be carried into one another by a non-singular transformation X = T'Z if and only if
the symmetric complex pencils A + AB and pA + AB describing them have the same

minimal indices and the same elementary divisors.

Remark 2.4.4. In a symmetric pencil the minimal indices for columns and rows co-
incide, i.e. p = gq and €1 = n,...,€, = 14, since by transposing the pencil it remains
the same. Hence from now on we will talk about minimal indices without distinction
between rows and columns and we will denote them €; = ... = €5 = 0,€441, ..., €.
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2.4.1 The symmetric Kronecker form over C

Let us fix K = C. We are now interested in a canonical form of strict equivalence
(or equivalently, of congruence) which is symmetric too since the canonical form we
referred to until now is not so. Let Wy be the inverse diagonal matrixE| of size k

1
Wi =
1

We will use this matrix to symmetrize the blocks in the Kronecker form.
Let A + AB be a complex symmetric pencil with minimal indices ¢y = ... = ¢; =
0,€g41,-- -, €p and elementary divisors p"', ..., p", (A + pay), ..., (A + pag).

e Foralli=g+1:p we join the singular blocks R, and ‘R,, in the symmetric
singular block of size 2¢; + 1

0 R
Se, = © 2.20
i |fR€i 0 ‘| ( )

uniquely determined by the minimal indices.

e Forall j =1 : s we right-multiply the regular block H () by the block W, and
we obtain the symmetric regular block of size u;

K () — H(“j)Wuj =

uniquely determined by the elementary divisor u"s.

o For all £ =1 : ¢ we right-multiply the regular Jordan block J., 4, by the block
W, and we obtain the symmetric regular block of size ¢,

B A+ arp
Jepsar = JepanWe, = S (2.21)

1
A+ akp

uniquely determined by the elementary divisor (A + agu)%*.

3the only non zero elements are the ones on the inverse diagonal which are 1
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By joining the singular blocks in one we are just re-ordering the basis, hence we
are acting by coniugacy and this preserves the strict equivalence classes. The right-
multiplication by W}, preserves the strict equivalence classes too. Thus the symmetric
matrix we obtain is strictly equivalent to the pencil we are working with.

Theorem 2.4.5 (Kronecker - complex symmetric form). Every symmetric complex
pencil puA 4+ AB is strictly equivalent to a canonical symmetric complex pencil of the
form

09

diag(.S. S,

e 5)
g+1 »
diag(K() ... Ks)) (2.22)

diag(jcl,al PR M,vjcuat)

where the blocks 0, and S, are uniquely determined by the minimal indices ¢;, the
blocks K (%) are uniquely determined by the elementary divisors of the form x% and the
blocks ‘ljck,ak are uniquely determined by the elementary divisors of the form (A4 pag ).

2.4.2 The symmetric Kronecker form over R

Let us now fix K = R. Obviously the symmetric canonical form we found out over
the complex field does not hold anymore since we may have elementary divisors which
are powers of quadratic polynomials, hence we need other regular symmetric blocks
than the Jordan ones.

Remark 2.4.6. It is worth noting that, given uA+ AB a symmetric pencil over R such
that B is definite positive, then all roots of det(uA+ AB) are real |15, Ch.IX, §13], that
is all the elementary divisors are powers of linear real polinomials and we just need the
Jordan blocks (as in the complex case).

We recall that for general pencils (not necessarily symmetric) these blocks are the
Frobenius blocks with respect to suitable polynomials (so that their determinants are
exactly the elementary divisors). Clearly we can not symmetrize a Frobenius block

§

e by the inverse diagonal matrix ka. deg(p?)’
Since the characteristic polynomial of a real symmetric matrix is completely factoris-
able (i.e. its eigenvalues are all real), one at first may hope that even the determinant
of a real symmetric pencil is completely factorisable, but unfortunately this does not

hold. An elementary counterxample is given by the real symmetric regular pencil

01 i 1 0
1ol " o <1
whose determinant is —(A\? + p?) which is irreducible over R. To solve this we resort
to the real Jordan form of a matrix.
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First of all we note that the only blocks we still need to fix are the ones related
to elementary divisors of the form (A% + app + byu)™* where ay, by € R, since all the
other blocks are symmetrizable just as in the complex case. Thus we restrict ourselves
to study the case of a real symmetric regular pencil with one only elementary divisor.

Let R + AS be a real symmetric regular pencil with only elementary divisor (A2 4
app + b)) and let A2 + appu) + b = (A — agp) (A — a@rp) be the factorization over
the algebraic closure C. We recall that the real Jordan form with respect to a complex
eigenvalue o € C of multiplicity hy is the 2h, block-matrix

R _
a,hq 1 0
01
Rla) ()
—S(a) R(a)

with h, diagonal blocks of size 2.
We define R, p,,, the real Jordan block of size 2h, with respect to (A — au)(A —aw))le
as the pencil of size 2h,,

=
2
=
|
>
,(,2
2
=
o=
(e}

Rany = o — N =

Note: A simple count shows that the pencil R, 5, is regular with only elementary divi-
sor ((A — au)(A —au))"e, hence it is strictly equivalent to the Frobenius block defined
by the same elementary divisor.

The advantage we take from the above construction is that we can symmetrize the
real Jordan block by right-multiplation by the inverse diagonal: thus we obtain the
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symmetric real regular block of size 2h,,

Rahe = Raha Won, =

uniquely determined by the elementary divisor ((A — au)(\ — ap))e.

Theorem 2.4.7 (Kronecker - real symmetric form). Every real symmetric pencil A+
AB is strictly equivalent to a canonical real symmetric pencil of the form

Og
diag({séi }f=g+1)
diag({K ™) }3_,) ] (2.23)
diag({Jex,ax Fie1) 5
diag({maf,hf }lle)

where the blocks 0, and S, are uniquely determined by the minimal indices ¢;, the
blocks K () are uniquely determined by the elementary divisors of the form %/, the
blocks ‘ljck,ak are uniquely determined by the completely factorisable elementary divisors
of the form (A+pay ) and the blcoks Re 1.hy are uniquely determined by the elementary
divisors of the form ((A — app)(A — @ pp))hs.
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Chapter 3

Classification of pencils of
projective quadrics

In this chapter we study two applications of the Kronecker form for symmetric
pencils to complexr quadratic forms: the simultaneous reduction of complex
quadratic forms and the Segre classification of intersections of two projective
quadrics. In the latter we define two new invariants for symmetric pencils (the
Segre symbol and the continuous moduli) and give the complete classification
n ]P% and ]P’?C. In the last section we give a geometric interpretation of the
Kronecker form in terms of projective lines and singularity of the base loci via
projective bundles.

In this chapter we work over K = C.

3.1 Simultaneous reduction of complex quadratic forms

Our goal in this section is to answer to the following question: given two complex
quadratic forms

m m
AX,X)= > a;XiX; , B(X,X)= ) b;XiX;
i,j=1 i,5=1

under which conditions can they be reduced simultaneously to sums of squares
AX,X) =) aiz; . B(X.X)=) bZ
=1 =1

by a non singular transformation X =TZ?
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We recall that two complex quadratic forms define a complex symmetric pencil.
To ask for two complex quadratic forms to be simultaneously reducible to other two
is to ask for the related complex symmetric pencils to be strictly equivalent. Thus to
answer the question it is enough to study the Kronecker form of the pencil defined by
two complex quadratic forms which are sums of squares.

Consider the complex quadratic forms

AX,X)=Yaz? |, B(X,X)=)> bZ?
=1 i

and let P = pA + AB the complex symmetric pencil they define. Let r4 = Rk A
and rg = RkB: since A and B are diagonal matrices, the rank of the pencil is
rmax{ra,rg}. Up to a basis re-ordering we may assume a,,+1 = ... = Gy, = [;7"3-1—1 =
... = by, = 0. Thus the pencil is of the form

P = diag(puay 4+ Aby, ..., pdr + \b,,0,...,0)

Clearly the above pencil has minimal indices identically zero € = ... = €, = 0 and
linear elementary divisors i +Aby, . .., ud, +Aby: we remark that we are not assuming
a; (resp. l;j) to be distinct but the elementary divisors to have multiplicity 1.

Thus the following theorem is just a corollary and it completely answers to our question.

Theorem 3.1.1. Two complex quadratic forms A(X, X) and B(X, X) can be reduced
simultaneously to sums of squares by a non singular transformation of the variables if
and only if the pencil pA + AB they describe has identically-zero minimal indices and
linear elementary divisors.

Corollary 3.1.2. Let P = pA + AB be a complex symmetric pencil of size m and let
raA,7p be the ranks of A and B respectively. If P has identically zero minimal indices
and linear elementary divisors, then

ai

P=u - + A

3.2 Segre classification of intersections of two quadrics

Let Xp,..., X, be coordinates for C™*+1. The quadratic forms

m m
AX,X)= ) a;XiX; , B(X,X)= ) b;X;X;
i,j=0 4,j=0
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(where A = (a;5) and B = (b;j) are symmetric matrices) define two quadrics A, B in
PZ. As in the previous section we may consider the matrix pencil P = uA + AB which
describes a pencil of quadrics P in P{. For each elementary divisor (z;u + yi/\)83' we
may consider its root [y; : —x;] € P! with multiplicity eé-. We refer to these roots as to
the roots of the pencil.

Definition. Let P be a pencil of quadrics with minimal indices ¢ = ... = ¢; = 0,
€g+1, - - -, €p and elementary divisors {(zip+yiNe, .. (mp+y))i | i =1: k}, where
the k roots [y; : —x;] are all distinct. We define its Segre symbol to be the ordered
sequence of its invariants

Z(P) = [(6%7 e '7671“1) ce (e’fa s 7e§k);69+17 = ‘76p;g:| (31)
with the ordering

r>...>2r 632...262 y €1 < < g

In particular, we put semicolons when we pass from the (multiplicities of the) roots to
the non-zero minimal indices and from the latter to the number of the zero minimal
indices; the round brackets distinguish the multiplicities of different roots and they are
omitted if r; = 1.

A
Example 3.2.1. e The pencil l " ] has Segre symbol [1 1; ;1].
0

nwooA
e The pencil [A ] has Segre symbol [2; ;1].

0
nwooA
o The pencil [A ] has Segre symbol [(2 1)].
A

However the Segre symbol does not uniquely define the pencil even up to GL-action
(that is up to strict equivalence and to GLg(C)-action on P!): indeed it contains the
informations about the multiplicities of the roots but not the ones about their position
in the projective space. The latter information is actually important from a geometric
point of view, thus to completely determine a pencil of quadrics we need one more
object.

Let k be the number of the distinct roots [y; : —x;] € P! of the pencil. Up to acting
i

by GL2(C) on P! we may always assume such roots to be of the form [1 : —%t]; hence

3

represent them as scalars z; € C. Moreover, since they are all distinct, we may look at

them in the space

C(k):{ze(Ck|zi7ézjVi75j}
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To simultaneously change them by GLy(C)-action on P! defines on C® the following
equivalence relation

b
d

az; +b

2
czi +d (3.2)

Z~own H[i :|€GL2(C)IVZ-:].Z]€,'IUZ‘:

Hence the quotient C*¥) / _ parametrizes all the possible k-tuples of roots (up to GL3(C)-
action on P!) of a pencil with k distinct roots.

Definition. A class [v] € C*)/_ is called a continuous modulus.
The next result follows straightforward.

Proposition 3.2.2. Let P = u@Q; + AQ2 be a pencil of quadrics such that [Q1] #
[@Q2] € PW. Then P is uniquely determined up to GL-action by its Segre symbol as in
(3.1) and by a continuous modulus [v] € C*)/_.

The classification of intersections of complex quadrics is quite immediate because of
the next result [20, Ch.XIII, §10] which directly follows by corollary

Theorem 3.2.3. Let P and Q be two pencils of quadrics in P™ with roots [u : AF]

and [,u? : )\ZQ] for i =1 : k. Then P and Q are projectively equivalent in P™ if and
only if they have the same Segre symbols. In such case there is an automorphism of P*

taking [uF : AP] to [u2 : A2] for all i with same multiplicities.

Remark 3.2.4. Theorem [3.2.3] allows us to start from the Kronecker form and this
helps to avoid equivalent or unattainable cases. For example in P! the quadrics X2
and an do not define a pencil, while the pairs of quadrics (2X¢X1,2aX0X71 + Xlz)
and (X2,2X0X1) define equivalent pencils. Moreover, we avoid the zero pencil and
the pencils depending on one only variable, since they do not describe intersections of
quadrics.

3.2.1 Classification in P%

We fix P2 = }P’(% with coordinates x,y, z. Since we are working with symmetric pencils,
we use the symmetric Kronecker form . To lighten up the notation, we do not
make distinctions between the quadrics and their equation, that is we will write A =
A(X,X). We denote by A and B the quadrics defining the pencil and by V(P) the
base locus of their intersection. Remark ensures us that the only possible pencils
(or equivalently, intersections) are the ones listed below.



3.2 Segre classification of intersections of two quadrics

47

Regular pencil  Segre sym. A B V(P)
A
[ A+p ] [111] y2 =22 2% —y? four distinct points
n
_u A\ M
2 2 a double point and
A (21] z o 2zy two other points
L K]
o\ Z
A [(11)1] 22 x2 — 92 two double points (33)
L i
- u A
2 a curvilinear triple point
H A (3] 2zy Y+ 22z and another point
A
A Z
2 2 a curvilinear
A (2 1)] x 2zy + 2 quadruple point
A
Singular pencil Segre sym. A B V(P)
— h ’u_
. a line and
A [1;] 2zz 2zy a disjoint point
LM i
c ] (3.4)
.. 2 2 a non-curvilinear .
1% (1 1;;1] 4 z quadruple point
0
_'u \ Z
.. 2 a line and an
A (231 2* 22y gmbedded double point
0

For all 8 cases one may find out the base locus with a direct calculus of the intersect-

ing equations or by computing on Macaulay2 the primary decomposition of the ideal

generated by the the equations of the two quadrics: to avoid approximated calculus we

chose the equations of the quadrics such that the primary decomposition in Q[x,y, x]

was the same than over C (for instance, y? — 22 instead of y? + 22).

Example 3.2.5. Consider the case with Segre symbol [2 1]:

i1: R=QQ[x,y,zl;

i2: I=ideal(x"2-z"2,x*y);
i3: primaryDecomposition I
03:

{ideal (y,x+z), ideal (y,x-z), ideal (x,z"2)}
The primary ideal (z,2%) determines the double point [0 : 1

: 0], while the primary

ideal (y,z £ z) describes the distinct (simple) point [1: 0 : F1].

Remark 3.2.6. Regular and singular pencils geometrically differ in the condition

P is regular <= V/(P) is contained in a smooth curve
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Moreover, every regular case (table (3.3))) gives a 0-dimensional zero locus. Neverthless
not all singular cases give a 1-dimensional zero locus: indeed the case [1 1;;1] has a
quadruple point as zero locus, that is O-dimensional.

To better geometrically classify the base loci in tables[3.3] and [3.4] we have to underline
what being a double or triple point means. To do this it is helpful to introduce affine
schemes.

Affine schemes, 0-dimensional nonreduced. In the following, given the functor
Spec : {rings} — {schemes}

which associates to every ring R the scheme Spec(R), we focus on the case R =
Clz1...xm]. Consider the affine scheme A™ = A¥ = Spec(Clz; ...zp,]). Every ideal
I C Clzy...xy) defines an affine subscheme

X = Spec(Clzy ... xm] /1)

which is O-dimensional if and only if C[z;...x,,]/I has finite dimension as C-vector
space: in this case, one refers to such dimension as the length of X.

Since we are interested in multiple points, we have to investigate 0-dimensional nonre-
duced affine schemes, that is schemes where the ring C[z; ...x,,]|/I has nilpotents or,
equivalently, the ideal I is not radical.

The first case to analyze is given by length-2 nonreduced schemes: every such scheme
is isomorphic to

Spec ((C[x]/(xQ))

and it corresponds to the double pointﬂ (2). Geometrically, a double point is the
intersection point between a smooth curve and the tangent line to the curve in that
point: in particular, it may be represented by a point equipped with an outgoing arrow
describing the direction of the tangent line (Fig[3.1](a)).

A length-3 nonreduced scheme is isomorphic to either

Spec (Cla]/(2%)) or  Spec (Cla,y)/(@? zy,y?)) = Spec (Tl y)/(x.y)?)

(see [12, Ch.II, §3]) and it correspond to the curvilinear triple point (x3) or to the
fat triple point (z,y)? respectively. Geometrically, the first type may be seen as the
intersection point between a smooth curve and a line in a flex, while the latter as
a point to which two other points approach from different directions: in particular, a
curvilinear triple point may be represented by a point equipped with an outgoing arrow

(Fig[3.1(b)) while a fat triple one by a circled point (Fig[3.1fc)).

'here we do not make distinction between the ideal and its variety
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‘—\“’Z-)ugim SiEL / ‘:‘fja @
(,L)Sz) / ('x,j&) sz) xj’jz>

(a) double point (b) curvilinear triple point (c) fat triple point
Figure 3.1: Double and triple points

Since the base loci we deal with are projective, we also need to introduce projective
schemes and show how to pass from them to the affine ones to recover the geometric
informations we have just seen. We spoiler that the passage from the projective to the
affine will be by localization which is the algebraic equivalent to the geometric passage
to affine chart.

Projective schemes, localizations. Consider the functor
Proj : {graded rings} — {schemes}

which associates to every graded ring A = Ay ® A4 the projective scheme Proj(A) given
by the homogeneous prime ideals which do not contain the positive component A

Proj(A) = {p € Spec(A) | p 2 A4, p homogeneous}
with the topology defined by the closed sets
Vi(J)={p € Proj(4) | J Cp} ,VJ C A ideal

Let us fix the graded ring A = Clz;...2p41] and the projective scheme P = P{ =
Proj(A). Given a homogeneous ideal I C A, we consider the subscheme Proj(A/I): for
every homogeneous element f € (A/I)4 it holds |28, Ch.II, Proposition 3.38]

Proj(A4/1) \ Vi (f) = Spec ((4/D);) (35)

that is we may endow Proj(A/I) with an affine-scheme structure on the open sets of
the form Proj(A/I)\ Vi(f). Thus by (3.5) we can study the geometric properties of a
0-dimensional projective scheme by studying a 0-dimensional affine scheme.

Let us underline the geometric properties of the zero loci in table (3.3)).

o For [1 1 1], the zero locus is given by the four distinct (simple) points (y 4z, x £ 2)
with the property that three of them are never collinear (by Beézout theorem).

o For [2 1], neither two distinct (simple) points (y,z + z) and (y,x — z) lie on the
tangent line of the double point (z,22) (Fig(a)).
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« For [(1 1) 1], the tangent lines of the two double points (22, 2 +y) and (22,2 —y)
do not intersect eachothers (Fig[3.2{b)).

o For [3], the triple point (y? + 22z, zy, x?) is curvilinear since by (3.5 we have in

the chart {z # 0} it holds

Proj ((C[a:, y, 2]/ (y* + 2xz,a:y,m2)) = Spec <((C[a:,y, z]/(y2 + 2x2, xy,xQ))Z>

— Spec (Clu, ol /(0 + 2, uv, u?))
~ Spec(C[v]/(v?))

where u = £ and v = ¥ (or equivalently, since the curve y? + 22z is smooth). The
simple point (y, z) does not lie on its tangent line (Fig3.2|c)).

o For [(2 1)], the quadriple point (2zy + 22, 2%) is curvilinear since by (3.5)) in the
chart {y # 0} it holds (for u = 7 and w = £)

Proj (C[a:,y, z]/(2zy + 22,x2)) = Spec <((C[ac,y, z]/(Qxy + 22,$2))y>

Cy,xa2)
7 0 (y,%-2)

ey RS
Cx,22)

(a) [2 1]

= Spec (C[U, w]/(2u +w?, UQ))
~ Spec(C[w]/(w?))

531:7::23,_2“70 0(5?4)

2 20 S v
S -
(22)1—-5) (jzrzxa,xj,x,")
(b) [(1 1) 1] (c) [3]

Figure 3.2: Some base loci of pencils of quadrics in P?

The real case. Tables (3.3) and (3.4) make it clear that in PZ there are 5 possible non-
singular intersections and 3 singular ones, for a total of 8 cases. The complex case allows

to determine the classfication in P% too: indeed, since the invariant for congruence over

R is the signature of the quadratic form, at worst each complex invariance class splits

into different real invariance classes. More precisely, the splitting classes are the ones

whose subdiscriminant has at least two different roots, that is

o the class represented by the Segre symbol [1 1 1] splits in 3 real classes;

o cach class of the ones represented by [2 1], [(1 1) 1] and [1 1; ;1] splits in 2 real

classes.

Thus in ]P’ﬁ there are 13 cases of which 9 are non-singular and 4 are singular.



3.2 Segre classification of intersections of two quadrics 51

3.2.2 Classification in P2

We fix P3 = ]P’?C with coordinates x,y, z, w. In this case we only list the regular pencils
(or equivalently, non-singular intersections). The same remarks (in the same notations)
done in IP’(% lead to the following non-singular intersections.

Regular pencil Segre sym. A B V(P)
A
Atu N [1111] y2 =22 +w? 2?2 y? 422 elliptic curve
7
A -
A 2,2 2 2
[211] ¢+ 22 tw 2zy +w nodal curve
1
L A gl
\ Z
A ) ) ) ) ) . two conics
[(11)11] 22 +w 2?2+ +w in general position
" (FigB3(a))
L A+
SR
peoA 2 2 .
\ 3 1] 2zy +w y? + 2z2 cuspidal curve
L 2
A Z
A two tangent i
2 2 2 gent conics
\ [(21)1] z° +w 2zy + 2 (FigB.3(b))
L 2
" Z
A 2 24,21 .2 ;
A\ [(111)1] w x*+y*+z a double conic
L 22
LA -
A 2 2] 22 + 2zw 2y + 22 a twisted cubic
A p Y and a bisecant
\ Z
A a conic and two lines
[(11) 2] 22w 22 +y? + 22 in triangle
Ao (FigB3<))
L [
\ Z
by four lines in two plane-pairs
[(11)(11)] 22 + w? x? 4 y? intersecting eachothers
m (FigB3(d))
L 2

(3.6)
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Regular pencil Segre sym. A B V(P)
B A
BeoA (4] 249 2(zw + y2) a twisted cubic
M A Y xrz Tw T yz and a tangent line
LA ]
_ uoA -
wooA ) , .2 conic and two lines
[(3 1)] 2zy y? +2zz +w? intersecting in one point
A (FigB3(c))
! A (3.7)
wooA
A double li i
2 2 a double line meeting
U A (2 2)] Ttz 2(zy + 2w) two disjoint lines
L A
A _
A 211 2 9 2 2 two double lines
A [( )l z Ty +2° +w intersecting
L Al

All the base loci in tables (3.6)) and (3.7) can be obtained in Macaulay?2 by computing
the primary decomposition of the polynomial ideal generated by the equations of the
two corresponding quadrics. For a detailed geometric description we refer to [20, pgg.
305-308].

(d) [(11) (1 1)] (e) [31)]

Figure 3.3: Some base loci of pencils of quadrics in P3

3.3 A geometric interpretation

The aim of this section is to give a geometric interpretation to the equivalence classes
of pencils of complex quadrics, that is to describe some geometric properties which
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uniquely determine their Kronecker class. To do so we first need to introduce the
geometric objects which are related to a pencil of quadratic forms.
Let W be the vector space of quadratic forms on C™*!| i.e.

W = {Q : C™H 5 C quadratic form}
and let PW be its projective space. We also consider for all 7 =1 : m + 1 the subset
W,={QeW | Rk(Q)=r}CcW

of the quadratic forms of fixed rank r and the corresponding projectivized PW,.: the
latter are irreducible smooth quasi-projective varieties. These varieties have the fol-
lowing properties [10, Proposition 1.1], where PW, denotes the Zariski closure of the
variety and Sing(PW,.) its singular part.

Proposition 3.3.1. (i) PW, =J;_, PW; for all r =1 : m + 1;

(i7) codimPW, = Mw forall r =1:m+ 1;

(iii) V1 <r <m+ 1, PW,_; = Sing(PW,).

Next we introduce the geometric objects related to a pencil of quadrics. Given a pencil
P = uQ1 + AQ2 defined by two linearly independent quadratic forms @1, Q2 € W\ {0},
it determines a projective line Lp C PW and a projective variety V(P) C P™ given by
the base locus of the intersection of the two quadrics, that is V(P) = {Q1 = Q2 = 0}.

Our claim is to prove that the Kronecker class of a pencil of quadrics P is uniquely
determined by the “position” of the line Lp with respect to the subvarieties PW, and
by the singular part Sing(V (P)) of the base locus V(P): actually one may bet that the
position of the line Lp determines the regular part of the pencil (or equivalently the
multiplicities of its elementary divisors) while Sing(V'(P)) the singular part (that is its
minimal indices).

Remark 3.3.2. In this section by “singular part” of the base locus we refer not only
to its schematically-singular one (i.e. subvarieties of multiplicity greater than 1 such
as multiple points or multiple lines) but also to its part of dimension greater than the
expected one. For instance, in P? the singular part of the base locus of the pencil
of quadrics [2;;1] is not only the double point (22, y) but also the line (z) (see also

example [3.3.24]).

The thread of this section will be the following: first we define the notion of similar
position of two lines in PW and we show how it determines the regular part of the
pencil; then we briefly introduce the notion of projective bundle and we explicitly build
some of them over P!; finally we study how Sing(V (P)) determines the minimal indices
of P.
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3.3.1 Similar position of lines in PW
Let L C PW be a projective line of quadrics. We define
mo(L) = min{r | L C PW,}

and, given {P,..., Py } = LNPW,, (1)—1, foralli=1:¢qy and j =1:mo(L) — 1 we
set
My (L) = multp, (LN PWmo(L)—j)

to be the multiplicity of intersection in the point P;. Moreover, for all i =1 : q;, we set
ki(L) = max{k | P; € PWp, 1)k}

thus for all ¢ = 1 : g, we have m;;(L) = 0 for all j > k;(L) and we may restrict to
consider j = 1: k;(L).

Definition. Two lines L, L’ C PW are said to have similar position with respect to
the varieties {PW, | r=1:m+ 1} if

« mo(L) = mo(L');
« q(L) =q(L);
 there exists an isomorphism A : L — L’ such that

o h(F;) = F;
o ki(L) =ki(L') for all i = 1: q(L);
o mij(L) =my;(L') forall i =1:¢(L) and j =1 : k;(L).

In particular, we define the position of a line . C PW as the set of the above values.

The next result shows which informations are hidden in these values when considering
a line associated to a pencil of quadrics: for a proof we refer to |10, Lemma 2.3].

Lemma 3.3.3. Let P be a pencil of quadrics with Segre symbol
X(P) = {(e%, ). (e}, ... ,effk);ngrl, . ,ep;g}
and let Lp C PW be the corresponding line. Then:
(1) mo(Lp) =m+1—p;

(ii) q(Lp) = k, that is the number of intersection points P; is equal to the number of
the roots of the pencil;
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(#i) ki(Lp) =r; for all i =1: k;
(iv) my;(Lp) = Z;Qjﬂ el i foralli=1:kandj=1:r.
We may reformulate lemma [3.3.3]in terms of similar position.

Proposition 3.3.4. Let P,P’ be two pencil of quadrics with corresponding lines
L,L' ¢ PW respectively. Then L, L’ have similar position if and only if the pencils

;) and same

number of minimal indices (i.e. same p = p’), other than same continuous modulus

[v] e C/ .

have Segre symbols with the same multiplicities (i.e k = k' and e§~ = (¢)

Corollary 3.3.5. If P is a regular pencil of quadrics, then it is uniquely determined
by the position of Lp.

Proof. The position of Lp is given by the values mo(Lp), ¢(Lp), ki(Lp) and m;;(Lp).
If the pencil is regular (i.e. p = 0), it is completely determined by the multiplicities of
the roots and by the continuous moduli, hence by proposition and lemma 3.3.3
we conclude. O

Remark 3.3.6. We underline that if the pencil is singular, the position of Lp is not
enough to uniquely determine it: indeed in proposition [3.3.4] we do not ask to have the
same minimal indices but only the same number of them.

By proposition [3.3.4) it is clear that the position of the line Lp completely determine
the regular part of the pencil.

Example 3.3.7 (Projective plane, position of lines). Consider the Segre classification
of regular pencils of quadrics in P?. First of all we note that in this case PW ~ P® with
determinant hypersurface PW.

For each pencil P in table we have p = g = 0, thus by lemma it follows
mo(Lp) = 3: indeed by proposition [3.3.1ii) we know that dim(PWs) = 5—1 = 4
but none of such pencils is contained in a hypersurface. In particular, the regular
pencils of quadrics in P? are never contained in the determinant hypersurface PWo,

hence they cut it in a finite number of points. But PWy = PW,, (1,,)—1, hence the
number of such intersection points is exactly the value ¢(Lp). However the value ¢(Lp)
is still not enough to distinguish all the cases (see table and actually neither the
multiplications of intersection with PWs are enough. One has to study the intersections
with PW; too: indeed the pencils [2 1] and [3] do not intersect PW; while [(1 1) 1] and
[(2 1)] do since for A = 0, x = 1 the latter pencils have rank 1.
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The same arguments may be reformulated for singular pencils.

E(P) Lp det(P) q(Lp) LpnN PW, LpnN PW,
111 A2+ (p—Ny? —pz®2 XA+ p)p 3 1+1+1 0
[2 1] ux? — pz? + 2xy A2 2 2+1 0
[(11)1] Ax? — \y? + pz? A 2 2+1 1
3] Ay + 2 zz + 2uxy A3 1 3 0 (3.8)
[(21)] pa® 4+ 2 \zy + \22 A3 1 3 1
[; 1;] pxz + Ay 0 0 Lp 0
[11;;1] py? + A2 0 2 Lp 141
[2;:1] pr? 4+ Ary 0 1 Lp 2

Remark 3.3.8. Actually for m = 2, 3 the position of the line Lp completely determines
the singular part too, hence the whole Segre symbol: this comes from combinatorial
restraints such as (2.14)) and from the fact that each non-zero minimal index ¢; defines

a square block of size 2¢; + 1 (see ) Let P be a singular pencil of quadrics with
Segre symbol X(P) = {(e%, et ) (el ek Yegin, . .,ep;g} with p > 0.

For P? it is clear from table : if there are no roots at all (i.e. no elementary
divisors), then p = m + 1 = 3 and the only possible case is [;1;] (since g=m +1 =3
would give the identically zero pencil); if there is at least one root, then either there
is another root or the only one root has multiplicity 2 and in both cases it must be
p=g=1L

In IP3, if the pencil has two or three roots counted with multiplicity, then it must be
either p =g =1 or p = g = 2 (since a block R,, has at least size 3). If the pencil has
exactly one simple root, then it must be p =1 > g = 0 and ¢; = 1 (since the pencil
diag(A,0,0,0) does not describe a pencil of quadrics by remark . If the pencil
has no root, the only possible case is g = 1 and €541 = €, = 1 (from size arguments as
well).

For P* the position of Lp is not enough in general: for instance, the pencils

0 Ao
0 A
0 s o
wooA nooA
A A
(with Segre symbols [2;0;3] and [2;1;0] respectively) have corresponding lines in

similar position but they are not equivalent.

At this moment it remains to determine the singular part of a pencil of quadrics P
and this is possible by analyzing Sing(V(P))ﬂ As mentioned before, to do so we first
need to introduce some projective bundles over P'.

2in the sense of remark [3.3.2
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3.3.2 Projective bundles over P!

We define a projective bundle to be a bundle whose fibers are projective spaces.
In the following we restrict to consider projective bundles of vector bundles: given a
vector bundle £ over a variety X, we consider the projective bundle PE given by the
projective spaces of the fibers of £.

Remark 3.3.9. Every vector bundle £ defines a projective bundle PE but not every
projective bundle arises from a vector bundle: however the converse holds for X to be
a smooth variety, e.g. a compact Riemann surface. For more details we refer to 18,
Ch.II, §7].

We now give a formal definition for projective bundles of the form P&, that is over a
smooth variety X. Let p: £ — X be a rank-r vector bundle over X: then there exist
a open covering {U;}; of X and isomorphisms g; : p~*(U;) — U; x C" for all i € I such
that the transition maps are of the form

gj=gjog; + (UinU)xC" — (UyxUj)xC
(P,v) = (P,Gijv)

where Gij € GLT((C)

Definition. In the above notations, the projective bundle p : P€ — X is the bundle
over X defined by the trivializations 1; : p~*(U;) — U; x ]P’e_1 and the transition maps

big =ttt (UinUy) x Pt — (U;nU;) x P!
(P, [v]) — (P, Wy5[v])

where \I/ij = [GZJ] € PGLT(C).

Projective bundles of the form PE well behave with twistings of £ by line bundles
[18, Ch.IT, Lemma 7.9]. We recall that the isomorphism classes of line bundles on X
form the Picard group Pic(X).

Lemma 3.3.10. For all £ € Pic(X) there is a natural isomoprhism
PE~PE®L)

Proof. To tensorize £ by L just multiplies the transition functions of £ by a scalar
function but this does not affect the morphism in projective coordinates. ]

Corollary 3.3.11. For all £, £’ € Pic(X) it holds

PL~PL ~ X
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Our interest is in projective bundles over P': by remark we know that every
such projective bundle is of the form PE for a certain vector bundle £. Such vector
bundles are completely classified as follows.

Theorem 3.3.12 (Segre-Grothendieck splitting theorem). Every holomorphic rank-r
vector bundle £ over ]P’%: splits into a direct sum of holomorphic line bundles

E ~ @ 0(61)
=1

for certain ey, ..., e, € Z.

Remark 3.3.13. Grothendieck [16] explicitly proved it in 1957 as particular case of a
more general result, but its formulation is equivalent to the Birkhoff factorization due
to Birkhoff [3] in 1909: a simplification of the latter proof was given by Hazewinkel
and Martin [19] in terms of linear algebra. However in 1884 Segre [34] proved this
theorem too even if without the bundle language: this is why we refer to it as the
Segre-Grothendieck theorem.

The splitting theorem [3.3.12| allows to determine when two projective bundles (of the
same rank of course) over P! are isomorphicﬂ

Proposition 3.3.14. Let & = @;_; O(a;) and F = ’;_; O(b;) be vector bundles over
P!. Then

bqul\c}les

P ~ PF < dmeZ, EIJGGk:ai—bg(i):mW
Proof. First of all we note that the right condition is equivalent to
dmeZ : E~F®O(m)

Thus the “if” condition directly follows by lemma [3.3.10
For the “only if” condition, we assume there exists an isomorphism of projective bundles
¢ : PE 5 PF and we consider the transition maps for P€ and PF
(22 (2"
[Go1] =P ; [Ho] =P
(22 (22

respectively, where the “P” denotes we are considering the classes in PGLy(C).
We may assume that ¢ is (uniquely) defined by the matrix

by —
(22

gy =P

b —
(28w

3as projective bundles over P*
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in PGL,(C): indeed the automorphisms of & which fix P! are
ker (Aut(PE) — Aut(P')) = PAut(€)

and, given ®y; € PGLk(C) the matrix defining ¢, there are 1y, € PAut(€) and ¢y €
PAut(F) such that ®g; = M - ®o; - N, hence we may consider the isomorphism of
projective bundles gz~5 =iYnyopotyy : PE — PF. But such &)01 gives an isomoprhism if
and only if ®g; = [I] € PGL,(C) and this holds if and only if there exists m € Z such

that a; —b; =m forall i =1:k. O

Moreover, projective bundles over P! are uniquely determined (up to isomorphism)
by their structure as varieties, as follows by the next result.

Lemma 3.3.15. If two projective bundles over P! are isomorphic as (abstract) vari-
eties, then they are isomoprhic as projective bundles.

Proof. Let P€ and PF be two projective bundles over P! of rank r — 1 that are isomor-
phic as varieties. We prove the thesis by induction on the rank of the bundles.
bundles

|PE "~ PF ~ P
If = 2, the thesis follows by the classification of rational ruled surfaces (|18, pg. 372]).

If r =1, by corollary

Let » > 3 and let ¢ : PE — PF be an isomorphism as varieties: it is enough to prove
that ¢ maps the fibers of the bundle projection pg onto the ones of pr. Given P € P!,
we consider the fiber (P€)p of pg in P and the composition

(PE)p = PF L5 P!

But (P€)p ~ P"~!, hence the above map is constant, since every map PV — P! with
N > 1 is so. This concludes. O

We now exhibit some embeddings of projective bundles over P! in a projective space
PN. Let PE a projective bundle of rank 7 — 1 over P! where E = @/_; O(a;).
Let us assume 0 < a1 < ... < a,. Consider N € N large enough such that:

o PV contains the Veronese variety v, (P!) for all i = 1 : 7;
o given ¥; : PL 2% v, (P1) —» PN for all i = 1 : r, it holds
L(Im ;) N L( U Imu;j) =0,Yi (3.9)
JFi

where L(Im1);) denotes the linear span of Im1); in PV,
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Remark 3.3.16. From (3.9 it follows that with a suitable choise of coordinates in PV
Wwe may assume

Yi(le:y])=0:...:0:2%:...:y¥:0:...:0] ,Vi=1:r
i+Zj<iaj
We set
P(ai...a;) = |J ]Z(zbl(z),.. .,@br(z)) (3.10)

zeP?
Clearly P(aj ...a,) is a projective bundle of rank r — 1 over P! with fibers
(P@LHWDZ:L@M@PHWM@):PPINZEW
Moreover, by remark [3:3.16] it can be covered by the trivialization
0o : U x Pr1 o~ Cx Pt — X~ H(U)
(s,[t1:...:tp]) = [tr:tis:...:itys™ ity .. tps97)
and the complementary one 1 : U; x P~ — x=1(U;). Thus it immediately follows:

bundles

Corollary 3.3.17. P(aj...a,) =~ PE.

By starting from the bundle P(ag ...a,) we can define a new variety which will help
us in the study of the singular part Sing(V (P)). Let Lo C PV be a linear subspace of
dimension ag > 0 such that

Lon L(Par...a,)) =0
We define the join variety of dimension r 4 ag + 1

J(ay...ar;00) = U L(z,y) C PV (3.11)

zeP(ay...ar)
yELo

Remark 3.3.18 (Schematical singularity in a join variety).

o J(aj...ar;ap)is (schematically) non-singular if and only if J(ay .. . a,; ag) is linear
if and only if r = a; = 1, that is J(1;a9) = L(P!, Lo).

o If J(aj...ar;a0) is (schematically) singular, then it has singularity in Lo.

We recall that we make distinction between being schematically singular and being
singular in the sense of remark [3.3.2} indeed in proposition [3.3.20] we will see that
Sing(V(P))ﬁ can have components isomorphic to a join variety but not necessarily
schematically singular (see the pencil [;1;] in example .

4in the sense of remark [3.3.2
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We can determine when two join varieties are isomorphic [10, Lemma 1.5].
Lemma 3.3.19. J(aj...a,;a9) ~ J(by...bs;b0) < r=sanda; =b;Vi=0:7.

Note: A join variety J(aj ...a,;ag) is never a projective bundle over P!

3.3.3 From Sing(V(P)) to minimal indices
Let P = pA; + AQ2 be a pencil of quadrics with [Q1] # [Q2] € PW and Segre symbol

X(P) = [(e%,...,eil)...(elf,...,efk);egﬂ,...,ep;g}

Let Sing(V (P)) be the singular part of the complete intersection @1 = Q2 = 0 in the
sense of remark (we do not get tired to underline it!). The following result tells
us that the geometric informations with respect to the minimal indices of the pencil
are hidden into the components of Sing(V(P)) [10, Lemma 2.5].

Proposition 3.3.20. In the above notations, let k = k — #{i | r; = e., = 1}. Then
Sing(V(P)) has at least ¢ components Sy, ...,S; (with reduced structure) where

k if p= ¢ =0 (no minimal indices)
t = ¢ max{k,1} if p=g > 0 (only zero minimal indices)

k+1 if p > g (there are non-zero minimal indices)
Moreover, up to permutation of the S;’s, it holds:

(i) each S; is either a linear subspace of dimension d; = r; +p — 1 (for e.. > 1) or a
quadrics of dimension d; — 1 and corank d; + 1 — #{j | eé- =1} (for e} =1).

(44) If p > g (i.e. there are non-zero minimal indices), then in addition S; = S, is

either a projective bundle of type P(eg41...¢€p) (for g = 0) or a join variety of

type J(€g41...€p;9— 1) (for g > 0).

Remark 3.3.21. In [10] Dimca stated that in the above proposition the ¢t components
were the irreducible ones but this is not true in general: Newstead®|remarked that such
components could be reducible. In this work we also notice this when studying the
pencils of quadrics in P? (see example : indeed by proposition the pencil
[(1 1) 1] has ¢t = 1 but from table we know that its base locus has two irreducible
singular components (namely, the two double points). So it is important to keep in
mind that the components Si, . .., S in proposition [3.3.20|may be not irreducible, hence
one may refine them. However, as Newstead noticed, the next final result still holds.

®Mathematical Review MRO708627 (85¢:14011), report to |10}
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Proposition [3.3.20] fills out all the informations in the Segre symbol of the pencil with
respect to the minimal indices. Thus we can conclude the geometric classification of
pencils of quadrics.

Theorem 3.3.22. Two pencils of quadrics P and P’ are equivalent (up to GL-action)
if and only if

(7) the lines Lp, Lp» C PW have similar positions;
(i7) the irreducible components of Sing(V (P)) and Sing(V(P’)) are isomorphic.

Proof. The “if” condition directly follows by propositions [3.3.4] and [3.3.20]
Let us prove the “only if” condition. By proposition the hypothesis (i) implies
that the two pencils have same continuous moduli, same multiplicities (of the roots)

and same number of minimal indices p = p/, hence they have Segre symbols

X(P) = |:(€%,...,6,},1)...(elf,...,efk);€g+17...’€p;g:|

(P = [(e%,...,e}nl) ...(elf,...,efk);e;/_,_l,...,e;;g'}

By hypothesis (i) the singular parts of the base loci of the two pencils have the same
number of irreducible components, hence by proposition eitherp—g=p—¢ =0
(i.e. both pencils have no non-zero minimal indices) or p — g,p — ¢’ > 0 (i.e. both
pencils have non-zero minimal indices). In the first case we have p = g = ¢’ and we
conclude; in the latter case we have p > g, ¢’, hence by proposition m) it holds
either (for g = ¢’ = 0)

h
Plegir- 6p) =8 =8~ P(c)y y...€h) (3.12)
or (for g, g’ > 0)
h
T(egire ;g —1) =8 =8~ J(chy iy ehig' —1) (3.13)

If g = ¢’ = 0, by lemma [3.3.15| the isomorphism ([3.12)) is actually an isomorphism of
projective bundles and by corollary [3.3.17] we have

]P(é O(Q’)) ~ 8~ 8~ P(é(’)(eé))
i=1 i=1

hence by [3.3.14| there exists M € Z such that ¢; — e, = M for all ¢, but by the restraints
in (2.14)) it must be ¢; = €, for all i, that is the thesis.

Else if g,¢' > 0, by lemma [3.3.19| the equation (3.13) implies g = ¢’ and ¢; = €, for
all 4 and this concludes. O
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Remark 3.3.23. It is worth underlining that regular pencils may have a singular part
Sing(V (P)) too. The number of its irreducible components is lower-bounded by ¢ = k.

Example 3.3.24 (Projective plane, singularities of base loci). By remark in P2
the position of the line Lp is enough to determine the whole Segre symbol even for
singular pencils (table [3.4). However we now analyze Sing(V (P)) for all pencils in the
plane.

Let P be the pencil with Segre symbol [;1;]: from table we know its base locus
V(P) is given by the line (z) and the simple point (y,z). By proposition we
know that Sing(V(P)) has at least one component (since p =1 > g = 0,k = 0 and
t=k+1=1): let Sing(V(P)) = S;. Since g = 0, by proposition (zz) it follows
that &7 is isomorphic to the projective bundle

Sy~ P(e) = P(1) =P*

hence it is a projective line (actually, the line (x)).

The two remaining pencils have both Segre symbol of type [x;;1], that is p = g = 1:
by proposition the number of irreducible components of Sing(V(P)) is at least
t = max{k,1} = 1 for both pencils. Neverthless the two varieties are not isomorphic
by proposition (z) for [1 1;;1] the singular part has dimension r; +p — 2 = 0,
in fact it is the quadruple point (22, y?); for [2;;1] the singular part has dimension
ri +p—1=1 and it is the line (z).

By remark we know that every regular pencil in P? has at least t = k singu-
lar irreducible components. By table we know that, when a singularity exists, it
is O-dimensional: indeed by computing such dimensions by proposition (z) one
always gets dimension 0. Moreover, the components obtained by proposition [3.3.20] are
irreducible for all regular pencils but [(1 1) 1] (see remark [3.3.21)).

In the following table we resume the informations about Sing(V(P)) for all pencils in
P2: the last column comes from a schematic study as in tables and

S(P) & t d; Sing(V (P))

111 o0 0 0

21] 1 1 (irred.) 0 one double point
[(11)1] 1 1 (reducible) 0 two double points

(3] 1 1 (irred.) O one triple point (3.14)

[(21)] 1 1 (irred.) O one (curv.) quadruple point

[1;] 0 1 (reducible) 1 a line and a disjoint point
[11;;1] 0 1 (irred.) 0  one (non-curv.) quadruple point

[2;;1] 1 1 (reducible) 1 a line with embedded double point
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Remark 3.3.25. By remark we know that in P? and P? the position of the line
Lp of a given pencil of quadrics P completely determines its Segre symbol ¥(P). Since
the components of Sing(V'(P)) given by proposition are (schematically) reduced,
they are not enough to completely determine the pencil up to equivalence: indeed from
table it is clear that the components Dimca refers to are just 0-dimensional and
by proposition we can not distinguish neither the number nor the multiplicity of
such singular points.

But if one looks at the base locus V(P) with its projective scheme structure (as we did
for table (3.3)), then for P? the base locus is enough as well to completely determine the
pencil up to equivalence: indeed we already discussed the multiplicities of the singular
points in and . The same holds for regular pencils in P? as it follows by tables

and (3.7).



Chapter 4

Tensor rank decomposition

In this chapter we introduce different notions of rank for tensors and the
algebraic-geometric objects related to them. In the first section we show how
the notion of rank changes from Vi @ Vo to V1 ® ... ® Vg for d > 3 and we
define border and symmetric rank. In the second section we focus on tensors
in K2 @ K™ ® K", called 2-slice tensors, we introduce the GL-equivalence and
we unveil that these tensors correspond to matrix pencils. In this perspective
the Kronecker form allows to determine their ranks and we show this in two
different ways: by a direct combinatorial approach and by applying the discrete
Fourier transform. In the last section we determine the partially-symmetric
rank of tensors in K2 @ Sym?(K™*1) which are pencils of quadrics in Py

Let K be an algebraically closed field with characteristic 0.
We will work with finite dimensional vector spaces over K.

4.1 Ranks of tensors

4.1.1 Rank, multilinear rank and Segre varieties

The case V@ W. Let us fix V ~ K™ and W ~ K" and let us consider their tensor
product V@W. We recall that the decomposable tensors are the ones in Im(g : VW —
V @ W). We use these tensors to define the rank over V @ W.

Proposition 4.1.1. Let T'= 37, ; a;ju; @ w; € V.@ W\ {0}. Then
T is decomposable <= Rk(a;;) =1

Proof. We note that Rk(a;;) = 1 if and only if a;; = z;y; fori =1:mand j=1:n
since rank-1-matrices can be always written as product of a column-vector for a row-
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vector:
X1

Rk(ai;) =1 <= (a5)=| : [?/1 yn]
-rm
If T is decomposable then it can be written as T' = v ® w whose corresponding matrix
M has rank 1 and by acting with GL,, (K) x GLy,(K) on VW we have My = P(a; ;)Q:
since the rank is invariant under this action we have Rk(a;;) = 1. Conversely, if
(a;;) has rank 1, then a;; = z;y; for all 4, j and for suitable z;,y; € K, hence T' =
225 @ijvi @ wi = (32, 2iv;) @ (32 yjw;) is decomposable. O

Since matrices of rank r are sum of r matrices of rank 1, the previous lemma makes
sure the following definition is a good one.

Definition. The rank of a tensor in V ® W is the minimum number of decomposable
tensors in which it can be written as sum.

Proposition 4.1.2. The set Im(g) of decomposable tensors in V' ® W is an algebraic
variety.

Proof. Decomposable tensors have rank 1, thus they are described by polynomial equa-
tions given by their 2 X 2 minors. O

Remark 4.1.3. Since g~1(0) = (V X {O}) U ({O} X W) we can (well) define the

projective version of tensor product as

Pg: PV XPW — PVW)
(W], [w]) =  [vew
Moreover, since Yo @ w # 0 it holds g~ (v ®w) ~ K*, the map Pg is injective: actually
this is an embedding, called Segre embedding, and its image

Im(Pg) = Seg(PV x PW) C P(V @ W)

is a projective variety, called Segre variety, defined by the homogeneous quadrics
given by 2 x 2 minors. These definitions will be extended to a general tensor product
Viw...V,.

Consider the isomorphism of K-vector spaces V @ W ~ Homg(VV,W): let f €
Homg (VY, W) and T € V ® W corresponding each other via the above isomorphism.

Proposition 4.1.4. Let Rk(f) be the dimension of Im(f) as linear map (or equivalently
the rank of f seen as matrix) and let Rk(7") be the rank of the tensor as minimum
number of decomposable summands. Then

Rk(f) = Rk(T)
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Proof. Let Rk(T) = R and let T = >, v; ® w; be sum of R decomposable tensors.
Since each decomposable tensor v; ® w; corresponds to a rank-1 matrix, the tensor T
corresponds to a sum of R rank-1 matrices, hence Rk(f) < R. Conversely, by Gaussian

elimination A- f - B = [IRB(f ) g] for suitable A, B matrices, hence f is sum of Rk(f)

rank-1 matrices, hence R < Rk(f). O

The case V1®...QV  for d > 3. Let V4,...,Vy be K-vector spaces with dimg V; = m;
and let V1®,...® Vy be their tensor product. We start by defining the rank of a tensor
and by characterizing the decomposable tensors.

Definition. The rank of a tensor in V] ® ... ® Vy is the minimum number of decom-
posable tensors in which it can be written as sum. In particular, decomposable tensors
have rank 1.

We recall that V1 ®...®V; ~ Homg (V¥ ®. . .®1//iv®. ..@V) Vi) foralli =1:d, where
the hat denotes the factor is missing: this identification is given by corresponding to a
tensor its flattening with respect to V; of the coordinate matrix. Hence for alli =1 :d
Sz_m\ch tensor ' € V4 ® ... ® Vj; corresponds to a linear map ¢7,; € Homg (V)Y ® ... ®
VVe...e V), V).

We have to remark one interesting thing: if in the case d = 2 the isomorphisms
V @ W ~ Homg(WV,V) ~ Homg(VV,W) leave the rank unchanged (since in the
second isomorphism we are just transposing), in the more general case d > 3 the
isomoprhisms Vi @ ... ® Vg ~ Homg (V}” ®...®‘//iv® VY V) foralli =1:4d
may let the rank change between the different flattenings. Hence it makes sense to give
another definition of rank of a tensor.

Definition. Let T' € V] ® ... ® V4 be a tensor and for all i = 1 : d let T; be the
flattening of 7' with respect to V;, i.e. the hypermatrix corresponding to ¢r; : V¥ ®
L. VY®...®V)y — Vi. We define the multilinear rank (or multi-rank) of T as

multRk(T) = (RkT1,...,RkTy) = (dim Im(pr1),. .., dim Im(ngd))
Example 4.1.5. Consider the tensor in the example
T=u1 ®v Qw1+ us ®vy @ wq

We explicited its flattenings and it is clear that its multi-rank is multRk(7") = (2,2, 1)
while its rank is 2.

We note that, while for d = 2 it holds Rk(7") < min(dim V;,dim V3), for d > 3 the
previous inequality does not hold anymore: in general Rk(7") may be larger than dim V;
for all i = 1: d (see table (4.2)). However if multRk(T") = (1,...,1), then Rk(T) = 1
as declared in the following result.
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Proposition 4.1.6. A tensor T' € V1 ®...®Vy is decomposable if and only if Vi =1 : d
the corresponding map ¢7;: V¥ ®...@ V.Y ®...®@ V) — V; has rank 1.

Proof. We note that, if the condition of having rank 1 is verified for d — 1 values of ¢,
then it is verified for the d-th value.

If T'is decomposable, then T' = 11 ®...®vq and for all i = 1 : d we have Im(¢r,;) C (v;).
Conversely, if dimIm(pr;) = 1foralli = 1: d, we get v; € Vj such that (v;) = Im(p7;).
We claim that T'= v ® ... ®vg up to scalar. For all ¢ we extend v; to a basis of V; and
we represent each o7 ; as flattening of 7' with respect to these basis: by construction
of v; each flattening has only one non-zero coordinate in the first entry, hence T has
rank land T =11 ® ... Q vg. ]

Corollary 4.1.7 (Segre theorem). The set of decomposable tensors
Seg(PVi x ... x PVy) =Tm (Pg: PV x ... x PVy 5 P(1 ® ... ® V)

is an algebraic variety, called Segre variety.

Proof. The set of decomposable tensors is determined by the equations given by the
vanishing of all 2 x 2 minors in the flattenings. O

Even if in general the multi-rank does not tell us the exact rank of a given tensor, it
gives us some bounds.

Lemma 4.1.8. Let T € V1 ®...® Vg be a tensor with multRk(T") = (r1,...,rq). Then
for all ,j =1:d (even i # j) it holds

ri <RK(T) < [] r&
k#j
Proof. Let r = Rk(T"). We write T" as sum of decomposables

T = Z v,(ll)®...®v,(zd)
h=1:r

where v}(f) € V;. For all i =1 : d let T; be the flattening of T" with respect to V;
T We.VVe..eV) —V,

Then Im(7;) C <v§i), e v@), hence r; < r. Moreover, the above restraint tells us we
can express 1 using only r; elements of a basis in V; for all ¢ = 1 : d: hence, up to
fixing all i =1 : d except j € {1,...,d} and joining the summands in V; with respect
to the Hk# r, elements in V1 ® ... ® f/; ® ... Vy, we can write T as sum of Hk# Tk
decomposable tensors, that is 7 < J[j.; 7% O
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Note: We said that for d = 2 the rank of 71" is invariant when 7' is seen as homomorphism
from the dual of a space to the other space. This comes out from the above lemma too:
indeed if d = 2 the lemma says that r; <7 <r9 and ro <r <y, hence r = ry = ro.

Corollary 4.1.9. If Rk(T;) = 1 forallibutaj € {1,...,d}, then Rk(7}) = Rk(T) = 1.
The case K@K’ ®K°. We now focus on the case d = 3: it is rich enough to analyze
differences from the case d = 2 but even simple enough to make counts by dirting our

hands.
Given T € K* ® K® @ K¢, by lemma we know that its multi-rank satisfies

RK(T;) < RK(Tj) RK(T}) Vi, j,k € {a,b,c} (4.1)
Obviously we have the additional conditions
Rk(T,) <a, Rk(Tp) <b, Rk(T,) <c

One natural question is: given (r1,7r2,73) € N a triple of natural numbers satisfying
the condition (4.1]), does exist a tensor T' (in a suitable tensor product space) such that
multRk(T") = (r1,7r2,73) ¢ In 2011 Carlini and Kleppe answered affirmatively [8]:

Theorem. The conditions (4.1)) are necessary and sufficient for the existence of a T'
having prescribed multi-rank.

4.1.2 Border rank and secant varieties

We start from an example.

Example 4.1.10. Consider in K? ® K? ® K? the tensor
T=(a1+a) @b ®c1+a1 @b @ca+a1@br®cy

T has rank 3 but it can be approximated by rank-2 tensors:
1
T(e) = - [(e —1)a;1 @by @cy + (a1 + €az) ® (by + €ba) ® (¢ + 602)]
This means that T is not a rank-2 tensor but it is the limit of rank-2 tensors, hence it

is in some closure of the latter ones.

Definition. A tensor T has border rank r if it is limit of rank-r tensors but it is not
a limit of rank-s tensors for any s < r. We denote the border rank of 7" by Rk(7"). In
particular, Rk(T") < Rk(T).

The notion of border rank is related to the following variety.
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Definition. Let X C PV be an algebraic variety. Its r-th secant variety o,(X) is
the Zariski closure of all points in PV which are linear combination of r points from X:

oX)={)_ P|PeXx}= |J (P,... . P)
i=1

The secant varieties of an algebraic variety X C PV form an ascending chain

X=0(X)C...Cop(X)C...

If the chain stabilizes at PV, the minimum R such that oz(X) = P¥ is said the generic
rank of X.

Now let X = Seg(PV; x ... x PVy) be the Segre variety of PV} ®...® PVy. Then its
r-th secant variety is

or(Seg(PVy x ... x PVy)) ={[T] e PV ®...@ Vy) | RK(T) <r}

As observed in the previous example, by working with secant varieties we work with
a Zariski closure, hence there are tensors which are limit of rank-r tensors but that can
have a higher rank.

The case K? @ K2 ®K2. We now present the classification of tensors in K? ® K? ® K?
with respect to their rank r and multi-rank (ry, 79, 73).

symbols r1 ro r3 r representatives
A 1 1 1 1 ag ® by ® co
B1 1 2 2 2 ag ® by ®co+ag b1 @ cq
B2 2 1 2 2 ag ® by ®co+a; ®by® cy (4.2)
B3 2 2 1 2 ag ® by ®cop+ a1 ®b; ®co
w 2 2 2 3 ay®bypRc1+ag®b1 ®cy+ a1 ®by® cy
G 2 2 2 2 ap @by ®co+ a1 @b @ cq

Clearly the tensors of types A, B1, B2 and B3 are forced to be the ones of such multi-
ranks and ranks because of the conditions (4.1). We note that the tensor in example
is a representative for the class W. This classification can also be obtained by
the Kronecker form of pencils as we will see in the next sections (see table (4.12))).
4.1.3 Symmetric rank and Veronese varieties
Proposition 4.1.11. The locus of decomposable symmetric tensors

va(PV) = (Seg(PV x ... x PV)) N P(Sym’ V)

is isomorphic to PV and it is called d-Veronese variety of PV.
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Proof. The isomorphism is given by the d-th Veronese map

vg: PV — P(Sym?V)

o] = [v®]
which in coordinates is [zg : ... : @] — [28 28 ey w2t ad ] O

Since hyperplanes in P(Sym? V) define degree-d polynomials on PV, the Veronese
varieties give the following geometric reinterpretation:

Proposition 4.1.12. The d-th Veronese variety is not contained in a hyperplane.

Proof. If it was so, the hyperplane would induce the zero polynomial, hence the coeffi-
cients over any infinite field would be zero, but this is a contraddiction in the projective
space. ]

Corollary 4.1.13. Any homogeneous polynomial f € Sym?V has decomposition of

= qlf
i=1

where [; are linear forms and ¢; € K. When the number r of summands is as minimum

the form

as possible, the decomposition is said to be the Waring decomposition of f.
Note: If K = C we may assume f = 31_, I¢, that is ¢; = 1 for all i.

Definition. The symmetric rank of a homogeneous polynomial (or equivalently, of
a symmetric tensor) f € Sym?V is

symRk(f) = min {1" ‘ f= icilg}
i=1
Note: symRk(f) =1 <= f € yy(PV) < f=1%

Question: given f € Sym?V, how to detect if f =192
We observe that f = ¢ if and only if é% are two by two linearly dependent, that is
if and only if the matrix whose rows are given by the coefficients of these partials has
rank 1.
To light up the notation let us write 0; instead of 8%1,. Then 0; are the coordinates on
(Sym? V)Y dual to the coordinates x; on V, that is d;z; = d;.
Consider the map

(Syme V) Y ®@Sym?V — Sym? ¢V

(4.3)
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hence, by fixing f, the map

Cer: (Sym6 V)v — Sym% ¢V

(4.4)
0 — 0-f

Definition. The map

Cef: Sym°VY — Sym?°V
g = g-f

is called e-th catalecticant map for f.
Note: For e = 1 we have the flattening Cy y: VY — Sym?'V.
Proposition 4.1.14. Let f € Sym? V. Then f =1 <= Rk(Cy ;) = 1.

Proof. If f =14, then Cy f(8;) = 9;(1) = d(d;1)I%"1, hence Im(C} 5) = (I%7!) has
dimension 1. Conversely, if Rk(Cy ¢) = 1, then there exist Ag,..., Ay € K such that
0=Y"oN0if = (Z)\Z-ﬁi)f, then by transposing Cy y we have df = c- [ for some
linear form [ and some ¢ € K. Up to acting by GL(V') we may assume [ = zp: then

only the monomials xg can appear in f otherwise by applying 0 there would be more
than zq in . Then f =19 O

The rank of C ; is the minimum number of variables such that f can be written in
after a linear change of coordinates: it is said essential rank of f.

Corollary 4.1.15. Let f € Sym? V. Then Rk(C1,f) < symRk(f).

Remark 4.1.16. We have to emphasize that symmetric rank and rank of a symmetric
tensor are different: the first one is about the decomposition of f in Sym? V', the latter
in V®, In general, given f € Sym?V, it holds Rk(f) < symRk(f). However for
dim V = 2 equality always holds.

4.2 GL-equivalence in K? ® K™ @ K"

Now we focus on tensors in K? @ K™ @ K™. In the perspective of tensors as cube-
matrices, the 2 X m X n-tensors are said 2-slice tensors of size m x n and so they can
be represented (with respect to a given basis) by a cube-matrix given by two matrices
of size m x n suitably put parallel to each other: for instance in the previous example
we considered a 2-slice tensor of size 2. But these 2-slice tensors are not a novelty for
us since we met them throughout the previous chapters: indeed 2-slice tensors can be
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seen as projective matrix pencils. Let us better investigate this identification.
Let T € K2 @ K™ ® K" be a 2-slice tensor of size m x n. Through the identification

K? @ K™ @ K® = Bil(K™, K"; K?)
T corresponds to a unique bilinear map ¢r : (v,w) — ¢r(v,w) = (a,b) € K2. With
respect to some basis, such bilinear map ¢y can be represented by a pair of matrices
(A, B) in (K™*")2 such that
A w=a , W-B-w=b

Then we consider the pencil of size m x n defined by this pair of matrices, i.e. uA+ AB.

In Chapter 2 we observed that we could extend the group action in (2.1)) to

GLa(K) % QL (K) X QLo (K) —s Aut (zmmxn(K[u, /\}1))
([i Z},P,Q) — (,uA+)\Br—>P' ((a,u+bA)A+(c,u+d/\)B> Q ) (4.5)

by also acting on the variables y and A by linear transformation of K?2.
Now that we know that matrix pencils can be identified by 2-slice tensors, the action
of the group GL2(K) x GL,,(K) x GL,(K) gains the different perspective

GLo(K) x GLy(K) x GLp(K) — Aut (K2 © K™ @ K") p

(M, P,Q) — (u®v®w»—>Mu®Pv®Qw) (46)

SLy(K) x SLy(K) x SL,(K) — Aut (IP’(K2 K™ ® K”)) (47)
(M), [P}, [Q]) > (uevew s MuePvoQu])

where the above actions are defined on the decomposable tensors and extended by lin-
earity.

Let us show that the actions defined on tensors and on pencils respectively are com-
patible with the correspondence between these two objects: actually it is enough to
restrict our attention only to the action of GL,, (K) x GLy,(K) on K™ ®@K" since GL2(K)
acts just on the component in K? of the tensor (and just on the variables defining the
pencil). Moreover we can choose to fix the canonical basis (e;)i=1.n and (e;)ij=1., for
K™ and K" respectively, and the canonical basis (E;j) for 9, (K). Thus we ask for
the following diagram to commute:
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u@w=73, Tije;®ej «—— T = (Ty)

~] I~

Pu®Qw ¢«— P.TtQ

Let v @ w = (3o vses) @ (3o, weer) = Y5 vswies @ eg, hence

vRw<+— T = (Ts) = (vswy) :szthSt
s,t

By acting on T by (P, Q) we obtain

P-T4Q=P- (Y vawiBa) Q=3 vawn(P- Ey-'Q)
s,t

_ z; “Swt(iz(P . Ejj ~tQ):Ez'j))

_ ;vswt(iﬁi‘ (%‘ Pip(Eet)pg('Q)gs ) Bij)
. ;vswt(§<Pi;<fQ>tj>Ei~)

v » Pl-:vsczjtwt)Eij

2,7 st

=3 ((Po)i(Qu);)Ey  +— PooQu
2¥)

and this concludes.

Definition. Two 2-slice tensors 177 and 75 of size m x n are said to be GL-equivalent
if they are in the same orbit with respect to the group action . Equivalently, two
pencils p1 A1 + A\ By and pgAs + Ao Bs of size m X n are said to be GL-equivalent
if they are in the same orbit with respect to the group action . We denote this
equivalence by

7T, A+ MB Y Ay + \By

Note: We defined A-equivalence for A-matrices. By homogenizing we may easily define
(1, A)-equivalence in the same way: two (u, A)-matrices of size m x n are said to be
(11, A)-equivalent if they are in the same orbit of the group action

GLun (K[, A]) x GLy (K[, Al)  —> Aut (M cn (Kl A)) )

(4.8)
(P(1, 1), Q1. V) o (A = PN - A ) QU ) )
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It is quite natural to ask ourselves how the three equivalences we defined for pen-
cils behave with respect to each other: of course strict equivalence implies (p, \)-
equivalence, but we have also already noticed that strict equivalence implies GL-
equivalence since the equivalent classes with respect to strict equivalence are defined

by the orbit of the action of the subgroup {I2} x GL,,(K) x GL,(K); we also re-

A
call that by proposition [2.1.2 if uA; + AB; ) 1As + ABsy are square pencils such

that det B; # 0 (i.e. both pencils have no elementary divisor of the form pu'), then
/,LAl + A\B; N /,LAQ + ABs.
Let us convince ourselves the following implications hold for P;, Ps projective pencils:

regular, no infinite divisors

PPy

Clearly in general Py o P, doesn not imply Py ~ Po: this holds only if the two pencils
are defined by the same variables u, A, that is their equivalence is given by an element
of {I2} x GL;,(K) x GL,(K), but this hypothesis is too strong.

And even if the pencils are regular with no elementary divisors of the form !, their

being GL-equivalent still does not imply they are strictly equivalent: indeed in general
0
1

change, hence there is not strict equivalence. This also suggests us that the implication

P1 el Py = P (%)\) P fails.

Finally, since invariant polynomials give a complete system of invariants of (u, A)-

by acting on K? (even only by switching u and A by { 01 ]) elementary divisors

equivalence and the action of GL2(K) changes them, being GL-equivalent does not even
imply being (u, \)-equivalent.

4.2.1 Canonical form of GL-equivalence

In chapter 3 we determined a complete system of invariants of GL-equivalence for
pencils of quadrics (or equivalently for symmetric 2-slice tensors), given by the Segre
symbol of the pencil and a continuous modulus.

Now our goal is to determine a canonical form of GL-equivalence for general 2-slice ten-
sors and to do this we start again from the Kronecker form of a pencil corresponding
to its coordinate matrix (with respect to a given basis).
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Let T € K2 ® K™ @ K" be a 2-slice tensor and let Py : uA 4+ AB be a pencil

corresponding to T'. Let Dr be the Kronecker form of the pencil Pr as in : since
strict equivalence is a particular case of GL-equivalence, the pencil Dr is a good starting
point for our goal; actually the pencil Dy gives us the main structure of the canonical
form we are looking for since it comes from the action of the group GL,,(K) x GL,, (K)
on the last two factors of the tensor space.
What is left is to understand how the action of GL2(KK) on the first factor may change
the Kronecker form. But the action of GLy(K) is just a linear transformation of the
variables u, A which define the pencil Dp: we already engaged this perspective in propo-
sition when we noticed that we can always assume a pencil to be without ele-
mentary divisors of the form p* (i.e. det B # 0) up to apply a linear transformation
over K2,

Let us resume what we have just observed: the canonical form of GL-equivalence of
the 2-slice tensor T is determined by the Kronecker form of the pencil Pr (concerning
the action of GL,,(K) x GL,(K)) and the possible transformations over P! (concerning
the action of GLo(KK)); the minimal indices (both for rows and columns) are invariant
under the action of GLo(KK) since it preserves the singularity of the pencil; moreover
the action of GLy(K) changes the irreducible polynomials which define the elementary
divisors (since it moves the roots of the determinant of Pr in P!) but without changing
their multiplicity.

Then we are allowed to talk about the minimal indices of a 2-slice tensor. It only
remains to find an invariant which replaces the elementary divisors since they are clearly
not preserved by the action of GLy(K).

For what observed above, let us assume Pr with no elementary divisor of the form

w'® . - k) . -
pt. Let {(A 4+ agp)™ }jr be its elementary divisors (where w;" is the multiplic-

J
ity of A + agp in the j-th invariant polynomial). We know that the integers wj(»k)
are invariant under the action of GL2(K), hence under the action of the whole group

GL2(K) x GL,(K) x GL,,(K). This allows us to give the following definition.
Definition. The invariant degrees of a 2-slice tensor are the integers {wj(k) | .k}

Corollary 4.2.1. Let T € K2@ K™ ®K" be a 2-slice tensor. Then the minimal indices
and the invariant degrees of the tensor are GL-invariant.

In particular, we can define an extended version of the Segre symbol for general 2-
slice tensors simply by making distinction between minimal indices for columns and for

rows.

Definition. The GL-symbol of a 2-slice tensor T (or equivalently, of a matrix pencil
P) is the ordered sequence

S (P) = {(wgl), .. .,w,(,})) .. (wgk), .. .,wﬁlz));ngrl, e €Tty - - ,nq;g;h} (4.9)
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7

with the ordering

>z, ol > el e <<, <. <y

(@)

where £ is the number of distinct roots of the tensor, w,”’ are their multiplicities, €

and g are the minimal indices for columns and 7, and h are the ones for rows.

Nevertheless the minimal indices and the invariant degrees are not enough to form a
complete system of invariants for GL-equivalence for 2-slice tensors: indeed in general
some relations between the roots (such as their disposition in the projective space) must
be preserved. We solve this as we did for pencils of quadrics, that is by assigning to
the pencil the continuous modulus of its roots (defined by (3.2))).

However it follows that a canonical form of GL-equivalence of a 2-slice tensor has
associated pencil

Oth
diag(R R, Ry, . .,... [ Ry) (4.10)

diag(ﬁwgmjal, o)

Wy "0t

€g+1r

where R, and tan are as in (2.15)) and Jw(k) a is the Jordan block of size w,(lk)
h b

A+ agp 2

- Ata
oo = kM

W, ~,ak
I
A+ agp

Remark 4.2.2. We say a canonical form and not the canonical form since in general we
can not find a canonical sequence of roots {aq,...,as} (we can always change them by
a transformation on P!) but only give a class which represent them (i.e. the continuous
modulus).

By remark [£.2.2] we deduce that in general there are infinitely many GL-orbits in
K? ® K™ @ K". However in small dimensions things are so much easier.

4.2.2 (GL-orbits in small dimensions

Theorem 4.2.3. The tensor space K? ® K™ ® K" has finitely many GL-orbits if and
only if m < 3 or n < 3. In particular, in these cases a canonical sequence of roots is
given by {0,1,—1}.
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Proof. Let us assume m < 3: then the worst case would be to have three different roots
a1, az, a3 but we can always find a transformation of P! which sends two of them to the
values 0,1 and the third to the infinite point, hence the three of them to 0,1, —1.

Conversely, let us assume m,n > 4: then it would be enough to consider the case of four
different roots a1, as, as, a4 to convince ourselveeﬂ that there are infinite GL-orbits. [

We may also wonder which dimension a given GL-orbit in K? ® K™ ® K" has. Since
by theorem the number of orbits is finite only for m < 3 or n < 3, we focus on
tensors in K2 ®K?®@K" and K? @ K3 ®@K". Moreover, from the correspondence between
2-slice tensors and matrix pencils it makes sense to consider only the cases

m=2An=234 , m=3An=3,4,5,6 (4.11)
Given K? ® K™ ® K" as in (4.11])) and T a tensor in it, the action (4.6]) induces the map

1+ GLa(K) x GLy(K) x GL,(K) — K2@ K™ @ K"
G —> G-T

whose image is exactly the GL-orbit of T'. By deriving yp in the identity I = (12, Iy, I,),
we get the linear map

d(yr)r: 9l(K) x g, (K) x gl,(K) — KZ@K"®K"
g > g-T

whose kernel is the Lie algebra of the stabilizer stabgr,(7) and whose rank is the
dimension of orbgr, (7). Hence to compute the dimension of the orbit one may compute

dim (orbar(T)) = Rk (d(yr)1) = 4 +m? + n? — dim ( ker (d(yr)s) )
Note: In Ch.6, §2.1 we implement the computation of the orbit dimensions on Macaulay?2.

Example 4.2.4. Consider T = A® b1 ® ¢; € K? ® K? ® K? with pencil [0 /\} 1

is decomposable, thus we already know its orbit is Seg(P' x P! x P!) of dimension 4.
Moreover, if the generic image d(vr)(T) = (M, P,Q) - T goes to 0, it means

(Maorpn+ MaaX) @ by @ €1 + A @ (Parbg + Pagb1) ® ¢1 + A ® by @ (Qa1c0 + Q22¢1) =0
that is only if Moy = Poy; = Q21 = (Magz + Pag + Q22) = 0, hence dim(ker(d(~r)r)) = 8.

Remark 4.2.5. One can also geometrically determine the projective orbit closure of
each tensor and its projective dimension in P(K? ® K™ ® K") (see [6, §6] for details).
The orbits in K? ® K3 ® K3 and their dimensions are deeply studied by Parfenov [31].

Lwith a cross-ratio and homographies argument
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We end this section with a description of all GL-orbits in the cases m = n = 2 (table
(4.12))) and m = n = 3 (table (4.13)): ranks and border ranks in (4.12) follow by table

(4.2) and example |4.1.10, while ranks in (4.13)) follow by theorem m

Pr dim(orber (7)) Rk Rk T symbols
0
\ 4 11 A®b ®c A
) -
A\ 5 2 2 ARbyRco+ AR b1 ®cq B1
]
5 2 2 )\®b0®€0+ﬂ®bo®01 B2 (412)
N -
@ 5 2 2 /\®bo®60+ﬂ®b1®60 B3
A M- 7 3 2 ARbo®co+A®b1®c1+ w
A +u®bo®cy
= -
y 8 2 2 AQ@by®co+p®b ®cr G
Pr dim(orber (7)) Rk Rk T
X
a2®b1 ®c1+a1Rb2Rca+
{ "oad HJ 18 53 +(az+a1)®bs®c3
o\ K
a2®b1®c1+a2Qb2®ca+
A 15 3 3 +a1®b3®c3
L K
U
3 17 4 3 a2®b1 ®c1+a2Rb2R®c2+
+(a14a2)®b3®c3+a1®@b1 ®@c2
L M
A - ®b1®c1+a2@ba®@ca+
az 1XC1Ta2X02C2
A N 10 3 3 +a2®@b3®c3
o] ®b1®c1+as@br@ca+ 4.13
a2®b1 ®c1+az@ba®co .
A N 14 4 3 +a2®b3®c3+a1®b1®@ca ( )
:)\ M =
2\ 16 4 3 a2®b1®c1+a2Qb2Rca+
‘;\L +a2®b3®c3+a1 @by ®ca+a1Rb2Rc3
e ®b1®c1 +a2@br @+
a2®b1 ®c1+az@ba@co
A 14 3 3 +a1®b1®c2+a1Qb2®cs
- A | ®b1®c1+a2QbaRca+
a2®b1 ®c1+az@b2@co
B 14 3 3 +a1®b2®c1+a1Qb3®co
I
A
A 14 4 3 a2®b1 ®c1+a1 @by @ca+
+a2®@b2®c3+a1®b3Rc3
1

Note: In table (4.13]) the tensors which lies in K? ® K? ® K? embedded in K2 @ K3 @ K3
are missing: clearly the dimensions of these orbits changes with respect to the space.
The decompositions are all minimal but the last one, where we have five summands
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but the rank is 4 (see examples [4.3.12| and |4.4.4]). Moreover, the border rank is always
3 since the 3-rd secant variety o3(Seg(P' x P? x IP?)) fills up the ambient space P'7.

dim(orbgr (7)) orbgL(T)

10

11
12
13
A
14 I A
I3
15
16
17

18

Figure 4.1: Oriented graph of GL-orbits in K? @ K? ® K3

The oriented graph represents the degeneracy relations between the GL-orbits in K2 ®
K3 @ K3: each arrow goes from an orbit to a degenerate one of its. For details we refer
to [31].

Remark 4.2.6. The case K? ® K? ® K? has a remarkable difference with respect to
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other cases K2 @K™ @K™ for m # 2: indeed in the latter ones we have just a symmetry
with respect to the two last factors of the tensor product, while in the case K?®K?® K>
such symmetry involves all three factors. Namely, for K? ® K? ® K2 we may consider
the action by &3 which permutes the three factors: of course this action does not
give a GL-equivalence as the one we previously mentioned, but however it preserves
ranks. Thus B1, B2, B3 in are not GL-equivalent but they are all conjugated by
G3-action.

4.3 Rank in K2 @ K™ ® K"

We are now interested into study the rank of a tensor in K? @ K™ @ K.

Let T € K2@K™ @ K" be a 2-slice tensor and let Pr be the associated matrix pencil.

Of course the rank of the tensor is invariant under GL-action, hence we may freely
work with the Kronecker form of the pencil. We may even talk about the rank of the
pencil to be the rank of the corresponding tensor.
First we note that we may assume Pr = puA 4+ AB with no identically-zero minimal
indices (i.e. g =h =01in ) otherwise we may restrict to consider 7' in K2 @ KM ®
K¥ for suitable M < m and N < n. Under this hypothesis the pencil (or the tensor)
is said to be concise: to be precise the definition of conciseness holds more in general
for bilinear forms and the one we gave is just an equivalence when working with pencils
[7]. Clearly the blocks R, and J, , in are concise.

Remark 4.3.1. By lemma if T € K?®K™®K" is concise, then Rk(T") > m, n.
Moreover up to acting by GL3(K) we may assume that there are no elementary
divisors of the form u". So we consider the Kronecker-Weierstrass form of Pr
P

(R 3( é "Ry,) B (A Juyian) (4.14)
i=1 7.k

7j=1
The following lemma allows us to compute the rank of the blocks in (4.14): for a
proof we refer to |7, Ch.19, §2].

Lemma 4.3.2. Let P be a pencil of size m x n with block decomposition [PH 7312} ,

where P11, P12, Pag are of size a X b, a x (n —b), (m — a) X (n — b) respectively.
(1) If Pyg is concise, then Rk(P) > Rk(P11) + (m — a);
(2) Rk(Pn H PQQ) < Rk(Pu) + Rk<P22);

(3) If Pay is concise and Rk(P22) = max{m — a,n — b}, then equality holds.
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Let P be a matrix pencil with non-zero minimal indices €1, ..., €, 71, ..., 7 and regular
block IC of size N. We define 6(K) to be the number of invariant polynomials of  which
are not squarefree. We define

P q
X(P)=> (e+1)+ Y (m+1)+ N +6(K)
i=1 j=1
Our claim is that x(P) = Rk(P).

Proposition 4.3.3. Let T € K> ® K™ @ K" be a 2-slice tensor with associated pencil
Pr = nA+AB. Then Rk(T') < r if and only if there exist D;, Dy diagonal of size r and
P, Q of size m x r and r x n respectively such that Pr = u(P- D1 -tQ) + A(P - D2 -tQ).

Proof. Assume Rk(T) < r: given (with respect to some basis)

T =Y Tikui ®v; ® wg
i’j7k

it follows that there exist vectors o, ..., o, € K> and f1,...,58 € K™ and v1,...,7, €

K™ such that .
Ty = Zal(l) () (k)
=1
(4) (k)

where o’ is the i-th component of the vector oy (idem for ﬁl(j),yl ). Then we set

Dy = diag(ay",...,al) , Dy =diag(al?,....a?) , P=(8")50, 'Q= ("
Conversely, it is enough to follow backforward the above argument to conclude. O

Proposition 4.3.4. Let §, be the Frobenius block of size N associated to the invariant
polynomial p(x, A). Then Rk(F)) = x(Fp)-

Proof. Set F = Fpw. By remark since F is concise, we know that Rk(F) > N.
By the above proposition we know that equality holds if and only if there exist Dy, Do
diagonal of size NV and U,V of size N such that

F =uCy+ My = pu(U-Dy V) + AU - Dy V)

We may assume Dy = Iy. Then Rk(F) = N if and only if C), is diagonalizable, but
since F has unique invariant polynomial p(u, A) this is equivalent to ask for p(u, A) to
be squarefree, that is

Rk(F)=N <= 40(F)=0

Now we claim that Rk(F) < N + 1. Since K is infinite we may shift the polynomial
q(t) defining F by a suitable polynomial ¢(¢) such that ¢(t) + ¢(t) has N distinct roots,
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that is §(F¢4c) = 0 (hence Rk(§44.) = N by the above argument). We may rewrite
the pencil as

0 ... 0 oA
F = Sgte+ :
0 ... 0 cy_1A
But the latter pencil has clearly rank 1, hence by lemma [£.3.2(2) Rk(F) < N + 1.
Thus we conclude that Rk(F) = N + §(F) = x(F). O

Corollary 4.3.5. Let J,,, be the Jordan block associated to the elementary divisor
(A+ap)®. Then Rk(Ju,a) = X@Fw,a) = w + (1 — 0w1) (du1 is the Kronecker symbol).

Proposition 4.3.6. Let € > 1 and let R, be a minimal column block of size € x (e+1).
Then Rk(R,) = x(R¢) = e+ 1.

Proof. Since R, is concise, by remark we have Rk(R,) > e+ 1. Let ¢(¢) be a
polynomial of degree € with e distinct roots in K. Then

0O ... 0 q(])\

R(;: Sq + .
QE—l)\

0 ... 0 0 ... 0 A

Since Rk(§,) = € and the latter summand has rank 1, by lemma [4.3.2(2) it follows
Rk(R¢) < €+ 1, hence the equality holds. O

Corollary 4.3.7. Let n > 1 and let tR77 be a minimal row block of size (n 4+ 1) x 7.
Then Rk(*R,)) = x(*R,)) =n+ 1.

Our goal is to prove that for all 2-slice tensor T' it holds Rk(7) = x(Pr). In the
previous propositions we computed the rank of each block of the Kronecker form, now
we have to glue them together (by direct-block-sum) and prove that the above equality
still holds. The idea is to reduce to the case of HH;<; J2,, whose rank may be computed
by hand: for a proof we refer to [7, Ch.19, §2]. -

Proposition 4.3.8. For all [ > 1 it holds Rk(H;—_1,J2,a) = 20 + L.

Theorem 4.3.9 (Grigoriev-JaJa). Let T € K2@ K™ ®K" and let Pr be the associated
pencil with minimal indices €y, ..., €, 11, ..., 7 and regular part K of size N. Let §(K)
be the number of its non-squarefree invariant polynomials. Then

p q
RK(T) = (e;+1)+ > (nj+1) + N +6(K) (4.15)
i=1 j=1



84

4. Tensor rank decomposition

Proof. We may assume Pr to be in the Kronecker form. We may even assume T to be
concise, thus

p q
Pr = (EE‘R@) a2 (EE|1 tRm') & (Eg‘?wjk’ajk)
J= D>
R

By proposition m Rk(R.,) = €; + 1 (idem for *R, ), thus by lemma 3)

Rk(T) = Rk (é R.,) + Rk é 'Ry,) + Rk (Hﬂ‘;wm%) _

Jj=1 Jik

p q
_ ;(ei +1)+ 2; nj +1) + Rk ( FH Jujea)
i= Jj=

7.k

@
Il
i

Hence we may assume Pp = EE|j7k Jwjp.a;, to be regular of size N. By lemma (2)
and proposition [4.3.4] we already know

Rk(Pr) < N +6(Pr)

We want to prove that actually equality holds. Pick a € K such that (A + au)? divides
the first 6(Pr) invariant polynomials psp,)| ... |p1. Then

(Pr) s
Hasw,a = < Hﬂ 3w,a) H (%31,&)
w wy>2,k=1 i=1

By corollary |4.3.5 Rk (B J1.4) = size (i, J1.0) = 5, s0 by lemma 4.3.2(3)

i=1

0(Pr) s
Rk % Juwa) = Rk (wk Eﬁﬂaw,&) + Rk ({310

By iteratively applying lemma [4.3.2(1) we have

5(
Rk ([ Juwa) > ( Epé m)+2 2) B39 5(p; +Zwk
w>2 we>2,k=1

thus
3(Pr)

Rk (FH3uwa) = 6(Pr) + > wi+ s =0(Pr) + size ([ Jua)
w k=1 w
Finally by lemma 1) we conclude that

RK(Pr) > Rk ( HH Juwa) + size ( B Jus) = N +3(Pr)
w v,b#a
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Remark 4.3.10. In particular, in K? ® K™ ® K™ the maximum possible rank of a

tensor is |22 ]: in [5] the case for m even is explicitly studied.

Note: It is important to underline that the weight 6(Pr) depends on the number of
non-squarefree invariant polynomials and not on the number of non-squarefree elemen-
tary divisors. We will observe this subtlety in the case of pencils of quadrics in P? (see

remark [4.5.8]).

The Kronecker-Weierstrass form of a pencil does not only allow to compute the rank
of the associated 2-slice tensor but even to give a decomposition which is unique up to
GL2(K) x GL,,(K) x GLy, (K)-action (or SLa(K) x SL,,(K) x SL, (K) if we are working
with P(K? @ K™ ® K")). The decomposition of a 2-slice tensor is particularly aestet-
ically beautiful if we assume the tensor to be regular with linear elementary divisors
(i.e. without minimal indices and §(Pr) = 0).

Corollary 4.3.11. Let T € K? @ K™ ® K™ be regular (in the sense of its pencil)
and such that 6(Pr) = 0. Let {\+ a;uu | ¢ = 1 : m} be its elementary divisors (not
necessarily distincts). With respect to a suitable basis, its minimal decomposition is

m

T=> (A4 ap) ®v; ®w
i=1

Example 4.3.12. Let T € K? @ K3 ® K? be the 2-slice tensor with associated pencil

A+ ap I
Pr = A+ ap 7
Atap

With respect to a suitable basis we may write a first decomposition of 7" in five terms:
A t+ap)@v1 @wr + (A +ap) vy @ws + (A +ap) @vs @ ws + p Q@ v1 @ ws + 1 ve @ ws

But by theorem we know that Rk(7) = 3 + §(Pr) and, since Pr has unique
invariant polynomial (A 4+ au)?, we have 6(Pr) = 1 and Rk(T) = 3 +1 = 4. Then
we know that we can optimize the above decomposition in a shorter one of four terms.
However it is not trivial to obtain a decomposition in four summands of the above
tensor: to do so we need to use a decomposition technique based on the discrete Fourier
transform. We will show the solution in the next section (see example 4.4.4)).

4.4 Discrete Fourier transform in K**! @ Kf*! @ Kot+A+1

The decomposition of some tensors in Kt @ KA+ @ K@8+1 is strictly connected to
the multiplication of two polynomials of degree o and (. Let us see how.
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Let a(X) = ao X+ ... +ap and b(X) = bgX? + ... + by be two polynomials and
let ¢(X) = a(X) - b(X) = cais X + ...+ co be their product. Let a € K¥1, b €
KA+ ¢ € K@A+1 be the coordinate vectors of a(X),b(X), ¢(X) respectively. Consider

the polynomial multiplication map

M Kotl x KA+ Rot+B+l
(a,b) = c

By the universal property of tensor product we have the linear map

M : Ka+1®Kﬁ+1 —y KotB+1
a®b — c

and the mutiplication map can be encoded (up to dual) as a tensor

a B
T=Y Y a®b®cy; € K @K @ KHHAH!
i=0 j=0

called multiplication tensor.

Fast Fourier multiplication. Before analyzing how the polynomial multiplication
affects the tensor decomposition let us recall some of its computational-algebraic prop-
erties. The standard polynomial multiplication has complexity of order O(N?) (where
N is the maximum degree of the factors).

A method for polynomial multiplication is the one of evaluation-interpolation: given
a(X) and b(X) of degree a, f respectively and given n = max{c«, 3}, one chooses (at
least) N = 2n + 1 distinct values A, € K, evaluates Ay = a(\;) and By = b(\g), com-
putes the values C, = a(Ag) - b(\;) and computes the polynomial ¢(X) interpolating
the values Cy in the point Ag; the interpolating polynomial ¢(X) is the the product
a(X) - b(X).

The complexity of this method is still O(n?) for general values Ay, but things get a bet-
ter taste if one properly chooses the values A\;: indeed by choosing A\ = (ﬁfl (where
(n is a primitive N-th root of the unity) the complexity decreases to O(nlogn). This
faster method is called fast Fourier multiplication and the processes of evaluation and
interolation are known as fast Fourier transform and fast Fourier interpolation (27,
Ch.IX].

The algorithm of fast Fourier multiplication is the following. Let N = 2™ be the
smaller power of 2 greater than 2n, (x be a primitive N-th root of unity and V|[{n] =
V1, ¢, .-, ]]\\,f_l) be the Vandermonde matrix. Let A, B, C be the vectors with coor-
dinates Ay = a(gﬁ]), By, = b(C]]i]), Cy, = Ay - By, respectively. Then:

o evaluation: A=VI[(n]-a,B=VI[(N] b
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o interpolation: ¢ = N7'V[(§']- C.

Remark 4.4.1. In this algorithm the evaluation and interpolation processes are called
fast because they leverage the choice N = 2" by applying a binary splitting of the
polynomials in their even and odd terms and by iterating the algorithms to them.
Without this splitting we just refer to these processes as discrete (instead of fast).

Remark 4.4.2. The fast Fourier multiplication holds over finite fields F, with charac-
teristic p > 2 too: the hypothesis p # 2 ensures the existence of N~! (since N = 2™)
and one may always find a primitive N-th roots of unity (y in I, thanks to the Dirichlet
theorem on arithmetic progressions: an algorithmic way is to find a primitive element
in the field F,.

Application to tensor decomposition. Consider the multiplication tensor

[0
T=3 > a®b®c;cKH oK gKA!
i=0 j=0
As we observed at the beginning of the section we may reinterpret it as the polynomial
multiplication

(ap+ ... +aaX®) - (bo+ ... +bsXP) =co+ ...+ carpX*TF

Idea: We want to find a decomposition of T in o + 5 4+ 1 summands by applying the
fast Fourier multiplication at a(X) and b(X).

Let us set N = a+3+1 and { = (4441 a primitive N-th root of unity. Let Ay = a(¢¥)
and By, = b(¢*) be the evaluations of a(X) and b(X) in the points {¢* | k =0: a+ £}.
Let C be the vector with k-th coordinate Ay - Bg. By the fast Fourier multiplication

we have 1
- vVich.o
€ a+p+1 cl-c

then fort=0:a+f
1 a+p 1 a+p

B .
ci=a+ﬁ+IZC_” +5+1ZC”<Zaka3)(I§bkCM)

By going back to the tensor interpretation we have

a+p a+p @ B8
ZZaz@ab ®Citpj = +;+ . Z (Z cig—iﬂ')®(Zaigiﬂ')®(zbigij)1 (4.16)
1=0 j=0 i=0 i=0 i=0

that is a decomposition of T in a+ 5+ 1 decomposable tensors. In particular, we have
proven the following result.
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Corollary 4.4.3. The multiplication tensor in KT @KAtl @ K*+8+1! has rank a+5+1.

Example 4.4.4. Let us go back to example[d.3.12] where we exhibited a decomposition
of a tensor T € K? @ K3 ® K? with associated pencil a Jordan block J3,0 in five
decomposable summands. However theorem [4£.3.9] tells us that the rank of T is four.

First of all we extend the tensor T to the tensor T € K? @ K? @ K* with associated

pencil
A+ap !
Ps = A+ap L
Adap p
The idea is to use the fast Fourier multiplication to decompose T in four decomposable
tensors and then cut the last column to obtain a decomposition of T

We are in the following setting:
a=1,p8=2, N=4, (=GC=1
ap=AN+ap), a1 =p, bp=v;1Vk=1:3, cg =wg_1 Vk=1:4
and so by (4.16)
. 12 13
k=0 j=0 j=0

[ ap+a1) ® (b + by + b2) ® (co+ 1 + c2 + ¢c3)+

3 1 2
(St e (Z ) (L no)]
k=0 k=0

k=0

T4
+ (CLO+ZCL1) (bo-f—’Lbl —bg) ( cp — 1cq —Cg-f—’ng)—}-
+(a0—a1) (bo —b1+bg) ®(Co —01+CQ—C3)+

+ (ao — zal) (bo — by — bg) (CO +1c1 —cg — ’L'Cg)}

By rewriting the decomposition of 7" in terms of X, y, v;, w; and by setting c3 = 0, we

have the rank-4 decomposition of T

:i [(/\ +(a+1)p) @ (v +v2 +v3) ® (w1 + w + ws3)+
+ A+ (a+i)p) @ (v1 +ivy — v3) ® (w1 — fwe — w3)+
+ A+ (a—1)p) @ (v1 —va +v3) ® (w1 — w2 + w3z)+
+ A+ (@ —i)p) ® (v1 — ivy — v3) ® (w1 + fwz — ws)}

Multiplication tensor in K2@KA*t!@KA*2, Now we fix & = 1 and let 3 be generic.
Consider the multiplication tensor

1 B
TZZZG@@bj@CH_j€K2®K5+1®Kﬁ+2
=0 j=0
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with associated pencil
ap aj
Pr =
ap a1

We know this pencil! Indeed by substituting agp and a; with A and p respectively
we have a Kronecker singular block R, with respect to the minimal index for columns
e=p+1.
By corollary [4.4.3 and (4.16|) we know that Rk(7T) = 8 + 2 and a decomposition of T
is given by

AN DL L SN
T2 (e e (Sack) e (St
oy =0 i=0 1=0

Then the Kronecker singular block Rg41 has rank 3+2, as also confirmed by proposition
4.0.0l

Remark 4.4.5 (Cherry-on-the-cake!). By the last two paragraphs it follows that the-
orem [£.3.9 may also be proved by the discrete Fourier transform. Given the Kronecker
form
P q
Opxg B < H RQ) H ( H fan> H (Elﬂﬁwlz,alz>
i=g+1 j=h+1 I,z

one may looks at each singular block R, (similarly for tan) as a multiplication tensor
T, € K2 @K% @Kt and at each regular block Jwy.,a;. as the troncation of a multipli-
cation tensor Ty, 4, € KZ@K¥> @ K¥=T! (as in example . Thus by the discrete
Fourier decomposition we know the rank of each block and by lemma M(?)) we get
the rank of the pencil.

4.5 Ranks and GL-orbits in K> ® Sym?(K™*!)

In the previous sections we showed that 2-slice tensors correspond to matrix pencils
and that the Kronecker form of the latters allows to determine the rank of the former
ones. In this section we work with tensors in K? ® Sym?(K™*1), called symmetric
2-slice tensors, corresponding to pencils of quadrics.

Note: In chapter 3 we determined the canonical form for GL-equivalence of pencils
of quadrics and we found out that a complete system of invariants is given by the
Segre symbol and the continuous modulus. We also studied such pencils with a par-
ticular focus on the ones in P? and P? both algebraically and geometrically. In this
perspective one may reinterpret the Segre classification as the classification of tensors
in K2 @ Sym?(K™*1) up to GL-equivalence.
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4.5.1 Partially-symmetric rank

For tensors in K? ® Sym?(K™*!) we have to adapt the notion of symmetric rank to
a weaker form. First of all the decomposable tensors in K? @ Sym?(K™*1) are the
ones of the form u ® I2 where v € K2 and [ € K™ is a linear form. Geometrically,
the decomposable symmetric 2-slice tensors are the ones in P' x P™ embedded in
P(K? ® Sym?(K™*!)) with the sheaf O(1,2), or equivalently the ones in

Seg(P! x vy(P™)) C IP’(K2 ® Sym2(Km+1))

Definition. The partially-symmetric rank of a symmetric 2-slice tensor 7' € K? ®
Sym?(K™*t1) is the minimum number of decomposable summands of type u ® I in
which T decomposes, that is

symRk,(T) = {r ‘ T=>) u® z?}
=1

Note: Since K? @ Sym?(K™*+!) ¢ K2 @ K™+ @ K™+, as well as for symmetric rank it
surely holds
Rk < symRk, (4.17)

In the following we will go back to the setting of Segre classification (see Chapter
3) and we will study rank and partially-symmetric rank of symmetric 2-slice tensors.
The thread of our study is the following: first we determine the different ranks for the
symmetric blocks

noo A+ap

SEZ_ _ [ 0 Re;| ’ §w7a _ Lt (418)

of a Kronecker form, then we deduce the partially-symmetric rank of a symmetric 2-slice
tensor.

Ranks of symmetric singular blocks. Let S, € K?> ® Sym?(K?***!) be the sym-
metric 2-slice tensor defined by a Kronecker singular block as in (4.18)). By proposition
we know that both the blocks R. and ‘R, have rank € + 1, hence

Rk(Se) = 2e+2
By inequality (4.17) it follows that symRk,(S) > 2¢ + 2. Actually equality holds.

Lemma 4.5.1. symRk,(Sc) = Rk(S¢) = 2¢ + 2.
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Proof. Since Rk(R,) = € + 1 there exist Ao, ..., A rank-1 matrices such that
R\, 1) C (Ao, ..., Ae)

0

for all \,7z. For all i = 0: € the B; = "

1?)1] is symmetric of rank 2 and it holds

S.(\ ) C (Bo, ..., B.)

for all A, 7z. Thus symRk,(Se) < Rk(Bg) + ...+ Rk(Bc) = 2(e +1). O

Ranks of symmetric Jordan blocks. Let (A 4 au)® be an elementary divisor of
a symmetric 2-slice tensor in K? ® Sme(KmH) and let fjw,a be the corresponding
Kronecker Jordan block as in (4.18]). By corollary we know that

RK(Juw.a) = w + (1 — 8,01)

where 0,1 is the Kronecker symbol. The case w = 1 is trivial, thus we assume w > 1,
hence Rk(Jwa) = w + 1. By inequality it follows that symRkp(jwﬂ) > w+
1. Actually the next lemma will show that equality holds, but first we need some
preliminary.

First of all we note that every symmetric Jordan block fjw,a as in is a matrix
of Hankel type, that is every skew-diagonal is constant:

By = Gua)iskjr Yi<j k=0:5—i
We may represent a Hankel matrix H of size N in the compact form

H = Hank(hy,...,hn_1,AN,ANt1,- -, hoan—1)
where h; is each entry of the i-th ascending skew-diagonal. For instance,

“jwﬂ:Hank(0,...,0,/1,/\—#@#,0,...,0)

w—2 w—1

The only two non-zero skew-diagonals of ‘Kjw,a have entries p and A\ + apu respectively,
which are relatively prime: then, for any fixed finite subset I' C K and for any general
vector v € KY, the polynomial tvﬁw@v has distinct linear factors none of which equal
to A+ yu for any v € T'.

Fact 4.5.2. The above property holds for every Hankel matrix whose entries are rela-
tively prime homogeneous polynomials of fixed degree in two variables.
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For all square invertible matrix A of size m and w,v € K™ it holds [11, Lemma 1.1]
det(A +u-fv) = (1 +'vA™u) det(A)
and its symmetric form
det(A +u-tu) = (1 +'ud1u) det(A) = det(A) +Tud*u (4.19)

where A* is the cofactor matriz of A defined by (A*);; = (—1)""7 det(A;;) for A;j the
submatrix of A obtained by deleting the i-th row and the j-th column.
The cofactor matrix of jw,a is the lower skew-triangular Hankel matrix

(\;jw,a)* = — Hank (0, 0, (=X —ap) T (A = au)w_kuk_l, ... ,uw_l)

w—1
Lemma 4.5.3. symRkp(ﬁma) = Rk(jwﬂ) =w+ dy1-

Proof. The case w =1 is trivial thus we assume w > 1. The cofactor matrix (Ju.q)*
has the property in thus for a general u € K“ the polynomial u(Jw o)*u has
distinct factors none of Wthh are equal to (A + ap). Moreover, up to rescale u € K%,
the polynomial

det (Fua + p(u-0)) 0 det(Guna) + 1 wFoa)n) = 3+ an)” + u wFuo)u)

has distinct linear factors, hence the pencil Jyq + p(u fu) is diagonalizable. Since
p(u -tu) has rank 1 by construction, it holds

symRkp(ﬁwva) < symRkp(fjw@ + p(ufu)) + symRk, (u(u ) < w+ 1
and by inequality we conclude. O
By lemmas and we can conclude the following result.
Theorem 4.5.4. For all pencil of quadrics T' € K? @ Sym?(K™*1) it holds
symRk,(T") = Rk(T)

Proof. Consider the symmetric Kronecker-Weierstrass decomposition of T

p
- (Hﬂsﬁz) t <E3w1k7a1k>
i1 Lk

By theorem [4.3.9 we know that

p
symRk,(T') > Rk(T) = > 2(e; + 1) Zwlk +6
=1
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where ¢ is the number of the non-squarefree invariant polynomials of T'. Clearly

symRk < Z symRk (Sgl) + symRkp ( Hﬂ \ljwzk,alk>

=1

P
= ZQ € + 1) +symRk, <Hﬂdwlkﬂlk>

=1

Let us focus on the regular part of 7. In the same perspective of corollary we
decompose the regular part iwzk,azk in

( HH ﬁwa,aa> B... H ( BH \Kng,a5> & <Hﬂ§l,a7>
aely IS IS yeJ

where the block-direct-sum indexed by I; is given by the Jordan blocks of the non-
squarefree factors of the j-th invariant polynomial and the block indexed by J is given
by the Jordan blocks of size 1 (hence it is diagonal and we denote it by D).

Let us denote P; = H, Juws.a, and Nj = size(P;). Every block-direct-sum P; is a block-
diagonal pencil with Hankel blocks and it has distinct roots as # a; for all s #t € I;:
in particular, it has the same property in and same arguments [6, Lemma 7.3] in
lemma [£5.3] lead to

symRk,(P;) = Rk(P;) = N; + 1

It follows

vn

-
Il
—

symRk,(T) < > 2(e;+1) + Z symRk,(P;) + symRk,(D)

7=1

I
.Mﬁ

-
Il
—

206+ 1)+ > wy+6
Lk

I
=
£

(T)
O

Note: In tables (4.21)) and (4.22) we list the pencils of quadrics we studied in Ch.3, §2
by exhibiting their partially-symmetric rank (equivalent to the rank by theorem ,
their border rank and their minimal decomposition.

4.5.2 GL-orbits and their dimensions
By theorem the action ([£.6) for K? ® Sym?(K™*+1) simplifies to the action

GLa(K) x GLyi1(K) —  Aut (K? @ Sym?(K™+1))

4.20
(M, P) = (ueo MugP-12.P) (4.20)
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Hence GL-orbits in the partially-symmetric case are with respect to the action (4.20).

Remark 4.5.5. By theorem it follows that even for pencils of quadrics (or equiv-
alently, tensors in K? ® Sym?(K™*1)) the GL-orbits are finitely many if and only if
m + 1 < 3. In particular, the representatives in table (4.21)) cover all the GL-orbits
of pencils of quadrics in P? but the representatives in table do not even cover
all the GL-orbits of regular pencils in P3: for the latter ones we need the continuous
moduli too.

Given a pencil of quadrics T € K? ® Sym?(K™*1), the action (4.20)) induces the map

7 ¢ GLg(K) X GLyps1(K) — K2 ® Sym?(K™+1)
G — G-T

with image orbgy,(T"). By deriving v in the identity I = (12, I,+1), we get the linear
map
d(yr)r: 8h(K) X gl (K) — K2 ® Sym?(K™*)
g > g-T
whose kernel is the Lie algebra of the stabilizer stabgr,(7") and whose rank is the
dimension of orbgy,(T'). As for general tensors, to compute the dimension of the orbit
we may compute

dim (orbar,(T)) = Rk (d(yr)r) = 4+ (m +1)* - dim(ker (d(VT)I))

Note: In Ch.6, §2.2 we implement the computation of the orbit dimensions on Macaulay?2.

A
Example 4.5.6. Consider T = A® 2% ¢ K2 ® Sym2(K3) with pencil [ 0 . Then
0

[T] € Seg(P! x v5(P?)) is decomposable and the SL-action sends decomposable tensors
in decomposable tensors, hence its projective SL-orbit is Seg(P! x v5(P?)) of dimension
3, that is the affine GL-orbit has dimension 4.

Remark 4.5.7. In all tables describing pencils of quadrics in chapter 3, we always
considered only the pencils defined by non-degenerate intersections: for instances, we

did not consider the pencils [A 0 J and r A J (with Segre symbols [1] and [(1 1 1)]

respectively) since one of the two quadrics defining them are identically zero, hence they
give trivial intersections. For this reason in the following we do not consider all orbits in
K2 ® Sym?(K™*1) but only the ones corresponding to (non-trivial) pencils of quadrics.

By keeping in mind remark [£.5.7, we now list the GL-orbits of all non-trivial pencils
of quadrics in P? and the ones of the regular pencils of quadrics in P? by exhibiting orbit
dimensions, partially-symmetric ranks, border ranks and minimal decompositions.
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Segre symbol dim symRk, Rk T

111] 12 3 3 A2+ (A1) @y* +p @723

2 1] 11 4 3 A(z+y) 2+ (u—N) @2 - Ay +u®2?
[(11)1] 10 3 3 AQT2+ARY* Rz

3] 10 4 3 (4.21)

[(2 1)] 9 4 3 A®(2+y) 2+ (=) @22 ARy +A®2>

;1] 8 4 3
[11;;1] 8 2 2 ART%+puRy?

[2;;1] 7 3 2 AR(z+y) 2+ (p—N) @22 - A2y?

Note: The regular cases in P? where (partially-symmetric) rank and border rank do
not coincide are exactly the ones where the regular block is not diagonal. The same
can be observed in P3.

Segre symbol dim symRk, Rk T
1111 19 4 4 A2+ (A1) By + (A—p) @22+ pw?
[211] 19 5 4 AQ(@+Y)2+(—N) @72 = AQY2+p®22+ (A1) Qu?
[(11)11] 18 4 4 A2 ARy +p®@ 22+ (M p) @w?
3 1] 18 5 4
[(21)1] 17 5 4 A®(24Y) 2+ (1= @22 - ARy + AR 22 +p@w?
[(111)1] 15 4 4 ARz HARY?+AR22 +p@w?
2 9] 18 5 4 (4.22)
[(11) 2] 17 5 4 A®Z2+A@Y2 +u@ (2+w)?+(A—p) @22 — p@w?
[(11)(11)] 16 4 4 ARz +AQY? +pR2%+pew?
[4] 17 5 4
(3 1)] 17 5 4
2 2 2
2] 15 6 4 POt (e
[(211)] 14 5 4 A®(z+y)2+(u—N) @22 - Ay +A® 22+ A@w?

Remark 4.5.8. The pencils of quadrics [2 2] and [(2 2)] in P3 make fully appreciate
theorem and the weight  in formula . Indeed both pencils have two Jor-
dan blocks of size 2 but in [2 2] they are related to different roots while in [(2 2)] to
the same root: this means that in [2 2] there is one only invariant polynomial and it is
non-squarefree, hence the weight is 6 = 1; instead in [(2 2)] there are two invariant poly-
nomials both non-squarefree, hence the weight is § = 2. This is why symRk,([2 2]) =5
while symRk, ([(2 2)]) = 6.
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Remark 4.5.9. All orbits in table (4.22) have border rank 4 since the 4-th secant
variety o4(P! x 15(P3)) fills up the ambient space P!?. Actually, every orbit in K? ®
Sym?(K*) has border rank < 3 if and only if the corresponding pencil is singular.



Chapter 5

Abelian and nonabelian apolarity

In this chapter we introduce the abelian and nonabelian apolarity theory. In
the first section we show the classical catalecticant method for decomposing a
given f € Sym? V: the Waring decomposition of f is to be found in the zeros
of its apolar ideal f+ and the kernels of the catalecticant maps Ce,s help to
restrict the research loci. Since this method fails in many cases, in the second
section we introduce a generalization in terms of vector bundles: this language
not only allows to solve the gap of the previous method but it also suggests new
methods for the decomposition of general tensors (even not symmetric). The
first two sections are just introductory and motivational to the last one, where
we recover the monabelian apolarity for symmetric 2-slice tensors by deriving
it from the Kronecker decomposition of matriz pencils.

Let K be an algebraically closed field with characteristic 0.
We will work with finite dimensional vector spaces over K.

5.1 Catalecticant method in Sym?V and apolarity

Goal: Express f € Sym?V as sum of powers of linear form Yo l;-j.
Let xq, ..., 2m and Oy, ... O, be coordinates on V and V'V respectively, where 0; = 6%1“
A given g € Sym® V"V acting on Sym? V' defines the contraction map

4g: Sym?V — Sym? ¢V (5.1)
f = g f '
Remark 5.1.1.

o if e > d, then ug = 0; else if e = d, then ug(Sym?V) C K;

o the Sym?V x Sym® VY — Sym?~¢V such that (f,g) — ¢ f is bilinear.
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Proposition 5.1.2. Let e < d. Let g € Sym® V" and ¢ € 14(PV) C Sym? V. Then

@ ile)!g(l)

9(Do, ..., 0p)(1%) = jd—e

where g(l) is the evaluation of g at . In particular, if e < d
g-1l=0 <= g()=0

Proof. It is enough to prove for g = ¢© where ¢ = 1" ¢;0; and we do it by induction

on e. Our claim is
(1) =

If e = 0, then [ = [%. Let e > 1: then

(1Y) = - (1)
- (= f!e)!goeu)zd—e)

S TG

_ (d i‘ 6)‘906(” (d(i;i)'l)'go(l)ldel

d - i D

- % e+l (l)ld—(e+1)

Corollary 5.1.3. If e = d, then g - 19 = dlg(]) € K.
Now we introduce an important tool to reach our goal.

Definition. The apolar ideal of a given f € Sym?V is the polynomial ideal
fr={gesym* V¥ |g-f=0} CK[d,-..,0n]
Definition. The apolar ring of a given f € Sym?V is the quotient ring
Ap = K[do, . . . ,&n]/fL
Example 5.1.4. If f = zoz122 € Sym®V, then f+ = (03,0%,03) C K[y, 01, 0a).

Let us underline many basic properties of these two apolar objects: given f €
Sym?(K™+1) it holds

« [t is a homogeneous ideal in K[dy, ..., Opl;
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o when e > d = deg(f), then (f*). = Sym®VV;

o Ay is artinian (hence noetherian and 0-dimensional);

. (Ay), = Sym° VV/(fL)e;

o (f1Y)qis a 1-codimensional subspace of Sym? VV: indeed

(fH)q = ker(Sym? VY — K)

Next we investigate some more advanced apolar properties.

Proposition 5.1.5. (f+); determines the whole apolar ideal f+. More precisely, given
m = (0o, ...,0n) the irrelevant (maximal) ideal in K[0p, ..., 0p], for all i < d

(Fi= (a2 ) = {geSym VY| -0 € (fY)a, Y0 € K[db, ... Ola—i |

Definition. Let V, W be finite dimensional K-vector spaces. A perfect pairing of V'
and W is a bilinear map
A:VxW =K

such that
(P1) A(v,w)=0Yv eV = w=0;
(P2) Alv,w)=0YVweW = v=0.

Note: One may say that V and W are a perfect pairing if there exists a bilinear map

A that satisfies (P1) and (P2). If V and W are a perfect pairing, then V ~ WV (in
particular, dim V' = dim W) since

vV = WY W

w

_>
v o~ Av,-) = A(,w)
are injective for (P1) and (P2) respectively.

Definition. Let A be a graded algebra over K, finite dimensional ad K-vector space
(ie. A= @Y, A;). Then Ais Gorenstein of socle N (or N-Gorenstein) if its graded
components satisfy the Poincare duality, that is Ay ~ K and for all i < N

.AiX.AN_Z' —).ANZK
is a perfect pairing. In particular, dim A; = dim Ay _;.

Theorem 5.1.6. The apolar ring Ay is Gorenstein of socle d.
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Proof. Consider [I] € (Af); and [m] € (Af)g—;: then [m-1] € (Ay)q ~ K. We want to
prove that
[m -] =[0] vl = [m]=][0]

But [m -] = [0] VI means that m -1 € (f+); VI € Sym’ VY, that is m € (f*)4_;, hence
[m] = [0]. O
Actually a more general result holds [21, Lemma 2.14]:

Theorem 5.1.7 (Macaulay, 1916).

K[zo, ..., Tm]

7 is artinian and d-Gorenstein <= I = f= for some f € Sym%(K™*1)

The next result is the main bridge between the Waring decomposition of a polynomial
and its apolar ideal.

Lemma 5.1.8 (Apolarity). Let Z be a finite set of linear forms on V' (or equivalently
a finite set of hyperplanes on V) and let f € Sym? V. Then

F=Y1" = Izt
lez

where Zz = {g € Sym* V'V | g(1) =0 VI € Z}.

Proof. Given g € Iz, wehave g- f =Y 5 ¢g-19 =5 g(1)1979°8(9) = 0, hence 7z C f.
Conversely, by hypothesis (Zz)g C (f*)q: we may work with this graded component
since by proposition it determines f*. Then (N;czZ;)a € (f1)a and by applying

the 1 -operator we have
(fHaCY D= (T
lez lez

hence f =3 = 1. O

Remark 5.1.9. By apolarity lemma [5.1.8]if we look for a decomposition of f we may
compute f* and look in there for 0-dimensional ideals (indeed these are related to finite
sets).

Example 5.1.10. Consider f = xyz. Then (zyz)t = (02,02,0?). The ideal (92 —

x) Yy Uz
2 2 2 J_ . . . .
0,,0, — 07) C (wyz)~— is the ideal of the four points (+1,+1,1) and we may consider
h=zxz4+y+z,bb=x—-y+z,l3=—ax+y+z,4=—x—y+2

Then I$ — I3 — I3 + I} = 24xyz gives a decomposition of f (up to scalar).
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The 2-dimensional case. When dimV = 2 the apolarity lemma [5.1.8] allows to
compute both rank and border-rank. We may split the apolar ideal f* as

fr={gesym* VY |g - f=0}=

=Ploesym™ VY [g-f=0} =
k
= Z { ker(Cy, ; : Sym* V'V — Sym?=F V)}
k

Remark 5.1.11. When f is of the form f =", a; (f) 2% %" then the k-th catalecticant

map for f, with respect to the basis ( ) and (27y?*=7), corresponds to a Hostle

2]
Dzt Oyk—7
matrix (i.e. a Toeplitz with respect to the inverse diagonal). Hence apolarity lemma
5.1.8| underlines the importance of the kernels above.

We showed that, given f € Sym?V, it holds Rk(Cy ;) < symRk(f); moreover, we
recall that Rk(f) < symRk(f). But we can say more.

Lemma 5.1.12. If Rk(f) < r, then Rk(C} ) <.

Proof. If f = 2% the Cr,p = (x?~*) has dimension 1. Now let f = 3>7_; I¢: then
R (Cuyr ) = R (3 Cag) < 3 RE(Cig)
- i=1 i=1

but the latter ranks are equally 1, so Rk (C’k S l¢> <r. 0
’ i=1"1

The catalecticant maps are also linked to the secant variety of the Veronese parabola
9P the following result was at first proven by Gundelfinger [17] but for a proof using
apolarity theory we refer to Kung [24].

Theorem 5.1.13 (Gundelfinger). X = o4 (v2P!) is schematically given by the (k + 1)-
minors of the catalecticant Cyq; . Moreover the singular locus is Sing(X) = o4_1(v2P!)
g,

(in general it just holds the restraint D).

By the above theorem it follows an important characterization of the border rank in
terms of catalecticant maps:

Corollary 5.1.14. Let f € Sym?C2. Then Rk(f) = Rk(C’[g] f)‘
2 K

We recall that the generic rank in Sym?C? is the first k such that the k-th secant
variety o (vg(IP')) fills the ambient space. By the previous corollary it follows that for

d even the generic rank is
d
3 +1=dim Symg C?
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But for d odd the generic rank is

1 _
d% = Rk (sym“F €Y - sym“7 ?)

Theorem 5.1.15 (Sylvester). Let d be odd. The generic f € Sym?C? has a unique

decomposition with 2t summands. In particular, its canonical form is
p : D ,

%
=0
=1

Proof. Sym% Cc? - Sym% C? has maximal rank for f general. If the rank is maxi-
mum, the catalecticant map has 1-dimensional kernel generated by a unique polynomial

of degree % of the form

H(—BZ&T + Oéiay)

)

Then by apolarity lemma f=(iz + Biy)?, hence we conclude. O

Remark 5.1.16. For d even the generic rank is % + 1 but there are infinitely many
decompositions: indeed the catalecticant

Sym5+1C2 - Sym?%~1C?
has kernel of dimension 2.

Next we go back to consider a general (m + 1)-dimensional vector space V. As we
have seen for m = 1, the catalecticant maps allow to completely determine the rank of
a given homogeneous polynomial. But for m > 2 this method is not always successful.
We conclude the study of the catalecticant method by exhibiting an algorithm for
computing the rank of a homogeneous polynomial and (unfortunately) by analyzing
when this method fails: this impass leads us to introduce new methods which will be
the main characters of the next section.

Catalecticant algorithm. This algorithm is due to Iarrobino and Kanev (1999,
[21]). Before listing it we remark some properties which derive from what we said so
far: given f € Sym?V we have

o for all k-th catalecticant map for f, Rk(Cy ) < Rk(f);
o for all k-th catalecticant map for f, ker Cy ; C s

e by abelian apolarity lemma we may find the linear summands of f in finite
sets whose ideal is contained in f*.
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We are ready for the algorithm. Let f € Sym?V where dimV =m + 1.
(1) Construct the [%W—th catalecticant map for f

C[g1 s Sym(%W VY = Symd*(%W V
2 b
(2) Compute ker C’(%]’f;
(3) Compute the Krull dimension dimg,(ker C[ 4 f):
21

(a) if it is > 1, the method fails!
(b) else compute Z = Z(ker Cray p=All ]k
2 )

(4) Solve the linear system f = 3°7_; c;l¢ where ¢; are the indeterminates.

The next result gives us a sufficient condition for its success: it also motivates the
choice of the value [%1 and for a complete proof we refer to [30, Theorem 2.4].

Theorem 5.1.17. Let f = 7, 1¢ € Sym?V be a general form of rank r, let z; =
;] e PV and Z = {z1,...,2-}.

(i) If d is even and r < (mJ;T[%W) —m—1ordisoddand r < (mﬂg]_l), then

m
kerCr4q , =Z2zN Sym(%] |4
[51.f
and the above algorithm outputs the Waring decomposition of f.

(7i) If d is even but r = (mﬂg]) —m, then it is possible that the finite set Z’ produced
by the algorithm is such that Z C Z’. In particular,

e if m = 2 the algorithm succeed;

o if m > 3 the algorithm will succeed after iterating step (4) finitely many
times using Z” C Z of size Rk(Cpay ¢)-
2 b

Failing cases. The catalecticant method can work for a given f € Sym?V only if

m 4+ L‘;J)
5]

Indeed we have that the maximum rank of a catalecticant map is

Rk(f) < (

d
Rk (C(%Lf : Sym(%] VY = SyngJ V) = <m E;JLQJ>
2
and if r is greater or equal either (for d even) there is no kernel to work with or (for d

("d)

m—+41 18

odd) the equality ker C(g] p=1zn Sym(%] V fails. Usually the general rank
2 )
m+|_%j

4 ), then cases where the method fails are not rare.
2

larger than (
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5.2 Modern vector bundles tools and nonabelian apolarity

The dictionary of the modern language for tensor rank decomposition is given by vec-
tor bundles and their sections. But before introducing its general setting it is worth
underlining that actually the catalecticant method hides the vector bundles language
behind the isomoprhism

Sym(C™ )Y ~ HO(P™, O(d))

So let us reinterpret the catalecticant method in terms of vector bundles. Given e < d,
the contraction map (4.3)) gives the linear map

v
HO(P™,0(e) @ HY(P™, 0(d))Y — HO(P™,0(d — ¢))" = H*(P™,0(e)" ® O(d))
and, by fixing f € H°(P™, O(d))", we have the “cohomological” catalecticant map
0 0 v v
Cey : HY(P™,0(c)) — H*(P™,0(e)" © 0(d)) (5.2)
Thus we may reformulate apolarity lemma as follows [26]:

Lemma 5.2.1 (Abelian apolarity). Let f = >7_,2; € HO([[Dm’(')(d))\/ and let Z —
{[21). ... [z} € PU(B™, O(d))¥). Then

H'(P™ Tz ® O(e)) Cker(Cey) , HO(P™,Zz®O(d—e)) C (ImC, )t

Moreover, if H*(P™, O(d—e)) — H°(P™, O(d—e),z) is surjective (resp. H°(P™, O(e)) —
H°(P™,O(e),z)), then the first inclusion is an equality (resp. the second).

Let us explain what the above theorem states. We refer to the base locus of HY(X, £)
(for a given vector bundle £ on a variety X) as the locus of common zeros to all the sec-
tions of the space. Now let f =31, 1cz 2 € HO(P™, 0(d))Y and assume H°(P™, O(d —
e)) - H°(P™,O(d—e) z) to be surjective: then ker(Ce ) = H°(P™,Iz®0(e)) and this
means that the base locus of HY(P™,Zz @ O(e)) is Z itself, that is the decomposition
of f can be computed from the base locus of ker C f.

Remark 5.2.2. The advantage of the reformulation of the apolarity due to Oeding
and Ottaviani |30] is that ker(C. f) is computable by an explicit matrix construction
via the presentation of a bundle. Moreover, by studying ker(C, ) one works with
polynomials of lower degree than the starting polynomial f and this is computationally
more efficient.

We may generalize the map to a general vector bundle £ on an algebraic variety
X (instead of O(e) and P™ respectively) and get a line bundle £ which gives the
embedding X C P(H°(X,L£)Y) = PV (it exists by Kodaira embedding). By doing this
we extend the abelian apolarity (lemma to a nonabelian apolarity.
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Remark 5.2.3. The term “nonabelian” may be misleading in the following sense: we
refer to apolarity in lemma as “abelian” since £ = O(e) gives the abelian object
HO(P™,O(e)) ~ Sym® V'V, while we refer to “nonabelian” apolarity for general vector
bundles £ (which do not necessarily lead to abelian objects). In this sense the abelian
apolarity is actually a particular case of the nonabelian one, despite the name. Maybe
one may target as nonabelian only when working with vector bundles of rank > 2
but this would not emphasize how the nonabelian apolarity naturally arises from the
abelian one.

Then the natural contraction map
HY (X, &)@ H'(X,EV @ L) — H(X, L) (5.3)
leads to the linear map
HY' (X, &)@ H (X, L)Y — H(X, " ® L)Y
and, by fixing f € H°(X, L)V, to the linear map
Cey: HY(X,E) = HY(X,EV @ L)Y (5.4)
which depends linearly on f. Then lemma generalizes to the following result.

Proposition 5.2.4. Let f = Y0 ;2 € HY(X,L)Y and let Z = {[z1],...,[2]} C
P(H°(X, £)Y). Then

HY(X, Iz ® &) Cker(Ceys) , HY'(X,Zz®E&Y ® L) C (ImCg 4)*

Moreover, if HY(X,EY ® L) — H°(X,€Y ® L z) is surjective (resp. H(X,&) —
HO(X, &|z)), then the first inclusion is an equality (resp. the second).

Now let f = >°i_; %z be a minimal decomposition and let Z2 = {[z1],...,[2r]} C
P(H°(X, L)V). Let us denote with Rk(£) be the rank of the vector bundle £ (i.e. the

dimension of its fibers).

Lemma 5.2.5 (Nonabelian apolarity). If Rk(C¢ ¢) = r - Rk(E), then
H (X, Iz ® ) =ker(Ce ) , HY'(X,Zz®&'®L) = (ImCgf)*

Proof. By proposition we already know the inclusions C hold. But by the hy-
pothesis on the ranks it follows

codim HY(X,Zz ® £) < r - Rk(£) = Rk(C¢ ;) = codimker(Cs ¢)

codim H(X,Zz ® €Y ® L) < r-Rk(£) = Rk(Cg f) = codim(Im Cg ;)*
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Now we need to introduce a class of projective varieties and a result about them due
to Chiantini and Ciliberto |9, Theorem 1.4].

Definition. A projective variety X is said to be k-weakly defective if its intersection
with a general k-tangent hyperplane has no isolated singularities at the k points of
tangency.

Theorem 5.2.6 (Chiantini, Ciliberto). Let X C P¥ be a projective variety of di-
mension n and let k be such that N > (n + 1)k. If X is not k-weakly defective,
then, given P,..., P, general points on X, the general k-tangent hyperplane H €
H(—2P; — ... —2Py) is tangent to X only at exactly those k points.

The following theorem allows to completely determine the set Z as base locus of
sections.

Theorem 5.2.7. Let Rk(C¢ ¢) = r - Rk(E), let X be not r-weakly defective and let
the contraction map

HY (X, Iz ) @ HY(X, Iz Y @ L) — H'(X,I% ® L)
be surjective. Then the common base locus of ker(Cg¢ ;) and (Im Cg ¢)* is Z itself.

Proof. We know that the equalities in lemma hold. If the common base locus
contained Z U {£}, then the whole HY(X,Z% ® £) would vanish doubly on 2, thus the
general hyperplane section of X C P(H?(X, £)Y) is singular at both Z and 2, hence in
r+ 1 tangent points in contraddiction to theorem [5.2.6] O

5.2.1 Eigenvectors of tensors and presentations

We are now interested in to exhibit an algorithm for tensor decomposition based on the
nonabelian apolarity we have introduced so far. We want to leverage the advantage we
underlined in remark in particular this matricial perspective allows to interpret
the base loci of sections of a suitable vector bundle as (a sort of) eigenvectors of a
tensor. First of all we introduce the vector bundle £ we will work with.

Definition. Let V be a m + 1-dimensional K-vector space. The quotient bundle @
of PV is the cokernel bundle of the monomorphism Opy (—1) — Opy ® V. The Euler
exact sequence for PV is the SES

0—Opy(—1) — Opy @V —Q — 0 (5.5)

By taking wedge a-powers and by tensoring by O(e) we get the SES

a—1 a a

0— AV®0—-1) — AVeO(e) — N\Q) — 0 (5.6)
The vector bundle we will work with is &€ = A® Q(e).
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Eigenvectors for tensors. The next step is to introduce the eigenvectors for a tensor
and to find a relation with sections of A“ Q(e). Since

H0<PV,/h\V®O(k)) ~ /h\v(g)symkvv :H0m<SymkV,/h\V)

the previous SES gives in cohomology

a—1 a a
0 — Hom (Sym*™'V, A V) — Hom (Sym®V, A\ V') N H(PV, A Q(e)) — 0
Let us fix the following notation: given a tensor M € Hom(Sym®V, A® V), we denote

the corresponding global section (M) by sy € HP(PV, A* Q(e)).

Definition. Given a tensor M € Hom(Sym®V,A\*V), a vector v € V is said to be
eigenvector of the tensor M if

M@)Av=0

Note: For e = a = 1 the above definition coincides with the classical one of eigenvector
of a linear map: indeed M (v) A v =0 if and only if M(v) € (v)c.

Lemma 5.2.8. (i) For all [v] € PV the fiber

(AQ©) = Hom <<ve>, oA T AA/;Z V>> (5.7)

(19) VM € Hom(Sym® V,A\*V), sp([v]) = 0 if anf only if v is eigenvector for M.
Proof. Consider the composition
R %
(v¢) — Sym°V M, /\V —» _ NV —
(bANTV)
which on the fiber in [v] corresponds to the section sp;. Then sps([v]) = 0 if and only
if mo M(v®) =0 if and only if M (v®) Av = 0. O
Corollary 5.2.9. The common base locus of H°(PV, A” Q(e)) corresponds to the com-

mon eigenvectors for Hom(Sym® V,; A® V).

Presentations of bundles. Before clarifying how sections and eigenvectors for ten-
sors apply to tensor decomposition, we briefly introduce the presentation of a bundle
& on PV. Consider the (finite) minimal resolution of the bundle £

voo—Lo—> L1 > E =0
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where each L; is direct sum of line bundles on PV: since it is obtained by sheafificating
the corresponding minimal free resolution of the graded module @, H°(PV, £(k)), the
map H°(PV, L) % H(PV,€) is surjective.

We may also consider the (finite) minimal resolution of &Y

o= LYy 5 LYy = €Y =0

where each LY,

t
map HO(BV, LY ® £) & HO(PV, BV ® L) is surjective.
Dualizing we have the resolution

is a direct sum of line bundles: in this case, for all line bundle £, the

...—>L2—>L1£>L()—>L_1—>...

where Im(p) = €. We define p: Ly — Ly to be the presentation of £.

The bridge. We are now ready to build the bridge from the sections of the vector
bundle £ = A*Q(e) (or equivalently the eigenvectors for M € Hom(Sym®V, A\ V)) to
the tensor decomposition of a given f € HO(P™, £)V = Sym? V', where £ = O(d).

In the new hypothesis the map becomes

Cof: HU(W, ;\Q(e)> — HO (]Pm, /a\ Qe) ® ,/:)V (5.8)

where f € H°(P™, £)V. Given p : L1 — Lg the presentation of A\®Q(e), consider the
composition

o a Ce a
Pey: HO(P™, Ly) % HO(P™, \ Q(e)) — HO(P™, \ Q(e)¥ ® £)¥ A gO®™ LY © L)Y
(5.9)
where « is surjective and 3 is injective beacuse of what we said on presentations of

bundles.
Corollary 5.2.10. In the above notations:
(i) Rk(Ce r) = Rk(P. ¢);
(i1) ker(Ce ) and ker(P, ) have the same base locus.

Remark 5.2.11. The advantage of working with P, ; is that it can be computed
from a matrix whose entries are homogeneous polynomials. In particular the matrix
representing P, r can be constructed by the presentation p by replacing the variable
x; by the catalecticant C[%L@i 7 if p has a linear entry depending on x;, otherwise by
replacing each monomial ¢g(z;) in the x; by the catalecticant of ¢(9;) - f |26l §8.3].
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The presentation p: Ly — Lo of £ = A®Q(e) on PV =P™ is

p:/\V@(’)(e) — /\ VYo O(e+1)
Since H°(P™, L) = Hom(Sym® V, A* V) and
m—a iV, m—a Vv
HOP™ LY @ £)¥ = H° (IP””, A Veo+1)a O(d)) = H° (Pm, AVeod-e- 1))

— Hom (Symd_e_l v, m/_\a v)v — Hom ( A V,Sym?! V)
from (5.9) we have
P,y : Hom (SymV, /a\ V) — Hom (m/T V,Sym? e V) (5.10)
In particular, is defined for f = v? by
P, e (M)(w) = (M(v%) Av Aw) 0o~ (5.11)

where M € Hom(Sym® V,A*V), w € A™°V and (M(v®) AvAw) € A"V ~ K,
then extendend by linearity to any f € Sym? V.

Proposition 5.2.12. Let M € Hom(Sym®V, A\ V).
(1) v € V is eigenvector for M if and only if M € ker(P, ,q).
(ii) Given f = Y7_; v, if each v; is eigenvector for M, then M € ker(P, ¢).

Proof. (i) By (5.11) we get

m—a

M@ )Av=0 < Yw € /\ V, M) NvAw =0 <= M €ker(P, )

(7i) The thesis follows by linearity of the map (5.10) with respect to f.
O

Now we are ready to draw our conclusions. Let f = Y7 v € Sym?V and Z =
{[v4,...,[v%]}. We assume to work with the vector bundle & = A% Q(e) for suitable
a,e. By theorem we look for Z in the common base locus of ker(C, ), thus

by corollary [5.2.10] in the common base locus of ker(F, f), hence by proposition [5.2.12
between the common eigenvectors for ker(F r).
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5.3 Nonabelian apolarity for symmetric 2-slice tensors

We are now interested into finding relations between the nonabelian apolarity and the
Kronecker form of symmetric 2-slice tensors in C? ® Sym? V. The vector bundles over
P™ we will work with are the tangent bundle TP™ and the bundle of holomorphic
1-forms 1,.:we obtain both of them by starting from & = A*Q(e) for a = e = 1.

Let V be a m + 1-dimensional C-vector space and P™ = PV its projective space. We
recall the Euler sequence and we twist it by tensoring by O(1): thus we have the
SES

0-0—-01)V —=Q(1)—=0

Remark 5.3.1. The above SES is actually the SES (5.6]) for a = e = 1.

Tangent bundle. Our first claim is to prove that the above twisted quotient bundle
Q(1) is neverthless that the tangent bundle TP™ on P™.

First it is worth understanding which are the fibers of TP™. Let us fix [z] € P™. Since
GLy,+1(C) acts transitively on P, the map GLy,+1(C) — P™ such that g — ¢ - [z] =
[g - z] and I — [x] is surjective and differentiates in the identity I to the surjection

gl i1 (C) = TI(GLmH((C)) — T P™

whith kernel {g | g(z) C (z)}. Thus it follows that the fibers of the tangent bundle are

m g[m—i-l(c)
TP = 1T gl € @)} (5.12)

Remark 5.3.2. Given g € gl,,,;1(C), it defines for all [z] € P an element in T}, P™

which vanishes if and only if z is eigenvector for g: indeed g +— 0 € T},;P™ if and only
if g(x) C (z) if and only if = is eigenvector for g.

Moreover, by (5.7) we know that the fibers of the twisted quotient bundle Q(1) are
V
Q1 ~ Hom [ (x), — 5.13
(em),, @) (5.13)
Proposition 5.3.3. The isomorphism Q(1) ~ TP™ of vector bundles holds.

Proof. We prove the isomorphism (of vector spaces) for the fibers (Q(1))[,) ~ Tj)P™.
Let us fix [x] € P™. We consider the natural map
0bn1(C) — Hom ({2). i)
g = T(z) © 9|y

where 7, is the quotient projection: this map is surjective for z # 0 and its kernel is

{9 ] g{z) C (2)}, hence by (B.12) and (B.13) it follows Tjy P™ ~ (Q(1))js] O
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Corollary 5.3.4. The following short sequence is exact
0—0—01)0V —TP" —0 (5.14)
The SES leads to the SES in cohomology
0— H'(P™, 0) - H'P™,0(1) @ V) — H'(P™, TP™) — 0

(since HY(P™, O) = 0). Now H(P™,0) ~ C and

HY(P™, 0(1) ® V) ~ HO(P™, O(1))®™H ~ ((cmH) ~ gl,1(C)

By exactness we have h°(P™, TP™) = (m + 1)2 — 1. Moreover, H*(P™, TP™) has a
natural Lie algebra structure by (5.12)). Since the map H°(P™,0) — HO(P™, O(1)®V)
corresponds to

C — g[erl(C)
A A

whose cokernel is the Lie algebra sl,,+1(C) of traceless matrices, it follows

H(P™, TP™) ~ sl,,11(C)
Remark 5.3.5. By remark if g € gl,,41(C) vanishes in T, P™ for all [z] € P,
then it must be of the form g = AI, that is it induces the zero section s; = 0 in

HO(P™, TP™). In particular, the common base locus of H°(P™, TP™) coincides with
the common eigenvectors for gl,,,(C), as corollary (5.2.9)) exactly states.

Holomorphic 1-forms. Since (TP™)Y ~ Ql,,., if we dualize and tensorize (5.14) by
O(2) we get the SES

0—Q'2) — o0V — 02) —0
(the functor Hom(e, C) is exact since C is injective as C-module), thus in cohomology
0— HY(P™ Q'2) = VVe VY - Sym?VY =0

(since H1(P™,Q%(2)) = 0 by Bott’s formula [4]). Moreover, H°(P™, Q!(2)) ~ A2VVY is
(isomorphic to) the space of skewsymmetric matrices of size m + 1.
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Nonabelian apolarity in C? ® Sym?V. Let T € C?2® Sym?V be a symmetric 2-
slice tensor with associated symmetric pencil defined by the pair (B, Bg) of symmetric
matrices of size m + 1. We recall that the map in was defined by fixing f €
HO(P™, £)V: for £ = O(2) we may see f as a symmetric matrices, so if we have a pair of
symmetric matrices (By, Bs) it comes quite natural to pick (By, Bs) € HO(P™, O(2))V &
HO(P™ O(2))V. Thus we set L = O(2).

We now extend the natural contraction map to

HO(P™ &) ® (HO(]P”", EV(2)) e HO(P™, sv(z))) — H'(P™,0(2)) @ H(P™, 0(2))
which leads, by fixing (B, B2) € HO(P™, O(2))Y & HO(P™, 0(2))Y, to
Clpy,py) - H'(P™,E) — HO(P™,£Y(2))Y @ H'(P™,£¥(2))Y (5.15)
which eztends (5.8). For & =TP™ ~ Q(1) we obtain
C(py.py) : HO(P™, TP™) — HO(P™,Q'(2))Y @ H°(P™, Q' (2))" (5.16)

Fortunately we may reintepret the above map in terms of matrices and this leads to an
explicit homomorphism.

Proposition 5.3.6. Up to scalars, the map C(p, p,) in (5.16) is equivalent to

CB1,By) ¢ Sm41(C) — NV e A2V

A ~  (AB1 = Bi('4) , AB; - By('4)) (5.17)

Proof. First of all we underline that the above map is well defined since for all matrices
A, B the matrix AB — (*B)(*A) is skewsymmetric and the pair (Bj, Bs) is symmetric.
Clearly it is enough to prove the thesis for

Ci: slp1(C)®Sym?V — A2V

We consider the following actions of GLy,+1(C):
e on A2V and Sym?V it acts by congruence;
e on sl,41(C), given G € GL,,41(C), by A — 'GA('G)~ L.
The map C; is a homomorphism of GL,,11(C)-modules: indeed
tG(ABZ- - Bl-(tA)>G = (\G)AB;G — (*G)B;(*A)G
= ('G)A(G)TH('G)BG ~ ('G)B,G(GTH (' A)G
= (‘ca(e)) ('eBG) - (‘eBa) (‘eate)™)
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As GLy,+1(C)-module, sl,41(C) ® Sym?V is completely reducible and it has A*V
as submodule, hence we have the decomposition sl,,1(C) ® Sym?V = A’V @ W.
Moreover, by Pieri’s formula |13, Proposition 15.25] the irreducible submodule A?V
appears with multiplicity 1 in sl,,,1(C) ® Sym? V.

Now we note that by Schur’s lemma for all 1,09 : A°V — A2V it holds ¢ =
Ay for some scalar A € C*, hence C’il A2V is the only one GL;,41(C)-endomorphism

(up to scalars) of A2V. Moreover, always by Schur’s lemma the only GL,,;1(C)-
homomorphism W — A2V is the identically zero one, thus there is only one extension
of Ci\/\QV to 5l 41(C) ® Sym? V and it has to be C;. d

Remark 5.3.7. Another possible proof is by hand: one explicits the isomorphisms
HO(P™, TP™) =~ sl 1(C) and HO(P™, QY(2))Y ~ A?V and the map on the
global sections. We chose a more theoretical proof to underline the GL;,41(C)-module
structure of sl,,,1(C) and A2V (and to avoid counts as well!).

Remark 5.3.8. One may wonder why we just need (5.17)) up to scalars. The reason is
because we are interested in studying the kernel of the map to recover its eigenvectors,
and the kernel is invariant for scalar multiplication.

Before stating the main result of this section we need to prove some preliminary lem-
mas to make the proof more natural. To light up the notation we will not make
distinction between a symmetric pencil of size m + 1, its corresponding tensor in
C? ® Sym?V and the pair of matrices which defines it: hence we will improperly
write (By, Bs) € C2 @ Sym? V.

Note: In the following we will work with general pencils. In algebraic geometry an
element is “general” if it belongs to a dense open subset of the space, or equivalently it
does not belong to a closed subset. This notion is a double-edged sword: on one hand
it allows to describe properties which hold outside a null subset of the space, so that
we may assume for almost all elements those properties; on the other hand there is not
an exact characterization for general elements since, if we have a dense open subset
whose elements respect a given property &2 and we add one single element without
that property, the new subset is still a dense open but not all of its elements satisfy &2.

We need to clarify as far as possible what it means for a pencil in C* @ Sym?V to
be general. We start by assuming that a general pencil is regular since this condition
is equivalent to ask its determinant not to be identically zero, hence it defines a dense
open subset.

Lemma 5.3.9. Let (B, Bs) € C?* ® Sym?V be a general symmetric pencil of size
m+ 1. Then we may assume (Bj, B2) to be regular with no infinite elementary divisors
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and distinct linear finite elementary divisors, i.e. its Kronecker form to be
diag(A + a1ty ..., A+ apmy1p) = pdiag(ar, ..., ams1) + Aot
where a; € C* are all distincts.

Proof. As mentioned right before stating the lemma, we may assume the pencil to be
regular. Up to acting with GL2(C) we may also assume the pencil to have no infinite
elementary divisors.

Let us focus on the (finite) elementary divisors: since they are defined by the eigenvalues
of B1B, it is enough to prove that a general BBy ! has distinct eigenvalues. But
the characteristic polynomial of a general B B; 1is a general polynomial, hence it has
distinct roots (otherwise the variety it defines would be contained in a hypersurface,
against the hypothesis to be general). By the same argument, if the pencil has non-zero
minimal indices, then the characteristic polynomial of By By ! would vanish in 0, but a
general polynomial does not. O

Lemma 5.3.10. The kernel ker(C(p, p,)) of the map in (5.17) is invariant for GL2(C)-
action on C2 @ Sym? V. In particular it does not depend only on the matrices By, Bo
but on the pencil they define.

Proof. Let By + AB2 be the pencil defined by the pair (B, By) and let iB; + By =
p(aBy +~vB3) + X(3B1 +0B3) = B + ABs be the pencil obtained by acting by GL(2).
If A €ker(Cp, p,)) then

A(aBy +vB2) — (aBy + ’}/Bz)(tA) = «a(AB; — Bl(tA)) +v(ABy — BQ(tA)) =0

that is A € ker(C( B Ez)) and since the linear transformation is invertible the converse
holds too. o

Now we state and prove our result for a general Kronecker form: the case of a generic
general pencil is an immediate corollary.

Theorem 5.3.11. Let (D,I) € C2® Sym?V be a general symmetric pencil in Kro-
necker form as in lemma [5.3.91 Then:

(i) all matrices in ker(C(p 1)) have the same common (linearly independent) eigen-

vectors vi,...,Um+1; in particular, these vectors are the ones which give the
Kronecker form, i.e.
m+1
T(D,I) = Z o QU  v;
i=1

where a; = (D;;,1) € C?;
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(i)
(iii)

ker(C(p,1)) has dimension m + 1 in gl,,,.1(C) and m in sl 11(C);

for C' € ker(Cp, 1)) general, in gl,, 1 (C) it holds ker(C(p ) = (I,C,...,C™)c.
In particular, in sb,11(C) it holds ker(C(p ) = (I, C,...,C™)c Nsly41(C).

Proof. Since the pencil is general and it already is in Kronecker form, by lemma [5.3.9

we know that D = diag(ai,...,am+1) where a; € C* are all distinct. Consider the

map in (5.17)

(4)

(i)

(iid)

Ars (AD = D('A) , AL - I(*A))

Let A € ker(C(p,p)): then from the second component of its image we know that
A= 'A that is A is symmetric. Then

ker(C(p,)) C 8lm41(C) N Sym?(C™ 1)

Then from the first component of its image we have 0 = AD—D(*A) = AD— DA,
that is
ker(C(DJ)) g Zs[(D)

where Zg(D) is the centralizer of D in sl,,41(C). Since Zg(D) is an abelian
Lie subalgebra of sl 11(C), for all A, B € ker(C(p,1)) we have the zero bracket
[4, B] = 0. In particular, ker(C(p 1)) is an abelian Lie subalgebra of sl,,11(C).
But Zg(D) is a maximal toral subalgebra since D is a semisimple element, hence
all matrices in Zg (D) are simultaneously diagonalizable to D with same common
eigenvectors v1,...,Unt1: in particular, the ones in ker(C(DJ)) are so.

Since dimsl,41(C) = (m + 1)2 —1 and dim A?V = (m;l), by the first group
homomorphism theorem it follows

dimg ker(Cp ) > (m + 21— (m+1)m=m

But ker(C(p 1)) € Zs(D) and, since D is a semisimple element in the semisimple
Lie algebra sl,,,1+1(C), Zg(D) is actually a Cartan subalgebra of sl,,1(C): since
all Cartan subalgebras are conjugated, dim Zg (D) = m, thus

dimg ker(Cp ) <m
It follows than ker(C(p, ) has dimension m in sl;,11(C), hence m+1 in gl,, 1 (C).

Let C(p,;) be defined on gl,,,1(C). Clearly, if C' € ker(C(p ), then Cck ¢
ker(Cp,s) for all k > 0, but by Hamilton-Cayley at least C™*1 is linearly de-
pendent on I,C,...,C™: it follows that (I,C,...,C™)c C ker(Cp,). For C
general, the I,C, ..., C™ are linearly independent and, since the kernel has di-
mension m + 1 in gl,,,1(C), the equality holds.
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O]

Theorem 5.3.12. Let (By,Bs) € C? ® Sym?V be a general symmetric pencil as in
lemma [5.3.9 Then:

(4) all matrices in ker(C(p, p,)) have the same common eigenvectors vy, ..., Umt1
which are induced by the vectors @1, ..., Omym+1 defining the Kronecker form

GL m+1
T(Bl,BQ) ~ Z a; ® ’Dl & /[}’L

i=1
where a; € C?;
(i) ker(C(p, B,)) has dimension m + 1 in gl,,;(C) and m in sl,,41(C);

(iii) for C € ker(Cp, p,)) general, in gl,,, 1 (C) it holds ker(Cp, p,)) = (,C,...,C™)c.
In particular, in sl,11(C) it holds ker(C(p, B,)) = (I, C,...,C™)c Nsly41(C).

Proof. We recall that two complex symmetric pencils are strictly equivalent if and only

if they are congruent (by theorem [2.4.2)).
It is enough to prove that the kernels of all strictly equivalent pencils are all conjugated:

more precisely, for all P € GL,,+1(C) it holds

ker(C(pB, (tP),PBs(tP))) = pt. ker(C(p,,B,)) - P

Clearly it is enough to prove it with respect to the Kronecker form of the pencil. Since
the pencil defined by (Bi, Bg) is general, by lemma we know that its Kronecker
form is defined by the pair (D, I') where D is diagonal with all distinct diagonal elements
a; € C*. Let P € GLy,11(C) be such that (PBy(*P), PBy(*P)) = (D, I). Then

AD=D('A) {APB1 tP) = PBy(*P)(*A)

A € ker(C ( oo
wCon) = ar= 10w APBy('P) = PBy('P)('A)

P~YAPB; = Bi(*P)(*A)(*P) !
P~YAPB, = By(*P)(*A)(*P) !

- {(P‘lAP)B1 =BUCPTAP) bt sp ¢ ker(C, )
(P~'AP)By = Bo({(P~'AP))

This correspondence makes things easier.

(i) By theorem[5.3.11| we know that ker(Cp,r) admits the same common eigenvectors
01, ..., 0m+1 and these give the Kronecker form (D, I). Let A € ker(Cp, p,): then
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PAP™ ! ¢ ker(Cp.r), hence for all i =1 : m + 1 we have PAP Y%, = AA,i0i. By
setting v; = P~19; for all i = 1 : m + 1 we have

Av; = AP ;) = )\A,i(Pilﬁi) = AA,iVi

Since this works for all A € ker(Cp, B,) it follows that vy, ..., vp41 are common
eigenvectors for ker(C(p, p,))-

(i4) Since ker(Cp, p,) = P -ker(Cp ) - P! and the dimension is invariant for con-
jugacy, we have that ker(C(p, p,)) has dimension m in sl;,11(C) and m + 1 in
g[m+1(c)

(7ii) It follows by the same arguments in theorem [5.3.11)(#77).
O

Remark 5.3.13. We proved the theorem by assuming the symmetric pencil (B, Bs) to
be general as in lemma[5.3.9] Actually we may weaken such hypotheses of “generality”
by considering regular pencils with no infinite elementary divisors and linear finite
elementary divisors not necessarily distincts: in this case theorem[5.3.12]still holds since,
given (D, I) the Kronecker form of such a pencil, ker(C(p 1)) € Zs(D) and the latter
is a maximal toral subalgebra of sl,,4;(C), hence all its elements are simultaneously
diagonalizable.
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Chapter 6

Implementations on Macaulay?2

6.1 Kronecker invariants for matrix pencils

Remark 6.1.1 (True Sad Story). Unfortunately the author found out the existence
of an already-implemented packageﬂ in Macaulay?2 only after he independently imple-
mented some functions by himself: this is why in the following a final function exhibiting
the Kronecker form of a pencil is missing and we only show the implementations made
by the author.

Remark 6.1.2. We set the polynomial ring we will work in to be R=QQ [x,y]. We work
over Q to be sure to not have any problem between ezact arithmetic and approrimated
arithmetic: indeed we are not interested into find the roots of the invariant polynomials
but just into factorize them into the elementary divisors and these will be in Q|x,y]
too.

Computing invariant polynomials:
-—input: M matrix with coefficients in R
--output: L list of invariant polynomials of M

invpoly=(M)->(

r=rank (M) ;

d1=(gens saturate minors(r,M))_(0,0);

-- computation of the gcd of the minors of size r

for i from 0 to r-1 list (
d1=(gens saturate minors(r-i,M))_(0,0);
d2=(gens saturate minors(r-i-1,M))_(0,0);
-- iterative division of the gcd of (r-i)-minors by the gcd of (r-i-1)-minors
continue (r-i,d1//d2) )

)

Thttp://www2.macaulay2.com/Macaulay2/doc/Macaulay?2/share/doc/Macaulay2/Kronecker /html/
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L=invpoly (M)
List

Comment: The function invpoly outputs the list of the invariant polynomials of the
pencil in the following order: the invariant polynomial (L_j) _1 divides the preceeding
one (L_{j-1})_1.

Computing elementary divisors:
—-—input L=invpoly(M) list of invariant polynomials of M
--output: E list of elementary divisors of M

elemdiv=(L)->(
r=length(L);
i=0;
P=(L.0)_1;
-- fix the bigger invariant polynomial (the other ones divide this)
while PY%x~(i+1)!=0 do i=i+1;
for i from 0 to r-1 list (
if (L.i)_1!'=1 and gcd(x"i,(L_i)_1)!'=1 then continue gcd(x"i,(L_i)_1) ),
-- the infinite elementary divisors has been found
P=P//x"1i;
F=factor P;
-- the elementary divisors which are maxima powers have been found
1=#F;
for j from O to 1-1 list (
for i from 0 to r-1 do (
if gcd(value F#j,(L_i)_1)!=1 then continue gcd(value F#j,(L_i)_1) ))
-- the other elementary divisors are obtained as gcd between the first
-- ones and the invariant polynomials of lower degree
)
E=elemdiv (M)
List

Comment: The function elemdiv outputs the list of the elementary divisors of the
pencil in the following order: first the infinite ones with decreasing exponents, second
the finite ones which divide the bigger invariant polynomial, then the others with de-
creasing degree.

Computing minimal indices:

--input: M matrix with coefficients in R

-—output: I list of minimal indices for columns of M, J list of minimal indices
for rows of M

minindxcol=(M)-> (
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k=mingens ker M;
C=degrees k;
C1=C_1;
cl=length C1;
for i from O to ci-1 list (
if (C1.i)_0==0 then continue (C1.i)_0
else continue (C1.i)_0-1 )
)
I=minindxcol (M)
List

minindxrow=(M)-> (
N=transpose M;
h=mingens ker N;
D=degrees h;
D1=D_1;
ri=length D1;
for j from O to ri-1 list (continue (D1_j)_0)
)

J=minindxrow (M)
List

Comment: The functions minindxcol and minindxrow output the list of minimal indices for
columns and rows respectively. We just show the algorithm for columns since the one for rows
is similar up to transposing the pencil: the algorithm first computes the minimal generators
of the kernel and the vectors of their degrees via the functions mingens and degrees, then it
outputs the degrees in decreasing order and outputs them as a list.

6.2 Dimension of GL-orbits in K2 @ K" @ K”

In the following we implement the computation of the orbit dimension of a given tensor
t e K2@ K" ®@ K" (actually in K®" ® K" ® K?). Here we set n =3 and t = as @ by ® ¢; + as ®
bo ®@co+as®bs@c3+ar @by ®co+ ay @b ® cs (see table )
First we define the polynomial ring we will work on, the generic matrices acting on the tensor

space and the tensor whose orbit dimension we want to compute:

n=3

A=a_(0,0)..a_(n-1,n-1)

B=b_(0,0)..b_(n-1,n-1)

C=c_(0,0)..c_(1,1)
R2=QQ[A,B,C,x0..x_(n-1),y0..y-(n-1),2.0,z_1]

pp=transpose genericMatrix(R2,a_(0,0),n,n)
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qq=transpose genericMatrix(R2,b_-(0,0),n,n)
cc=transpose genericMatrix(R2,c_(0,0),2,2)
t=z_1*%x_0*y_O+z_l*xx_lxy_1+z_1*x_ 2%y _2+z 0*x_O*xy_1+z_0*x_1*xy_2

We now define the row-vector of length 22 defining a general element in the acting group
gl3(K) x gl3(K) x gly(K) and the row-vector of length 18 defining a general element in the
tensor product K3 ® K3 @ K?2:

abc=matrix{{A,B,C}}
xyz=matrix{{x.-0..x_(n-1)}}**matrix{{y0..y_(n-1) } }**matrix{{z.0,z_1}}

Next we define the group action grp and its jacobian jac, then we compute their
substitutions at the identity I = (pp°, ¢q°, cc’) and finally the orbit dimension of ¢ in
K3 @ K3 ® K2

Gx=apply(n,i->(x_i=>sum(n, j->x_j*a_(i,j))))
Gy=apply(n,i->(y_i=>sum(n, j->y_j*b_(i,3j))))
Gz=apply(2,i->(z_i=>sum(2, j->z_j*c_(i,3))))
grp=Gx |Gy |Gz
jac=diff (xyz,diff (transpose abc,sub(t,grp)))
ident=apply(n, j->(a_(0,j)=>(pp~0)_(0,3j)))
for i from 1 to n-1 do

ident=ident |apply(n,j->(a_(i,j)=>(pp~0)_(i,j)))
for i from 0 to n-1 do

ident=ident |apply(n,j->(b_(i,j)=>(qq~0)_(i,3j)))
for i from 0 to 1 do

ident=ident |apply(2,j->(c_(i,j)=>(cc”0)_(i,3j)))
rank sub(jac,ident)

6.3 Dimension of GL-orbits in K?> ® Sym?*(K")

In the following we readapt the previous implementation to compute the orbit di-
mension for symmetric 2-slice tensors. Here we set n = 3 and t = A ® 23.
The idea is the same as the previous one with few modifications since we are in the
symmetric case. First of all the acting group we work with is gly(K) x gl,,(K): if
we represent an element f € Sym?(K") by a symmetric matrix F, given a tensor
u® F € K2 ® Sym?(K"), the action on u ® F is given by

(M,P)— Mu®P-F-'P
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So we need to define only one generic matrix and transpose it, that is we need to in-
troduce less variables than previously.
We start by defining the polynomial ring and the generic acting matrices:

n=3

A=a_(0,0)..a_(n-1,n-1)

C=c_(0,0)..c_(1,1)

R2=QQ[A,C,x 0..x_(n-1),z.0,z_1]
pp=transpose genericMatrix(R2,a_(0,0),n,n)
cc=transpose genericMatrix(R2,c_(0,0),2,2)
t=z_1%xx 072

Next we define the generic symmetric matrix with quadratic monomial entries and
we compute the minima generators of its 1 x 1 minors. With the latter command we
get the quadratic monomials as a base of Sym?(K") and we can compute the basis of
the spaces gl, x gl, (K) and K? @ Sym?(K"):

A=transpose matrix{{x.0..x_(n-1)}}*matrix{{x.0..x_(n-1)}}
S=mingens minors(1,A)
abc=matrix{{a_(0,0)..a_(n-1,n-1),c_(0,0)..c_(1,1)}}
xyz=S**matrix{{z_0,z_1}}

Now we define the action on the basis and compute its jacobian and the substitution at
the identity I = (pp°, cc?). We underline that by acting on the variables z; instead of
the variables z;z; we hide the right-multiplication by ‘P in the sums >, ) P. Finally
we compute the orbit dimension by computing the rank:

Gn=apply(n,i->(x_i=>sum(n, j->x_j*pp-(i,3j))))
G2=apply(2,i->(z_i=>sum(2, j->z_j*cc_(i,3j))))
grp=Gn|G2
jac=diff (xyz,diff (transpose abc,sub(t,grp)))
ident=apply(n, j->(a_(0,j)=>(pp~0)_(0,3j)))
for i from 1 to n-1 do

ident=ident |apply(n,j->(a_(i,j)=>(pp~0) _(i,j)))
for i from O to 1 do

ident=ident |apply(2,j->(c_(i,j)=>(cc”0)_(i,3j)))
rank sub(jac,ident)
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6.4 Nonabelian apolarity for symmetric 2-slice tensors

The following implementation was born by an unpublished research work of Prof.
Giorgio Ottaviani (University of Florence).

We will work in dimension 3. First we set the polynomial ring whose variables
correspond to the entries of a generic square matrix of size 3:

n=3
R=QQ[a_-(0,0)..a_(n-1,n-1)]
aa=transpose genericMatrix(R,a_(0,0),n,n)

Next we define a pencil (bls,b2s) € K? @ Sym?(K?) of general type as in lemma m
so that it will decompose in three summands:

bils=matrix{{1,0,0R},{0,1,0},{0,0,0}}
b2s=matrix{{0,0,0R},{0,5,0},{0,0,1}}

Now we define the map Cy1539) (5.17) extended to gl3(K) and we call it cont:

D1=diff (transpose basis(1,R),mingens minors(1l,aa*bls-bls*transpose(aa)))
D2=diff (transpose basis(1,R),mingens minors(1l,aa*b2s-b2s*transpose(aa)))
cont=D1|D2

The map has size 9 x 6: indeed dimgl; = 9 and dim A*(C%) = 3. Next we com-
pute its rank and the dimension r of its kernel in gl;(K): by theorem [5.3.12| we expect
r=3.

rank cont

r=numcols gens kernel transpose cont

We now want to compute the simultaneous eigenvectors of the kernel since by the-
orem [5.3.12| they give the decomposition of the pencil. To do so we first compute the
matrices ko, k1, k2 which generate ker(C(p14p25)) in gl3(K):

for i from 0 to r-1 do
k_i=diff (aa, (basis(1,R)*(gens kernel transpose cont))_(0,1i))

The three elements ko, k1, k2 in the kernel are diag(1,0,0), diag(0,1,0), diag(0,0,1) re-
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spectively and they actually commute, as expected. Moreover, they give the simul-
taneous eigenvectors ej, e, eg (vectors in the canonical basis): these actually give the
Kronecker form of the pencil (bls, b2s) (it was already in such form!).

We now rewrite the previous implementation starting from a random symmetric
pencil (bls,b2s): clearly by randomly generating it we risk to work with a symmetric
pencil which is not in general form as in lemma hence theorem may fail.
So in the new setting the previous implementation becomes:

n=3
R=QQ[a_(0,0)..a_-(n-1,n-1)]
aa=transpose genericMatrix(R,a_(0,0),n,n)
bl=random(R"{n:0},R"{n:0})
bls=bl+transpose(bl)
b2=random(R"{n:0},R"{n:0})
b2s=b2+transpose (b2)
D1=diff (transpose basis(1,R),mingens minors(1l,aa*bls-bls*transpose(aa)))
D2=diff (transpose basis(1,R),mingens minors(1l,aa*b2s-b2s*transpose(aa)))
cont=D1|D2
r=numcols gens kernel transpose cont
for i from 0 to r-1 do
k_i=diff (aa, (basis(1,R)*(gens kernel transpose cont))_(0,1i))

A generic eigenvector v for k; may be computed by setting v = aag (the first col-
umn of the generic matrix aa) and by imposing that the matrix N; = [kZ X ’ v] has
rank 1, that is k; - v = a4v for a suitable o; € K. But asking such rank to be 1 is
equivalent to asking v to be in the base locus of the ideal I generated by the 2 x 2
minors of IV;. Even better, asking a given v to be common eigenvector for kg, ..., k._1
simultaneously is equivalent to asking v to be in the base locus of the ideal I generated
by the 2 x 2 minors of all V; for ¢ =0 :r — 1. Hence we compute such ideal:

I=minors(2,k_O%aa {0}laa_{0})
for i from 1 to (r-1) do
I=I+minors(2,k_i*xaa_{0}|aa_{0})

However we may explicitly compute the common eigenvectors by determining the eigen-
vectors of one of the matrices which generate ker(C(y5 25)), since from the hypothesis
of “generality” in lemma [5.3.9| we are considering matrices with distinct eigenvalues.
In the following v; are the common eigenvectors and M; the matrices corresponding to
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v; ® v;: we underline that we need to work in C to compute the eigenvectors and this
unfortunately leads to approximations.

for i from 0 to r-1 do

(v_i=matrix ((eigenvectors(sub(k_1,CC)))_1)_i, M_i=v_i*transpose v_i)

The matrices M; actually decompose the pencil (bls,b2s), that is there exist vectors
(a;, B;) € C? such that (bls,b2s) = ( ;’;& o; M;, ;’;& BZMO
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