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Abstract

This thesis is divided into two parts, each part exploring a different topic within
the general area of nonlinear algebra. In the first part, we study several applica-
tions of tensors. First, we study tensor networks, and more specifically: uniform
matrix product states. We use methods from nonlinear algebra and algebraic ge-
ometry to answer questions about topology, defining equations, and identifiability
of uniform matrix product states. By an interplay of theorems from algebra, ge-
ometry, and quantum physics we answer several questions and conjectures posed
by Critch, Morton and Hackbusch. In addition, we prove a tensor version of the
so-called quantum Wielandt inequality, solving an open problem regarding the
higher-dimensional version of matrix product states.

Second, we present new contributions to the study of fast matrix multiplica-
tion. Motivated by the symmetric version of matrix multiplication we study the
plethysm S*(sl,) of the adjoint representation sl, of the Lie group SL,. More-
over, we discuss two algebraic approaches for constructing new tensors which
could potentially be used to prove new upper bounds on the complexity of matrix
multiplication. One approach is based on the highest weight vectors of the afore-
mentioned plethysm. The other approach uses smoothable finite-dimensional
algebras.

Finally, we study the Hessian discriminant of a cubic surface, a recently in-
troduced invariant defined in terms of the Waring rank. We express the Hessian
discriminant in terms of fundamental invariants. This answers Question 15 of the
27 questions on the cubic surface posed by Bernd Sturmfels.

In the second part of this thesis, we apply algebro-geometric methods to
study matroids and flag matroids. We review a geometric interpretation of the
Tutte polynomial in terms of the equivariant K-theory of the Grassmannian. By
generalizing Grassmannians to partial flag varieties, we obtain a new invariant of
flag matroids: the flag-geometric Tutte polynomial. We study this invariant in
detail, and prove several interesting combinatorial properties.

1



Acknowledgements

First and foremost, I would like to express my gratitude to my advisor, Ma-
teusz Michalek. His enthusiasm has been an inspiration, I have learnt a great
deal during our many mathematical discussions, and his continued support and
encouragement have been indispensable.

In the last three years, I have had many interesting collaborations and inspir-
ing mathematical discussions with a variety of people. In particular, I would like
to thank Mohamed Barakat, Alessandra Bernardi, Amanda Cameron, Austin
Connor, Adam Czaplinski, Claudia De Lazzari, Rodica Dinu, Chris Eur, Paul
Gorlach, Wolfgang Hackbusch, Jutho Haegeman, Joachim Jelisiejew, J.M. Lands-
berg, Kristian Ranestad, Anna Seigal, and Frank Verstraete.

I would also like to thank Bernd Sturmfels for his helpful advice and support.
I found the Nonlinear Algebra group at the Max Planck Institute for Mathematics
in the Sciences to be an extremely stimulating research environment, and I would
like to thank all fellow researchers there I had the pleasure to meet.

Thanks to Francesco Galuppi, Paul Gorlach and Mateusz Michalek for sharing
their comments regarding the initial draft of this dissertation.

I gratefully acknowledge the financial support of the International Max Planck
Research School “Mathematics in the Sciences”. The Max Planck Insititute for
Mathematics in the Sciences makes for an excellent working environment, and
I would like to thank all the people working behind the scenes who make this
all possible. A special mention goes to Saskia Gutzschebauch for helping with
administrative tasks.

Finally, I would like to thank my parents for their unwavering support.

1l



Contents

Introduction

I Tensors

1 Introduction to tensors

1.1

1.2

Basic definitions . . . . . . ...
1.1.1 Degeneration and restriction of tensors . . . . . .
Geometric perspective . . . . ...

2 Matrix product states

2.1

2.2
2.3
24

2.5
2.6

Tensor networks . . . . . . ... Lo
2.1.1  Contraction, and pictorial representation of tensors
2.1.2  Tensor network states . . . .. .. .. ... ...
2.1.3  Uniform tensor network states . . . . . . .. ...
Uniform matrix product states: basic properties . . . . .
Injectivity radius and generic injectivity radius . . . . . .
Uniform matrix product states: geometric properties . .
2.4.1 Topological properties . . . . . .. .. ... ...
2.4.2 Surjectivity . . ... oo
2.4.3 The trace parametrization . . . . . .. ... ...
2.4.4 The fundamental theorem . . . .. ... .. ...
2.4.5 uMPS(2,2,4) as a constructible set . . . . .. ..
A tensor version of The Quantum Wielandt theorem . .
Future directions . . . . .. .. ... 0oL

3 Fast Matrix Multiplication

3.1

3.2

The laser method . . . . . . .. .. ... ... ...
3.1.1  Asymptotic sum inequality and degeneracy value
3.1.2  Combinatorial degeneration . . . . ... ... ..
3.1.3 The laser method . . . . . .. ... ... ... ..
Plethysm for fast matrix multiplication . . . . . . . . ..
3.2.1 Preliminaries on representation theory . . . . ..

v

10

11
11
13
14

17
18
18
18
20
22
26
29
29
34
38
39
41
43
48



3.3

4 The
4.1

4.2

4.3

4.4

3.2.2 Theplethysm . . ... ... ... ... .
3.2.3 Highest weight vectors . . . . . ... .. ... ... ....
CW-like tensors via algebraic methods . . . . .. . ... ... ..
3.3.1 New tensors via smoothable algebras . . . . . . ... ...

3.3.2 New tensors via highest weight vectors . . . . . . ... ..
3.3.3 Outlook . .. ... ... . ...

Hessian discriminant

The Hessian discriminant . . . . . . . . . .. .. .. ... .. ...
4.1.1 The Hurwitz form . . . . . . . .. ... ... ... .....
4.1.2 The Hessian discriminant . . . . . . . . ... .. .. ....
4.1.3 The Hessian surface . . . . . . .. ... ... ... .....
4.1.4 Computational methods . . . . . .. ... ... ... ...
4.1.5 Apolarity . . . ...
Normal forms for cubics . . . . .. .. ... ...
4.2.1 Sylvester’s pentahedral form . . . . . ... ... ... ...
4.2.2 Ranksixcubics . . ... ... ... .o
4.2.3 Generic singular cubics . . . . .. ..o
4.2.4  Proof of Proposition 4.1.4 . . . . .. ... ... ... ...
Fundamental invariants . . . . . . . . ... ... ..
4.3.1 Computing invariants for cubics of higher rank . . . . . . .
Proof of the main theorem . . . . . . .. ... ... ... .....

IT Matroids

5 Matroids, flag matroids, and homogeneous varieties

5.1

5.2

5.3

5.4

Matroids . . . . . . . .
5.1.1 Introduction to matroids . . . . . . . ... ... ... ...
5.1.2  The Tutte polynomial . . . . . ... . ... ... .....
5.1.3 The base polytope . . . . . .. ... ... ... ... ..
5.1.4  Definition via Gale orderings . . . . . . . . . .. ... ...
Grassmannians . . . . . . . .. ..o
5.2.1 Representable matroids and geometry . . . . . . . .. . ..
Flag matroids . . . . . . .. .. . oo
5.3.1 Definition . . . .. ... oo
5.3.2 Matroid quotients and representable flag matroids . . . . .
5.3.3 Flag matroid polytopes . . . . . . . .. ...
Flag varieties . . . . . . . . ..o
5.4.1 Aside: the Borel-Weil theorem . . . . . . . ... ... ...
5.4.2 Representable flag matroids and geometry . . . . . .. ..

73
74
74
75
76
7
78
79
80
81
81
82
83
83
84



6 Equivariant K-theory and the Tutte polynomial

6.1 Equivariant K-theory

6.1.1 Introduction to K-theory and equivariant K-theory . . . .
6.1.2 Explicit construction via equivariant localization . . . . . .
6.2 Equivariant K-theory of Grassmannians and flag varieties . . . . .

6.2.1 A short review

on cones and their Hilbert series . . . . . .

6.2.2 Matroids and the K-theory of Grassmannians . . . . . . .
6.2.3 Flag matroids and the K-theory of flag varieties . . . . . .
6.2.4 The Tutte polynomial via K-theory . . . . . . . . .. ...

7 The flag-geometric Tutte polynomial of a flag matroid

7.1 A formula for the flag-

geometric Tutte polynomial . . . . . . . ..

7.1.1 The T-equivariant Tutte polynomial . . . . . .. ... ..
7.1.2  First properties . . . . . .. ..o

7.2 Summations of lattice

point generating functions . . . . . . . . ..

7.2.1 Brion’s formula . . .. ...

7.2.2  Flipping cones

7.2.3 Flipping cones for base polytopes . . . . . . ... ... ..
7.3 Combinatorial properties for 2-step flag matroids . . . . . .. ..

7.3.1 Some terms of the flag-geometric Tutte polynomial

7.3.2 Towards a corank-nullity formula . . . . . . ... ... ..

7.3.3 A deletion-contraction-like relation . . . . . .. ... ...

7.4 Further directions . .

7.4.1 The Las Vergnas Tutte polynomial . . . . ... ... ...
7.4.2 g and h polynomial for flag matroids . . . ... ... ...

7.4.3 Open problems

Bibliography

vi

103
103
103
105
108
108
109
111
113

117
118
118
120
121
122
123
126
127
127
128
129
132
132
132
134

136



Introduction

In this dissertation, we explore several topics within the general area of nonlinear
algebra. Nonlinear algebra revolves around algebraic methods based on systems
of mutivariate polynomial equations, with an emphasis both on theoretical re-
sults, explicit computational methods, and connections to various applications,
like optimization, statistics, complexity theory, mathematical biology, and quan-
tum information theory. At the heart of nonlinear algebra lies algebraic geometry,
but it also encompasses methods from combinatorics, representation theory, mul-
tilinear algebra, commutative algebra, and convex geometry, among others.

Part I of this thesis deals with tensors. Tensors are the natural higher-
dimensional generalization of matrices. Just as matrices are basic objects in
linear algebra, tensors are fundamental for nonlinear algebra. After giving a gen-
eral introduction to tensors in Chapter 1, we explore three different topics, each
revolving around a different application of tensors. The corresponding chapters
can be read independently.

e Chapter 2 is about matriz product states. These are certain varieties of
tensors that arise in quantum information theory, but also have connections
to numerical optimization. We use methods from nonlinear algebra and
algebraic geometry to answer questions about topology, defining equations,
and identifiability of uniform matrix product states. In addition, we present
a proof of a conjecture in quantum information theory regarding the higher-
dimensional version of matrix product states.

e In Chapter 3, we study fast matriz multiplication. The problem of deter-
mining what is the fastest algorithm for multiplying two matrices is known
to be equivalent to estimating the rank of a certain tensor. Two new con-
tributions to the study of fast matrix multiplication are discussed. First,
we study the symmetrized matrix multiplication tensor and, using methods
from representation theory, gain a better understanding of the symmetry of
the space this tensor lives in. Second, we use these results as an inspiration
to construct new tensors which could potentially be used to obtain faster
algorithms for matrix multiplication.

e In Chapter 4, we present a nice connection between tensors (more precisely:
Waring rank), and classical algebraic geometry (more precisely: cubic sur-



faces). The Hessian discriminant is a recently introduced invariant, defined
by the locus of cubic surfaces whose equation has Waring rank greater than
five. The main result of this chapter is the expression of the Hessian dis-
criminant in terms of fundamental invariants.

Part II of the thesis takes place on the intersection of algebraic geometry and
combinatorics. More specifically, we apply algebro-geometric methods to study
matroids and flag matroids. Matroids are one of the central notions in modern
combinatorics. They simultaneously generalize the notion of linear independence
in a vector space, and the notion of a graph, and have found applications in
among others optimization, network theory and coding theory. One of the most
important matroid invariants is the Tutte polynomial. We review a geometric
interpretation of the Tutte polynomial by Fink and Speyer, and introduce a nat-
ural generalization to so-called flag matroids. For matroids, the Tutte polynomial
is defined combinatorially, and the K-theoretic interpretation is a property. In
contrast, for flag matroids, our K-theoretic description serves as a definition for
the Tutte polynomial. Obtaining a fully combinatorial description of this flag-
geometric Tutte polynomial appears to be out of reach. In the final chapter of this
thesis, we prove several interesting combinatorial properties of the flag-geometric
Tutte polynomial of a flag matroid.

Most of the contents of this thesis have appeared in slightly altered form in
several papers. At the moment of writing, two of these papers [Sey18, MSV19]
have been published in peer-reviewed journals, two [CDMS20, DS20] have been
accepted for publication in 2020, one [CMS19] is under review, and one [DES20]
is in preparation.

Algebraic Geometry of Tensors

A d-way tensor is simply an element in a tensor product V; ® - -- ® Vj of vector
spaces Vi,...,Vy. After choosing a basis for every V;, a tensor is given by a
d-dimensional table of numbers; in particular, 2-way tensors are just matrices.
Tensors provide a useful way for organizing data, so it is no surprise that they
appear in a wide variety of applications, like data science, signal processing,
phylogenetics, and complexity theory, to name just a few.

A central notion in the theory of tensors is that of tensor rank. We say that a
tensor is of rank one if it can be written in the form v; ® - - - ® v4. The rank of a
tensor T' is the smallest integer r such that 7' can be written as a sum of r rank
one tensors. Tensor rank is a straightforward generalization of matrix rank, but
for d > 2 the notion of rank is much more ill-behaved. For instance, the set of all
tensors of rank at most r is not always a closed set. This leads to the notion of
border rank: the border rank of a tensor 7' is the smallest r such that 7" can be
arbitrarily closely approximated with tensors of rank r. Or equivalently: the set
of tensors of border rank at most r is the (Zariski or Euclidean) closure of the

2



set of tensors of rank at most r. This set can be geometrically described as the
r-th secant variety of the Segre embedding.

Many interesting questions can be asked about these secant varieties: What is
the dimension? Can we find defining equations? When is the set of tensors of rank
at most r closed, and can we describe the boundary? When is the parametrizing
map generically finite or generically injective? There is an extensive literature
studying these varieties [Lanl2, Lan17,1K99, Zak05]. But low rank tensors are
not the only interesting varieties of tensors. Motivated by applications in among
others optimization, quantum information theory, and algebraic statistics, there
is an interest in several kinds of tensor formats. One important example of these
are tensor network states, and more specifically: matrix product states.

Matrix product states

Matrix product states and uniform matrix product states play a crucial role in
quantum physics and quantum chemistry [PGVWC07,SPGWC10,0rul4,Schll,
Hacl2, YL18]. They are used, for instance, to compute the eigenstates of the
Schrodinger equation. Matrix product states provide a way to represent spe-
cial tensors in an efficient way and uniform matrix product states are partially
symmetric analogs of matrix product states.

In Chapter 2, we introduce new algebraic methods to answer problems and
questions coming from this area. In particular, we answer several questions and
conjectures posed by Critch, Morton and Hackbusch. Our main emphasis is on
interactions among algebraic geometry and matrix product states. While secant
varieties and border rank already form a well-established topic within algebraic
geometry, tensor networks and matrix product states so far have only received
very limited attention (with notable exceptions [LQY12, CM14, PGVWCO08]).
However, we are sure that this situation is changing. The first four sections of
Chapter 2 are based on joint work with Adam Czapliniski and Mateusz Michetek
[CMS19]; Section 2.5 is based on joint work with Mateusz Michalek and Frank
Verstraete [MSV19].

For given parameters (D, d, N), the set of uniform matrix product states is a
subset of the tensor space (C?)®V, defined as the image of a polynomial map

TN . ((CDXD)d N ((Cd)®N
(M(),...,Md_1> — Z tI‘(Mil "'MiN>ei1 ®®61N

0<in ... in <d—1

One of the main goals of Chapter 2 is to study geometric and topological proper-
ties of the uniform matrix product states uMPS(D, d, N) and the Zariski closure
uMPS(D,d, N), which in case of complex numbers coincides with the Euclidean
closure. As an application of our methods we confirm two conjectures of Critch
and Morton [CM14]. Precisely, one asserts that, under mild assumptions, for




two 2 x 2 matrices, matrix product states are “identifiable”. The main ingredi-
ent of our proof is the so-called fundamental theorem of uniform matriz product
states. We can also verify the conjecture concerning the defining ideal of the clo-
sure of the uMPS in special cases. This is related to the probabilistic graphical
models known as hidden Markov models and to the conjecture of Bray-Morton-
Sturmfels [BMO5]. A variant of this conjecture states that for any fixed D and
d, the ideal of uMPS(D, d, N) is generated in low degree for N large enough.

One of the tools we use is the trace algebra [Pro76,Sib68]. The applications
of trace algebras to the theory of matrix product states were already investigated
by Critch and Morton [CM14]. We show how this method can be used to derive
the conjectured description of the ideal of uMPS(2,2,5). Further, we provide
a full description of the ideal of uMPS(2,2,6). Moreover, we describe a useful
surjectivity criterion for polynomial maps, which can be used to prove that every
tensor can be expressed as a uMPS. We apply it to show that uMPS(3,2,4) fills
the ambient space of cyclic tensors. Our method is very general and we believe
it can be used in many other cases beyond matrix product states.

The very important questions of the closedness of families of tensors that al-
low representations as matrix product states were asked by W. Hackbusch and
L. Grasedyck (cf. [LQY12, HMS19]). One of the questions was, when the sets
uMPS(D,d, N) and uMPS(D,d, N) may differ. We answer the question when
uMPS(D,d, N) is closed, i.e. both sets are equal, in the case D = 2. Fur-
ther, we provide an explicit tensor (the so-called W-state) which is always in
uMPS(D,d, N), but not in uMPS(D, d, N) when N is large compared to D, pro-
viding many instances where uMPS(D, d, N) is not closed. Moreover, we study
the dimension of uMPS(D, d, N) and the connectedness in a more general set-up.
In the table below we collect our results concerning closedness of uMPS(D, 2, N).
The second row is Theorem 2.4.1, the underlined F is Example 2.4.19.

z 2 3 4 6 8 14 20
y pN 1234|567
2 1|F|C|C|C|C[C]|C
5 2|F|F|F|IN|N|N|N
10 3|F|F|F|F
27 4|F|F|F|F

Table 1: uMPS(D, 2, N)
F: fills the ambient space, C: closed, but does not fill, N: not closed
x: dimension of the ambient space, y: expected dimension

An important result in the study of matrix product states is the quantum
Wielandt theorem.

Theorem 2.3.7 ( [SPGWCI10]). For every D € N, there exists a constant C(D)
such that the following holds:



Let L C CP*P be a linear space of D x D-matrices, and assume that
there is an N such that LV = CP*P. Then already for N = C(D), it
holds that L = CP*P,

were by LY we mean the linear space spanned by all products of N matrices in L.

The smallest such C(D) is known as the injectivity radius. As an example
application, the proof that uMPS(D, d, N) is not closed when N is large compared
to D requires considering the injectivity radius.

In the final section of Chapter 2, we formulate and prove a generalization of
the quantum Wielandt theorem (Theorem 2.5.5). The original quantum Wielandt
theorem is a statement about multiplying matrices, whereas our theorem is a
statement about contracting 2m-way tensors arranged in an m-dimensional grid.
This “tensor version” of the quantum Wielandt theorem is motivated by Projected
Entangled Pair States (PEPS), the higher-dimensional generalizations of MPS.

The bounds for quantum Wielandt theorem in [SPGWC10,MS19,Rah20] were
obtained using explicit methods from linear algebra. Our main new insight is the
application of nonconstructive Noetherian arguments from non-linear algebra.
For matrix product states, our theorem proves Conjecture 1 in [PGVWCO7].

Above questions are often inspired by applications. However, they may be
also seen as analogues of well-studied questions in the theory of secant varieties,
rank and border rank. For example, the closedness of the image of a map is a
natural question from a theoretical point of view, but also plays an important
role in best approximation problems [DSL0O8, QMIL19].

Fast matrix multiplication

Another field of research where tensors and tensor rank play a central role is in
determining the complexity of matrix multiplication. In 1969, Strassen [Str69]
presented his celebrated algorithm for matrix multiplication breaking for the
first time the naive complexity bound of n?® for n x n matrices. Since then, the
complexity of the optimal matrix multiplication algorithm is one of the central
problems in computer science. In terms of algebra we know that this question
is equivalent to estimating rank or border rank of a specific tensor M, nny €
' @Cv @C™ [BCS97,Lan12 Lan17]. The complexity of matrix multiplication
is measured by the constant w, defined as the smallest number such that for any
e > 0 the multiplication of n x n matrices can be performed in time O(n**¢).
Equivalently, w is the smallest number such that for any € > 0 the rank (or border
rank) of M, .y is O(n“*°).

The best known upper bounds on w are all obtained using the so-called laser
method, which is based on the work of Strassen [Str87]. The idea behind the
laser method is to, instead of studying the matrix multiplication tensor directly,
consider a different tensor which can be proven to have low border rank, and



at the same time is “close” to being a matrix multiplication tensor in a sense
that we will make precise later. Strassen obtained a bound w < 2.48 using the
laser method. Shortly thereafter, Coppersmith and Winograd introduced a new
tensor, and applied the laser method to it to obtain w < 2.3755. Since then,
the only improvements on the bound of w were made by Stothers, Williams,
and Le Gall [Stol0, Will2, LG14], arriving at the current state of the art w <
2.373. These improvements were all obtained by applying the laser method to
the Coppersmith-Winograd tensor. In Section 3.1, we give a brief introduction
to the laser method and present a variant, which is slightly more general then
the version usually presented in the literature.

Recently, Chiantini et al. [CHI"18] proved that instead of M,y one can
consider the so-called symmetrized matriz multiplication tensor SM, and study
its symmetric (border) rank. The polynomial SM,, can be viewed as an element of
the SL,-representation S3(s[’), and is in fact an invariant. This is the motivation
for our study of the SL,-representation S*(sl*), which will be carried out in
Section 3.2. The computations of plethysm are in general very hard and explicit
formulas are known only in specific cases [Mac98]. For example for symmetric
power S3(S*) the decomposition was classically computed already in [Thr42,
Plu72], but S*(S*) and S°(S*) were only recently explicitely obtained in [KM16].
As symmetric powers (together with exterior powers) are the simplest Schur
functors, one could expect that respective formulas for S(sl,) are harder. In
principle, one could use the methods of [How87, KM 16, MM15] to decompose this
plethysm, but this requires a lot of nontrivial character manipulations. Instead,
in Section 3.2, we present a very easy proof of explicit decomposition based on
Cauchy formula and Littlewood-Richardson rule in Theorem 3.2.3. In fact, using
our method one can inductively obtain the formula for S*(sl,,) for any k. While
matrix multiplication is represented by the (unique) invariant in S3(sl,), we also
study the other highest weight vectors. Surprisingly, it turns out is that some of
the highest weight vectors are variants of the Coppersmith-Winograd tensor.

Recent work [AFLG15, AW18a, AW18b, CVZ19] shows the limitations of the
Coppersmith-Winograd tensor, and indicates the need for finding different tensors
that are similar to the Coppersmith-Winograd tensor in order to prove better
bounds on w. In Section 3.3, we explore two approaches of constructing such
tensors. One approach is based on the above observation about the highest weight
vectors in S3(sl,): since one of them is the Coppersmith-Winograd tensor, we
can attempt to use the other highest weight vectors to prove bounds on w. One
of them appears to be of minimal border rank. Assuming this is the case, we
can apply the laser method to it and obtain a bound w < 2.451, which is not
as good as the Coppersmith-Winograd bound, but better than Strassen’s bound.
The other approach builds upon the work of Landsberg—Michatek [LLM17] and
Bléser—Lysikov [BL16]. They proved that, under certain genericity assumptions,
a tensor is of minimal border rank if and only if it is the multiplication tensor of a
smoothable finite-dimensional algebra. The Coppersmith-Winograd tensor arises



in this way: it is the multiplication tensor of an algebra with Hilbert function
(1,n,1), and it follows from a result of Cartwright et al. [CEVV09] that such an
algebra is always smoothable. We give an example of an algebra with Hilbert
function (1, n,2) (hence smoothable by [CEVV09]) whose multiplication tensor is
suitable for the laser method. The obtained bound w < 2.431 is better than the
bound above, but still not as good as the bound obtained from the Coppersmith-
Winograd tensor. This chapter is based on [Sey18], as well as joint work in
progress with Joachim Jelisiejew and Mateusz Michalek.

The Hessian discriminant of a cubic surface.

Symmetric tensors in Sym®(C") can be identified with homogeneous polynomials
of degree d in n variables. The Waring rank (or symmetric rank) of a homo-
geneous polynomial f is the smallest r for which f can be written as a sum of
r powers of linear forms. An important research topic in classical algebraic ge-
ometry is the study of cubic surfaces. The rank of a cubic surface is simply the
Waring rank of its defining equation; it is known that a general cubic surface has
rank 5. Recently, Anna Seigal introduced a new invariant of cubic surfaces called
the Hessian discriminant. It is a homogeneous degree 120 polynomial in the 20
variables parametrizing the space of cubic surfaces, whose vanishing locus is the
Zariski closure of the set of rank 6 cubic surfaces.

Since the Hessian discriminant is invariant under the action of the group
PGL(3), it can be expressed in terms of the classically known fundamental in-
variants of cubic surfaces. In Chapter 4, which is based on joint work with Rodica
Dinu [DS20], we explain how to do this: we present a proof that the Hessian Dis-
criminant is equal to I3,, where Iy is Salmon’s invariant of degree 40. We also
present algorithms that allow for explicit computations.

Algebraic Geometry of Matroids

Matroids are one of the central notions in modern combinatorics. They simulta-
neously generalize the notion of linear independence in a vector space, and the
notion of a graph, and have found applications in among others optimization,
network theory and coding theory. Given a finite set F of vectors in a vector
space, the data of which subsets of E are linearly independent defines a matroid.
Matroids that arise in this way are called representable or realizable. In general,
a matroid is defined as a finite set E together with collection of “independent”
subsets of E' satisfying certain axioms.

The most famous matroid invariant is the Tutte polynomial. It was first
defined for graphs by Tutte [Tut67] and then for matroids by Crapo [Cra69].

Definition 5.1.11. Let M be a matroid of rank r on a finite set E. Its Tutte



polynomial T (z,y) is a bivariate polynomial in x,y defined by

Ty(z,y) = Z(m — 1)r®)=r(&) (g — 1)ISI=r )
SCE

where the rank r(S) of a subset S C E is defined as the size of the largest
independent subset of S.

The interplay of matroids and geometry is in fact already a classical subject
[GGMS87]. Just one of such interactions, central for this thesis, is the following
set of associations:

matroids — lattice polytopes — toric varieties.

A geometric interpretation of the Tutte polynomial was given in [FS12] via the
K-theory of the Grassmannian as follows. Let Gr(r,n) be the Grassmannian of r-
dimensional subspaces of an n-dimensional vector space C". The torus T' = (C*)"
acts on Gr(r,n) via its standard action on C". A point L € Gr(r,n) gives rise to a
representable of a matroid M (L), by projecting the standard basis of C" onto L".
The structure sheaf of its torus orbit closure defines a K-class [Oz] of Gr(r,n)
that depends only on the matroid M (L). In general, a matroid M of rank r on a
ground set {1,...,n} defines a K-class y(M) of Gr(r,n). The following theorem
of Fink and Speyer relates the K-class y(M) to the Tutte polynomial Ty (x,y)
via the diagram

Fl(1,r,n—1;n)

Gr(r,n) Pt x prl

where FI(1,7,n — 1;n) is a partial flag variety, and 7, and m(,—1) are maps that
forget appropriate subspaces in the flag.

Theorem 6.2.12 ( [F'S12, Theorem 5.1]). Let O(1) be the line bundle on Gr(r;n)
of the Pliicker embedding Gr(r;n) — P!, We have

Tir(a, B) = (M) (y(M)-[O(1)]) € KB xP") = Z[a, B/ (", "),

where o, 8 are K-classes of structure sheaves of hyperplanes of (P"~1)Y Pr—1.

The main topic of Part II is a generalization of this relation between the
K-theory of Grassmannians and matroids to the relation between K-theory of
flag varieties and flag matroids. This part is based on joint work with Amanda
Cameron, Rodica Dinu, Christopher Eur, Mateusz Michalek [CDMS20, DES20].

Flag matroids are a natural generalization of matroids. They first arose in
the work of Gelfand and Serganova [GS87b, GS87al, as a special (type A) case
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of the so-called Coxeter matroids. A flag matroid can be defined as a sequence
of matroids on the same ground set that are “compatible” in some sense. Just
as a subspace L of a vector space V defines a representable matroid, a flag L; C
... € L of subspaces defines a representable flag matroid. An introduction to
matroids and flag matroids is given in Chapter 5. In this chapter, we also present
a classical result by Gelfand, Goresky, MacPherson and Serganova relating torus
orbit closures in Grassmannians with representable matroids, and a generalization
to flag varieties and flag matroids.

In Chapter 6, we give an introduction to equivariant K-theory, define the K-
class of a matroid, and review the Fink-Speyer construction of the Tutte polyno-
mial. No combinatorial generalization of the Tutte polynomial of a flag matroid is
known, but we can use the K-theoretic construction of Fink and Speyer to define
the flag-geometric Tutte polynomial KT of a flag matroid. The combinatorial
properties of the flag-geometric Tutte polynomial of a flag matroid are a lot less
clear than those of the usual Tutte polynomial of a matroid. In particular, none
of the two usual definitions of the Tutte polynomial —the corank-nullity formula
and the deletion-contraction relation— seem to generalize to flag matroids.

In Chapter 7, we give an explicit way to compute the flag-geometric Tutte
polynomial by summing up Hilbert series of cones. Using techniques from dis-
crete geometry, in particular Brion’s formula and cone-flipping, we prove two
interesting combinatorial properties of the flag-geometric Tutte polynomial. The
first concerns a search for a “corank-nullity formula” for K7z. A consequence of
the corank-nullity formula for a matroid is that one has Th,(2,2) = 2". We show
that the value of K7x(2,2) is more intricate.

Theorem 7.3.2. Let F be a two-step flag matroid F = (My, My) on a ground
set E. Let pB(F) be the set of subsets S C E such that S is spanning in My and
independent in My. Then we have

KTr(2,2) = 2 [pB(F)|.

The second property concerns a search for analogues of the deletion-contraction
recursion. For a two-step flag matroid whose constituent matroids have rank dif-
ference 1, we show the following deletion-contraction-like relation.

Theorem 7.3.3. Let M be a matroid on a ground set E, and let e € E be neither
a loop nor a coloop in M. Then we have

K7EM,M)($7 y) = KﬁM/e,M/e)(xa y) + KﬁM/e,M\e)(‘r7y) + KﬁM\e,M\e)(xa y)

Notation

Unless otherwise mentioned, we will always be working over the field of complex
numbers, and vector spaces will be assumed to be finite-dimensional. In Part II,
we will set [n] :=={1,2,...,n}.



Part 1

Tensors
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Chapter 1

Introduction to tensors

In this chapter we give a brief introduction to the most fundamental notions
related to tensors, in particular: tensor rank, border rank, and their symmetric
analogues. We also explain the geometric point of view connecting rank and
border rank to secant varieties. We end the chapter with a method for estimating
border rank using smoothable schemes, which will play a role in Chapter 3. For
a more detailed exposition, we refer the reader to [Lanl2].

1.1 Basic definitions

An order d tensor (or d-way tensor) is simply an element in a tensor product
W . =Vi®---®Vy, where the V; are vector spaces. We will denote the dimension
of V; by n;. If we have chosen a basis {e; ;|1 < j < n;} for every V;, then a
basis of W is given by {e1;, ® --- ®eq;, | 1 < j; < n;}. By writing a tensor
T € W in this basis, we can identify it with an d-dimensional table of scalars.
So we can think of tensors as a higher-dimensional generalization of matrices. A
fundamental notion in the study of tensors is that of tensor rank.

Definition 1.1.1. A tensor T € W is said to have rank one if there are vectors
v; € Visuch that T = v; ® ... ® vg. A length r rank decomposition of a tensor
T € W is an expression 7' = Ty 4 ... + T}, where the T; are rank one tensors.
The rank rk(T) of a tensor T' € W is the smallest integer r for which there exists
a length r rank decomposition.

Since every basis vector e j;, ® - -+ ® eq4;, has rank one, one immediately sees
that every tensor in W has a finite rank at most H;j:l n;. In fact, by writing a
tensor in our basis, we have written it as a linear combination of rank one tensors
erj, @ ®eq_1j, , ®w. Hence every tensor has rank at most Hf:_ll n;.

The space Symd(V) of symmetric tensors is the subspace of V¢ consisting

of tensors that are invariant upon permuting the indices. More precisily: we can
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define the symmetrization map V= — V® by linearly extending

1
U1®...®vd»—>ang(l)@)"'@va(d);

’ eSSy

and define Symd(V) as the image of the symmetrization map. Note that, as we
are working over the algebraically closed field C, the only symmetric rank one
tensors are the tensors of the form v®¢, for v € V.

Definition 1.1.2. A Waring decomposition of T € Symd(V) is an expression
T =09+ ...+ 024 where v; € V. The Waring rank wrk(T) of T € Sym*(V) is
the smallest r for which there exists a length » Waring decomposition.

We leave it to the reader to verify that every symmetric tensor has a finite
Waring decomposition. Since a Waring decomposition is in particular a rank
decomposition, the Waring rank of a symmetric tensor is always greater then or
equal to its rank. It was only recently shown [Shil8] that this equality can be
strict.

A tensor T € V®? defines a polynomial map ¢r : V* — C by putting
Gue-avy(8) = 11, B(v;) and linearly extending. In coordinates, the tensor e; ®
-+ -®e;, gives rise to the monomial z;, - - - z;,. Clearly, two tensors give rise to the
same polynomial if and only if they are the same up to symmetrization. So we can

identify the space Sym®(V) of symmetric tensors with the space Clz1,. .., 2,4
of homogeneous degree d polynomials in n variables. Under this identification, a
Waring decomposition of f € Clzy,...,,]q is an expression f = L{+ .- + L&

of f as a sum of d’th powers of linear forms.

Since order 2 tensors are simply matrices, the notion of tensor rank is a
generalization of the notion of matrix rank. However, for d > 2, the notion
of tensor rank is much more ill-behaved than the notion of matrix rank. For
instance, the set of n x m matrices of rank < r is a Zariski closed set, defined
by the vanishing of (r + 1) x (r 4+ 1)-minors. On the contrary, the set of tensors
of (Waring) rank < r is not closed in general. The classical example to illustrate
this is the following: let T' € (C?)®* be the following tensor:

T=e®e e +teR®ey@eyte Rea®@e+ex@e; @ ey,

One can show that 7" has rank (and Waring rank) equal to three. However, T
can be arbitrarily colosely approximated by (Waring) rank 2 tensors, as follows:

1
T= lii% g((e — et ®ep ®ep + (61 +ce3) ® (€1 +€e3) ® (€1 + €e3)).
13
Definition 1.1.3. A border rank r approximation of a tensor T is a sequence
of tensors T; of rank < r converging to 7. The border rank rk(T) of T is the
smallest r for which a border rank approximation exists. In a similar way, one
defines the border Waring rank wrk(7T') of a symmetric tensor 7.

12



Given a tensor T' € V; ® - -+ ® V;, we can consider for every i € {1,...,d} a
linear map
T,: V7 = Q) V.
J#i
A border rank approximation of T' gives rise to a border rank approximation of
the matrix representing 7;. Since for matrices the notions of rank and border
rank coincide, this gives a first way of proving lower bounds on the border rank
of a tensor: 1k(7") > max; rk(7;). If T; is injective, we say that T is V;-concise;
if T' is i-concise for every ¢, we say that T is concise. Intuitively, a tensor T
not being concise means that we can replace one of the spaces V; with a strict
subspace V. For a concise tensor, we have rk(7") > max;(dimV;). In case of
equality, we say that T" has minimal border rank.

Definition 1.1.4. T e Vi®...®@Vyand T" € V/ ®...® V},, then their tensor
product T'®@ 7" is a (d + d’)-way tensor in V, ® ... @ V; @ V/ ® ...®@ V. In
the case d = d’, the Kronecker product T X T" is defined as the tensor product
of T and T", but viewed as a d-way tensor in (V; @ V]) ® ... ® (V;® V). The
bracketing is important: the rank one tensors in this space are all tensors of the
form u; ® ... ® ug, with u; € V; @ V/. So r1k(T' X T") < 1k(T ® T"), where the
inequality can be strict.

Remark 1.1.5. f f T € Vi ®...®V and T" € V/®...® V], we can also consider
their direct sum 7' @ 7", which is a tensor in (Vi & V) ® ... @ (Va @ V). It is
easy to see that rk(T'®T") < rk(T') +rk(7”). For a long time, it was a conjecture
that this was always an equality, but recently, a counterexample has been found
by Shitov [Shil9].

1.1.1 Degeneration and restriction of tensors

We work in a space W = @), V;. Let G := GL(V1) x ... x GL(V,). There
is a natural action of G on V, which extends to an action of the algebra A :=
End(V}) x ... x End(V,) 2 G.

Definition 1.1.6. Let T, T" € W.
e We say 1" is a restriction of T', denoted T" < T,if T" € A-T.
e We say T" is a degeneration of T, denoted T" I T if T" € G- T.

As every A € A can be approximated by elements of G, we get that T <
T = T’ < T. The following proposition follows immediately from the defini-
tion.

Proposition 1.1.7. If 7" is a restriction of T, then vk(T") < 1k(T). IfT' is a
degeneration of T', then rk(T") < rk(T).
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In fact, we can define rank and border rank in terms of restriction and de-
generation, respectively. Let (m) € (C™)®? denote the unit tensor. Explicitely:

Proposition 1.1.8. Let T € W, m € N, and assume that dim(V;) > m for all
i, so that we can view (m) as a tensor in W.

o T'<(m) < tk(T) <m,
o I'<d(m) < 1k(T) <m,

Proof. The statement about restriction follows immediately from the definitions.
For the statement about degeneration, see [Lanl7, Section 3.3.1]. ]

Remark 1.1.9. The condition dim(V;) > m is not essential, as it is always
possible to embed each V; into a higher dimensional vector space V;'.

Remark 1.1.10. In [BCS97, (15.19)], an alternative definition of degeneration is
given, which (in contrast to our definition) works over any field. The equivalence

of the two definitions was first proven by Strassen [Str87]; a proof can be found
in [BCS97, (20.24)].

Remark 1.1.11. If 77 > T} and T, > T3, then T1 X715 > T/ XT}. Indeed: if T] =
(&), fi)T1 and T3 = (), 9;) 11 then T{ K T; = (), (/i ® g:))(T1 W T3). By taking
limits, we also obtain the analoguous statement for degeneration: if 77 > 77 and
Ty > T3, then Ty X Ty > T7 X Ty. In particular: rk(7) X Ty) < rk(7}) rk(7%) and
tk(Ty X Ty) < 1k(Th) rk(73).

1.2 (eometric perspective

In this section, we will work in the projective spaces P(V; ®...®V;) and P(V®?).
In other words, we identify tensors that only differ by a scalar.

Definition 1.2.1. Let X C PV be a variety. The r-th secant set of X is the set

a(X)= | (o2 CPY,

where (...) denotes the linear span. The r-th secant variety o,.(X) is the Zariski
closure of 02(X). For a point z € P, the X-rank of z is defined as the smallest
r for which z € o2(X). Similarily, the X -border rank of x is the smallest r for
which z € 0,(X).
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Consider the Segre embedding
Seg : P(V1) x - x P(Vg) = P(Vi®@...@Va) : ([va],..., [va]) = [1 @ - - - @ vg].

The image Seg(P(Vy) x -+ x P(Vy)) of Seg is known as the Segre variety. By

construction, the Segre variety consists of all rank one tensors in P(V; ®...® V).

Hence the notions of tensor rank and tensor border rank are special cases of the

notion of X-rank and X-border rank, with X = Seg(P(V;) x --- x P(V,)).
Next, we consider the Veronese embedding

vg : P(V) = P(VE) : [u] = [v®9).

The image v4(P(V)) of vy is known as the d-th Veronese variety. By construction,
the Veronese variety consists of all Waring rank one tensors in P(V®4). As above,
the notions of Waring rank and Waring border rank are special cases of the notion
of X-rank and X-border rank, with X = vg(P(V')). One useful technique for
estimating the border rank of a tensor —or more generally, the X-border rank of
a point— uses smoothable schemes.

Definition 1.2.2. Let X be a smooth projective variety, and let R C X be
0-dimensional subscheme of degree r. We say that R is smoothable in X, if R
can be written as a flat limit of smooth schemes inside the Hilbert scheme of
0-dimensional degree r subschemes of X.

In the rest of this section, R and R; will always stand for zero-dimensional
schemes of degree r. Since smooth 0-dimensional schemes of degree r are simply
r-tuples of points, R being smoothable means that there are families x;(t) of
points on X such that

R= 15% {z1(t), ...,z (1)}

The following lemma shows that being smoothable is a property of the scheme,
not of the embedding.

Lemma 1.2.3 ( [BB14, Proposition 2.1], see also [BJ17, Theorem 3.16]). Let
R be a zero-dimensional degree r scheme, and let R — X and R — Y be two
embeddings of R into a smooth variety. If R is smoothable in X, then R is
smoothable in Y .

Now suppose we have a smoothable subscheme R C X C PV. Then R =
lim;_.q R; for some flat family R; of smooth subschemes of X. More precesily,
there is a variety T and a closed subscheme Y of X x T that is flat over T', with
the fiber of Y — T over t € T being equal to R; and the fiber over 0 € T" equal to
R. Outside of a closed subset of T', the linear span (R;) is of constant dimension
q. So we can consider the limit lim; .o (R;) in the Grassmannian G(q,PV). If
a point x € PV is contained in the limit of the linear spans lim,_,o (R;), then
rky(z) < r. We can compare lim;_,o (R;) with the scheme-theoretic linear span
(R) = (limy_,o Ry).
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Proposition 1.2.4 (See [BJ17, Proposition 5.29]). Let R; be a flat family of
0-dimensional degree r subschemes of PN. Then
. L
Qﬂ% Ry) C %g% (Ry).
Here, the limit on the left hand side is taken in the Hilbert scheme of 0-dimensional

degree v subschemes of PV, and the limit on the right hand side is taken in the
appropriate Grassmannian.

Proof. Let S = Cl[xy,...,xy] and write R, = Proj S/I; and lim,;_,o R, = Proj S/I,
where [; and I are saturated ideals. By the usual construction of the Hilbert
scheme, there exists a constant m such that for every O-dimensional degree r
subscheme Proj S/J of PV, the degree m part J(m) of J has the same dimension
c¢:= (™) — r. Then the ideal I satisfies I(m) = lim, o [(m), where the limit
is taken in the Grassmannian Gr (c, (Ner The linear span of a subscheme
ProjS/J C PV is cut out by J(1). Hence we need to show that lim,_o [;(1) C
I(1). Let f € limy_[;(1). Then there is a family f; € [;(1) such that f =
lim; ¢ f;. For every g € S(m—1), it holds that gf = lim;_,0 g f; € limy_o I;(m)
I(m). Since [ is saturated, it follows that f € I(1).

O
Corollary 1.2.5. If there exists a smoothable 0-dimensional subscheme R C X
of degree r, such that v € (R), then tky(z) <r.

There are several results in the literature that allow us to prove that a scheme
is smoothable, without having to explicitly write it as a limit of smooth schemes.
Combining these with Corollary 1.2.5 can be very useful for proving estimates on
the border rank of a given x € X. We will use this method in Section 3.3.

Example 1.2.6. The inequality in Proposition 1.2.4 can be strict. We give an
example in affine space A? C P2. Consider z,(t) = (0,0), zo(t) = (¢,0), and
x3(t) = (12, ") in A% For ¢ # 0, it holds that (R;) = A?. But one can compute

lim ((x,y) N{x—ty)N{x—t*y— t4>> = (z°,y),

t—0

so we find
. _ C 2 1 ‘

Ql_{% Ry)=V(y) CA }E}% (Ry)
Remark 1.2.7. The smoothable X -rank of a point x € P" is defined as the
smallest r such that there is a smoothable 0-dimensional subscheme R C X of
degree r with € (R). Corollary 1.2.5 says that smoothable rank is greater than
or equal to border rank, and as Example 1.2.6 suggests, equality can be strict.
There is also the notion of cactus rank, where we consider arbitrary 0-dimensional
schemes instead of smoothable ones. A lot of research has been done comparing
these various notions of rank, see for example [RS11,BB14, BBM14, BB15].

16



Chapter 2

Matrix product states

In this chapter, we apply methods from algebraic geometry to study uniform
matrix product states. Uniform matrix product states are certain tensors which
arise in quantum information theory: they model quantum systems consisting of
a number of sites placed on a ring.

In Section 2.1, we give a brief introduction to tensor networks. The main
goal is to motivate the definition of uniform matrix product states and to place
it in a more general context. The reader willing to accept (2.2.1) at face value
may postpone reading this section. However, the language developed will be
used again in Section 2.5. In Section 2.2 we collect basic definitions, results and
notations regarding uniform matrix product states uMPS(D,d, N). We discuss
the closedness in trivial cases, dimension, and local symmetries.

Section 2.3 is an interlude about the injectivity radius and generic injectivity
radius. The results in this section can be stated in elementary terms, but have
various applications to the theory of matrix product states. In particular, we
recall the quantum Wielandt theorem, and give a short nonconstructive proof.

The next Section 2.4 contains our main results on uniform matrix product
states. It consists of four parts. In Section 2.4.1 we give a complete classifica-
tion when uMPS(2,d, N) is closed. Then we discuss closedness in other cases,
and we prove connectedness of the uMPS. In Section 2.4.2 we explore for which
parameters the set uMPS(D,d, N) fills the ambient space Cyc”(C%). In Sec-
tion 2.4.3 we recall another parametrization of matrix product states. Using
this trace parametrization and Macaulay2 [GS] we obtain defining equations for
uMPS(2,2, N) for small values of N. Section 2.4.4 is devoted to new results re-
lated to identifiability and the so-called fundamental theorem of matrix product
states. Finally, in Section 2.4.5 we give a full description of uMPS(2,2,4) as a
constructible subset of the ambient space Cyc*(C?).

The final Section 2.5 is devoted to a generalization of the quantum Wielandt
theorem. This theorem has applications to a class of tensor network states called
projected entangled pair states (PEPS), which generalize matrix product states.

The results in Sections 2.1 and 2.3 were known before, though the proof of
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Theorem 2.3.7 given here is new. Sections 2.2 and 2.4 are based on the paper
[CMS19], and Section 2.5 is based on [MSV19].

2.1 Tensor networks

This section consists of a brief introduction to tensor networks. The study of ten-
sor networks is motivated by quantum information theory, where they represent
quantum systems of sites placed on a graph.

2.1.1 Contraction, and pictorial representation of tensors

Contracting tensors is the natural generalization of matrix multiplication. If
W=V® --@V,and W =V/®-.-®V] are tensor spaces satisfying V| = V}*,
then there is a natural bilinear map W x W' — (Vo ®@---@V,)@ (Vi ®@---@ V),
defined on rank one tensors by (v1 ® -+ @ vy, V] @+ @v,)) = (v1,V]) (V2 ® -+ - ®
Uy @ V5 ® - ®@v)). We can also view this in coordinates: choose bases for the
V; and V/, such that the chosen basis of V; is dual to the chosen basis of V/. If
T € W has coordinates T;,_;,, and T" € W' has coordinates T}, ., then their
contraction C' has coordinates Ci, i, jo..jim = D Tkin__inT,g?ijjm, in other words
we “sum out the first index”.

A usefel pictorial way of thinking about contraction of tensors is to picture
a d-way tensor as a box with d outgoing edges, labelled by the vector spaces V;.
The contraction of two tensors is then denoted by joining the edges together. For
instance, the multiplication of two matrices A € U*® V and B € V* @ W would
be written as

U~ A

2.1.2 Tensor network states

Definition 2.1.1. A directed multigraph with outgoing edges (henceforth: graph)
is a quadruple (V, E, s,t), where

e V and F are finite sets, called vertices and edges,
e s: E— VU {oo} assigns to every edge its source,
e t: E — VU {oo} assigns to every edge its target,

such that there is no edge e with s(e) = t(e) = oo.
If s(e) = oo or t(e) = oo, we call e an outgoing edge; if s(e) € V and t(e) € V,
we call e an inner edge.
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A tensor network is determined by the following data:
e agraph I'= (V, E, s,t), and
e for every edge e € F a finite-dimensional vector space V..

To every vertex p € V, we can associate the vector space V, := (@),.4¢)=p Ve) ®
(&ect(e)=p Vo). Furthermore, define Wr = (@520 Vo) @ (Qeut(e)=oo Ve) L

Consider the map
GV, - e (2.1.1)

peEY

given by contracting a collection of tensors T, € V,, along the edges of I'. We say
that a vector w € Wr is a tensor network state for the pair (I', {V.}), if w is in
the image of this map.

Remark 2.1.2. In practice, one often fixes an identification of every vector
space V. with its dual. This allows us to work with undirected graphs instead
of directed graphs. In particular, in quantum information theory (see Remark
2.1.4), one considers Hilbert spaces, which come equipped with an inner product
that identifies the space with its dual.

Example 2.1.3 (Matrix Product States). Fix a natural number N € N, and
tuples d = (dy,...,dy) € N¥, D = (Dy,...,Dy_1) € N¥71 TLet T be the
following graph:

dl d2 d3 dN

D1 Dg D3 DNfl

Y

where we labeled every edge e with the dimension of the corresponding space V..
We have V,, = C" @ CP1, V,,, = CPV-1 @ C¥ and V,, = CP-1 @ C% @ CP for
1 < < N. We can identify a tensor T; € V), with a d;-tuple of D;_; x D;-matrices
(Mg, ..., M} ), where we put Dy = Dy = 1. Then (2.1.1) becomes:

@(Cm_lwi)di_)@@di (2.1.2)
(M Yosicars- - AM Yosicay) = 3, (Moo MiDes, @ - @ gy (213)
J1endN

The number of parameters needed to represent a matrix product state is equal
to > .d;D;_1D;. For large values of NV, this is much smaller then the dimension
d™ of our tensor space.

'Note that Wr depends not just on I', but also on the V.. We suppress this to make the
notation less cumbersome.
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Remark 2.1.4. The motivation for considering tensor networks comes from
quantum information theory (QIT). What follows is a brief explanation of this
motivation. We refer the reader to [CGRPG19, Section 1] for more details.

In QIT, a state of a simple system is represented by a vector? v in a finite-
dimensional Hilbert space C¢. A state of a composite system, consisting of N
sites, is a tensor in the tensor product V = C*®- - -@C% , where C% is the Hilbert
space corresponding to the i-th site. A rank one tensor v ®---®uv, € V describes
a state in which the i-th site is in state v;. However, the space V' also contains
tensors of higher rank. These arise from the quantum-mechanical phenomenon of
entanglement. As an example, consider a tensor \%(Ul Qv + V2 @ vy) € C?® CH.

This represents a state in which with probability %, both sites are in state vy,
and with probability %, both sites are in state vs.

If the number of particles is large, the tensor space V will be of extremely
high dimension. Therefore, it is useful to restrict to a subset of states which
are physically meaningful. Tensor network states provide one way of doing this.
Assume that at every vertex v of I' there is exactly one outgoing edge. Then we
can identify the vertices of I' with the sites of a physical system; the tensor space
Wr is then the state space of this system. We can think of tensor network states
as states with limited entanglement, where the dimension of the vector space
V. associated to the inner edge e indicated how much entanglement we allow
between its endpoints. Note that if for every inner edge, V, is one dimensional,
then the tensor network states are precisely the rank one tensors in Wr, i.e. the
states with no entanglement.

Remark 2.1.5. Tensor networks also play a role in computational mathematics,
where they arise as certain tensor formats, used to compress high-dimensional
data. In this context, matrix product states are known under the name tensor
train format, a term introduced by Oseledets [Osell]. We refer the reader to
[Hac12] for a survey.

The set TNS(I") of tensor network states associated to a pair (I, {V.}) is by
construction the image if a polynomial map. Hence its Zariski closure TN.S(I")
equals its Euclidean closure and is an algebraic variety. In [LQY12], TN.S(I") and

TNS(T") were studied from a geometric perspective. In particular, it was shown

that if I is a tree, then TN S(I') and TNS(I') coincide, but for arbitrary I' they
can be different.

2.1.3 Uniform tensor network states

Intuitively, uniform tensor networks are tensor networks where we identify all
vertices of I', and insist on placing the same tensor at every vertex. They are
used to represent states with a translational symmetry. In this section, we make

2Typically, it is assumed that v has norm one, but we will not make this restriction.
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this more precise, and we introduce wuniform matriz product states (WMPS) —
the central object of study in this chapter— as a special case of uniform matrix
product states. We also introduce the higher-dimensional analogue of uMPS,
called projected entangled pair states (PEPS). These will play a central role in
Section 2.5.

A uniform tensor network is determined by the following data:

e agraph ' = (V, E, s,t),
e a group G acting on I' (i.e. G acts on V and E, such that s(g - e) s(e)

and t(g-e) = g-t(e) for all g € G and e € E. We put g- 0o = 00). We
assume that G acts strictly transitively on the vertices V of G,

e for every G-orbit € in E a finite-dimensional vector space V.

Let v € V be any vertex, and define V' := (&),.s0)=» Ve) @ (Qes(e)=, V&) Since
G acts stricly transitively on V, the space V' is independent of the chosen vertex
V. Define Wr := (@,.;(0)=0 Vo) @ (Q V.) as before.

Consider the map

e:t(e)=o00

Vo @QQV - W
veY
given by taking a tensor 1" € V, placing it at every vertex of I', and contracting
along the edges of I'. We say that a vector w € Wr is a uniform tensor network
state for the triple (T, G, {V%}), if w is in the image of this map.

Definition 2.1.6 (Uniform matrix product states). Fix natural numbers D
(bond dimension), d (physical dimension) and N (number of sites), and let I’
be the following graph, with N vertices:

d d d d

D

The cyclic group Z/NZ acts on T" in an obvious way, which allows us to identify
the vertices of I'. The uniform tensor network states of (I',Z/NZ,(CP,C?))
are called uniform matriz product states. The defining map (henceforth called
“aMPS map”) takes the form (CP)®? @ C? — (C%)®N. By identifying tensors in
(CP)®2 @ C¢ with d-tuples of D x D matrices, the uMPS map can be viewed as
a polynomial map

TN . ((CDXD)d N (Cd)®N
(Mo,...,Md,1> — Z tI‘(Mil "'MiN>ei1 ®®61N

0<i1,....iy<d—1
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Uniform matrix product states represent cyclically symmetric states of N identi-
cal sites placed on a ring.

Definition 2.1.7 (PEPS). Fix two natural numbers D and d, and an n-tuple
(Ny,...,N,). Our graph I' is an n-dimensional grid on an n-dimensional torus,
of size Ny x --- x N,,, with one outgoing edge at every vertex. The picture below
shows I' in the case n =2, Ny = 3, Ny = 5:

where the edges at top and bottom, respectively left and right, are connected.
The group G equals Z/N1Z X - - - x ZL/ N, Z. At every inner edge we put the space
CP, at every outgoing edge we put the space C?. The uniform tensor network
states of (I', G, (CP,CY)) are called projected entangled pair states. In the case
n = 1, we recover the previous definition.

2.2 Uniform matrix product states: basic prop-
erties

In this section we will state some basic properties of uniform matrix product
states. We fix 3 parameters D,d, N € N\ {0}. Recall from the previous section
that a tensor T' € (CH)®N is called a uniform matriz product state for the triple
(D,d, N) if there is a collection of d matrices My, ..., My in CP*P such that

T:TN(M(],...,Md_l) = Z tr(Ml-l -~~MiN)eil ®®€1N (221)

0<i1 iy <d—1

We will sometimes write T 4 v instead of T if the parameters are not clear
from the context. The set of all uniform D-matrix product states in (C?)®¥ is
denoted by uMPS(D,d, N). In other words, uMPS(D,d, N) is the image of the
polynomial map

TN . ((CDXD)d N ((Cd)®N.

From now on we will leave the triple (D, d, N) implicit and simply use the ter-
minology uniform matriz product state. We point out that every cyclically sym-
metric tensor in (C*)®N will be a matrix product state for D large enough (this
will follow from Corollary 2.4.16).

Remark 2.2.1. In Section 2.1, we motivated matrix product states with tensor
networks and quantum information theory. A different motivation is the follow-
ing: note that for D = 1, the uMPS map is (after projectivization) precisely the
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Veronese embedding. Thus we can think of the uMPS map as a kind of non-
commutative Veronese map, where we replaced the product of scalars with the
product of D x D matrices.

The set uMPS(D, d, N) is a cone, i.e. if T € uMPS(D, d, N), then also AT €
uMPS(D,d, N) for every A € C. This is no longer true if we replace C by a
field that is not algebraically closed, e.g. for R it is only guaranteed if N is
odd or A > 0. Since tr(M;, --- M;, ) does not change if we cyclically permute
the matrices in the product, it follows that uMPS(D,d, N) C Cyc”(C?), where
Cyc™(C?) C (CH)®V is the subspace of cyclically symmetric tensors.

As uMPS(D,d, N) is the image of a polynomial map, it is a constructible set
(i.e. a finite union of locally Zariski closed sets) by Chevalley’s theorem [DGT71, IV,
1.8.4.]. Its Euclidean closure uMPS(D, d, N) agrees with its Zariski closure and
is an algebraic variety. In Section 2.4.3 we will give defining equations for small
parameter values, and in Section 2.4.5 we give a complete description of the
smallest nontrivial case uMPS(2,2,4). A natural question to ask is the following.

Question 2.2.2. For which parameters D,d, N is uMPS(D,d, N) a closed set?

Analogous questions have been investigated from the point of view of complex
and real tensors of bounded rank. In that case, most often, the locus is not closed,
leading to the central notion of border rank [Lan12, Lan17,DSL08, QMI.19,5517,
BB14]. Question 2.2.2 will be the main subject of Section 2.4.1. Below we collect
some easy results regarding closedness of uMPS(D, d, N'). The next lemma follows
immediately from the definitions.

Lemma 2.2.3. If D < D', then uMPS(D, d, N) C uMPS(D', d, N).

Corollary 2.2.4. If uMPS(D,d, N) = Cyc"(C%), then for any D' > D,
uMPS(D’,d, N) = Cyc™(C%). In particular, in such a case uMPS(D’,d, N) is
closed for all D' > D.

Lemma 2.2.5. For d < d' we have an inclusion (C*)®N C (C¥)®N. The follow-
ing equality holds:

uMPS(D,d, N) = uMPS(D, d’, N) N (CH)*¥,
Proof. The inclusion C follows from the equality
Tn(Mo, ..., Myg_1) =Tn(My, ..., M44,0,...,0).

For the other inclusion we note that the projection (C*)®N — (C*)®N maps
uMPS(D,d’, N) to uMPS(D,d, N). O

Corollary 2.2.6. If uMPS(D,d, N) is not closed, then for all d > d, the set
uMPS(D, d’, N) is not closed.
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Proposition 2.2.7. If D=1o0rd =1 or N <2, then uMPS(D, d, N) is closed.

Proof. If d =1 or N = 1, then by definition uMPS(D, d, N) = (C%)®V.

For D = 1. uMPS(1,d, N) is equal to the image of the Veronese embedding
C? — Sym™(C?) c (C%)®N | which is known to be closed.

For N = 2: uMPS(D,d,2) C (C%)®? = C% consists of all symmetric d x d-
matrices of rank at most D?, which is a closed set. O

If 7€ uMPS(D,d, N), there can be many different choices of the matrices
Moy, ..., Mgy exhibiting T as Tn(Mo,..., My_1). In particular, we have the
following.

Remark 2.2.8. Observe that for P € GL(D,C), it holds that
TN(M(], ey Md—l) = TN(PilM()P, oo ,PilMd_lp).

In particular, for 7' € uMPS(D, d, N), we can write T' = Ty (Mo, . .., My_1) where
M is in Jordan normal form.

We expect that the generic fiber of the uMPS-map (CP*P)¢ — Cyc™(C?)
consists of D! N simultaneous conjugacy classes: the D! comes from permuting
the rows and columns of the matrices, and the N from multiplying each matrix
with an N-th root of unity. In Section 2.4.4, we will show this is true for large

N. It is a corollary of the fundamental theorem of uniform matriz product states
[CPGSV17,MGRPG'18]. We now discuss the expected dimension of the uMPS.

Proposition 2.2.9. The dimension of the variety WMPS(D,d, N) is at most
min{(d — 1)D? + 1, dim(Cyc" (C%))}.

Proof. If T € uMPS(D,d, N), we can write T" = Tn(My,..., Mys_1). By Re-
mark 2.2.8 we can, for My and M; generic, assume that M, is diagonal and that
the D — 1 nondiagonal entries on the top row of M; are all equal to 1. Since the
dimension of the image of a polynomial map does not change if we restrict to a
dense subset, we are done. O

Remark 2.2.10. It is not hard to show that the dimension of the ambient space
Cyc™(C?) is equal to
1
- Nrdy N/t
dim Cyc™ (C?) = N E e(l)d

(N
where ¢ is the Euler totient function. If N is prime, this simplifies to

dV 4+ (N —1)d

dim Cyc™ (C%) = N
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Definition 2.2.11. If the equality
dim uMPS(D, d, N) = min{(d — 1)D? + 1, dim(Cyc" (C%))}
holds, we say that uMPS(D, d, N') has ezpected dimension.

It is natural to ask for which parameters uMPS(D,d, N) has expected di-
mension. This question is very similar to the problem of determining for which
parameters the set of tensors of bounded tensor rank has expected dimension,
which has received considerable attention in the literature. The most famous
result along these lines is the celebrated Alexander-Hirschowitz Theorem [AH95],
which gives a complete answer in the case of symmetric tensor rank. For gen-

eral tensors the question remains open — for important partial results we refer
to [CGG11,Lan12,0S516,AB12].

Remark 2.2.12. The dimension of uMPS(D, d, N) is easy to compute for small
values of (D, d, N) using the Jacobian criterion. In particular, we verified that for
all cases in Table 1 in the introduction, uMPS(D, d, N) has expected dimension.

Conjecture 2.2.13. For every choice of (D,d, N), uMPS(D,d, N) has expected
dimension.

We can obtain more cases for which Conjecture 2.2.13 holds from our results
in Section 2.4. More precisely: uMPS(D, d, N) clearly has expected dimension if
its closure fills the space Cyc™ (C?). In Corollary 2.4.16, this is shown to hold for
large D. Additionally, uMPS(D, d, N') has expected dimension if the general fiber
of the map T has dimension D? — 1. This holds for large N by the fundamental
theorem (see Corollary 2.4.24).

Remark 2.2.14. The set uMPS(D,d, N) is invariant under local symmetries.
Explicitely, note that the action of GLg on C? induces an action of GL; on
(CHEN by A (11 ® ... @uvy) = (A 1) ®...® (A-vy). This action restricts to
the space Cyc™(C?). It is compatible with the uMPS map in the sense that for
a matrix A = (a;);; € GLg and (M, ..., My_1) € (CP*P)? it holds that

TN(Z CL()Vij, Ce ,Z ad_l,ij) = A . TN(M(), Ce 7Md—1)-
J J
This implies that uMPS(D, d, N) is invariant under the action defined above.
We conclude this section by introducing some notation. Let us denote [d] =

{0,...,d —1}. Then for (iy,...,iy) € [d]", we define

Cirigmiy ‘= Z e, ®@---®ej € Cyc™(Ch) C (CH*N,

where the sum is over all disctinct cyclic permutations of (iy,...,iy). For exam-
ple: e = e1®e; ®ep, 110 =1 Qe ®eg+e; ®eyg®ep + e @ e @ ey, and
e1010 = €1 ®eg R e ey +ey®ep ®eg X e,
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Definition 2.2.15. The W -state is defined as
WN = €g..01 € CYCN(CZ).

The W-state plays, for example, an important role in Quantum Information
Theory [CDVO00]. It will also be essential in our discussion about closedness in
Section 2.4.1.

2.3 Injectivity radius and generic injectivity ra-
dius

Let D,d > 2 be natural numbers. The injectivity radius Cp 4 and generic injec-
tivity radius GCp 4 are two constants (depending on D, d) that appear in various
places in the theory of matrix product states. However, they also arise natu-
rally when considering elementary questions about spaces spanned by products
of matrices. In this section, we will use this elementary approach to define Cp 4
and GCp 4 and review what is known about them. The connections to matrix
product states will appear in the later sections of this chapter.

In this section, we will be working in a space V = (CP)®? @ C?. Tensors in V
will be identified with d-tuples of D x D matrices. For A € V| its slices will be
denoted by Aj,..., Ay € (CP)®?%; the linear span of these slices will be denoted
by (A) C (CP)®2. Given A € V and N € N, we define the space AN C (CP)%?
to be the linear span of N-fold products of matrices in (A). Equivalently,

AN = (A, - Ay Ay (i, i) € [dYY)

We say that A € V is spanning, if there is an N such that AY = (CP)®2, The
smallest such N is called the spanning index of A, which we will denote by i(A).
If A is not spanning, we say that i(A) = co. Note that i(A) only depends on (A).
Because of this, we will from now on assume that d < D?. Note that it is not
always true that AN D AN (consider for instance the case where A consists of
strictly upper triangular matrices). However, the following is still true.

Lemma 2.3.1. If AN = (CP)®?, then also ANT! = (CP)®2. In other words: for
every N > i(A), it holds that AN = (CP)%2.

Proof. Let B € (CP)®2. Then by assumption B can be written as a linear
combination B = >, )\kAi(k,l) ce Ai(k,N>' But every product Ai(k,l) . Ai(k,l\lfl)

can, again by assumption, be rewritten as a linear combination of the form
Do tkeAj 0 Ajey, - Hence

B = § :)"f(“kvaJ(k,e,l) e Ajon i
Tt

which implies B € AN*1. Since B is arbitrary, we conclude that AN+1 = (CP)®2.
]
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We are now ready to define the injectivity radius.

Definition 2.3.2. The injectivity radius is the smallest integer Cp 4 such that
for every spanning A € V we have i(A) < Cpg4. Furthermore, we write Cp =
CD,DQ = maxy CD,d'

Remark 2.3.3. The name “injectivity radius” stems from the fact that N > i(A)
if and only if the map

(CD><D N ((Cd)N

B Z tr(B- Ay Ay )en @ Qe

.....

S

is injective. See [PGVWC07, 3.2.4] for more details.

From the definition, it is not clear that a finite injectivity radius exists for
every (D, d). The existence of a finite injectivity radius was first established by
Sanz et al. [SPGWCI10], by proving that for every spanning A € V| it holds
that i(A) < (D* — dim (A) + 1)D?. In particular, Cp = O(D*). More recently,
this bound was improved to Cp = O(D?log D) (more precisely: Cp < 2D?*(6 +
log, D)) by Michalek and Shitov [MS19]. Tt is conjectured that Cp = O(D?)
[PGVWCO07, Conjecture 2].

Remark 2.3.4. A bound on Cpy or Cp is often referred to as a quantum
Wielandt inequality. The classical Wielandt inequality, first stated in [Wie50],
is a statement about matrices with nonnegative entries. In our language, we can
phrase it as follows: “If A € V is spanning and every A; has at most one nonzero
entry, then i(A) < D* — 2D + 2.” This bound is known to be sharp.

Remark 2.3.5. One naive strategy of proving Cp = O(D?) would be to show
that for A € V spanning, it holds that dim A**' > dim A* whenever AL C
(CP)®2, However, this stronger statement is false. For instance, let D = 2m + 2
and let A = (A) be the space of D x D matrices of the form

a vl 0 0
0 0 B 0
0 0 0 w
b 0 0 0
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where v and w are m x 1-matrices and B is an m x m-matrix. Then A is spanning
since A* = (CP)®2 but A? only contains the matrices of the form

a | of ol 10

0 0 0 wq
Wa 0 0 0

b v 0 0

Hence dim(A?) = 5m + 2 < m? + 2m + 2 = dim(A'), assuming we chose m > 3.

All the bounds on C'p mentioned above were proven by explicit methods from
linear algebra. Below, we present a very short, but nonconstructive, proof for the
existence of a finite injectivity radius. We will need the following lemma.

Lemma 2.3.6. The map V — N : A i(A) is upper semicontinuous: for every
N €N, the set Vy :=={A €V :i(A) > N} is Zariski closed.

Proof. For every A € V, we consider the dV x D? matrix My(A) whose rows
consist of the entries of the matrices A;, - - - A;,. Note that the entries of My(A)
are polynomials in the entries of A. Now, by Lemma 2.3.1, the condition i(A) > N
is equivalent to AN C (CP)®?, which is equivalent to the matrix My(A) having
rank smaller than D?. This is equivalent to the maximal minors of My(A)
vanishing, which is a polynomial condition in the entries of A. Hence Vy is
Zariski closed. ]

The existence of a finite injectivity radius now becomes a simple consequence
of Hilbert’s Basis Theorem.

Theorem 2.3.7 (Quantum Wielandt theorem). For every D,d, there exists a
Cp.q such that for every spanning A € V = (CP)®2xC?, already A“P¢ = (CP)%2,

Proof. Consider the chain V; D ... 2 Vy D ..., where Vy := {A € V :i(A) >
N}. By Lemma 2.3.6, Viy is Zariski closed. Hence by Hilbert’s Basis Theorem,
there is a constant C' such that Vy = Vi for all C' > N. This C' is our desired
constant: if A € Vi then A is not spanning; if A ¢ Vi then AY = (CP)®2. O

Our proof of Theorem 2.3.7 is shorter and less explicit then the proofs that
were known before, but gives a weaker, nonconstructive result. However, it turns
out that our proof technique can be generalized to a setting where (thus far) con-
structive methods have failed, yielding a tensor version of the quantum Wielandt
theorem. This will be the main topic of Section 2.5. We now turn our attention
to the generic injectivity radius.
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Definition 2.3.8. The generic injectivity radius GCp 4 is the spanning index
i(A) of a generic A€ V.

By Lemma 2.3.6, GCp 4 is equal to min{i(A)|A € V'}. The generic injectivity
radius is much easier to control, as to bound it from above it is enough to exhibit
one tuple of matrices that generate the whole space fast. It is clear that GCp 4 >
log,(D?), as dim LY < dV. The following result by Klep and Spenko solves the
problem of determining GCp 4 almost completely.

Theorem 2.3.9 ( [KS16, Corollary 2.4]). For each d satisfying D> < d*™, there
exists a set of d matrices such that words of length 2m in the matrices span CP*P.

Corollary 2.3.10. If [2log,(D)] is even, then it holds that GCp 4 = [21og,(D)].
If [2log,(D)] is odd, then GCp 4 is either [2logy(D)] or [2logy(D)] + 1. In
particular, GCp 4 = O(log D).

2.4 Uniform matrix product states: geometric
properties

This section is devoted to our main results regarding the structure of the set
uMPS(D, d, N) of uniform matrix product states, and its Zariski (or Euclidean)
closure uMPS(D, d, N).

2.4.1 Topological properties
We start by giving a complete classification when uMPS(2,d, N) is a closed set.

Theorem 2.4.1. Ford > 1 and N > 2, uMPS(2,d, N) is closed if and only if
(d,N) = (2,3).

Proof. By 2.2.6, it suffices to show that uMPS(2, 2, 3) is closed, that uMPS(2, 3, 3)
is not closed, and that uMPS(2,2, N) is not closed if N > 3.

Step 1. The set uMPS(2,2,3) is closed because it equals the ambient space
Cyc?(C?) = Sym?*(C?). This was already proven in [HMS19, Section 5.2], so we
only sketch the proof here: by Remark 2.2.14, it suffices to find one tensor in
every G Ly-orbit that is in uMPS(2,2,3). Since there are only three G Lo-orbits,
this can be done explicitly.

Step 2. Next, we show that uMPS(2, 3, 3) is not closed. To do this, it suffices
to construct a tensor 7', which is in uMPS(2, 3, 3), but not in uMPS(2, 3, 3). We
will prove that the following tensor works:

T=6012:60®€1®€2+61®62®60+62®60®61Ecy03<cg).
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Step 2a. First we show that 7' € uMPS(2,3,3) by exhibiting 7" as a limit
of tensors in uMPS(2,3,3). Consider for every A € C\ {0} the following three
matrices:

10 1(0 1 1(0 0
]\4'0,)\:)\2 (0 0) ) Ml,)\:)\ ! (0 O>7M2,)\:>\ ! (1 O> .

Then by definition
T3(Mox, My, May) = Noegoo + €ona,

so we have T" = limy_,0 T5(Mo x, M1 x, M3 ), hence T' € uMPS(2, 3, 3).

Step 2b. Proving that T ¢ uMPS(2, 3,3) amounts to showing that a cer-
tain system of polynomial equations has no solutions. We assume that T €
uMPS(2, 3,3) and derive a contradiction. We may write

T = eg1o = T5(Mo, My, M)

for some My, My, My € C**2, where M, is in Jordan normal form.

Suppose first that My, = (a clL) . Since tr(M3) = 0, we get a = 0. Let us

0
. Q9 b2 as b3
furthermore write M; = and M, = )
cy  dy c3 ds

Then since tr(MyME) = tr(MyM3) = tr(MoMoM;) = 0 and tr(MoM; M) = 1,
we get that (ag, by, ca, da, as, b3, c3, d3) must be a solution of the following system
of four equations:

CQ((IQ + dg) =0
03(a3 + dg) =0
Cc309 + ngg =0

CoQs3 + C3d2 =1

It is not hard to see that this system has no solutions.

Suppose now that M, = a0 , and write M; = a by and My =
0 dl Co d2
CCL3 d3 as before. Then (ay, dy, ag, bs, ¢o, da, as, b3, c3, d3) must be a solution of
3 d3

the following system:
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ad+di=0

a% + 3agbaco + 3bocady + d§ =0

a3 4 3asbscs + 3bsesds + d3 = 0

a1a3 + a1bycy + bacody + dyds = 0

atay + didy =0

a1a3 + arbscs + byegdy + didi =0

ajaz + didz = 0

a2a3 + azbscy + azbacs + agbzcs + bycads + bycads + baczds + dod3 = 0
aiaz + azbycy + asbscy + asbocs + bzcady + bacsds + bacods + dads = 0
ayaza3 + arbacs + bscady + didads = 1

 a1a2a3 + ai1bsca + baczdy + dydads = 0

One can show that this system has no solutions for example by computing a
Grobner basis in Macaulay2. This leads to a contradiction.

Step 3. Next, we need to show that uMPS(2,2, N) is not closed for any
N > 3. We will do this by showing that the W-state Wy from Definition 2.2.15
is in uMPS(2,2, N), but not in uMPS(2,2, V).

Step 3a. We can exhibit the W-state Wy from Definition 2.2.15 as a limit
of tensors in uMPS(2,2, N). Let ¢ be any complex number satisfying ¢V =

—1. For every A # 0, consider the matrices My, = At <(1) 2) and M) =

AN-1 ((1) —0() Then it is easy to see that

Tn(Mox, My y) =2Wx + O(N),

where O()\) means higher order terms in A. Letting A — 0 shows that Wy €
aMPS(2, 2, N).

Step 3b. Showing that Wy ¢ uMPS(2,2, N) is done by an explicit compu-
tational argument. Let us write 7" = eq..o; and assume that 7" € uMPS(2,2, N).
Then we can write T' = T (Mo, M), for some 2 x 2-matrices My and M, where
M is in Jordan normal form.

First suppose M, = (8 (11) . Then since tr(MY) = 0, we get a = 0. But
then also tr(My 'M;) = 0. This is a contradiction with our assumption that
tr(MY M) = 1.

a 0 A B

0 d) ¢ D)

First note that since tr(MZ') = 0, we get that a = (d, where (¥ = —1. Tt is clear
that a # 0 and d # 0, since otherwise M, = 0.

Thus, we can assume that My =

and write M; = (
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The equation tr(MZ ' M;) = 1 becomes

a"TA+d"'D =1
= ad" A+ NIV TID =1
= A+ ("'D £0. (2.4.1)

We also get that, for every s € {0,1,... N — 2}:

tr(MgM, MY 2 M) =0
— &N_2A2 + (ast—2—s + aN—Q—sds)BC + dN—2D2 =0
= A+ (C+VPHBC + (YD =0 (2.4.2)

Furthermore, for every ¢t € {0,1,... N — 3}:

tr(MEMEMY 27 M,) =0
<= A(A*+ BC) + (" + N BC(A+ D) + ¢V PD(D* + BC) = 0.
(2.4.3)

We now show that the equalities (2.4.2) and (2.4.3), together with the inequality
(2.4.1), lead to a contradiction. The proof is not hard, but we need to distinguish

some cases. In the proof it will turn out that we only need (2.4.2) for s € {0, 1, 2},
and (2.4.3) for t € {0,1}.

Case 1. BC = 0.
Then we get that

A+NID#£0
AZ_'_CNfQDZ =0
A3_‘_CN73D3 =0

Hence (V724AD?% = — A3 = (N=3 D3, which implies D?(CA — D), but this leads to
a contradiction: either (A — D = 0, but this is a contradiction with (2.4.1); or
D = 0, which implies A = 0 hence also yields a contradiction with (2.4.1).

Case 2. BC # 0.

Then (2.4.2) tells us that for every s € {0,1,... N—2}, it holds that 1+¢V "2 =
CHCN27% 50 (1—-¢*)(1—¢N27%) = 0. Putting s = 1 yields (V3 = 1. Putting
s = 2 yields (V% =1 or ¢? = 1. The former would imply ¢ = 1, a contradiction.
So we get ( = —1 (and N odd). Note that here we used that N > 4. Now
(2.4.1) tells us that A+ D # 0. But then by (2.4.3) for ¢ = 0 and ¢ = 1, we get
14+ (N3 =+ (N2 Since ( = —1 and N is odd, that is a contradiction.

0
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Remark 2.4.2. Uniform matrix product states can also be defined over other
fields; the definition remains the same. The statement of Theorem 2.4.1 is also
true when working over R instead of C. The only additional things we need to
show for this are:

e Also over R, it holds that uMPS(D,d, N) = Sym?*(R?). The proof is anal-
ogous to the complex case (this time there are four G Ly-orbits).

e The W-state is also in the closure of real-valued uMPS(D, d, N'). This can
be achieved by replacing the complex matrices M x, M 5 in the proof by

1
the real matrices My, = A™! (C tg (1)) and M, = ANV (é (1))

We proceed to show that for any fixed D, d, uMPS(D, d, N) will not be closed
for large N. This is particularly important in quantum physics, where N is
typically assumed to be very large. Our main ingredient is the following Theorem
by Perez-Garcia et al.

Theorem 2.4.3 (See [PGVWCO07, Corollary 1]). When N > 6(D — 1)(Cp + 1),
we have that Wy ¢ uMPS(D, 2, N).

Corollary 2.4.4. If N > 6(D — 1)(Cp + 1), then uMPS(D, d, N) is not closed.

Proof. It suffices to consider the case d = 2. Our arguments from the proof of
Theorem 2.4.1 show that Wy € uMPS(D, 2, N) for every D. We conclude by
Theorem 2.4.3. 0

Conjecture 2.4.5. FExcept for the trivial cases in Proposition 2.2.7, the set
uMPS(D, d, N) is only closed if it fills the ambient space Cyc™ (C?).

We now discuss connectedness. We will do this both in the real and the com-
plex case, so for the rest of this section, let K = C or R. The set uMPS(D, d, N)
is clearly connected, since every tensor in it can be rescaled to 0. We will instead
consider the projectivization of uMPS(D,d, N). This is the image of a rational
map

Ty : B((KP*P)Y) - B((K)®Y).

We recall that a rational map is in general only defined on an open subset; the
points where it is not defined (i.e. all defining polynomials vanish) form a closed
subvariety called the base locus. Our result about connectedness will follow from
the following lemma.

Lemma 2.4.6. Let F:P" --» PV be a rational map. Then we have the following:

1. over C the image is always connected.
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2. over R the image is connected if the codimension of the base locus is greater
than one.

Proof. 1t suffices to show that the complement of the base locus is connected. In
the case K = C this is immediate, since the base locus is a subvariety of P". In
the case K = R it follows from the assumption on the codimension. O

Theorem 2.4.7. Both over C and over R, for any choice of the parameters, the
projectivization of uMPS(D, d, N) is connected.

Proof. The base locus Z C P((KP*P)4) of Ty consists af all (M, ..., My) such
that for every choice of indices tr(M;, --- M;,) = 0. By Lemma 2.4.6, we only
need to check that Z is not a hypersurface. But this is obvious: if Z were
a hypersurface, all polynomials tr(M;, - -- M;, ) would be divisible by the same
polynomial. This is clearly not the case, as tr(M}") and tr(M2¥) do not share any
variables. ]

Problem 2.4.8. What can be said about the higher homotopy and homology of
uMPS(D,d, N) and its projectivization?

2.4.2 Surjectivity

In this section we study for which parameters the set uMPS(D,d, N) fills the
ambient space Cyc” (C%). In the first part we investigate if uMPS(D, d, N') can be
contained in a linear subspace of Cyc™ (C?). In the second part we prove that, for
fixed d and N, uMPS(D,d, N) = Cyc™(C%) if D is large enough. More precisely,
it suffices to take D > N -dim(Cyc”™ (C?)) (see Corollary 2.4.16). In the last part
we describe a very useful surjectivity criterion for polynomial maps, and apply it
to the case (D,d, N) = (3,2,4). The following result slightly generalizes [GLW18,
Proposition 3.1].

Proposition 2.4.9. If D > N, the linear span of uMPS(D, d, N) is equal to the
whole space Cyc™ (C%).

Proof. The case d > N was proven in [GLW18, Proposition 3.1].
Suppose d < N. Then the projection (CN)®N — (C4)®N maps uMPS(D, N, N)
to uMPS(D,d, N) as in Lemma 2.2.5. The proposition follows. O

Now we will analyze how Proposition 2.4.9 fails if we drop the assumption
D > N. We start with a trivial example.

Example 2.4.10. If D = 1 then (uMPS(1,d, N)) C Sym”™ (C%), which is a strict
subspace of Cyc™(C?) unless N <2, d < 1, or (d,N) = (2,3).

More surprisingly, even for D > 1 it can still happen that uMPS(D,d, N) is
contained in a strict linear subspace of Cyc™ (C?), as the example below shows.
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Example 2.4.11. If My, M; are two 2 x 2 matrices, then for any sequence
(i1,...,in) € {0,1}¥, it holds that tr(M;, M;, ... M;,) = tr(M;, M;, . ... M;).
This can be shown inductively on N using the Cayley-Hamilton relation M? =
tr(M)M — det(M)I for 2 x 2 matrices, see [Greld, Theorem 1.1]. As a corol-
lary, the set uMPS(2,2, N) is contained in a strict linear subspace of Cyc™(C?)
for all N > 6. For instance, for every pair of 2 x 2-matrices My and M, it
holds that tr(MZM3EMoM,) = tr(M; MoMEM2), even though (0,0,1,1,0,1) and
(1,0,1,1,0,0) are not the same up to cyclic permutation. Hence Cyc®(C?) is
contained in the linear subspace of CycN (C?) defined by Zgo1101 = T101100- We
stress that this “reflection symmetry” is specific for the case D = d = 2. For
N =8, we found linear relations that don’t follow from the reflection symmetry.

In the following theorem, let C'(NNg, N7) denote the number of sequences con-
sisting of Ny times the symbol '0” and N; times the symbol ’1’, where we identify
two sequences if they are the same up to cyclic permutation.

Theorem 2.4.12. If

_ 2 _
C(No, V) > (N0+D 1) (N1+D D)

D -1 D?—-D

then for every d > 2, uMPS(D, d, No+ Ny) is contained in a strict linear subspace
of CycMotNi(C?).

Proof. 1t clearly suffices to show the theorem for d=2. As in the proof of Propo-
sition 2.2.9, uMPS(D,d, N) is the closure of the image of a polynomial map
¢ : Z — Cyc™(C?), where Z is the D? + 1-dimensional space of pairs of D x D-
matrices (Mo, M) for which M, is diagonal and the D — 1 nondiagonal entries
on the top row of M; are all equal to 1. Consider the set of all polynomials
tr(M;, - - - M, ), where exactly Ny of the indices i; are 0 and the other /Ny indices
are 1. These polynomials have degree Ny in the first D variables, and degree N;
in the last D? — D + 1 variables. The space of such polynomials has dimension
(NOBL f)l_l) (N 1;2[1 25 b ) Hence, by the assumption, some of these polynomials must
be linearly dependent. This imposes a linear condition on the image of ¢. O

Remark 2.4.13. For large Ny, N; the assumptions of the previous theorem hap-
pen very often, as the left hand side grows exponentially, while the right hand
side grows polynomially.

Our next goal is to show that uMPS(D,d, N) fills the ambient space for
large D. For Xi,..., X, subsets of a vector space V, join(Xy,...,X,,) will
denote their join (J, cx (T1,. .., Tm).

Lemma 2.4.14. Let X; = uMPS(D;,d, N) for 1 <i < m. Then
join(Xy,..., X;) CuMPS(> Dy d, N).
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Proof. Let v € join(Xy,...,X,,). Thenv = """ v;, where v; € uMPS(D;, d, N).
There exist D; x D;-matrices M; ; such that v; = Tn(M, o, ..., M;4-1). Thus

v = ZTN(Miﬁ? R Mi,d—l)
=1

= TN<diag(M1,0; ooy M), ... diag(Mi gy, .. ., Mm,d—l))
€ uMPS() " D;.d, N).
]

Proposition 2.4.15. Suppose that the linear span of uMPS(D,d, N) is equal to
Cyc™(C%). Then uMPS(D - dim(Cyc™(C9)),d, N) = Cyc™(C?).

Proof. Writing m = dim(Cyc™ (C?)), by assumption Cyc”™ (C?) is equal to the join
of m copies of uMPS(D,d, N). The result now follows from Lemma 2.4.14. [

Corollary 2.4.16. uMPS(D,d, N) = Cyc"(C?%) for D > N - dim(Cyc™ (C?)).

Proof. Follows immediately from Propostitions 2.4.9 and 2.4.15. O]

Remark 2.4.17. Checking whether uMPS(D, d, N) fills the ambient space is
a computationally easy task for small parameter values. Indeed, since the set
uMPS(D, d, N) is a constructible subset, its closure fills the ambient space if and
only if it is full-dimensional. In particular for all cases in Table 1, uMPS(D, d, N)
fills the ambient space if and only if (d — 1)D? + 1 > dim(Cyc™ (C%)) (see also
Remark 2.2.12)). However, checking whether uMPS(D,d, N) fills the ambient
space for fixed parameter values is a significantly more difficult task, which we
address now.

In this part we describe a general criterion for uMPS(D, d, N) to fill the space,
and apply it to show that uMPS(3,2,4) fills the space.
Let f:C" — C™ be a polynomial map defined by x — (fi(z),..., fim(z)), where
the f; are homogeneous polynomials of the same degree in the coordinates of
x = (x1,...,x,). Instead of focusing on the above map f, we want to consider
the rational projective map P"~! -—» P™~! We prove the following theorem.

Theorem 2.4.18. Let f:P"! ——s P™~! be a rational projective map and B be
the base locus of f. If there exists a subspace Y C P"1 of dimension im(f),
which is disjoint with the base locus B, then the map f has closed image. In
particular: if

dim(B) + dim(im(f)) <n — 1,

then the map f has closed image.

36



Proof. Let d be the dimension of the image im(f) and b the dimension of the
base locus B. Then all non-empty fibers of f have at least dimension n — 1 — d,
so Y intersects every fiber. Hence

im(f) = im(fly).

However, since Y N B = (), f is well-defined on Y, which is compact, and hence
the image is closed. In particular, if b+ d < n — 1, then a generic d-dimensional
subspace Y will be disjoint with the base locus, so that f has closed image by
the above argument. O

Using the above theorem we can deduce that for showing the surjectivity of f
it is enough to find a sufficiently big space on which the map f is well defined.

Example 2.4.19. Let us apply Theorem 2.4.18 to the case (D,d, N) = (3,2,4).
It is computationally difficult to compute the dimension of the base locus B, but
to show that f is surjective it is enough to find a P> C P!7, disjoint with B.
Below we present the Macaulay2 code providing the P® which satisfies the above
assumptions.

R=QQ[a_1,b_1,c_1,c_2,e_2,h_2];
Mi=matrix{{a_1,b_1,c_1},{c_2,e_2,h_2},
{c_1+b_1-3%c_2,h_2-e_2,2%a_1-7*b_1}};
M2=matrix{{a_1+2*c_2,e_2+5*h_2,-c_1-3%e_2},
{b_1+a_1-2%h_2,e_2-5*c_2,b_1-c_1+13%a_1},
{h_2-b_1-c_1,c_2+3*a_1-2*e_2,a_1-h_2}};

a=trace (M1xM1*M1xM1) ;

b=trace (M1*xM1*M1xM2) ;

c=trace (M1*xM1xM2*M2) ;

d=trace (M1*M2*M1xM2) ;

e=trace (M1*xM2*M2*M2) ;

f=trace (M2*xM2*M2*M2) ;

I=ideal(a,b,c,d,e,f);

(dim I) ==

Remark 2.4.20. We now explain how to find the given P5. Taking a completely
general P5, although from a theoretical point of view most desirable, is not pos-
sible due to computational restraints. On the other hand taking very special,
simple P% usually leads to intersection with B that is of large dimension. The
given P° was found by first considering a special P° and computing the dimension
and degree of the intersection. The P? was successively modified to a more gen-
eral one, each time computing the dimension and degree. The degree (in most
cases) or dimension of the intersection were dropping, while we modified the P5.
This meant that we were not in a generic situation and further modifications were
possible. Finally, we reached the given example.
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2.4.3 The trace parametrization

In this section we describe another parametrization of the uniform matrix product
states. Let us consider a d-tuple (M, ..., My—1) of D x D-matrices with inde-
terminate entries. The trace algebra Cp 4 is the algebra generated by the traces
of products tr(M;, - -- M;, ), seen as polynomials in the entries of the M;. It can
alternatively be described as follows: if R is the polynomial ring in the entries
of the M;, then Cp 4 is isomorphic to the invariant ring REED  where the group
action comes from simultaneously conjugating the matrices [Sib68, Ler76, Pro76].

It follows from a standard fact in invariant theory [Dol03, Prop. 3.1] that
the trace algebra is generated by finitely many traces Ti,..., Tk, where every
T; is an expression of the form tr(M,, ---M; ). We conclude that Cp 4 is iso-
morphic to a quotient algebra C[Ti,...,Tk]/(f1,-.., fr) for some polynomials
fi(Th, ..., Tk). We will now parametrize uMPS(D,d, N) with the spectrum of
the algebra Cp 4. For readers not familiar with the Spec construction: Spec(Cp q)
may be regarded as the set of all K-tuples (¢1,...,tx) € C¥ satisfying the equa-
tions f;(t1,...,tx) = 0. We have the following diagram:
TN

Spec R = (CPxP)d > Cyc™ (CY)

\y

Spec R = SpecCp 4

The map 7 : (CP*P)? — SpecCp 4 is a good categorical quotient [Dol03, Thm.
6.1], in particular 7 is surjective. Hence, the maps Ty and ﬁv have the same
image uMPS(D,d, N). The reader not familiar with categorical and geometric
quotients can consult [Dol03, Section 6.1] or [CLS11, Section 5.0] for definitions
and basic properties.

Sibirskii [Sib68] showed in the case D = 2 that the trace algebra C; 4 is min-
imally generated by the elements tr(Af;), tr(M;M;) for 0 <i < j < d—1, and
tr(M; M;My) for 0 <i < j <k <d— 1. Moreover in the case D = d = 2, there
are no relations between the five generators tr(My), tr(My), tr(Mg), tr(MyM),
tr(M?). In other words, Cys is the polynomial ring in 5 variables. This means

that we get a parametrization ﬁv: C®> — uMPS(2,2, N).

Using the trace parametrization and Macaulay?2, it is possible to obtain equa-
tions for uMPS(2,2, N) for small values of N.

Theorem 2.4.21. 1. [CM1/, Theorem 3] The ideal of uMPS(2,2,4) C C° is
generated by one sextic.

2. [CM1}, Question after Theorem 4] The ideal of uMPS(2,2,5) C C8 is
generated by 3 quartics and 27 sextics.
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3. The ideal of UMPS(2,2,6) C C' is generated by 1 linear form, 6 quadrics,
and 17 cubics.

The equations, as well as the code we used to obtain them, can be found
online at [Sey]|. The following conjecture is closely related to [BM05, Conjecture
11.9] in algebraic statistics.

Conjecture 2.4.22. For any fired D and d, there is an M such that the ideal of
uMPS(D,d, N) is generated by quadrics for all N > M.

Using the trace parametrization, and the invariance of uMPS(D, d, N) under
local transformations, we were able to obtain a complete description of the set
uMPS(2,2,4) C Cyc*(C?): it can be obtained by removing three G Lo-orbits from
a degree six hypersurface in Cyc*(C?) = CS. For more details, see Section 2.4.5.

2.4.4 The fundamental theorem

In the literature appear several versions of the fundamental theorem of matrix
product states, which all roughly say that for N large enough the map parametriz-
ing matrix product states is generically injective up to obvious symmetry. The
following formulation is adapted from [MGRPG™ 18, Corollary 7].

Theorem 2.4.23. Let Ay, ..., Aq_1 € CP*P and By, ..., Bg_1 € CP*P be such
that Ty (Ao, ..., Ag_1) = Tn(Bo, ..., Bg_1) and assume that N > 2L + 1, where
L is such that span({Ao, ..., Ag_1})Y = span({By, ..., Bs_1})* = CP*P. Then
there is an invertible matriz Z and a constant ( € C with (¥ = 1, such that
B; = CZ7YA;Z for everyi. Moreover Z is unique up to a multiplicative constant.

We recall the generic injectivity index GCp 4 from Definition 2.3.8: it is the
lowest number such that the following holds: for a generic tuple {Ay, ..., Ag_1}
of D x D-matrices, span({Ay, ..., Ag_1})¢¢Pd = CP*P.

Corollary 2.4.24. Assume that N > 2GCpq + 1, then for a generic tensor in
uMPS(D,d, N) all preimages under the map Tx are the same up to simultaneous
congugation and multiplication by an N —th root of unity.

This would be a trivial corollary of Theorem 2.4.23 if we could restrict the map
Ty to the dense open subset of tuples A € (CP*P)? satisfying span(A¥) = CP*P.
However, it is a priori not clear that the complement of this set cannot map to
a dense subset of uMPS(D,d, N). In the rest of this section, we show that this
indeed does not happen, using the trace parametrization.

Before we start the proof, we introduce the following notation: A point A =
(Ag,...,Aq 1) € (CP*P)d gives rise to a D-dimensional representation ¢4 of the
associative algebra C(Xy, ..., X4_1), by putting p4(X;) = A;.
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Theorem 2.4.25 ( [KW85, I1.2.7]). e The association A — @4 induces a
bijection between the G Lp-orbits in (CP*P)? and the set of D-dimensional
representations of C(Xo, ..., Xq_1) up to isomorphism.

e The orbit of A is closed if and only if p.4 is a semisimple representation.
Corollary 2.4.26. The orbit of a general point in (CP*P)? is closed.

Proof. We claim that for a general point A = (Ao, ..., Ag_1) € (CP*P)4  the
representation ¢4 is simple. Indeed: ¢4 is simple if and only if there is no
nontrivial subspace of C” simultaneously fixed by all A;, which is clearly the case
for a generic choice of p4. (For example: if all A; are diagonalizable, having a
subspace fixed by Ay and A; would in particular imply that there is an eigenvector
of Ay that is a linear combination of less than D eigenvectors of Ag; a nongeneric
condition.) O

If 7 : Spec R — Spec RY is a good categorical quotient, 7 is called a geomet-
ric quotient if every G-orbit in Spec R is closed, or equivalently, if 7 induces a
bijection between orbits in Spec R and points in Spec R%. We call 7 is an almost
geometric quotient if the orbit of a general point in Spec R is closed, or equiva-
lently [CLS11, Prop 5.0.11.] if Spec R has a Zariski dense open subset U such
that 7|.-1(y) is a geometric quotient.

Proof of Corollary 2.4.24. By the discussion above and Corollary 2.4.26, there is
a dense open subset U C SpecCp 4 such that 7|,-1() induces a bijection between
G Lp-orbits in 77(U) and points in U.

We show that SpecCp 4 and uMPS(D, d, N) both have dimension (d—1)D?+1.
For SpecCp 4 the dimension can be computed as the difference dim((CP*P)4) —
dim(7~*(z)), where z is a general point in SpecCp 4. We can assume z € U, so
that 7=1(z) is the GLp-orbit of a generic d-tuple of matrices, which clearly has
dimension D? — 1. For uMPS(D,d, N): let V C (CP*P)? be the set of tuples A
for which span(A)¢“r¢ = CP*P. By the definition of GCp 4, V is dense, hence
dim uMPS(D,d, N) = dim(7Tx(V)). Now we can do the same computation as
before: by Theorem 2.4.23, a general fiber of T |y has dimension D? — 1, and we
conclude dim(uMPS(D, d, N)) = (d — 1)D* + 1.

We claim that 7((CP*P)4\ V) is contained in a lower-dimensional subspace
of SpecCp 4. Indeed, consider Y = 7((CP*P)4\ V)N U. Then since V is GLp-
invariant and by definition of U, it holds that #=1(Y") = ((CP*P)\ V)n=~1(U).
So 771(Y) is not Zariski dense, hence the same holds for 7((CP*P)4\ V).

Now consider the map Ty : SpecCp g4 — uMPS(D,d, N). Since both spaces
have the same dimension, the lower-dimensional set w((CP*P)?\ V) will map
to a lower-dimensional subset of uMPS(D,d, N). So for a general point z €
uMPS(D,d, N), we get Ty *(z) C V. Then we are done by Theorem 2.4.23. [
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The above Corollary can also be stated as follows: assume that N > 2GCp 4+
1, then for a generic tensor in uMPS(D,d, N) there are exactly N preimages
under 7/:]/\] In the case D = d = 2, one easily checks that GCp 4 = 2, yielding the
following result, which was stated as a conjecture in [CM14, Conjecture 12].

Theorem 2.4.27. Using the trace parametrization @y, for N > 5 almost every
matriz product state in uMPS(2,2, N) has ezactly N choices of parameters that
yield 1t.

2.4.5 uMPS(2,2,4) as a constructible set

In this section we give a description of uMPS(2,2,4) as a constructible subset of
Cyc*(C?) = CS. See [Sey] for Macaulay?2 code accompanying this section. Using
the notation from Section 2.2, Cyc4(((32) has a basis given by egooo, €0001, €0011,
€0111, €1111, €o101- We write coordinates on the space Cyc4((C2) by Zo000, - - - » To101-
The closure uMPS(2,2,4) was already computed in [CM14, Theorem 3]: it is a
hypersurface cut out by the polynomial

fa2a = 225011 — 122000175011 To111 + 1625001 To011 70111 + 4T0000T0011To111
— 800000001 T0011%0111 + To000L0111 + 4T0001Z 001171111 — T0000L0011 T 1111
— 8001 %0011 To11121111 + 2T0000L0001 L0111 81111 + L0012 1111
+ 80001 %011 T0111Z0101 — 1623001 To011%0111T0101 — 4T0000T5011 T 111 T0101
+ 400000001 Tg111T0101 — 45001 T011 1111 %0101 + 4T 3001 T0111 21111 T0101
+ 8Z0000L0001 L0011 2011111110101 — 21‘3000333111331111550101
- 235000035%00@%1115170101 - xéonx(znm +41"(2)00155%1115”3101 jL49500001’001135311195(2;101
+ 4$(2)001$0011$1111$3101 - 2$0000$8011$1111$(2)101 - 4330000%001$01119U1111$(2)101
+ x(%OOOx%lllx(%lOl - 2550000%1111’3101 - ngooﬁllllxgwl + x0000$1111$3101

as can be verified by a Grobner basis computation, for example in Macaulay?2.
In principle, we could use Totallmage.m2 (see [HMS19]) to compute the image
of the trace parametrization map T:Co— Cyc*(C?). This computation did not
finish in a reasonable amount of time. However, as we will explain now, one can
exploit symmetries of uMPS(2,2,4) to simplify the computations.

Recall from Remark 2.2.14 that uMPS(2, 2, 4) is invariant under the natural G Lo-
action on Cyc*(C?). We use the following strategy

1. Find a low-dimensional subset Y C Cyc*(C?) that contains at least one
point from every G Lo-orbit.

2. Use Totallmage.m2 to compute Z = T(T~1(Y)).

3. Compute GLy - (Y N Z).
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We now describe this in more detail. First, note that
Cyc*(C?) = Sym*(C*) @ C (2.4.4)

where the map from C to Cyc*(C?) is given by sending 1 to ego1; — 2€g101 and the
map from Sym*(C?) to Cyc*(C?) is given by

4
T~ €000

1
x2y2 = 6(60011 + €o101)

3
Ty — 160111

4
Yy = e1111-

Because Sym*(C?) can be seen as the space of homogeneous degree 4 polynomi-
als in 2 variables one can easily see that the following set contains exactly one
representative of every G Lo—orbit

{z*, 2%, 2%y} U{ay(z — y)(z — py) | p € C\ {1}}.

Using the isomorphism (2.4.4), one can deduce that if we define the following
subsets of Cyc*(C?)

Y1 = V($0001, Zo111, T1111, 2T011 + 5U0101)
Yy = V(ZE00007 Zo111, L1111, 2To011 + $0101)
Y; = V($00007'r00017 Zo111, 901111)

Yy = V(2o000, 1111, 2%0001 + 2Zo011 + 2Z0111 + Zo101)

then Y = Y1 UY,UY3UY) contains at least one point from every G Ly-orbit. Using

TotalImage.m2, we computed Z; := T(T~(Y;)) and compared it with V( f04)NY;:

Zy = {eoooo} = V(fa2a) N Y1
Zy =0 # {egom } = V(faa) N Y3
Z3 = {eo1o1} # {€o101, €oo11 + V2e0101, €0011 — \/560101} =V (fa2a) NY3
Zy =V (fa2a) NYy.
We conclude the following: uMPS(2, 2, 4) is the vanishing locus of the polynomial
fa24, with the orbits of the following three tensors removed: eggo1, €oo11 + \/560101,
o011 — V2€0101. One can easily compute the orbit closures: they are cut out by
the following ideals:
I = (xoon — Z0101, T0000Z1111 — 4T0001T0111 + 39031017
xoogox?}lu + x%oolxnn — 6000120111 %0101 + 4953101,
xgooll’%nl + 4x0001x8111 — 620001 011171111 T0101 — 3$3111x3101 + 4$11113’38101)
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Iy = (zoo1171111 + \/5553111 + (-1 - \/5)131111370101,
ToooZ1111 + (—2 — V2)Too11Tor11 + (1 + V2)To111 %0101,
22000120111 + (2 + 2\@)95?)011 + (=8 — 5\/5)56’0011370101 + (4 + 3\/5)378101;
Zooo0T1111 + (—6 — 4v2)2351, + (8 + 6V2) 01170101 + (—3 — 2V'2)2d 01,
TooooTo111 + (—2 — \/5)130001%0011 + (1 + \/§)$0001I0101,
ZooooToor1 + (—1 — V2)TooooTor01 + V223001 )

I3 = (Toon1 w1111 — V2321, + (=1 + V2)z1n oo,
Tooo1 1111 + (—2 + \/5)160011950111 + (1 — \/§)$01119€0101,
2200010111 + (2 — 2V2)23011 + (=8 + 5V2) o011 70101 + (4 — 3V2)2d 01,
TooooT1111 + (—6 + 4\/5)95%011 + (8 - 6\/5)950011370101 + (=3 + 2\@)55(2)101,
ZooooTo111 + (—2 + V2)To001To011 + (1 = V2)To001 %0101,
TooooToo1r + (—1 + \/5)%00056’0101 - \/5133001)

Finally, one can check that V([l) = (GL2 . 60001) U (GLQ : 60000), V([Q) = (GL2 .
(0011 +V/2€0101))U(G La-egono ), and V (I3) = (G La-(ego11—v/2€0101)) U(G Ly egon0 )-

Now GLs - egooo, is @ closed orbit consisting of all rank 1 symmetric tensors in
Cyc*(C?). Explicitly, it is cut out by the ideal

2
J = ($0101 — 200115 L0000L0011 — Lgoo1s L£0000L0111 — L0001L00115 L0000L1111
2 2
— 2000101115 L0001L0111 — Lgo115 L0001 L1111 — L011L0111, L0011L1111 — 5170111)-

Finally, we obtain the following description of uMPS(2,2,4) C Cyc*(C?) as a
constructible set:

WMPS(2,2,4) = (V(f220) \ (V(I) UV (L) UV (L)) U V().

Remark 2.4.28. Very recently, in [BLH19], Barakat and Lange-Hegermann com-
puted a description of uMPS(2,2,5) as a constructible set. Their computational
methods also allow to compute the description of uMPS(2,2,4) above without
needing to use the additional G Lo-symmetry.

2.5 A tensor version of The Quantum Wielandt
theorem

Projected entangled pair states (PEPS) were defined in Definition 2.1.7. They are
higher-dimensional generalizations of matrix product states, and play a central
role in the classification of the different quantum phases of spin systems defined on
two-dimensional grids. PEPS are much more complex than MPS: just as MPS can
be understood in terms of completely positive maps on matrices, PEPS deal with
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completely positive maps on tensors, for which no analogues of eigenvalue and
singular value decompositions exist. It has been a long standing open question
in the field of quantum tensor networks whether an analogue of the quantum
Wielandt theorem exists for PEPS, which is the missing piece in proving that
every PEPS has a parent Hamiltonian with finite support — cf. [CGRPG19,
Section 2] and references therein. In this section, we prove the existence of
such a theorem, albeit in a weaker form than for MPS as the upper bound is
nonconstructive. In physics terms, it is proven that the notion of injectivity for
PEPS is well defined, in the sense that there is only a finite amount of blocking
needed for the map from the virtual to the physical indices to become injective.
Our proof is a natural generalization of the proof in Section 2.3 for the existence
of an injectivity radius (see Lemma 2.3.1, Lemma 2.3.6, and Theorem 2.3.7).

We fix natural numbers n (grid dimension), D (bond dimension), d (physical
dimension). The case n = 1 will correspond to the setup in Section 2.3. In this
section, we will fix a space V := (CP)®?" @ C?. Tensors in V will be identified
with d-tuples of tensors in (CP)®*. For A € V, its slices will be denoted by
Ay, ..., Ay € (CP)®2: the linear span of these slices will be denoted by (A) C
(CP)®2n We want to define a space AN1~Ne) a5 the linear span of all tensors
obtained by arranging a collection of tensors in A in a grid of size Ny X - -+ X N,
and contracting over the edges. In the following paragraph, we will make this
more precise.

For Ni,...,N, € N, we define the graph I' = I'(Ny,..., N,) to be the n-
dimensional square grid of size Ny x ... x N, with an aditional outgoing edge
at every vertex. These additional edges will be called physical edges, the other
edges will be called virtual edges. The grid I'(3,5) is presented below:

We will denote the outgoing virtual edges of I' by (7, £e;), where j is a vertex on
the boundary of the grid, and +e; indicates the direction of the outgoing edge.
The set of outgoing virtual edges of G will be denoted by Eo(T).

To every virtual edge e we associate the same vector space V, = CP, and to
every physical edge e we associate the same vector space V, = CP. Now we can
identify all virtual spaces V,, = (CP)®* @ (C?) in the obvious way: the tensor
factor associated to an edge out of v will be identified with the tensor factor
associated to the edge out of w pointing in the same direction. We also fix an
identification of all these spaces V,, with our fixed space V. Having done all these
identifications, we can now define the space AMN+Nn) ag follows: place the tensor
A at every vertex of ['(IVy, ..., N,), and contract over the inner edges to obtain
a tensor T in (CP)®EoMl @ (CH®N (where N := [[N;). Then AN-N) C
(CP)®lIFoMl is defined to be the linear span of the slices of 7. In what follows,
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we will use the notation C[(v — B, )yer], to denote the contraction of a collection
of tensors B, € (C”)®?" placed at the vertices of T.

Definition 2.5.1. We say that I'(Ny,...,N,) is a spanning region for A if
AWNLsNn) - = (CPY@IEoM - Equivalently, T' is a spanning region for A, if the
tensors C[(v +— A;, )ver] linearly span the whole space (CP)®Fo()  when we con-
sider all possible ways of placing a tensor from A at every vertex of G. If A has
an spanning region, we say that A is spanning.

Remark 2.5.2. In the case n = 1, the definition of the space A" agrees with
the space AN defined in section 2.3. Moreover, I'(N) is an spanning region for A
if and only if N is greater than or equal to the spanning index i(.A).

Remark 2.5.3. We note that being an spanning region for GG and being spanning
are properties of the linear span of A, not a particular choice of tensors A;.

In the following lemma, which is a generalization of Lemma 2.3.1, we prove
that being an spanning region is stable under extension of the grid.

Lemma 2.5.4. Let G| C Gy be n-dimensional square grids. If Gy is an spanning
region for A, then so is Gs.

Proof. By induction, we may assume that G; = G(N; —1, Na, ..., N,,) and Go =
G(Ny,Na,...,N,). If Ny = 2 the statement is true, because G9 is the union
of two spanning regions, cf [PGVWCO08, Lemma 1]. Thus we assume N; > 2.
The vertices of Gy will be identified with vectors j = (j1,...,7,) € N", with
1 < j; < N;. Such a vertex is in G if additionally j; < N; — 1. We need to
show that every tensor T € V®Fo(G2) can be written as a linear combination of
tensors of the form C[(j — Ai; )jec,]- In fact it is enough to show this for rank
one tensors 7', since every tensor is a linear combination of rank one tensors.

We can identify Eo(G1) with a subset of Ep(G3) as follows: to an outgoing
edge (7, xe;) of Eo(Gh), we associate (7, te;) if £e; # +eq, and (J + ey, +ey) if
+e; = +e;. Assuming T has rank one, we have T' =T}, @ T, € V®Fo(G) ¢ yer,
where 7 equals the cardinality of Eo(G(Na,..., N,)).

— T — = Ty — & T,

T T T T T {

By assumption we can write 7} as a linear combination of tensors of the
form C[(j — Aj )jec,)- Let G be the grid obtained from G; by contracting all
inner edges among vertices j for which j; > 1. This grid is the rightmost one
in the picture below. In particular, all vertices with j; > 1 get identified to a
vertex v1. Then 77 is in particular a linear combination of tensors of the form
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Cl(v = By)vea], where B, A if v is one of the vertices that did not get
contracted and B,, = C[(7 — Ai;)jec >l

L L
| Tl Bm L
T T T

Consider the tensors B,, ® T, € V®Fo(GIl By assumption each one is a linear
combination of tensors of the form C[(7 — Ag; )jec, ), where now we identified G4
with the subgrid of G5 consisting of all vertices J with j; > 1.

Thus, we see that T is a combination C[(j — As,)jec,] where s may be
identified with ¢ above for 3 such that j; = 1 and with % when j; > 1.

I I I
_ T = Bu1®T2*:

T T T T T
[l

Our main theorem says that if A is spanning, then there exists an spanning
region of bounded size (where the bound only depends on our parameters D, d, n).

Theorem 2.5.5. Let G; C Gy C --- C Gy C --- be a chain of n-dimensional
grids. Then there exists a constant C' (depending on D, d, and the chain) such
that the following holds:

If A€ (CP)®2" @ C? is chosen so that for some k, G}, is an spanning
region for A, then already G¢ is an spanning region for A.

Proof. For any grid G and A € ((CP)®2")? | we write
Sa(A) = {C[(v = Ai, )uec]} C (CP)=FD),

and

Ve = {A € ((C”)**")[span(Sg(4)) S (CV)*FD},
Thus, G is an spanning region for A if and only if span(Sg(A)) = (CP)®Fo@) if
and only if A ¢ Vi;. By Lemma 2.5.4, it holds that Vg, D Vg, 2 -+ D Vg, 2
We need to show that this chain eventually stabilizes. We will show that every
Vg, is a Zariski closed subset of ((CP)®2")? i.e. that is the zero locus of a system
of polynomials. This will finish the proof by Hilbert Basis Theorem.

Fix a grid G = GY. For every A € ((CP)®?™)¢ we can build a DFo[) x dV(©)l
matrix M4 whose entries are the coefficients of the elements of Sg(.A). The
condition span(Sg(A)) € (CP)®Fol) is equivalent to M, having rank smaller
than DFo() The entries of M4 are polynomials in the entries of A. Hence,
the condition A € Vg can be expressed as the vanishing of certain polynomials
(Do) _minors of M) in the entries of A. Hence, V is a Zariski closed subset
of ((CP)®2n)d, O
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Theorem 2.5.5 can be reformulated as follows.

Theorem 2.5.6. There exists a finite collection of grids Gy, ...,Gy (depending
onn,D,d) such that the following holds:

If A € ((CPY*™)d s spanning, then one of the G; is an spanning
region for A.

The equivalence of Theorem 2.5.5 and Theorem 2.5.6 follows from the follow-
ing general lemma.

Lemma 2.5.7. Let P be a partially ordered set. We consider N™ with the coor-
dinatewise partial order. Let f: N" — P be a map such that

1. aq S a, — f(al) 2 f(ag).

2. For every chain ay < ay < ... in N", the chain f(a1) > f(az) > ...
stabilizes after finitely many steps.

Then there is a finite subset B of N such that for any a € N", there is a b€ B
with a > b and f(a) = f(b).

Proof. We first claim that there is a by € N™ such that f(a) = f(bo) for every
a > by. Indeed, if there was no such by we could build an infinite chain a; <
a; < ...in N" with f(al) > f(CLQ) > ..

Now we can proceed by induction on n: the subset {a € N"|a # by} can
be written as a finite union of hyperplanes, each of which can be identified with
N"~!. By the induction hypothesis, in each such hyperplane H C N" there is a
finite subset By C H such that for any a € H, there is a b € By with a > b
and f(a) = f(b). We define B as by together with the union of all By. O

Proof of Theorem 2.5.6. We apply Lemma 2.5.7 by identifying N with the collec-
tion of n-dimensional grids and taking P to be the poset of subsets of ((CP)®2m)d
ordered by inclusion, and f : G +— Vg, where V; was defined in the proof of
Theorem 2.5.5. We conclude by Theorem 2.5.5. O]

We note that the constants in Theorem 2.5.5 and 2.5.6 can be chosen inde-
pendent of d.

Corollary 2.5.8. For anyn, D there exists a finite collection of grids Gy, ..., Gy
such that the following holds:

For any d, if A € ((CP)®*™)? is spanning, then one of the G; is an
spanning region for A.

Proof. By Remark 2.5.3 it is enough to consider the subspaces (A) C ((CP)®2").
In particular the dimension of the subspaces is bounded by D?" and for each fixed
dimension we obtain a finite number of grids by Theorem 2.5.6. m
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Further we have the following computational implication.

Corollary 2.5.9. For every fized n and D, there exists an algorithm to decide if
A is spanning.

Proof. Let Gy,...,Gy be the set of grids from Corollary 2.5.8. The algorithm
checks for every i whether GG; is an spanning region for A. For a fixed grid, this
amounts to checking surjectivity of a given polynomial map, cf. [HMS19]. We
know A is spanning if and only if it is spanning for one of the G;. O

We note that although we know such an algorithm exists, we cannot explic-
itly provide it. The reason is that we do not know the grids Gy, ..., Gy from
Corollary 2.5.8 - we just know they exist. Our result should also be contrasted
with [SMG™18, Theorem 4], which states that there is no algorithm that receives
¢, and decides if C[(v — ¢y)ver, ] = 0 Va,y € N, where T}, , is the x x y-torus.

2.6 Future directions

In Section 2.5, there is an obvious question left open.
Question 2.6.1. Can Theorem 2.5.6 be made constructive?

More precisely, it follows from Theorem 2.5.6 that for every n, D,d, there
exists a constant C' := C,, p 4 such that if A € ((CP)®?")4 is spanning, then a
grid of size C' x --- x C' is a spanning region for A. For n = 1, this constant is
the injectivity radius, which we know to be O(D?log D). But even for n = 2,
we have no complexity bound whatsoever. Regarding the defining equations of
uMPS(2,2, N), we have the following conjecture.

Conjecture 2.6.2. There is a constant c, so that for N > 0, the ideal defining
uMPS(2,2, N) is generated in degree < c.

In fact, we suspect that for N > 6, the ideal of uMPS(2,2, N) is generated
in degree < 3. By Theorem 2.4.21, this is true for N = 6, and preliminary
computations indicate it holds for N = 7 as well. Conjecture 2.6.2 is inspired
by [BMO05, Conjecture 11.9], which states that the ideal defining so-called binary
hidden Markov models is generated in degree 2. It would be interesting to study
the connections between (uniform) matrix product states and hidden Markov
models more closely.

By Remark 2.2.14, the degree r part of the ideal of uMPS(D,d, N) is a rep-
resentation of GLg4 for every r € N. One plan for a future project is to study
these representations more closely, in the hope that they reveal more information
about the structure of uMPS(D,d, N). In particular, this might be helpful for
finding a proof of (or a counterexample to) Conjecture 2.6.2.
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Chapter 3

Fast Matrix Multiplication

In this chapter, we present several contributions to the study of fast matrix mul-
tiplication. The complexity of matrix multiplication is measured by the constant
w, which is defined as the smallest number such that for any € > 0 the multiplica-
tion of n x n matrices can be performed in time O(n“*¢). Trivially, it holds that
2 < w < 3: the first inequality holds because the input size of matrix multipli-
cation is already ©(n?), and the second inequality is given by the standard high
school algorithm for matrix multiplication, which has complexity O(n?®). Matrix
multiplication can be viewed as a 3-way tensor —the matriz multiplication tensor—
and estimating w is equivalent to estimating the (border) rank of this tensor.

The best known upper bounds on w were proven using the so-called laser
method, originally due to Strassen and later refined by Coppersmith and Wino-
grad. The main idea of the laser method is to, instead of directly studying the
matrix multiplication tensor, consider a different tensor 7" which has both has
low border rank and contains (in a sense to be made precise later) many copies
of matrix multiplication tensors. In Section 3.1, we review the laser method, and
prove a slight variant from the version usually found in the literature.

For studying fast matrix multiplication, one can instead of considering the
usual matrix multiplication tensor, consider the symmetrized matrix multipli-
cation tensor, which is a polynomial in S*¥(sl,). Motivated by this, we study
in Section 3.2 the plethysm S*(sl,) of the adjoint representation sl, of the Lie
group SL,. In particular, we describe the decomposition of this representation
into irreducible components for & = 3, and find highest weight vectors for all
irreducible components. A surprising observation is that several of the highest
weight vectors are, when viewed as tensors, equal to the Coppersmith- Winograd
tensor, the best known tensor for applying the laser method to.

Recently, it was proven that it is not possible to prove w < 2.3 by applying the
laser method to the Coppersmith-Winograd tensor [AFLG15]. This motivates
a search for new, related tensors that are suitable for the laser method. In
Section 3.3, we explore two ways of constructing such tensors. The first one
builds upon the work of Landsberg—Michalek [LM17] and Bléser—Lysikov [BL16].
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The idea is to obtain tensors of minimal border rank from the multiplication maps
of finite-dimensional algebras. The second way is motivated by our observations
in Section 3.2: since the CW-tensor arises as one of the highest weight vectors we
obtained, it is natural to ask if some of the other highest weight vectors give rise
to interesting tensors. We will focus on one of them in particular which appears
to be well-suited for the laser method.

The results in Section 3.1 were all known before, though our formulation of
Theorem 3.1.20 is new. Section 3.2 is based on the paper [Sey18], and Section 3.3
is based on joint work in progess with Joachim Jelisiejew and Mateusz Michatek.

3.1 The laser method

This section is an introduction to fast matrix multiplication and the laser method.
Our exposition is based on [BCS97, Chapter 15] and [Lanl7, Chapter 3].

Multiplication of matrices is a bilinear map C*** x CP*¢ — C**¢, or equiv-
alently, a tensor in C*** @ CP*¢ @ C*®. This tensor is known as the matriz
multiplication tensor and denoted by M. In coordinates:

Mgpe =D €ij ® €k ® ep,.
Z’7j7k

We will abbreviate M, n to My,y. A rank r decomposition for My gives
rise to an algorithm for matrix multiplication using r scalar multiplications. For
example, Strassen’s algorithm [Str69] for multiplying two 2 x 2 matrices using
7 scalar multiplications corresponds to a rank 7 decomposition of M 29y. The
following theorem was already known by Strassen, see also [BCS97, (15.1)].

Theorem 3.1.1. The matrix multiplication constant w satisfies
w = inf{r € R | rk(M,y) = O(n")}.
In fact, as shown by Bini, one can replace rank by border rank.
Theorem 3.1.2 ( [Bin80], see also [Lan17, Theorem 3.2.1.10]).
w = inf{r € R | rtk(M,y) = O(n")}.

3.1.1 Asymptotic sum inequality and degeneracy value

An important result used to obtain upper bounds on w is Schonhage’s asymptotic
sum inequality.

Theorem 3.1.3 ( [Sch81], see also [BCS97, (15.11)]).

Z (aibici)“/?’ < K (@ M(%Jh‘ﬁi))

7
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In other words, if we can prove a good estimate on the border rank of a direct
sum of matrix multiplication tensors, we obtain a bound on w. Schénhage applied
the asymptotic sum inequality to the tensor M 44y @ Mg 11y to obtain w < 2.55.

We now introduce the notion of degeneracy value of a tensor. Intuitively, a
tensor T" with high degeneracy value “contains many large matrix multiplication
tensors”. More precisely, it means that a high Kronecker power of T" degenerates
to a direct sum of many disjoint matrix multiplication tensors.

Definition 3.1.4 (See [Lanl7, Definition 3.4.7.1]). Let T € U® V @ W be a
tensor. For N € N, we define
q q
Von(T) = sup {Z (aibici)w/3 | TN > @M(ai,bi,q>} )
i=1 i=1
where we take the supremum over all possible ways of degenerating 7%V to a
direct sum of matrix multiplication tensors. The degeneracy value V,,(T) of T is

defined as the supremum supy V, n(T)%.

Remark 3.1.5. Using Fekete’s lemma, one can show that the sequence V,, (7' ~
tends to a limit, and that V,(T) = limy_, VMN(T)%. See [AFLG15] for details.

Example 3.1.6. If ' = M ., then THN = M gn yv ony, therefore
Vw(M<a,b,c)) = (abc>W/3

It follows immediately from the definition that 7" > T implies V(1) >
V,(T"), and that value is supermultiplicative: V,,(T'& T") > V,(T)V,(1"). It is
also not hard to show V(T @T") > V,(T)+ V,(T") (superadditivity); see [Lanl7,
Section 3.4.7] for details. We can rephrase the asymptotic sum inequality in terms
of degeneracy value, as follows.

Theorem 3.1.7. V,,(T') < k(7).
Proof. It THN &> @, M4, by c)» then

q q
Z (asbic)*/* < rk (@ M(ai,bi,ci>) < rk(T%V) < k()"

i=1 i=1
where the first inequality is Theorem 3.1.3. m

If we can find a tensor T with low border rank and high value, Theorem 3.1.7
yields a bound on w. The main difficulty is to obtain good lower bounds on the
value of a tensor.

Remark 3.1.8. The infimum inf 5 (rk(7%")) is known as the asymptotic rank of
T. By Fekete’s lemma we can replace this infimum by a limit, and in [Bin80] it
was proven that the rank can be replaced by border rank. We can strengthen
Theorem 3.1.7 by replacing rank with asymptotic rank. In other words, instead
of estimating the border rank of T, we can estimate the border rank of a tensor
power of T
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3.1.2 Combinatorial degeneration

Certain degenerations of tensors can be described in a combinatorial way. Let
TeU®V W be atensor. A blocking D of T is given by decompositions U =
Dic; Ui, V=B,c; Vi, W = Dex Wi These induce a unique decomposition

(4,5,k)eIxIxK

The support of D, denoted suppp, T' consists of all triples (i, j, k) € I x J x K for
which T(i,j,k) # 0.

Remark 3.1.9. If D’ is a blocking of another tensor 77 € U’ @ V' @ W', given by
U =@, U,V = @j,ej, 4% W' = @, cx W, then the Kronecker product
TR T’ has a blocking DX D’ given by

vel'= @ UeU,
(ig")elxI’
and similar for V@ V' and W @ W'. It holds that
supppgp T X1 = suppp, T X suppp, 7" C (I x I') x (J x J') x (K x K').

Definition 3.1.10 ( [BCS97, (15.29)]). Let I, J, K be finite sets. If ¥ C & C
I x J x K, we call ¥ a combinatorial degeneration of ®, written ¥ < @, if there
exist functions o : [ = Z, 8 :J = Z, v : K — Z, such that a(i)+8(j) +~(k) =0
whenever (4, j, k) € U, and «(i) + B(j) + v(k) > 0 whenever (i,j,k) € &\ V.

Proposition 3.1.11 ( [BCS97, (15.30)]). Let D be a blocking of T, with com-
ponents Ti ;. (1,7,k) € supppT C I x J x K. Let ¥ be a combinatorial
degeneration of suppp T'. Then

Z Tk 2T,
(i,5,k)eV
where < denotes the usual tensor degeneration.
Next, we need to introduce diagonals and tight sets.

Definition 3.1.12. Let I, J, K be finite sets and A C I x J x K.

e We say A is a diagonal, if the three projections A — I, A - J, A - K
are injective.

o We say A is tight, if there are injectionsa : [ - Z",6:J = Z",v: K = 7"
s.t. a(i) + B8(5) +v(k) = 0 for all (4,5, k) € A. If moreover o, 3,7 can be
chosen such that their images are contained in {—b,—b+1,...,0 — 1,b}",
we say A is b-tight.
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Example 3.1.13. Let I = {0,1,...,n1}, J={0,1,...,no}, K ={0,1,...,n3},
and let A C I x J x K. Suppose there is a constant ¢ such that i + j + k = ¢ for
every (i,j,k) € A. Then A is tight: take for example » = 1 and define a(7) = i,

BI) =3, v(k) =c—k.
Remark 3.1.14. e Trivially, subsets of b-tight sets are b-tight.

o Let q)l - [1 X Jl X Kl and @2 - [2 X J2 X KQ be b—tlght Then (I)l X (I)Q -
(Iy x I3) x (J1 x J3) x (K7 x K3) is b-tight. To see this, just consider the
obvious injections Iy x Iy — Z" "2 J; X Jy — 272 Ky X Ko — 27772,

Note that if suppp 7' is a diagonal, then

T - @ T(i,j,k)-

The idea behind tight sets is that they are not quite diagonals, but they contain
large diagonals that are combinatorial degenerations. This is made precise in the
theorem below, which goes back to Coppersmith and Winograd [CW90]. The
proof uses probabilistic methods. We call a subset ® C I x J x K balanced, if
the projection p; : & — [ is surjective, with all fibers of equal cardinality |®|/I,
and similar for the other projections ps, px. The balancedness assumption in the
following theorem is not really necessary, but it simplifies the statement.

Theorem 3.1.15 ( [BCS97, (15.39), attributed to Strassen|). There exists a
constant Cy, only depending on b, such that every b-tight balanced subset ® C
I x J x K contains a diagonal of size at least Cy, - min{|I|, |J|, | K|}.

3.1.3 The laser method

We present a variation of [BCS97, Theorem 15.41]. The idea is that if we have a
tensor T' with a tight blocking whose blocks have high value, then 7" also has high
value. Our Theorem 3.1.20 is a strengthening of [BCS97, Theorem 15.41] in two
ways: first, we don’t assume that the blocks are matrix multiplication tensors.
Second, instead of assuming a lower bound on the value of the blocks, we tensor
each block with some of its permutations and assume a bound on the value of
those products. More precisely: the symmetric group G3 acts on U @ V @ W by
permuting the factors. Note that for o € &3, the tensor 6T € cU ® oV ®@ oW
has a blocking oD, with components (07)(x).0()0k) = 0(Tjk). We fix a
subgroup G C &3. Usually, G will be the cyclic group Z/3Z C &3. For any

tensor T, we will write denote its symmetrization GOT by T. Note that
oc

VM(T) > (V,,(T))¢!, by supermultiplicativity. However, we need to pay a price
for the above strengthenings: we need to assume that suppp, T is reconstructible,
see Definition 3.1.16 below.
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We will consider probability distributions on a finite set ® C [ x J x K.
Such a probablility distribution is simply a map P : ® — [0,1] C R such that
> zeo P(z) = 1. The marginal distribution Py : I — [0, 1] is defined by

Pi)y= > P(i,jk)

J:k| (i,4,k) €P
and similar for P; and Pg.

Definition 3.1.16. We say that a subset ® C I x J x K is reconstructible,
if every probability distribution on @ is uniquely determined by its 3 marginal
distributions.

Example 3.1.17. Let I = J = K = {0, 1,2}, and take
¢ ={(2,0,0),(0,2,0),(0,0,2),(1,1,0),(1,0,1),(0,1,1)}.

Then & is tight (by Example 3.1.13) and reconstructible: if P is a probability
distribution on @, then the equalities P(2,0,0) = P;(2), P(0,1,1) = P(0) —
P;(2) — Pk(2),... allow us to reconstruct P from the marginal distributions
P[, PJ, pK'

Example 3.1.18. Let I = J = K = {0, 1,2}, and take
@ = {(27 17 0)7 (1’ 27 0)7 (27 O’ 1)’ (]'7 07 2)7 (O’ 27 1)7 (07 17 2)}'

Then ® is again tight by Example 3.1.13, but not reconstructible. For in-
stance, the uniform distribution P(x,y,z) = % and the distrubution P(0,1,2) =
P(2,0,1) = P(1,2,0) = § have the same marginals.

For P a probability distribution on a finite set S, its entropy H(P) is de-
fined by H(P) = — >, P(i)log P(i). The entropy will enter in the proof of
Theorem 3.1.20 through the following Lemma, which is an easy consequence of
Stirling’s formula.

Lemma 3.1.19 (See [BCS97, (15.40)]). Fiz a finite set S. There exists a sequence
pn, with limy_ o pny = 0, such that for every rational probability distribution P
on S that can be written as P(i) = Q(i)/N for some Q : S — N, it holds that

v (3) ] o

Here, (g) stands for the appropriate multinomial coefficient, and log s the loga-
: - e a Ny _ N
rithm in base e. Explicitly: if S = {1,2,...,n}, then (Q) = (Q(l) 77777 Q(n)).

We are now ready to state our version of the Laser method.
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Theorem 3.1.20. Let T e U®V @ W, and let D be a blocking of T, indexed

by I x J x K. Assume that suppp T is tight and reconstructible. Let P be any

probability distribution on suppp T and let G C &3 be a subgroup. Then
ogV,(T) > min ST H(P)+ Y Plijk)logVo(Tigm), (311

Le{l,J.K
{ } eG suppp T'

where T denotes the symmetrization with respect to G.

Proof. Assume that D is b-tight. We will assume that P is a rational probablity
distribution, i.e. P(i,j,k) € Q for all (¢,7,k). Since a general probability dis-
tribution can be approximated by rational ones, this suffices (see also the proof
of [BCS97, (15,41)]). There is a map @ : suppp, 7" — N and an N € N such that
P(i,j,k) = Q(i,4,k)/N for all (i,j, k). Let I C I consist of all sequences in
which the element i appears exactly Qr(i) := N - Pr(i) = >_., Q(i, j, k) times for
all 7. Note that |Ig|= ( ) We define Jo C JV and Ko C K% analogously.

Write T := G(UT), and consider the tensor
gE

FEN _ (UT)WE( (aU)W)@( (OVW)@( (UW)W).

oceG oceG oceG ceG

By Remark 3.1.9, T has a blocking D := (e D)®N | with support

oelG

suppp T = T (suppop o)™ € ([T (eD)™) x (T (0)™) x (I] (0£)™),

ceG ceG ceG ceG

which is again b-tight. We define

( HU[Q HO‘JQ HO‘KQ > ﬂsupprﬂN.

oeG oeG oceG

It trivially holds that ® < suppp =N,
Let (z,y,2) € ([[,eq (D)) x ([Leq (01)V) X (IT,eq (¢K)Y), and write

(r,y,2) = ((i0,€>UEG71§Z§N7 (Jot)oec1<e<N, (k‘a,z)aeGnggN).

From our reconstructibility assumption, it follows that (z,y,z) € ® if and only
if for every o € G and (o (i), 0(j),0(k)) € supp,p o1, there are exactly Q(3, J, k)
indices ¢ for which (i, jou, kop) = (0(i),0(j),0(k)). We find

4,5,k
T(Iyz) - (O-T)((L’o'l)jo',(vko',ﬁ) = 0-<T(7'7.77k))Q( ’ )

U’Z (imj: k) € suppp T
ocecG

= (Tpi ) 2079,

(4,5,k)esuppp T
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hence by supermultiplicativity:

EUHBEN | QAR

(z,y,2)
(i,5,k)€suppp T

We now apply Theorem 3.1.15 to the balanced b-tight subset ® C (], olg)
(I[, oJg) x (II, 0Kq), and we find a diagonal A I &, such that |[A|> C, -
minze(r sy [, [0Lg|. Since ® < suppp TV, we find A < supps TV, So by
applying 3.1.11, we find

G 1., <.

(z,y,2)EA

So we find

z|=

L - «
Z Vol :L‘yz )NZOA] H Vw(T(i,j,k))Q(l’]’k))

(z,y,2)EA (¢,4,k)esuppp T

By taking logarithms, we obtain

stz 3y it s (G-I (g, )+ 2 P ove (i)

suppp T
Now the theorem follows by taking N — oo and applying Lemma 3.1.19. O]

Combining Theorems 3.1.7 and 3.1.20, we can obtain bounds on w. As ex-
amples, we rederive Strassen’s bound [Str87], and two bounds obtained by Cop-
persmith and Winograd [CW90]. In all examples, we take G = Z/3Z C &;.
Note that in this case, the term mingegs sxy Y e H(Por) in (3.1.1) is equal to
H(P;)+ H(Py)+ H(Pk).

ceG

Example 3.1.21 (Strassen’s tensor). Consider the following tensor:

T =Tsrpn =Y U@uOwi+» uQvw; €UV W,

i=1 =1

where U, V and W have respective bases {ug, u1,...,u,}, {vo,v1,...,v,}, and
{wy, ..., w,}. We consider the block decomposition D with [ = J = {0,1}, K =
{1}7 UO = <u0>7 Ul = <u17 - ~un>7 % = <U0>7 ‘/1 = <U17 e 'UTL>7 Wl = <w17 s )wn>'
Then suppp, T = {(0,1,1),(1,0,1)} which is clearly tight and reconstructible.

Since T(071’1) = Ez Uy Q@ V; QK w; = M<1 1,n), W€ find that T(O 1,1) = M(nnn Simi-

larily Tm = My nny- Let P be the uniform distribution on {(0,1,1),(1,0,1)},
then H(P,) = H(P,) = log(2) and H(P;) = 0. Theorem 3.1.20 now gives

log V,,(T) > 2log(2) + log(n®),
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so that V,(T) > 4n*. The border rank of T is equal' to n + 1, as can be seen
from writing it as a limit

n

1
1&;(2(uo+tui)®(v0+tvi)®wi—u0®vo®(w1+---+wn)>.
]:

Hence the border rank of T is at most (n+1)3, hence Theorem 3.1.7 yields
4n¥ < (n+1)3%
For n = 5, this gives Strassen’s bound w < 2.48.

Example 3.1.22 (The small Coppersmith-Winograd tensor). Consider the fol-
lowing tensor:

Tewn = Z (uo ® v; @ Wi + U ® Vo @ w; + 1 ®V; ® wp) € C" @ C*H e CMHL
i=1

The border rank of T, is equal to n + 2; see [Lanl7, Proposition 3.4.9.1]. We
consider the blocking D with I = J = K ={0,1}, Uy = (ug), Uy = (u1, ... uy,),
and similar for V' and W. Then suppp, T = {(0,1,1),(1,0,1),(1,1,0)} which
iiflﬁarly t/lg\ht/ and reconstructible. As with Strassen’s tensor, we find that

e~

T(O,l,l) = T(l,o,l) = T(LL()) = M(n,n,n)- Let P be the uniform distribution on
{(0,1,1),(1,0,1),(1,1,0)}, then H(P,) = H(Py) = H(P;) = Llog(%). Theo-
rem 3.1.20 now gives

27
log V,(T) > log(z) + log(n®),

which combined with the asymptotic sum inequality gives and the estimate

—_~—

g(Tcw,n) < (TL + 2)3 y1€ldS

4(n24;2) )

For n = 8, this gives the bound w < 2.40364 from [CW90, Section 6].

w < 1ogn(

Example 3.1.23 (The big Coppersmith-Winograd tensor). Consider the follow-
ing tensor:

T:TCW,n :Z(u()@vz®wl+u,®v0®w,+u,®vz®wo)
=1
+ Uy ® Vg @ Wnp1 + Ug @ V1 ® Wo + Uni1 ® Vg @ wy € C2 ® C"2 ® CH2,

IThe border rank cannot be lower than n + 1, as T is a concise tensor, cfr. Section 1.1.

57



It be shown that rk(Tew,,) = n + 2, for example by providing an explicit border
rank decomposition (see [Lanl7, Exercise 3.4.9.3]). Alternatively, it will follow
from Example 3.3.8. We consider the blocking D with I = J = K = {0,1,2},
Uy = (ug), Uy = (uy,...uy), Uy = (ups1), and similar for V and W. Then
suppp T = {(0,1,1),(1,0,1),(1,1,0),(2,0,0), (0,2,0), (0,0,2)}, which is tight

and reconstructible. As in the previous example, we find that Tig11) = T{1,0,1) =

Y~

T(LLU) = M(n,n,n)- In addition, T(2707()) = T(()7270) = T(07072) = M<17171>. This time,
it is not clear what is the best probability/giitribution P. However, for fixed
n, we can still write down the bound V,,(Tew.,) from Theorem 3.1.20 in terms
of P, maximize over all probability distributions P, and obtain a bound on w.
The best such bound is obtained by putting n = 6, P((2,0,0)) = P((2,0,0)) =
P((2,0,0)) ~ 0.0160, and P((0,1,1)) = P((1,0,1)) = P((1,1,0)) =~ 0.3173.
Then we obtain
w < 2.38719,

which is the bound from [CW90, Section 7]. All subsequent bounds on w ( [CW90,
Section 8]; [Stol0, Will2, LG14]) were obtained by analyzing tensors powers of
the Coppersmith-Winograd tensor Teyy,,.

3.2 Plethysm for fast matrix multiplication

The symmetrized matriz multiplication tensor SM, is given by the following
polynomial in n? variables z;;, 1 < 4,7 < n:

n
SMn = E Lij Lk k-

i7j7k:1

Equivalently, if X is the matrix with entries z;;, then SM, (X) = tr(X?®). The
following theorem says that for estimating the value of w we can, instead of
considering the usual matrix multiplication tensor and its (border) rank, consider
the symmetrized matrix multiplication tensor and its Waring (border) rank.

Theorem 3.2.1 ( [CHIT18, Theorem 1.1]). The following equalities hold:
w=inf{r € R | wrk(SM,) = O(n")} = inf{r € R | wrk(SM,) = O(n")}.

Now, consider the SL,-representation gl,,, which is simply the space of n x n
matrices, with an action of SL, given by A- X = A7'XA for A € SL, and
X € gl,. A basis of gl, is given by {E; ; }1<i j<n, Where E;; is the matrix with a
1 at position (,j) and 0’s at all other positions. After identifying x;; with E; ;,
the symmetrized matrix multiplication tensor SM, naturally lives in S3(gl,).
Moreover, it is an invariant: A - SM, = SM, for all A € SL,, as can be seen
from the equality tr((A~'X A)?) = tr(X?3). Motivated by this, we will study the
representation theory of the space S3(gl,,) in more detail.
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3.2.1 Preliminaries on representation theory

In this subsection, we will give a very short overview of the representation theory
of GL, and SL,, mainly intended to fix notation. We refer the reader also
to [Stu08, Chapter 4] for a brief introduction, and to [FHI91] for a detailed account.

Let V be an n-dimensional vector space, and let GL,, = GL(V') be the group
of linear automorphisms of V. A representation of GL, is given by a (finite-
dimensional) vector space W and a morphism ¢ : GL, — GL(WW) of linear alge-
braic groups (i.e. ¢ is both a morphism of groups and a morphism of varieties).
For A € GL, and w € W, we will denote p(A)w by A-w. A representation
is called irreducible if it has no nontrivial subrepresentations, i.e. there is no
subspace 0 C W' C W such that A-w € W' for all A € GL,, and w € W’. A fun-
damental fact in representation theory is that every representation of GL,, (more
generally, of any reductive group) is a direct sum of irreducible representations.

The irreducible representations (sometimes abbreviated as “irreps”) of GL,
are in bijection with n-tuples A\ = [A\y,..., \,] € Z™ with A\ > --- > X,. The
associated GL,-representation is called a Weyl module of highest weight A, and
will be denoted by S*V. If A\, > 0, then S*V is a polynomial representation.
In this case, A is typically presented by a Young diagram with at most n rows,
where the the i'th row has length \;. The Weyl module S}V can be obtained
by applying the Schur functor §* to the natural representation V of GL(V)
(i.e. p : GL(V) — GL(V) is the identity), hence the notation. The Schur functors
are defined via Young symmetrizers; we will not recall the precise definition here.
Here are two important special cases: SIWW is the a-th symmetric power S*W,
and S UTW (where 1 appears a times) is the exterior power A® W.

We will, however, recall where the name “highest weight module” comes from:
Fix a torus T' ~ (C*)" C GL(V'). Such a torus may be identified with the diagonal
nondegenerate matrices, after fixing a basis of V. We recall that a torus T" acting
on any vector space W induces a weight decomposition:

W=D W,

aczn

where (¢ ...,t,) € T acts on v € W, by scaling as follows:
(t1, ... tpy)v =15 - - t2m.

The a € Z" for which W, # 0 are called the weights of the weight decomposition;
if w € W, we call w a weight vector of weight a.

Any irreducible GL(V)-representation W = S*V decomposes as above under
the action of 7" with a one-dimensional component W), . .; moreover all other
components have a lexicographically smaller weight. This explains the name
“Weyl module of highest weight \.” Note that S*V is the unique irreducible rep-
resentation with highest weight A, so we have at least given an implicit definition
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of S\V. An alternative description of the polynomial irreducible representations
of GL(V') will be mentioned in Part II of this thesis (the Borel-Weil theorem, see
Theorem 5.4.2).

We now turn our attention to the special linear group SL(V) C GL(V).
Every irrep of GL(V') restricts to an irrep of SL(V'), and every irrep of SL(V)
arises in this way. Moreover, two GL(V)-irreps S*V, SV restrict to the same
SL(V)-irrep if and only if \—p = [c, ¢, ..., ¢] for some ¢ in Z. Hence (by choosing
An = 0), SL(V)-irreps are in bijection with (n —1)-tuples A = [Ay, ..., A\,_1] with
Al > ... > A1 > 0, or equivalently with Young diagrams with at most n — 1
rows. We will also denote them by S*V.

An arbitrary SL(V)- or GL(V')-representation W can be written as a direct
sum of irreducible representations. More precisely, there are unique multiplicities
my € N such that

W =w, (3.2.1)

with
Wy = (SMV))®m. (3.2.2)

The terms W), are called isotypic components. The decomposition (3.2.1) is
unique, but the isomorphisms (3.2.2) are not unique when my > 2. A vector
w € W is a heighest weight vector if w € W) for some A, and w is a weight vector
of weight A. Equivalently: w € W) is a weight vector if the isomorphism (3.2.2)
can be chosen such that w is the highest weight vector of one of the summands
S*V. The highest weight vectors of weight A form a vector space of dimension m.
To avoid possible confusion, we stress that if w € W is a heighest weight vector,
this does not imply that the weight of w is lexicographically maximal among all
weight vectors in W; it only implies that w has lexicographically maximal weight
1 1ts 1sotypic component.

We can test whether a given weight vector w € W is a heighest weight vector
using raising operators. Recall that the Lie algebra sl, of SL, is the space of
traceless n X n matrices, equipped with the Lie bracket [X,Y] := XY — Y X.
An action of SL, on W determines an action of sl, on W by X -5 w :=
lim._, % (([ +eX) sp, w— w). More abstractly: an SL,-representation is a
map SL, — GL(W) of linear algebraic groups, and the induced sl,,-representation
is the differential of this map at the identity matrix. The elements E;,;.; € s,
are called raising operators, because they increase the weight of a weight vector.
Explicitely: if w € W is a weight vector of weight a, then £, - w is a weight
vector of weight a + e; — e;,1. Raising operators will play a role later because of
the following result, which is usually taken as the definition of a highest weight
vector.

Proposition 3.2.2 (See [FH91, Proposition 14.13]). A weight vector w € W is
a heighest weight vector if and only if E; 11 -w =0 foralli=1,...,n—1.
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3.2.2 The plethysm

In this section we describe a general procedure to decompose S*(gl,,) = S*(gl(V))
and S*¥(sl,) = S*(sl(V)) into irreducibles. The proof uses several facts from
representation theory, which we first recall.

e The dual S}(V)* = S*(V*) of an irreducible representation is isomorphic to
SN(V), where X denotes the partition [A;, \; — Ay_1,..., A1 — As]. See for
example [FH91, Exercise 15.50].

o If Wy and Ws are SL,-representations, then Cauchy’s formula says that
the symmetric powers of their tensor product decompose as follows [FHI1,
Exercise 6.11]:

SEWy @ W) EBSA(Wl) ® S*(Wa),
Ak

where the sum is over all partitions of k of length at most n.

e The decomposition of a tensor product of irreducible representations is given
by the Littlewood-Richardson rule

SV @SV = P Ny, SV

The Littlewood-Richardson coefficients NY,, admit a combinatorial descrip-
tion, which can be found in [FH91, Appendix A.1].

Theorem 3.2.3. It holds that
Sk (g ~ PP NSV (3.2.3)
Ak v

as SL(V)-representations. Here the second summation is over all partitions v of
length at most n — 1, Ny, are the Littlewood-Richardson coefficients, and A\ =
A, M = A, AL — Ag)

Proof. Note that gl(V) =V ® V* as SL(V)-representations. So

SHgl(V) =SH(V e V) = P SV @ sNV)
AFE

N@SW®SW @@N” S'V

AFE AFE v

The second isomorphism holds by Cauchy’s formula; the fourth one is precisely
the Littlewood-Richardson rule. O
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To compute the decomposition of S*(sl,), we simply note that
k
S*(gl,) =5*(sl, @ C) = C o @) 5'(sln)

This allows us to compute the decomposition of S*(sl,) inductively.

As a corollary we present an explicit decomposition in the case £k = 3. Comput-
ing the Littlewood-Richardson coefficients in (3.2.3) gives us the decomposition
of S3(gl,,) (resp. S3(sl,)) into irreducibles. We present these in Table 3.1: the
first column lists the highest weights A of the occurring irreducible represen-
tations S*V. To be more precise: the first column actually shows the highest
weights when we view S3(gl,,) (resp. S3(sl,)) as a GL,-representation. (Recall
that weights of GL,, are n-tuples [A1,..., A\,] € Z" with \; > ... > \,. The cor-
responding SL,-weight is then [A; — A, ..., A\y_1 — Ay].) The second and third
column list the multiplicities of the irreducibles in S*(gl,,) resp. S3(sl,). We also
list the dimensions of the occurring irreducible representations SV, as well as
the dimensions of the projective homogeneous varieties contained in P(S*V) (see
below).

Table 3.1: Trreducible components of S3(gl,) and S3(sl,,)

Highest weight S3(gl,,) | S3(sl,) | Dimension Variety
[ ] 3 1 1 0

1, 0, —1] 4 2 n?—1 2n —3
[ , 0, —2] 2 1 w 2n — 3
3,0 _3} 1 1 (n—1)n? (7;21)2(”+5) o — 3
[1,1 0,. —1,—1] 2 1 (n=S)ri(nt1) dn — 12
[ 7 _1’ _1} 1 1 (n— 2)(” 1)(n+1)(n+2) 3n — 17
[1,1 0,...,0,—2] 1 1 (n=2)(n— 1)(”+1)<”+2> 3n—7
2,1,0,...,0,—1,-2] 1 1 =) DTS [ g — 10
1,1, 1, 0,...,0,—1,—-1,-1] | 1 1 (n— “”g}f”“"*” 6n — 27

Homogeneous varieties

Let V be an irreducible representation of a semisimple Lie group G. Then PV
has a unique closed G-orbit X, which is the orbit of the highest weight vector
in PV under the action of G. The projective variety X is isomorphic to G/P,
where P is a parabolic subgroup. We call these varieties homogeneous varieties
or partial flag varieties. See also Section 5.4, in particular Theorem 5.4.2.

In our case G = SL,, we can compute the dimension of X in the following
way: Consider the Dynkin diagram of sl,,, which consists of n — 1 dots marked
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1 to n — 1, and the Young diagram A associated to the representation V. For
every j € {1,...,n — 1}, if the Young diagram has at least one column of length
j, we remove the dot j from the Dynkin diagram. After removing these dots the
Dynkin diagram splits in connected components of size k;. The dimension of our
variety X is then given by

%(nQ—n—Z(/@?—I—ki)).

(2

This gives us the last column of Table 3.1.

3.2.3 Highest weight vectors

We now describe highest weight vectors for all irreducible components of S3(gl,,).
Note that the vector E; ;Ey jy Ep i € S*(gl,,) has weight e;+e;+e—ej—ej—ejn,
where e; is the weight [0,...,1,...,0] with a 1 on the i-th position. Furthermore,
to check that a weight vector v in some representation V of SL, is a highest
weight vector, it suffices to view V' as a representation of the Lie algebra sl,, and
check that every matrix E;;,1 acts by zero (Proposition 3.2.2). Using this, it is
straightforward to check that the vectors listed in Table 3.2 are indeed highest
weight vectors.

Table 3.2: Highest weight vectors of S3(gl,,)

Weight Highest Weight Vector

0,...,0] 111

0,...,0] Zw IE; ;E;,;

[0,...,0] > iin Bii Bk B

[1,0,...,0,—1] IIE,,

[1,0,...,0,—1] Y IEE;,

[1,0,...,0,—1] Z” FE\,.Ei;E;;

[1,0,...,0,—1] Zw E\ B jE;,

2,0,...,0,—2] I1E,  Ey

2,0,...,0,—2] Yo EinEr By,

(1,1,0,...,0,—2] YoiEBvnEoyEiy — Es By B,

2,0,...,0,—1,—1] YoiEBvnE By — By BB,

[1,1,0,...,0,—1,—1] IE By — 1By ,_1Es,

[1,1,0,...,0,—1, —1] YoiBinEoiEi 1 — By By By
—Eyp1Bs By + Eop 1B i By

3,0,...,0,—3] Ey By By,

2,1,0,...,0,—1, 2] Ey By 1By, — BBy nEo

1, 1, 1, O, y 0, —1, —1, —1] 20653 sgn 0E0(1)7nE0(2)7n,1Eg(g)m,g
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Waring rank and border Waring rank

By Theorem 3.2.1, estimating the (border) Waring rank of the highest weight
vector ZZ ik E; ;E; 1 Ey; is equivalent to determining the exponent w of matrix
multiplication. We will analyze the (border) Waring ranks of other highest weight
vectors. We start with the following surprising observation.

Observation 3.2.4. Every highest weight vector with weight different from
0,...,0] has Waring rank O(n?). Furthermore the weight space of [0,...,0]
is 3-dimensional: it has a basis consisting of two vectors of Waring rank O(n?),

and the vector Z”k Ei;E; 1By ;.
Proof. Every highest weight vector in Table 3.2, except for . ik BijEj kB, s
a sum of at most n? monomials, and every degree 3 monomial has Waring rank

at most 4. ]

Recall the small and big Coppersmith-Winograd tensors 1, ,, and T, from
Examples 3.1.22 and 3.1.23. They are symmetric tensors in Clzo, ..., Znmi1]s,
given by

m m
2 2 2
Tewm = g xox; and Towm = ToTms1 + E ToT;

i=1 i=1
with border Waring rank equal to m+2. An interesting observation is that many

of the highest weight vectors listed are, up to a change of variables, equal to Tt
or Tew., for some value of m.

Proposition 3.2.5. The following equalities hold, up to a change of variables:

]El,nE2,n—1 - IEl,n—lEQ,n - Tcw,4
El,nEl,nflEZn - El,nEl,nEanl = TCW,Q

E IEl,iEi,n = Tcw,2n—2
7
E El,nEl,iEi,n = TCW,2n—4
%
Y EinEi B = Teww—a
"j

Proof. We will only prove the fourth equality; the other ones are similar and left
to the reader. Note that

n n—2
Z ErnEyjEin = Ein(El,l + Enn) + Z ErnEyjEjn.
j=1 j=2
If we substitute Ey,, = x9, Ei1 + Enpn = Ton—s, F1j = Toj_3 + iT2j_2 and
E;, = x9j_3 —ix9j_5 for 2 < j < n —1 (so that Ey;E;, = ng_y) + :L‘%j_z), we
obtain the Coppersmith-Winograd tensor Ty 2n—a. ]
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3.3 CW-like tensors via algebraic methods

We now present two approaches for constructing new tensors that are similar to
the Coppersmith-Winograd tensor and well-suited for the laser method. More
precisely, we are looking for tensors which have low border rank and a (tight and
reconstructible) blocking with blocks of high value. The first approach builds
upon the work of Landsberg—Michalek [LM17] and Blaser—Lysikov [BL16], the
second one is new.

3.3.1 New tensors via smoothable algebras

The main result of this subsection is Theorem 3.3.4, which states that under
certain genericity assumptions, a tensor is of minimal border rank if and only
if it is the multiplication tensor of a smoothable algebra. We present a self-
contained proof of one direction of this Theorem (Proposition 3.3.3). Next, we
present an example of a smoothable algebra which gives rise to a tensor that is
well-suited for the laser method.

Let T e U®V ® W be a tensor, and assume that T is concise; in particular
the map ¢r : W* — U ®V is an injection, and rk(7) > dimW. Let Ly CUQ®V
be the image of ¢7. We will write dim W = dim Ly = n. We recall two standard
results, which state that we can get information about the rank and border rank
of T' by studying the space L.

Proposition 3.3.1 ( [Lanl2, Theorem 3.1.1.1]). The rank of T' is equal to n if
and only if Lt is spanned by rank one matrices.

Proof. If T' = Z?:l u; ® v; ® w; then the w; form a basis of W, and the image
under ¢ of the dual basis consists of the rank one matrices u; ®v;, which span L.
Conversely, if Ly is spanned by n rank one matrices u; ® v;, then their preimages
under ¢r form a basis of W*. Let {ws,...,w,} C W be the dual basis, then
T:Z:‘:lul@)m@wl O

Proposition 3.3.2 (See [LM17, Proposition 2.1]). IfP(Lr) is the linear span of a
smoothable 0-dimensional length n subscheme of the variety of rank one matrices
in P(U® V), then T is of minimal border rank.

Proof. By assumption, we have a flat family of smooth length n subschemes
R, C P(U ® V) such that P(Ly) = (limy R;) C limyo (R;), where the last
inclusion is Proposition 1.2.4. This last inclusion is actually an equality, for
dimension reasons. In other words, there are families u;(t) ® v;(t) of rank one
matrices such that Ly = lim;_,o Ly, where Ly := (u1(t) @ v1(t), ..., un(t) @v,(t)).
By choosing a basis by, ..., b, of Ly, and lifting every b; to a family b;(t) with
bi(t) € Ly, we can lift the map ¢ : W* — U ® V with image Ly to a family of
maps ¢; : W* — U ® V with images L;. Write T} for the tensor corresponding
to L;. Then by Proposition 3.3.1, T; is a rank n tensor, and lim, .7} = T. ]
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We are now ready to prove the main result of this section, originally due
to Bléser and Lysikov [BL16], which says that we can use finite-dimensional
algebras to construct tensors of minimal border rank. By convention, all algebras
are unital, associative and commutative finite dimensional C-algebras. Such an
algebra is called smoothable if Spec(A) is a smoothable scheme. Its multiplication
map V. ®V — V (where V is the underlying vector space of A) can be seen as a
tensor T4 e V'@V @ V.

Proposition 3.3.3. If A is a smoothable algebra, then the multiplication map of
A is a tensor of minimal border rank.

Proof. Let A = (V, %) be an n-dimensional (unital, associative, and commutative)
C-algebra. By choosing a vector space basis {ag = 1,a4,...,a,_1} of A (with
ag = 1 is the unit of A), we can write A = Clay, ..., a,—1]/I, where I = (a;a; —
a;*a; | 1 <i<j<n). The space Ly, is the image of the dual multiplication

map
V= V'V Z i = Z (Z Cé‘,k)‘i)aj @ ag,
i ik i
where {ag,...,a,_1} is the dual basis to {ay = 1,a4,...,a,-1}, and c;k are the

structure constants, defined by a; * ar = Y, ¢ pa;. Let Xy € P(V* ® V*) be
the variety of rank one matrices, whose defining equations are given by 2 x 2
minors. Let Y be the scheme-theoretic intersection P(Ly,) N X;. Viewing Y as
a subscheme of P(V*), its defining ideal is generated by

(Z C;MJ(Z Cj”,k’Ai) - (Z C;",k)‘i)(z Cj',k/)\i)

4 i A %

for all 7, j. By using the fact that the c; . are the structure constants of an algebra,
we find that the elements ), C;k)\o)\i — A\jA; already generate the ideal. Thus,
we can identify Y with Spec(A). The linear span of Spec(A) C P(V* @ V*) is
(n — 1)-dimensional and contained in P(Lz, ), so it is equal to P(Lz, ). The result
now follows from Proposition 3.3.2. O

In fact, as shown by Blaser and Lysikov, the converse holds as well, under
certain genericity assumptions.

Theorem 3.3.4 ( [BL16, Corollary 3.6]). Let T € V; ® Vo, ® V5 be a tensor,
with dim V) = dim V, = dim V3 and assume that the maps V¥ — Vo @ V3 and
Vet — Vi ® Vs contain a full rank matriz in their image. Then T has minimal
border rank if and only if the map T € V" @ V¥ — V3 is the multiplication map
of a smoothable algebra.

Hence, one way of constructing tensors that are suitable for the laser method
is to consider finite-dimensional C-algebras that are known to be smoothable. In
general, checking smoothability is a hard task, but there are several sufficient
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conditions in the literature for an algebra to be smoothable. In particular, we
will use the following result.

Definition 3.3.5. If A is a local algebra, with maximal ideal m, its Hilbert
function is defined by h4(i) = dimm’/m**'. We will denote the Hilbert function
of a local algebra by a sequence (ha(0),ha(1),...), where we leave out trailing
zeroes. If A islocal and graded, then h4 (i) = dim A;, the dimension of the degree
1 part of A.

Remark 3.3.6. The Hilbert function as defined above is sometimes called the
local Hilbert function. There is also the general notion of Hilbert function for
subschemes of projective space. Although these concepts are related, they are
not the same.

Theorem 3.3.7 ( [CEVV09, Propositions 4.12 and 4.13]). If A is a local algebra
with Hilbert function (1,n,1) or (1,n,2), then A is smoothable.

Example 3.3.8. The Coppersmith-Winograd tensor arises as the multiplication
tensor of a smoothable algebra. Let V' be an (n+2)-dimensional vector space with
basis {ag,...,a,+1}, and let A = (V) %) be the algebra with unit ay defined by
a;*a; = apyr fori=1,... ,n,a;,xa; =0for 1 <¢<j<n+1,and ap41 *api1 =
0. Equivalently A = Clay,...,a,41]/I, where I is the ideal generated by the
relations above. The multiplication tensor of A is equal to

n+1 n
040®040®a0+2(&0®@i®ai+@i®@o®ai)+Z(Oéi®04i®an+1)-
i=1 i=1

We recover the tensor Ty, from Example 3.1.23 by substituting o; = u; in the
first tensor factor, o; = v; in the second, and ay = wWpt1, ni1 = Wo, a; = W
in the third (where 1 < j < n). Now, A is a local graded algebra, with m =
(1, ...,2n41) and grading given by deg(x;) = 1 fori=1,...,n and deg(x,41) =
2. So the Hilbert function of A is equal to (1,n,1). Hence by Theorem 3.3.7
Spec(A) is a smoothable scheme, and by Proposition 3.3.2 Tow,, is of minimal
border rank.

Example 3.3.9. This example is due to Joachim Jelisiejew. Consider the 3m—+3-
dimensional algebra A = Clay, ..., asni2]/1, where the ideal I is generated by

® U3yl — Qi for 1 <i <im,
® U3y — Ao,y for 1 <7 <m,

e and all products a;a;, 1 <@ < j < 3m+ 2 not occuring in one of the above
generators.
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Its Hilbert function is given by (1, 3n,2). As in the previous example, we conclude
that Spec(A) is a smoothable scheme, and hence the multiplication tensor T4 is
a tensor of minimal border rank 3m + 3.

Explicitly, T4 is equal to the following tensor in A*® A*®@ A (with A = C3™F3):

3m

TA:a0®a0®a0+Z(ao®ai®ai+ai®ao®ai)
i=1

+ E :(ai®am+i®a3m+l +0; @211 D A3 42 Qi D0 R U341+ Vot QO @Az 42)

i=1

F QA3 +180A3m 41T QU3 +2Q A3 +2 X3 +1 QDA Q A3 41 T A3 42 QXA 42

The space Ly, consists of all matrices of the form

Ao

A1

Am

/\m+ 1

)\2m

A2m+1

A3m

/\3m+1 )\3m+2

Al

Am

A3m+1

)\3m+1

A3m~|»2

)\3m+2

)\m+1

)\2m

)\3m+1

)\3m+1

)\2m+1

)\Sm

/\3m+2

)\3m+2

)\3m+1

)\3m+2

We point out that this looks exactly like the “multiplication table” of A. Also,
note that if we take the ideal generated by the 2 x 2 minors of this matrix and
substitute A\g = 1 and \; = a; for 7« > 0, we recover I.
We now apply the laser method to T'y. We take the blocking D given by
Ay = {ao), AT = (o, ..., azm), Ay = (Q3m11, A3mr2)

for the first 2 tensor factors, and
Ao = (a3mi1, A3ma2), A1 = (a1, ..., azm), Az = (ag)
for the third tensor factor. The support supp, T4 is equal to
{(0,0,2),(0,2,0),(2,0,0),(1,1,0),(1,0,1),(0,1,1)},

which is tight and reconstructible. The blocks T4 200y = M21,1), Ta,0,20) =
M(1,2,1)7 TA,(O,0,2) = M(1,1,1), TA,(O,I,l) = M(1,3m,1) and TA,(1,0,1) = M<1,1,3m> are all
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matrix multiplication tensors, and hence their values are known. The final block

m

Ta1,1,0 = E (0 ® Qi @ A1 + O @ Qo @ Azt
i=1

+ Qi @ @ @ A3pr1 + Qomei @ @ ® azme2)  (3.3.1)

can be identified with the Kronecker product
m—1
(Z€j®€j®1)&(60@61®61+€0®62®€2+€1®€0®61+62®€0®€2).
j=0

The first factor is the matrix multiplication tensor M ,, 1), whose symmetrization
(with respect to Z /37 C S3) has value V,,(Mm mmy) = m*. The second factor is

Strassen’s tensor Tsrpo. By Example 3.1.21, we have Vw(fs_;];) > 4-2¥. Hence

—_——

Vw (TA,(LLO)) Z 4(2m)‘”

We now apply the laser method Theorem 3.1.20 using this value estimate:

31k(Th) > log Vi(Ta) > H(Py) + H(P,) + H(Py) + P(1,1,0) log (4(2m)")
+ (P(2,0,0) + P(0,2,0))log(2%) + (P(1,0,1) + P(0,1,1))log ((3m)*) .
For fixed m we can obtain a bound on w, by optimizing over all probability

distributions on supp, 74. The best bound is obtained by putting m = 4: we
obtain w < 2.431.

3.3.2 New tensors via highest weight vectors

Let n > 3 and write m = n — 3. We will focus on the following highest weight
vector from Table 3.2:

n

Thwn = Z(ElnEZzEzn - E2,nE1,z'Ei,n) S SS(CnQ)-
i=1
This is not a concise tensor, but we can make it concise by changing the ambient
space: first, rewrite Ty, as

n—1

EinEm — EinEm + Ey By (Eoo — Erq) + Z(ElnE27,Ezn — By BB ).

=3

For every i € {3...n — 1}, we put E;,, = x;_3, Ey; = y;—3, and Ey; = z_3.
Moreover, we put Ey; — Eao = by, E1, = a1, oy = —ag, Bog = by, B9 = —bs.
Then our tensor becomes

THW,m = Cblagbo + &%bl + CL%bQ + Z(alxjyj + &233ij) € 83<V) Q VeVe V,
j=1
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where V' is the 3m + 5-dimensional vector space with basis

{al,ag,xl, e Ty Y1y - -5 Ymy 21 - - ~7Zm7607b17b2}-

The space Ly consists of all matrices of the form

bl bo Y oo Ym |1 .. Ty 0 ... 0 o a1 0
bo by |zt ... zZpn| 0O ... 0 |x1 ... Zpm|lar 0 ag
o 2 ai %)

Ym Zm ai a2

T 0 aq

Ty O aq

0 1 | a2

0 z, ao

az ap

aq 0

0 a9

It is easy to see that Thw,, is concise, i.e. the induced map V* — V @ V
is injective. From this, it follows that Tyw,, has border rank at least dim V' =
3m + 5. The reason why this highest weight vector in particular is of interest, is
that it appears to have minimal border rank.

Conjecture 3.3.10. The border rank of Trw,m s equal to 3m + 5.

Ever stronger, we conjecture that the border Waring rank of Thw,, is equal
to 3m + 5. For m < 1 we have the following exact border decompositions.

Proposition 3.3.11. Form = 0 and m = 1, the tensor Tyw., has border Waring
rank 3m + 5.

Proof. We provide explicit Waring rank approximations in both cases. For the
case m = 0, let

TO,t = 3(@1 + tbl)g + 6(@2 + tb2)3 + (a1 — 20,2)3
—3(ay — ag + thy)® — (ay + ag — 3thy)>.

Then T
lim % = 36ayazbo + 9a2by + 18a2b,,

t—0

70



which is equal to our tensor Tyw,; up to rescaling the variables. For the case
m =1, let

1
Ty = (—a1 —as+ t3bo)3 + =(—a; + a2)3 + (a; — t2y1 + t351)3 +

3
1 1
g(al — as + 3tl’1 — 3t360)3 + 1(2012 — thl — t221 + t3b2)3 +
1
(—ay — 2txy + 1) + (202 + 221)° + (a1 + ag + tay)?

Then T

15% % = 12a1a2b0 + 3@%()1 + 3@3[)2 + 12a1x1y1 + 6@2:6121,
which is equal to Trw,1 up to rescaling the variables. O

For m > 2 there is strong evidence for Conjecture 3.3.10. First, we tried to
bound the rank of Tyw,,, for m < 15 from below using Koszul flattenings [LO13,
Proposition 4.1.1], and the obtained lower bound was equal to 3m+5 in all cases.
Second, with the help of Austin Connor, we were able to obtain numerical border
rank decompositions of Ty, for m <5.

We now apply the laser method to the tensor 7,,, = THw,. The blocking D
is given by V =V, @ V; @ V5, with

‘/0 = <CL1,(1,2>,‘/1 = <LU1, e Ty Yy e Ymy 215 - 7Zm>7‘/2 = <b07b1762>
The block

It

Tony(1,1,0) = (xj RY;®a1+r;Qz;Qa+y; Qr;Qa; +2; xr; ® as),

1

J

is precisely the same as the block (3.3.1) from the previous example. Hence its
value is at least 4(2m)“. The same holds for T, (101) and T, (0,1,1)-
The value of the other blocks is more difficult to estimate. For instance

Tm,(2,0,0) = (bo®a1®a2+bo®a2®a1 +b1 X a; @ aq +b2®a2®a2).

has value at least 2, as substituting by = 0 in the first factor yields a direct sum
of 2 matrix multiplication tensors M 1 1y.
With the above value estimates, Theorem 3.1.20 yields

31k(T,,) > logV,(T,,) > H(P) + H(P) + H(Ps)
+ (P(2,0,0) + P(0,2,0) + P(0,0,2))log(2%)
+ (P(1,1,0) + P(1,0,1) + P(0,1,1)) log (4(2m)*) .
Assuming Conjecture 3.3.10, we obtain for every m a bound on w, by optimizing

over all probability distributions on suppj, 7;,. The best bound is obtained by
putting m = 7: then we obtain w < 2.451.
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3.3.3 Outlook

We end this chapter by listing a number of open questions and future directions.
First, in Section 3.3.2, we left open the problem of actually proving that 7wy,
has minimal border rank. This could potentially be proven either by finding an
explicit decomposition, or by using geometric methods like Proposition 3.3.2. We
also used a very naive estimates for the value of one of the blocks; improving this
estimate would improve the obtained bound w < 2.451 slightly.

The best known bounds on w were obtained by an explicit study of higher
Kronecker powers of the Coppersmith-Winograd tensor and finding better block-
ings for those. It might be worthwhile to also study the Kronecker powers of the
tensors considered in 3.3.

Finally, the method of Section 3.3.1 can be used to construct many more
smoothable tensors. In particular, we plan to undertake a study of algebras with
Hilbert series (1,n,3), and analyze which of these algebras are smoothable and
suitable for the laser method.
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Chapter 4

The Hessian discriminant

In this chapter, we express the Hessian discriminant of a cubic surface in terms
of fundamental invariants. This answers Question 15 of the 27 questions on the
cubic surface posed by Bernd Sturmfels. This chapter is based on joint work with
Rodica Dinu [DS20].

A cubic surface in P? is the vanishing locus of a degree 3 polynomial

f(xo, x1, 29, 23) 1= Z CijkT; LX) € Clzo, 1, T2, 3]
0<i<j<k<3

in 4 variables. The study of cubic surfaces is an important research topic in classi-
cal algebraic geometry. Recently, Anna Seigal [Seil9] introduced a new invariant
of cubic surfaces called the Hessian discriminant HD. It is a homogeneous de-
gree 120 polynomial in the 20 variables ¢;j;, which is defined as a specialization
of the Hurwitz form of the variety of rank 2 symmetric 4 x 4 matrices.

The rank of a cubic surface V(f) is simply the Waring rank of f; for a general
cubic surface the rank is equal to 5. It can be shown that (the vanishing locus
of) the Hessian discriminant is precisely the Zariski closure of the set of rank 6
cubic surfaces. There is also a connection between the Hessian discriminant and
the more classical study of cubic surfaces: it is related to the singular points of
the Hessian surface.

By construction, the Hessian discriminant defines a hypersurface in P! which
is invariant under the action of PGL(3). In other words, HD is an invariant
of cubic surfaces. The generators of the invariant ring of cubic surfaces are
known [Sal60], so it is natural to ask how to express HD in terms of these
fundamental invariants. This was Question 15 in the 27 questions on the cubic
surface [RS19]. The main result of this article provides an answer to this question.

Theorem 4.4.1. HD = I}, where Iy is the degree 40 Salmon invariant.

In fact, it is not very hard to deduce this result from known facts about
cubic surfaces. However, the required results appear to be quite scattered in
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the literature. In this chapter, we present a proof that only relies on two very
classical results: the classification of cubic surfaces by Schléafli [Sch63], and the
computation of the invariant ring by Salmon [Sal60]. We also spend some time
explaining connections with Hessian surfaces and with apolar schemes.

The organization of this chapter is as follows: In Section 4.1, we review the
definition of the Hurwitz form and the Hessian discriminant. We also explain
how to use software to verify whether a given cubic lies on the Hessian discrim-
inant, and explain connections with Hessian surfaces and with apolar schemes.
In Section 4.2, we use the classical theory of normal forms for cubic surfaces to
decide for every cubic surface outside of a certain codimension 2 locus whether
or not it lies on the Hessian discriminant. In Section 4.3, we recall the invariant
theory of cubic surfaces, and give a computational proof that the vanishing locus
of the invariant I, is the Zariski closure of the set of smooth rank 6 cubic sur-
faces. Finally, Section 4.4 puts together the results of the preceding two sections
to prove Theorem 4.4.1.

4.1 The Hessian discriminant

4.1.1 The Hurwitz form

Let X be an irreducible variety in projective space P of codimension d > 1 and
degree p > 2. Let G(d,P™) denote the Grassmannian of dimension d subspaces
of P™. Following [Stul7], define Hx C G(d,P") to be the set of all subspaces L
for which L N X does not consist of p reduced points. If L is the row space of
a matrix B = (b; j)o<i<d,0<j<n, then the entries b; ; are the Stiefel coordinates of
L, and the maximal minors of B are the Pliicker coordinates. One can obtain
the sectional genus of X by intersecting the variety with a general subspace of
dimension d — 1 and then taking the arithmetic genus of the obtained curve.

Theorem 4.1.1. [Stul7, Theorem 1.1] Hx is an irreducible hypersurface in
G(d,P™), defined by an irreducible element Hux in the homogeneous coordinate
ring of G(d,P"). If X is reqular in codimension 1, then the degree of Hux in
Pliicker coordinates equals 2p + 2g — 2, where g is the sectional genus of X.

The polynomial Huy defined above is called the Hurwitz form of X. Inter-
esting examples of Hurwitz forms in computational algebraic geometry can be
consulted in [Stul7]. To define the Hessian discriminant, we will need to consider
the Hurwitz form of the variety X5 of symmetric 4 x 4 matrices of rank at most
2. If we write P? for the space of all symmetric 4 x 4 matrices, then X, C P?
is an irreducible subvariety defined by the vanishing of the 3 x 3 minors. It has
dimension 6, degree 10, and sectional genus 6. By Theorem 4.1.1, the Hurwitz
form Huy, is an irreducible hypersurface of degree 30 in the Pliicker coordinates
of G(3,P?). In [Stul7], there is an algorithm to compute the polynomial Huy,,
but it does not finish in a reasonable amount of time in this case.
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4.1.2 The Hessian discriminant

For the rest of the chapter, fix a 4-dimensional C-vector space V. Let C = V()
be a cubic surface in P? = P(V), defined by a quaternary cubic

f = Z CijkTiTj Tk € (C[l’o, I1,$2,$3]3 = SS(V*>

0<i<j<k<3

The 20 coefficients ¢;j; determine a point in P(S?(C*)) = P¥. We will use the
notions of “cubic surfaces”, “quaternary cubics (up to scaling)”, and “points in
P19 interchangeably. If C is not a cone over a plane cubic, we can associate to
f a 3-plane H(f) in the space P? = P(S?(V*)) of symmetric 4 x 4 matrices. The
points of H(f) are called polar quadrics of f. There are several equivalent ways
to define H(f). We leave it to the reader to check that they are indeed equivalent.

e The Hessian of f is the 4 x 4 matrix of linear forms whose (i, j)-th entry
o2 f
O0x;0x; "
p = [xo: x1 : X9 : x3] to the Hessian matrix evaluated in that point. We

define H(f) to be the image of ;.

is It defines an injective linear map iy : P* — PY, sending a point

e We can also define H(f) as the linear span of the four partial derivatives
a%’%’ g—rj;, ngS, seen as points in P(S?(V*)). Note that these 4 points
are well-defined and not coplanar, unless after change of coordinates f is
a polynomial in 3 variables. This explains our assumption that C is not a

cone over a plane cubic.

e We can view f as a symmetric three-way tensor T = (T} )i k. (Le. cijp =
ATk, where A is the number of distinct permutations of ¢, j, k. Then f =
>ijx Dijpwizjry.) For m € {0,1,2,3}, the m-th slice of T is defined to
be the symmetric matrix obtained by fixing the first index to be m. Then
H(f) is the linear span of the four slices of T". From this description we
see immediately the Stiefel coordinates of H(f): they are the entries of
a 4 x 10 matrix with colums indexed by pairs (j,k) with j < k, whose
i, (J, k)-th entry is Tj;y.

We are now ready to introduce the Hessian discriminant. Recall that Huy, is the
Hurwitz form of the variety of symmetric 4 x 4 matrices of rank at most 2.

Definition 4.1.2. The Hessian discriminant HD € Clegoo, - - -, C333)120 18 the
polynomial obtained by evaluating Huy, in the Pliicker coordinates of H(f),
where f is a general cubic surface.

By construction, the Hessian discriminant vanishes at f € P if and only
if H(f) does not intersect the variety of rank 2 matrices in 10 reduced points.
Clearly, V(HD) is invariant under linear changes of coordinates. It follows that
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HD is invariant under the natural action of SL(4) on Clega,- -, cs33]. The
following observation connects the Waring rank of cubic forms with the Hessian
discriminant.

Observation 4.1.3. (See [Seil9, Section 2.4].) If f has Waring rank at least 6
and defines a smooth cubic surface, then f lies on the Hessian discriminant.

It will be easy to verify this, once we have recalled the normal forms of smooth
cubic surfaces in Section 4.2. In [SS19, Corollary 4.4], it is proven that the
vanishing locus of the Hessian discriminant is the Zariski closure of the set of
all rank 6 cubic surfaces; in particular, all rank > 6 cubics (not just the smooth
ones) lie on the Hessian discriminant.

4.1.3 The Hessian surface

In this section, we investigate how the Hessian discriminant is related to the
singular locus the Hessian surface of a cubic surface. The determinant locus
of the Hessian of f defines a quartic surface Hess(f) in P?, called the Hessian
surface of f. It can be identified with the intersection of H(f) and the variety
X3 of singular 4 x 4 matrices. Since the singular locus of X3 is equal to X, the
locus H(f) N X, of rank 2 matrices in Hess(f) is contained in the singular locus
of Hess(f). For smooth cubic surfaces, this is an equality.

Proposition 4.1.4. For a smooth cubic surface, the singular locus Sing(Hess(f))
of its Hessian surface is equal to H(f) N Xs.

It follows that a smooth cubic surface lies on the Hessian discriminant if and
only if its Hessian surface has strictly less than 10 singular points. This result
appears to be well-known, but we were not able to find a complete proof in the
literature. In Section 4.2.4, we will give a proof of Proposition 4.1.4 relying on the
classification of smooth cubic surfaces. For singular cubic surfaces, the situation
is somewhat more subtle: first of all, the following result (which also appears to
be folklore) shows that the Hessian surface might have additional singular points.

Proposition 4.1.5. If a cubic surface f is singular at a point p, then p is a
singular point of Hess(f).

Proof. Without loss of generality, we may assume that p = [1:0:0:0]. Then
f = x99 + h, where g and h are homogenous polynomials of respective degrees 2
and 3 containing only the variables x1, 9, x3. In particular it holds that 8833_52 =0

and ag?jafx. = % for i = 1,2,3. Hence the determinant of the Hessian matrix is a

homogeneous degree 4 polynomial that does not contain any monomials divisible
by xj, which implies that [1:0:0: 0] is a singular point of Hess(f). O
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An explicit example of a cubic surface whose Hessian surface has more than
10 (but finitely many) singularities is the Cayley cubic; see Section 4.2.3. In
[Rei, Proposition 4.5, it is shown that for a certain class of (possibly singular)
cubic surfaces, the singular locus of the Hessian surface is precisely equal to
(H(f) N X3) U Sing(f). However, the following example shows that this is not
true for all cubic surfaces.

Example 4.1.6. Consider the cubic surface defined by the equation

1
f= —x% + 12923 = 0.

6

The Hessian matrix of f is equal to

o 0 0 O
0 0 z3 29
0 z3 0 x
0 To X1 0

)

hence its Hessian surface is a union of 4 planes defined by xgziz203 = 0, whose
singular points are the 6 lines z; = z; =0, 0 <7 < j < 3. However, H(f) N X,
only consists of the point [1: 0: 0 : 0] and the three lines g = z; =0, i = 1,2, 3,
and Sing(f) consists of 3 points [0:1:0:0],[0:0:1:0],[0:0:0:1].

4.1.4 Computational methods

While computing an expression for the Hessian discriminant is a computationally
difficult task, it is easy to verify for a given cubic whether or not the Hessian dis-
criminant vanishes at that cubic: one simply needs to compute the ideal defining
the intersection of H(f)N X5, and check whether or not it is zero-dimensional and
radical. Some code in Macaulay2 [GS] for computing this can be found below:

R=QQ[x_0..x_3,z_0..z_9]

X={x_0,x_1,x_2,x_3};
A=genericSymmetricMatrix(R,z_0,4)
I2=minors(3,A)

hessRank2 = f ->(

hess = diff (transpose matrix{X},diff (matrix{X},£f));
I=eliminate(X,ideal(flatten entries (A-hess)));
return (I+I2);

)

isOnHessianDiscriminant = £ —>(

J=hessRank2(f) ;

return not ((codim J==9) and (J==radical J));

)
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--Examples:
f=x_0%x_1*x_2+x_0*x_1%x_3+x_0%x_2%x_3+x_1*%x_2%x_3
isOnHessianDiscriminant (f)

-—false

f=x_07"3+x_1"3+x_2"3+x_3"2% (3*x_0+3*x_1+3*x_2+x_3)
isOnHessianDiscriminant (f)

—-—true

Remark 4.1.7. The above algorithm can also be used to simultaneously compute
H(f)NX for all f in a family of cubic surfaces. For more details, see Remark 4.2.5,
as well as the supplementary code available at https://software.mis.mpg.de/.

4.1.5 Apolarity

There is a beautiful connection between the 3-plane H(f) associated to f and
apolar schemes of f. Although not logically necessary for the proof of our main
theorem, it can provide some insight in the nature of the singularities of the
Hessian surface of a smooth cubic. We will identify the symmetric algebra S(V)
of V' with the polynomial ring Clyo,y1,y2,ys]. For every d,m € N, there is a
natural pairing

o : Clyo, Y1, Y2, ysla x Clzo, 21, T2, T3] — Clzo, 21, T2, T3] —a
defined by go f = g(aim,a%l,%,%)f(:co,xl,xg,xg). Note that H(f) can be
identified with the image of the map V — S*(V*) : g+~ go f.

Definition 4.1.8. For f in Clzg, z1, 2, z3], we define the annihilator of f to be
the ideal

Ann(f) = {glgo f =0} C Clyo, ¥1, Y2, y3.

If I C Ann(f) is a saturated ideal, we say that I is an apolar ideal to f, and
V(I) is an apolar scheme to f. In other words, Y C P(V*) is an apolar scheme
to f if every polynomial that vanishes on Y also annihilates f.

Observation 4.1.9. Denote the coordinates on PY = P(S?(V*)) by z;;. Then
defining equations ), jaijzig = 0ot H (f) are in one-to-one correspondence with
degree 2 elements ), a;;yiy; of Ann(f): >, ; a;yiy; is in Ann(f) if and only

if > ics aij%g;j =0, if and only if 3, a;;z;; vanishes on H(f). As a corollary
of this, if Y is an apolar scheme to f, then H(f) is contained in the linear span
of v2(Y'), the image of ¥ under the second Veronese embedding vy : P(V*) —
P(S*(V*)). Indeed: every linear equation . a;;zi; on vy(Y) comes from a
quadratic equation ), a;;y;y; on Y, which by the above also vanishes on H(f).
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4.2 Normal forms for cubics

It is possible to classify the cubic surfaces up to linear transformation, and use this
to provide a list of normal forms so that every quaternary cubic can be brought
in one of the normal forms by a linear change of coordinates. This was first done
by Schléfli [Sch63], we refer the interested reader to [Sch97] for an overview.

We first recall the classification of smooth cubic surfaces.

Theorem 4.2.1 (See [Seg42, §§84 - 91]). Every smooth cubic surface can after
a linear change of coordinates be written in one of the following 4 normal forms:

1. Sylvester’s pentahedral form:
CoTpy + 12} + coms + c3x3 + cy(—x0 — 11 — T2 — 23)° =0, (4.2.1)

with ¢; € C*, and ), :l:\/ia # 0.
2. General rank 6 cubic surfaces:
o3+ 2+ 2 — 2l (uxo + 3T + 3howy + 3A3w3) =0 (4.2.2)
with \ € C*, € C, and j1+ 2002 + A2 + A2) # 0,
3. Special rank 6 cubic surfaces:

207y + T3 + 25 — 3x0(1T0T1 + TeT2 + 23) = 0, (4.2.3)

with iy (1o + i +1) £ 0.
4. Cyclic cubic surfaces:
:vg + 2 a2l 4 3:3 — 3\r12903 = 0, (4.2.4)
with (A3 + 8)(A3 — 1) #£ 0.

The families of cubics with these mormal forms have respective codimensions
0,1,2,3 in P Cubics of the form (4.2.1) have Waring rank 5, cubics of the
form (4.2.2) or (4.2.3) have rank 6, and cubics of the form (4.2.4) have rank 5
if A #0, and rank 4 if A = 0.

A detailed discussion on normal forms for singular cubic surfaces can be found
in [BW79]. For our purposes, it suffices to know the following result.

Theorem 4.2.2 (See [BW79, Lemma 2|). A general singular cubic surface can
be written in the form

ZL’3(CL’% — ZEOCL’Q) + Il(l’o — (1 + po)l‘l + pol’g)(l‘o — (p1 + pz)l’l + pl,OQZEQ) = 0, (425)
where p; € C\ {0, 1} are pairwise different.
In fact, all we need to know to prove our main theorem is the following.

Corollary 4.2.3. Every cubic, outside of a certain codimension > 1 set in P9,
can after a linear change of coordinates be written in one of the forms (4.2.1),

(4.2.2) or (4.2.5).
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4.2.1 Sylvester’s pentahedral form

Proposition 4.2.4 (See also [Dol12, Chapter 9.4.2]). No cubic of the form (4.2.1)
lies on the Hessian discriminant, as long as all ¢; are nonzero.

Proof. Write x4 = —x¢g— x1 — 23 — x3. The set of rank 2 quadratic forms in H(f)
is given by
{ca? — cj$§|i <j}

This can easily be verified by hand, or computationally by using the algorithm
described below. Since we assumed that all ¢; are nonzero, we find that H(f)NX,
consists of 10 distinct points, proving the result. O

Remark 4.2.5. We can use our Macaulay2 code to simultaneously analyze
H(f) N X, for all cubics f of the form (4.2.1), including the ones where one
of the ¢; is zero (if two or more of them are zero then H(f) is not defined).
The code (available at https://software.mis.mpg.de/) computes a primary
decomposition of the ideal defining H(f) N Xy (where the ¢; are variables). The
primary decomposition of our ideal has 40 components. 30 of these contain one of
the paramaters co, ..., c4 (each parameter in 6 components); the other 10 do not
contain any linear combination of the parameters. This means that if exactly one
of the parameters is zero, the intersection H(f) N X, consists of 6 lines, whereas
if all the ¢; are nonzero, it consists of 10 points. After identifying H(f) with P?
using the Hessian matrix (as in Sections 4.1.2 and 4.1.3), the 10 points in H(f)
are [1:0:0:0,[0:1:0:0/,[0:0:1:0,,[0:0:0:1],[1:=1:0:0],[1:0:—1:
0,[1:0:0:—1],[0:1:=1:0/,[0:1:0:—=1],[0:0:1:—1].

Remark 4.2.6. Proposition 4.2.4 can also be shown using apolarity: for a general
cubic surface
f=L+ L+ L3+ L+ L3=0

(with the L; in general position) there is an apolar scheme Y = {Ly,..., Ls}.
This can easily be verified directly, but also follows from the so-called apolarity
lemma [IK99, Lemma 1.15], which states that a homogeneous degree d polynomial
f can be written as a linear combination of powers L¢, ..., L¢ of linear forms if
and only if { Ly, ..., Ls} is an apolar scheme to f. It now follows from Observation
4.1.9 that H(f) is contained in the linear span (vs(Y’)) of the second Veronese
embedding of Y.

Clearly, (v5(Y")) N X, contains the 10 lines through the (L7, L?), and (using
the fact that L; are in general position) it is easy to verify that this is in fact an
equality. Now, H(f)N X5 is the intersection of (v2(Y)) N X, with a hyperplane H.
Since H(f) does not contain any of the L? (indeed: this would imply that there is
a g such that go L; = 0 for 4 out 5 of the L;, contradicting the general position),
H intersects every line (L?, L?} in one point, and these points are distinct. These
are the 10 points of H(f) N X.
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4.2.2 Rank six cubics

Proposition 4.2.7 (See also [Seg42, §91]). For a cubic f of the form (4.2.2), the
scheme-theoretic intersection H(f)N Xy consists of 4 simple and 8 double points.
In particular, f lies on the Hessian discriminant.

Proof. The scheme H(f) N X is supported at the 7 points 22 — \jz2, 23 — X\oz2,
l‘% — )\31‘%, )\L’E% — )\21’%, )\1[[’% — /\31’%, )\21’% — /\3I%, xo(,uxo + 2)\1I1 + 2/\2l‘2 + 2/\3]73),
where the first three are double points. This can be verified using our code. [

Remark 4.2.8. After identifying H(f) with P?, the 7 points in H(f) are [0: 1 :
0:0,0:0:1:0,[0:0:0:1],[0:A2:—=A1:0],[0:A3:0:—=X],[0:0:N\y:
—As3],[1:0:0:0], where the first 3 are double points.

Remark 4.2.9. There is an intuitive explanation why H(f) N Xy contains 3
double points. As we will see in Section 4.3.1, a cubic of the form (4.2.2) can be
obtained as a limit of cubics of the form Z?Zl L3, where in the limit the points
L4, Ls € P3 crash together. In Remark 4.2.6 we saw that for cubics in pentahedral
form, the 10 points in H(f) N X3 are in bijection with the 10 lines between the
5 points L? € PY. Now if 2 of our points crash together, these 10 lines become 4
simple lines and 3 double lines. We will now make this more precise.
For a general rank 6 cubic surface

fr=L3+ L3+ L3+ L2M =0

(with Ly, Lo, L3, Ly, M in general position) let Z be the nonreduced scheme of
length 2 supported at L, in direction M, i.e. I(Z) = I(L4)* + I({L4, M)). Then
Y =L ULy UL3UZ is a length 5 apolar scheme of f. Hence H(f) C (vo(Y)).

Note that vo(Y) = (L%, L3, L2, L%, L,M). From this we can see that (vy(Y"))N
X, contains the 4 lines (L% L3), (L3, L3), (L3, L2) and (L3, LyM), as well as
three double lines defined by I((L?, L3))* 4+ I((L}, L3, LyM)). As before, using
that L; and M are general we can see that (vy(Y)) N X, consists precisely of these
lines. Now, H(f) N X, is the intersection of (v2(Y)) N Xy with a hyperplane H.
Since H(f) does not contain any of the L?, H intersects every of our 7 lines in 1
(possibly fat) point. These are the 7 points of H(f) N Xo.

Remark 4.2.10. For cubics of the form (4.2.3), we can use our code to show
that H(f) N X5 consists of 3 triple points and one single point. After identifying
H(f) with P?, the 4 points in H(f)are [0:1:0:0[,[0:0:1:0],[0:0:0:1],[0:
1: —py : 0], where the first 3 are triple points. In particular, cubics of the form
(4.2.3) also lie on the Hessian discriminant, and we recover Observation 4.1.3.

4.2.3 Generic singular cubics

Proposition 4.2.11. A general singular cubic does not lie on the Hessian dis-
criminant.
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Proof. 1t suffices to find one singular cubic that does not lie on the Hessian
discriminant. One way of doing this is by generating a random one of the form
(4.2.5) and using our code. Here we will instead exhibit a very specific example:
the Cayley cubic, given by

f = rox129 + X0 173 + ToT2T3 + T1T2x3 = 0,

with 4 singular points [1:0:0:0],[0:1:0:0/,[0:0:1:0],[0:0:0:1].
Then H(f) is the linear span of the quadratic forms

T1T2 + T1T3 + T2X3, ToT2 + o3 + To2X3, Tox1 + o3 + T1X3, Tox1 + o2 + 122,
and H(f) N X, consists of the following 10 distinct points:

ZE()($1 + i) + $3),$1(.’B0 + i) + .’Bg), ZL’Q($0 + I + $3), $3(1’0 + X1 + IL'Q),
(I‘O — ZEl)(l’Q + xg), ([L’O — l’g)(]?l + I3), (JIO — .1‘3)(.1'1 + .%‘2),

(331 — l‘z)(l’o + 33'3), (1‘1 — 1’3)(.1'0 + .%2), ($2 — 33'3)(1’0 + .1'1).
This shows that the f does not lie on the Hessian discriminant. O

Remark 4.2.12. After identifying H(f) with P3, the 10 points in H(f) are
l1:1:1:—-1),[1:1:=1:1,[1:—=1:1:1],[-1:1:1:1],[1:=1:0:0][L:
0:=1:0,[1:0:0:=1,0:1:=1:0,[0:1:0:—=1],[0:0:1:—1]. It can
easily be verified that these 10 points, together with the 4 singular points of f,
are precisely the 14 singular points of the Hessian surface of f.

4.2.4 Proof of Proposition 4.1.4

We now have the required background to give a proof of Proposition 4.1.4.

Proof of Proposition 4.1.4. We can verify the proposition separately for the four
cases in Theorem 4.2.1. For the first three cases, the singularities of the Hessian
surface were computed in [DvG07, §§1.5, 5.2, 5.3]; they agree with the points in
H(f)N X, that we obtained in Remarks 4.2.5,4.2.8 and 4.2.10. For the final case,
the Hessian matrix is equal to

2z 0 0 0
0 21‘1 —)\l‘g —)\1'2
0 —)\.933 2.%’2 —)\.’171 ’
0 —Ary —Ar1 2z3

3

Hence the Hessian surface Hess(f) is the union of the plane L defined by xzy = 0
and cone C defined by (4 — \3)z@9m3 — N2 (23 + 25 +235) = 0. If A # 0, one checks
(using the assumption A\*+8 # 0) that Sing(Hess(f)) = (LNC)U{[1:0:0: 0]};
if A = 0 then Sing(Hess(f)) is the union of the six lines z; = z; = 0. In both
cases we see that every singular point in the Hessian surface of f gives a rank
< 2 matrix, proving our result. [
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4.3 Fundamental invariants

The natural action of SLs on V induces an action on the space S*(V*) of qua-
ternary cubics, which in turn induces an action on the polynomial ring R =
Cleooo, - - -, c333) in the 20 coefficients of a quaternary cubic. Then the invariant
ring R is the ring of all polynomials in the coefficients of a cubic surface that
are invariant under a (determinant 1) linear change of coordinates. It was shown
by Salmon [Sal60] that RS is generated by polynomials Ig, I1g, Ios, Is2, L0, T100,
where I, has degree d. The first 5 are algebraically independent and I%,, can be
written as a polynomial in Ig, I1g, Io4, I32, [49. Using the connectedness of Sy,
one can show that the fundamental invariants I; are irreducible. The expres-
sions for /; in terms of ¢;;, are hard to obtain and too long to write down here.
However, it is easy to write them down for cubics in Sylvester normal form.
For a cubic of the form (4.2.1), we write

01 = Cotcr+ceatce3+cey
09 = (CpC1 + CoCo + CoC3 + CpCq + C1Co + C1C3 + C1Cq4 + C2C3 + CoCy + C3C4
03 = (CpC1Ca + CoC1C3 + CoC1Ca + CpCaCs + CoCaCy

+CpC3C4 + C1C2C3 + C1CoC4 + C1C3C4 + CaC3Cy
04 = CpC1CaC3 + CpC1CaCy + CoC1C3C4 + CoCaC3Cy + C1CaC3Cy

05 = (C1CaC3C4.

Then we can write the fundamental invariants as follows:

Ig = O’i - 40’30’5
116 = 0'5?:0'1

Iy = 0?,04

132 = O'gO'Q

I40 = O'g.

Remark 4.3.1. The tuple [Is, I1g, I24, I32, I10] gives a point in weighted projective
space P(1,2,3,4,5). We will denote this point by Inv(C).

4.3.1 Computing invariants for cubics of higher rank

A general cubic of the form (4.2.2) has Waring rank 6 [Scil9], i.e. cannot be
written as a sum of 5 cubes. However, since a generic quaternary cubic can
be brought in Sylvester normal form, any quaternary cubic C can be arbitrarily
closely approximated by cubics in Sylvester normal form.

We do this for cubics of the form (4.2.2). Fix a cubic C with equation

f(zo, w1, 29, 23) = 2° + 25 + xg — x%(,uxo + 3\ + 3Aexe + 3N3x3) = 0.
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For every ¢ € C*, we define a cubic C. with equation

1 3 1 3 1 3
fe(xo, 21, 29, 23) = @(5)\1%1) + @(5/\2@) + @(8/\31‘3) +

1 1
(g — /L)ZL’S -+ g(—l'() — 5)\1x1 — 8)\21’2 - 8)\31’3)3 =0.

Note that lim._,o f. = f. For fixed e, we can compute Inv(C.) € P(1,2,3,4,5) (see
our code at https://software.mis.mpg.de/). Taking the limit ¢ — 0 yields

Inv(C) = [p? — 43+ A3+ A3) t A3A3 + N33 + X33 - 2030303 -
AATAS(AG 4 AT+ A3) - 0],

as was already computed in [DvG07, Theorem 6.6]. In particular, we can deduce
the following result (see also [Dol12, Chapter 9.4.5]).

Proposition 4.3.2. For a general smooth cubic of rank 6, it holds that 1,5 = 0.

4.4 Proof of the main theorem

Theorem 4.4.1. Let HD be the degree 120 polynomial in cooo, - - ., C333 obtained
by evaluating the Hurwitz form Hux of the variety of rank 2 matrices in the
Pliicker coordinates of H(f), where f defines a general cubic surface. Then HD =
I3,, where Ly is the degree 40 Salmon invariant.

Proof. We will show that V(HD) = V (l4). Then the result follows from the fact
that deg(HD) = 3deg(ls). The set of cubics that can be brought in the form
(4.2.2) is of codimension one (see Theorem 4.2.1), lies on the Hessian discriminant
by Proposition 4.2.7, and satisfies I, = 0 by Proposition 4.3.2. This, together
with irreducibility of I, implies that V(HD) 2 V (ly).

Now if this were a strict inclusion, this would mean that HD = Iy, - g, and
so V(HD) = V(Iy) UV (g), with V(g) # V(Is). Then V(g) is a codimension
one set of cubics lying on the Hessian discriminant. But Corollary 4.2.3, and
Propositions 4.2.4 and 4.2.11 show that the set of cubics on V(H D) that cannot
be brought in the form (4.2.2) is of codimension greater than one, so we reach a
contradiction. O

As pointed out in [Dby00], there is an intuitive reason why we would expect
HD to be a cube: from Corollary 4.2.3 and Propositions 4.2.4, 4.2.7 and 4.2.11,
it follows from that as soon as f lies on the Hessian discriminant, the number of
points in H(f) N X5 drops from 10 to 7, and not to 9 as expected. Intuitively,
this means that f is a triple zero of HD. But then HD is a polynomial for which
every root is a triple root, hence it must be a cube.
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Part 11

Matroids
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Chapter 5

Matroids, flag matroids, and
homogeneous varieties

In this chapter we review some classical topics on the intersection of matroid
theory and geometry. Section 5.1 is an introduction to matroids. After reviewing
the most important basic notions in matroid theory, we introduce the Tutte
polynomial of a matroid. We also give two less common equivalent definitions
of a matroid that will play a role later: via the base polytope and via Gale
orderings. In Section 5.2, we present a result of Gelfand, Goresky, MacPherson
and Serganova (Theorem 5.2.4), which relates the torus orbits in a Grassmannian
to base polytopes of representable matroids.

The second half of this chapter is devoted to generalizing this correspondence
between matroids and geometry. On the geometry side, we replace Grassman-
nians by flag varieties. On the combinatorics side, we replace matroids by flag
matroids, which are reviewed in Section 5.3. Then, in Section 5.4, we relate rep-
resentable flag matroids to flag varieties. This chapter, as well as Chapter 6, are
based on the survey paper [CDMS20].

5.1 Matroids

For a comprehensive monograph on matroids we refer the reader to [OxI11].

5.1.1 Introduction to matroids

There exist many cryptomorphic definitions of a matroid — it can be defined in
terms of its independent sets, or its rank function, or its dependent sets, amongst
others. One of the most relevant definitions for us is in terms of bases.

Definition 5.1.1. A matroid M = (E,B) consists of a ground set F and a
collection of subsets B C P(E) such that:
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Bl. B # @, and

B2. (basis exchange) if By, By € B and e € By — By, there exists f € By — By
such that (B —e)U f € B.

If X C FE is contained in a basis of M, we say that X is independent, and
dependent otherwise. A minimal dependent set is called a circuit. The rank
rar(X) of a subset X C F is defined as the size of the largest independent set
contained in X. We will write (M) for rp(E). It follows from the matroid
axioms that every basis of M has cardinality r(M). We say X C E is a flat if
r(XU{y}) >ru(X) forally € E'\ X.

We can use rank functions to provide an alternative set of axioms to define
a matroid. We present this as a lemma, but it can just as well be given as the
definition. The diligent reader can check that each set of axioms implies the
other.

Lemma 5.1.2. A matroid M = (E,ry) can be described by set E and a rank
function rys : P(E) — Zso such that, for X, Y € P(E), the following conditions
hold:

R1. ry(X) < |X]|,
R2. (monotonicity) if Y C X, then ry(Y) < ry(X), and
R3. (submodularity) ry (X UY) +ry (X NY) <rpy(X) +ru(Y).

It is also possible to define matroids in terms of their independent sets, circuits,
or flats. We refer the reader to the literature for these characterizations.

Example 5.1.3. An easy but fundamental example of a matroid is the uniform
matroid U, ,. It is the matroid on [n] whose bases are given by all subsets of [n]
of cardinality r. Its rank function is given by 73,(X) = min{|X|,r}.

A reader new to matroid theory should not be surprised by the borrowed
terminology from linear algebra: matroids were presented as a generalization of
linear independence in vector spaces in the paper by Whitney [Whi35] initiating
matroid theory. Matroids also have a lot in common with graphs, thus explain-
ing even more of the terminology used. For instance, very important matroid
operations are that of minors. These are analogous to the graph operations of
the same names. As there, deletion is very simple, while contraction requires a
bit more work.

Definition 5.1.4 (Deletion and Contraction).

e We can remove an element e of a matroid M = (E,ry,) by deleting it. This
yields a matroid M\e = (E — e,ran), where ryn (X) = ry(X) for all
XCFE —e.
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e We can also remove an element e of a matroid M = (F,rys) by contracting
it. This gives a matroid M/e = (E — e,ra.) where 7p/.(X) = ra(X U
e) —ry({e}) forall X C E —e.

Remark 5.1.5. More generally, if M = (E,r)/) is a matroid and S is a subset
of E, we can define the deletion M\S (resp. contraction M/S) by deleting (resp.
contracting) the elements of S one by one. We have that ry,g(X) = ry(X) for
all X C E — S and ryys(X) =ru(XUS) —ry(S) forall X € EF—S.

Definition 5.1.6. Let M; and Ms be 2 matroids on disjoint ground sets FE;
and F5. Then their direct sum My & Ms is the matroid on F, U Ey defined by
B(Ml D MQ) = {Bl L B2 | Bl € B(Ml),BQ c B(Mg)} Note that TMl@Mg(Xl L
Xg) =TMm (Xl) + TMQ(XQ) = for Xz - El

We will now give two examples of classes of matroids which show exactly the
relationship matroids have with linear algebra and graph theory. The first one
plays a central role in this chapter.

Definition 5.1.7. Let V' be a vector space, and ¢ : E — V a map that assigns to
every element in E a vector of V. For every subset X of E, define 7(X) to be the
dimension of the linear span of ¢(X). We have that (E,r) is a matroid, which
we say is representable. In the literature, representable matroids are sometimes
called realizable matroids, or linear matroids.

Remark 5.1.8. Our definition differs slightly from the one found in literature:
typically one identifies £ with ¢(F). Our definition does not require ¢ to be
injective; we can take the same vector several times. We also note that the
matroid represented by ¢ : E — V only depends on the underlying map ¢ : £ —
P(V), assuming ¢(E) C V' \ {0}.

If V is defined over a field F, we say that M is F-representable. We can
describe the bases of a representable matroid: X C FE is a matroid basis if and
only if ¢(X) is a vector space basis of the linear span of ¢(FE).

Example 5.1.9 (The non-Pappus matroid). Here is an example of a matroid
which is not representable: consider the rank-3 matroid R on [9], whose bases
are all 3-element subsets of [9] except for the following:

{1,2,3},{4,5,6},{1,5,7},{1,6,8},{2,4,7}.{2,6,9}, {3,4,8},{3,5,9}.

If R were representable over a field F, there would be a map [9] — P2 : i — p;
such that p;, pj, pi, are collinear if and only if {7, j, k} is not a basis of R. Now, the
classical Pappus’™ Theorem precisely says that this is impossible: if the non-bases
listed above are all collinear, then so are p7, ps, po.

Definition 5.1.10. Let G = (V| E) be a graph. The graphic (or cycle) matroid
M of G is formed by taking E(M) = E(G), and setting the rank of a set of edges
equal to the cardinality of the largest spanning forest contained within it.
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Figure 5.1: The non-Pappus matroid

5.1.2 The Tutte polynomial

Further matroid definitions will be given below, but we have covered enough to
introduce the Tutte polynomial, which will play a central role in later chapters.
The Tutte polynomial is the most famous matroid (and graph) invariant, and, like
matroids themselves, has multiple definitions. Here, we give the corank-nullity
formula, two terms which will be defined below.

Definition 5.1.11. Let M = (E,r) be a matroid with ground set £ and rank
function r : P(E) — Z>o. The Tutte polynomial of M is

TM(I’,y) = Z(x _ 1)T(M)—T(S)(y _ 1)|S|—r(S).
SCE

The term (M) — r(S) is called the corank, while the term |S|—r(S) is called
the nullity. Readers familiar with matroid theory should be careful not to confuse
a mention of corank with dual rank, given the usual naming convention of dual
objects. By identifying the rank function of a matroid with the connectivity
function of a graph in an appropriate way, one can pass between this formula and
the original formulation of the Tutte polynomial which was given for graphs.

Example 5.1.12. For the (matroid of the) complete graph Kj, there are four
subsets with three elements of rank 2 and all the other subsets with three elements
have rank 3. In this case, the Tutte polynomial is

Torcien (T, y) = 2 + 322 + 22 + day + 2y + 3y° + 1/~

Readers interested in seeing what the Tutte polynomial looks like for a range
of different classes of matroids should consult [MRIRS12]. The prevalence of the
Tutte polynomial in the literature is due to the wide range of applications it has.
The simplest of these occurs when we evaluate the polynomial at certain points,
these being called Tutte invariants. For instance, T'(1,1) gives the number of
bases in the matroid (or the number of spanning trees in a graph). In this way
we can also count the number of independent sets in a matroid or graph, and the
number of acyclic orientations of a graph, as well as some other such quantities.
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Beyond numerics, the Tutte invariants also include other well-known polynomi-
als, appearing in graph theory (the chromatic polynomial, concerned with graph
colourings; see also Theorem 7.4.6) and network theory (the flow and reliability
polynomials). Extending to further disciplines, one can find multivariate versions
of the Tutte polynomial which specialize to the Potts model [WMO00] from sta-
tistical physics and the Jones polynomial [Thi87] from knot theory. In Chapter
6, we will look at the classical Tutte polynomial from an algebraic point of view.

We noted that there are multiple definitions of the Tutte polynomial. One
is both so useful and attractive that we would be remiss to not include it. It
states that, instead of calculating the full sum above, we can instead simply form
a recurrence over minors of our matroid, which can lead to faster calculations.
Note that a coloop is an element of E which is in every basis of M, while a loop
is an element which is in no basis.

Lemma 5.1.13 ([BO92|). Let Ty (z,y) be the Tutte polynomial of a matroid
M = (E,r). Then the following statements hold.

i. Ta(x,y) = 2Twnye(x,y) if e is a coloop.
. Tar(2,y) = yTane(x,y) if e is a loop.
. T (x,y) = Tane(z,y) + Tryse(z,y) if € is neither a loop nor a coloop.

The Tutte polynomial is in fact universal for such formulae: any formula
for matroids (or graphs) involving just deletions and contractions will be an
evaluation of the Tutte polynomial. There are numerous proofs of this in the
literature, and also extensions to related classes of objects. One such reference is
Section 4 of [EMMI11]. Note that Lemma 5.1.13 implies that the coefficients of
the Tutte polynomial are nonnegative.

We finish this section by listing a couple of easy properties of the Tutte poly-
nomial. Recall that for a matroid M, the dual matroid M is defined by B(M") =
{E\ B|B € B(M)}, or equivalently by ryv(X) =ry(E\ X) + | X |—r(M).

Proposition 5.1.14. Let M be a matroid on E. The following properties hold
for Ty :

1. (Direct sum) If M is a direct sum My @ My of two matroids on ground sets
Ey, Ey with Ey U Ey = E, then Ty (x,y) = T, (2, y) - Ty, (x,y).

2. (Loops & coloops) Let £ be the number of loops in M, and ¢ the number of
coloops in M. Then x°y* divides Tyr(x,vy).

3. (Duality) If MY is the dual matroid of M, then Ty (y,x) = Ty (x,y).

Proof. The first and third statement follow immediately from Definition 5.1.11;
the second statement follows from Lemma 5.1.13. O
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5.1.3 The base polytope

We will now give two more axiom systems for matroids. The first one, via base
polytopes, will play a fundamental role in this and later chapters. We first define
what the base polytope of a matroid is: let M = (E,B) be a matroid. We work
in the vector space RE = {(r; | i € E)}, where r; € R. For aset U C E, ey € RF
is the indicator vector of U, that is, ey is the sum of the unit vectors e;, for all
it € U. Note that eg;) = e;.

Definition 5.1.15. The base polytope of M is
P(M) = conv{egp | B € B}.

Note that this is always a lattice polytope. We also note that the vertices of
P(M) correspond to the bases of M. In particular: given P(M) C R¥, we can
recover M. The base polytope is a face of the independent set polytope of M,
which is the convex hull of indicator vectors of the independent sets of M. The
dimension of P(M) is determined by the number of connected components of M.

Definition 5.1.16. A matroid is connected if and only if any two elements are
contained in a common circuit. It can be shown that “being contained in a
common circuit” is an equivalence relation on FE; the equivalence classes are
called connected components.

Proposition 5.1.17 ( [FS05, Proposition 2.4]). The dimension of P(M) is equal
to |E| minus the number of connected components of M.

Remark 5.1.18. The base polytope P(M; @ M) of a direct sum is equal to the
Minkowski sum of P(M;) x {0} and {0} x P(M,) in RF* x Rz,

The following theorem gives a characterization of which lattice polytopes ap-
pear as the base polytope of a matroid. It can be used as an axiom system to
define matroids. By a 0, 1-vector, we simply mean a vector all of whose entries
are either 0 or 1.

Theorem 5.1.19 (Edm70], see also [GGMS87, Theorem 4.1]). A polytope P C
R is the base polytope of a matroid on E if and only if the following two condi-
tions hold:

P1. every vertex of P is a 0, 1-vector, and
P2. every edge of P is parallel to e; — e; for some i,j € E.

In particular, the normal fan of the base polytope P(M) of a matroid is a coarsen-
ing of the braid arrangement, which is the normal fan of 3, ;;<, Conv(e;, €;).

The following proposition is a consequence of the greedy algorithm structure
for matroids. For u € R™ and a polytope P C R", let P* := {z € P | (z,u) =
max,ep(y, u)} be the face maximizing in the direction of u.
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Proposition 5.1.20 ( [AK06, Proposition 2]). Let M be a matroid on E, and
let S=5,C---CS, be a flag of subsets of E, and write es = eg, +--- + eg,, .
Then P(M)®s is the base polytope of the matroid

In other words, the bases of Mg are the bases B of M with rky(S;) = |B N S|
foralll <75 <m.

More information about the faces of matroid base polytopes can be found in
[Kim10,FS05]. It follows from Theorem 5.1.19 that the base polytope P = P(M)
of a matroid is a very ample polytope, meaning that for every vertex v of P, the
semigroup generated by the set {w — v | w € P NZF} is saturated. In fact, an
even stronger property holds.

Definition 5.1.21. A lattice polytope P, spanning (as a lattice) the lattice N, is
normal if and only if for any k& € Z>, and any p € kPNN we have p = py1+- - -+pi
for some p; € PN N.

Theorem 5.1.22 (White). For any matroid M the polytope P(M) is normal.
A proof of White’s theorem can be found in [CDMS20, Theorem 3.8].

5.1.4 Definition via Gale orderings

We move on to another axiom system: via Gale orderings. This is orginally due
to Gale [Gal68]; our formulation is based on lecture notes by Reiner [Rei05].

Definition 5.1.23. Let w be a linear ordering on E, which we will denote by <.
Then the dominance ordering <, on (f), also called Gale ordering, is defined as
follows. Let A, B € (f), where

A:{il,...,ik},i1<...<’ik

and
BZ{jlw--;jk},jl < ... <]k

Then we set

A<, Bifand only if iy < j1,... 0 < Ji.
Theorem 5.1.24 (Gale, [Gal68]). Let B C (f) We have that B is the set of
bases of a matroid if and only if for every linear ordering w on E, the collection B
has a mazimal element under the Gale ordering <, (i.e. there is a unique member
A € B such that B <, A, for all B € B).

In Section 5.3.1, we will introduce a generalization of matroids, called flag
matroids, via Gale orderings.
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5.2 Grassmannians

As a set, the Grassmannian Gr(r,V) = Gr(r,n), parameterizes r-dimensional
subspaces of an n-dimensional vector space V. A point [L] in Gr(r,n) can be
represented by a full-rank r x n matrix A, where our r-dimensional subspace L is
the row span of A. Two matrices A and B represent the same point in Gr(r,n)
if and only if they are the same up to elementary row operations. Gr(r,n) can
be realized as an algebraic variety as follows:

Gr(r,n) = Gr(r,V) ={[vi ... Av] CP(A\V)}.

Here, vy, ...,v, are the rows of the aforementioned matrix A, and thus a point
of Gr(r,n) is identified with the subspace L = (v1,...,v.). The embedding
presented above is known as the Plicker embedding and the Grassmannian is
defined by quadratic polynomials known as Plicker relations [Man01]. Explicitly,
in coordinates, the map associates to the matrix A the value of all X r minors.
The Pliicker embedding may be identified with a very ample line bundle on
Gr(r,n), which we will denote by O(1). Other very ample line bundles on Gr(r, n)
are the d-th tensor powers O(d). They can be realized as a composition of the
Pliicker embedding with the d-th Veronese map P(A\" V) — P(Sym? A" V).

Remark 5.2.1. A reader not familiar at all with very ample line bundles may

think about them as maps into projective spaces. Let us present this with the

example of the projective space P™ (which also equals Gr(1,n + 1)). We have

an identity map P" — P, which corresponds to O(1). The d-th Veronese map
- . . ("+d),1 . .

embeds P" in a larger projective space P\ » by evaluating on a point all degree

d monomials. The associated map is given by O(d). For n = 1 and d = 2 we get:

P!> [x:y] = [27: 2y : y*] € PA

It will follow from Theorem 5.4.2 that the embedding of Gr(r,n) by O(d)
spans a projectivization of an irreducible representation V), of GL,,. The Young
diagram Ao = (d, ..., d) consists of r rows of length d.

5.2.1 Representable matroids and geometry

Let us consider a representable matroid M given by n = |E| vectors spanning
an r-dimensional vector space V. By fixing a basis of V' we may represent this
matroid as an r X n matrix A. On the other hand the matrix A may be regarded
as defining an r-dimensional subspace L of an n-dimensional vector space, i.e. a
point in Gr(r,n). Since applying elementary row operations to A does not change
which of the maximal minors of A vanish, the matroid M only depends on the r-
dimensional subspace, and not on the specific matrix A representing our subspace.
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In this way we have associated to any point p = [L] € Gr(r,n) a representable
rank 7 matroid on [n], which we will denote by M (L) or by M,. More invariantly,
M (L) is the representable matroid whose ground set is the image of {e,...,e,}
under the dual map C" — LY.

The vector space C" comes with the action of a torus 7' = (C*)", which
induces a T-action on Gr(r,C"). We have associated a point p € Gr(r,C") to
a representation of a matroid. If we change the representation by rescaling the
vectors we do not change the matroid and the associated point belongs to the
orbit T'p. Hence, the intrinsic properties of the matroid M, should be related
to the geometry of Tp — a feature we will examine in detail. The closure Tp is
a projective toric variety. For more information about toric geometry we refer
to [CLS11,Stu96, Ful93, Mic18].

Remark 5.2.2. Of course it can happen that different torus orbits give rise to the
same matroid: there are only finitely many matroids on [n], but if 1 <r <n—1
there are infinitely many torus orbits in Gr(r,n). In fact, the set of all points in
Gr(r,n) giving rise to the same matroid forms a so-called thin Schubert cell or
matroid stratum, which typically is a union of infinitely many torus orbits. Thin
Schubert cells were first introduced in [GGMS87]. Thin Schubert cells are badly
behaved in general: for fixed » > 3 the thin Schubert cells of Gr(r,n) exhibit
arbitrary singularities if n is large enough. This is a consequence of Mnév’s
theorem [Mné88]. See [Laf03, Section 1.8] for a more detailed discussion.

Before stating the promised correspondence between the matroid M, and the
variety T'p, we need to recall one definition from toric geometry.

Definition 5.2.3. [CLS11, Chapter 2] Let P C R"™ be a very ample lattice
polytope, and write PN Z"™ = py,...,ps. The toric variety associated to P is the
Zariski closure of the image of the map T' = (C*)" — P*~! given by

t— [Pt

Theorem 5.2.4 (Gelfand-Goresky-MacPherson-Serganova [GGMS87]). Forp €
Gr(r,n), the projective toric variety associated to P(M,) is isomorphic to the
torus orbit closure T'p.

Proof. Let A be a matrix whose rows span the space corresponding to p. The
parameterization of T'p is given by:

¢:T—>P(/\(C”).

The coordinates of the ambient space are indexed by r-element subsets of the n
columns of the matrix A. The Pliicker coordinate indexed by I of ¢(t1,...,t,)
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equals [, t; times the r x r minor of A determined by I, which we will denote
by det(A;). In other words, the map ¢ in Pliicker coordinates is given as follows:

Ot1, ... tn) = (det(Af) - || ti) e (i)

el

The I-th coordinate is nonzero if and only if I is a basis of M,. Hence, the
ambient space of Tp has coordinates indexed by basis elements of M,. After
restricting to this ambient space and composing with the isomorphism inverting
the nonzero minors det(A;), our map can be written as

Qb(tl: s 7tn) = (H ti)eIEP(Mp)'

iel
This is exactly the construction of the toric variety represented by P(M,). O

It is a major problem to provide the algebraic equations of Tp. This is equiv-
alent to finding integral relations among the basis of a matroid. We point out
that matroids satisfy a ‘stronger’ property then one could expect from the basis
exchange axiom B2 of Definition 5.1.1. Precisely, for any two bases B, By € B
and a subset A C By — By, there exists A’ C By — By such that (B; — A) U A’
and (B — A")U A are in B [Gre73]. This exactly translates to a binomial quadric
(degree 2 polynomial) in the ideal of Tp: TR, TB, — T(B,—A)UA'T(By—AUA, Where, as
in the proof of Theorem 5.2.4, we label each coordinate by a basis of the matroid.
Further, if |[A|= 1 we obtain special quadrics corresponding to exchanging one
element in a pair of bases. The following conjecture due to White provides a full
set of generators for any matroid M.

Conjecture 5.2.5. The ideal of the toric variety represented by P(M) is gener-
ated by the special quadrics corresponding to exchanging one element in a pair of
bases.

We note that it is unknown whether the ideal of this toric variety is generated
by quadrics, or that all quadrics are spanned by the special quadrics described
above. However, it is known that the special quadrics define the variety as a set
(or more precisely as a projective scheme) [LM14, Las16].

Combinatorial methods can be used to prove geometric properties of torus or-
bit closures in Grassmannians. For instance, normality of a polytope corresponds
to projective normality of the associated toric variety [CLS11, Chapter 2], [Stu96]
(less formally, the associated toric variety is not very singular and is embedded
in a particularly nice way in the projective space). Thus, White’s theorem 5.1.22
has the following geometric consequence.

Corollary 5.2.6. Any torus orbit closure in any Grassmannian is projectively
normal.
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5.3 Flag matroids

Flag matroids first arose as a special case of the so-called Cozeter matroids,
introduced by Gelfand and Serganova [GS87b, GS87a]. In this section we give a
combinatorial introduction to flag matroids. The exposition is largely based on
Chapter 1 of [BGWO03].

5.3.1 Definition

We start by defining flag matroids in the way they are usually defined in the
literature: using Gale orderings.

Definition 5.3.1. Let 0 < r; < ... < 7, < n be natural numbers. Let r =
(r1,...,7%). A flag F of rank r on E is an increasing sequence

FLCFkhC---CFk
of subsets of E such that |F;|= r; for all i. The set of all such flags is F},.

Let w be a linear ordering on £. We can extend the Gale ordering <, to flags:
(F1,...,Fy) <, (Gy,...,Gyg) if and only if F; <, G; for all i.

Definition 5.3.2. A flag matroid F of rank r on E is determined by a collection
B(F) of flags in F},, which we call bases, satisfying the following property: for
every linear ordering w on E, the collection B(F) contains a unique element which
is maximal in B(F) with respect to the Gale ordering <.

If F is a flag matroid, the collection {F; | F € B(F)} is called the i-th
constituent of F. This is clearly the set of bases of a matroid (of rank r;).

Remark 5.3.3. In the literature it is usually required that we have strict in-
equalities 0 < r; < ... < 1 < n. From a combinatorial point of view this does
not make a difference, but when we later consider flag matroid polytopes this
restriction would appear artificial. This is also the reason why in Section 5.4 we
will not just consider flag varieties, but also their Veronese re-embeddings.

5.3.2 Matroid quotients and representable flag matroids

Next, we want to describe which tuples of matroids can arise as the constituents
of a flag matroid. In order to give this characterization, we first need to recall
matroid quotients.

Definition 5.3.4. Let M; and M, be matroids on the same ground set E. We say
that M, is a quotient of My, written M, « M, if one of the following equivalent
statements holds:
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(i) Every flat of M is a flat of Ms.

)
(ii) Every circuit of M, is a union of circuits of M.
(ili) f X CY C E, then 3, (Y) — ran(X) > ra, (V) — 7an (X).
)

(iv) There exists a matroid R and a subset X of F(R) such that M, = R\X
and M, = R/X.

(v) For all bases B of M, and all x ¢ B, there is a basis B’ of M; with B C B
and such that {y : (B'—y)Uxz € B(My)} C{y: (B—y)Uz € B(M,)}.

For the equivalence of (i), (ii), (iii) and (iv), we refer to [Oxl11, Proposition
7.3.6]. Part (v) is left to the reader. Here are some basic properties of matroid
quotients.

Proposition 5.3.5. Let M, be a quotient of M.

(i) Every basis of My is contained in a basis of Ms, and every basis of Mo
contains a basis of M.

(i1) r(My) < r(Ms) and in case of equality My = Ms.

Proof. Both statements can be easily deduced by plugging in Y = E or X = ()
in Definition 5.3.4 (iii). O

A matroid quotient M; « M, is an elementary quotient if r(Ms)—r(M;) = 1.
Every matroid quotient M; «— Ms can be realized as a composition of a series of
elementary quotients. A canonical one is given by the Higgs factorization

My = MOM)=r(M)) e D o MO = M,
which is defined by
BMW) ={S C E||S|=r(M,) —i, Sspans M; and is independent in M,}.

The subsets S C E that span M; and are independent in My are called pseudo-
bases of (M, M3). We now come to the promised characterization of constituents
of flag matroids. In fact, it will turn out we can use it as an alternative definition
of flag matroids.

Definition 5.3.6. We call a tuple (M, ..., M) of matroids concordant if for
every pair (M;, M;) with ¢ < j, M, is a quotient of M;. Since “being a quotient
of” is transitive, this is equivalent to requiring M; to be a quotient of M, for
i=1,... k-1

Theorem 5.3.7 ((BGWO03, Theorem 1.7.1]). A collection B of flags in F}, is a
flag matroid if and only if the following three conditions hold:

97



1. Every constituent M; :== {F; | F' € B} is a matroid.
2. The matroids My, ..., My are concordant.
3. Fvery flag By C ... C By, with B; a basis of M;, is in B.

In other words, flag matroids on E are in one-to-one correspondence with
tuples of concordant matroids on E. If F is the unique flag matroid with con-
situents My, ..., My, we will often write F = (M, ..., My). The next result will
be essential for defining representable flag matroids. It also explains where the
term “matroid quotient” comes from — below we think of W as a vector space
quotient of V.

Proposition 5.3.8 (Bry86, Proposition 7.4.8 (2)]). Let V and W be vector spaces
and ¢ : E— V be a map. Furthermore, let f : V — W be a linear map. Consider
the matroid My represented by ¢, and the matroid My represented by fo¢. Then
My is a matroid quotient of M.

Example 5.3.9. If R is a representable matroid on £ and X is a subset of F,
then M, := R\X and M; := R/X are representable matroids, and there is a
linear map as in Proposition 5.3.8. Indeed, if R is represented by ¢ : E — V|
then consider the projection 7 : V' — V/(¢(X)). It is not hard to see that M, is
represented by ¢|._, and that M; is represented by 7o ¢|,_ .

Example 5.3.10. The converse of Proposition 5.3.8 is false: we give an example

(taken from [BGWO03, Section 1.7.5]) of two representable matroids M, and M,

such that M is a quotient of Ms, but there is no map as in Proposition 5.3.8.
Let M, be the rank-3 matroid on [8] represented by the following matrix

10101101
01102221
00011211

and let M; be the rank-2 matroid on [8] whose bases are all 2-element subsets
except for {2,6} and {3,5}. It is easy to see that M, is a representable matroid:
just pick six pairwise independent vectors in the plane, and map 2 and 6, as well
as 3 and 5, to the same vector. Now M is a matroid quotient of M,, since the
non-Pappus matroid R from Example 5.1.9 satisfies My = R\9 and M; = R/9.
However, it is not possible to find representations V' (resp. W) of M, (resp. M)
such that there is a map f : V — W as in Proposition 5.3.8. Roughly speaking,
the problem is that the “big” matroid R is not representable. For a more precise
argument, see [BGWO03, Section 1.7.5].

We can now define representable flag matroids:
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Definition 5.3.11. Let V}, — Vi1 — --- — V] be a sequence of linear maps, let
¢ : E — V; be amap, and let for every 1 < i < k, M; be the matroid represented
by the composition ¥ — V., — .-+ — V;. By Proposition 5.3.8, the matroids
My, ..., My are concordant. The representable flag matroid F(E — Vi, — «-- —
V1) is defined as the unique flag matroid whose constituents are M, ..., M.

Remark 5.3.12. Example 5.3.10 shows that it can happen that all constituents
of a flag matroid are representable matroids, but still the flag matroid is not
representable (because the matroid representations are “not compatible”).

5.3.3 Flag matroid polytopes

Given a flag F' = (F},..., F;) on [n], we will write ep := ep + ...+ ep,. Note
that if F" and F” are flags of the same rank r, then e and ep are equal up to an
S,,-permutation.

Definition 5.3.13. The base polytope P(F) of a flag matroid F on [n] is the
convex hull of the set {er | F € B(F)} C R™.

Example 5.3.14. Let F be the rank (1,2) flag matroid on [3] whose bases are
1C 12,1 C 13,2 C 12 and 3 C 13. Then its base polytope is the convex hull
of the points (2,1,0),(2,0,1),(1,2,0),(1,0,2). Its constituents are the uniform
rank 1 matroid on [3], and the rank 2 matroid with bases 12 and 13. The base
polytope of this flag matroid is depicted in Figure 5.2. F is a representable flag
matroid: consider for example {1,2,3} — C? — C, where the first map is given
by 1~ e1,2 + ey,3 + €3, and the second map by e; — 1.

(1,0,2) o
(2,0,1) o
(2,1,0) (1,2,0)

Figure 5.2: A flag matroid base polytope

Theorem 5.3.15 (BGWO03, Theorem 1.11.1]). A lattice polytope P C R™ is the
base polytope of a rank r flag matroid on [n| if and only if the following two
conditions hold:

1. Every vertex of P is an &,-permutation of eg1 2.y + -+ +eqa . ry, and

2. Every edge of P parallel to e; — e; for some i,j € [n].
As for matroids, it follows that the normal fan of the base polytope P(F) of a

flag matroid is a coarsening of the braid arrangement.
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Theorem 5.3.16 (BGWO03, Corollary 1.13.5.]). The base polytope of a flag ma-
troid is the Minkowski sum of the matroid base polytopes of its constituents.

Proposition 5.3.17. Let F = (Mj,..., My) be a flag matroid on E or rank
r=(ry,...,rx), and let S =5, C --- C S,, be a flag of subsets of E. Then the
face P(F)es of P(F) mazimizing the es-direction is the base polytope of a flag
matroid whose i-th constituent (fori=1,... k) is

M;|S1 & M;|S2/S1 @ -+ & M;|Sm/Sm-1 S M;/Sp.

In other words, the bases of the flag matroid of P(F)% are bases F' = (B, ..., By)
of F such that rky;,(S;) = |B;N S| for all1 <i <k and1 <j <m.

Proof. Note that if P = Zle P; is a Minkowski sum of polytopes, then for any
u € R™ the face P" is the Minkowski sum Zle P! of faces. The proof of
the proposition is thus reduced to the case of F being a matroid M, which is

Proposition 5.1.20. O

5.4 Flag varieties

Let us fix a sequence of k positive integers 0 < ry < ... <1, < n and let V be
an n-dimensional vector space. The (partial) flag variety is defined as follows:

k
Fi(ry,...,ri;V)={L1 C...C Ly CV:dim L, =r;} C [[Gr(ri,V)

i=1
From now on we will abbreviate the tuple (r1,...,7%) to r, and the flag variety
Fl(ry,...,r;n) to Fl(r,n). A point in Fl(r,n) can be represented by a full-rank
n X n-matrix A: the row span of the first r; rows is L;. (Although note that only
the first r; rows of the matrix are relevant.) As with Grassmannians, different
matrices can represent the same point in Fl(r,n). More precisely, if we partition
the rows of A into blocks of size r1,79 — 71,...,n — 1}, then we are allowed to
do row operations on A, with the restriction that to a certain row we can only
add a multiple of a row in the same block or a block above. Another way to
think about this is the following: let P. C GL,(C) be the parabolic subgroup
of all invertible matrices A with A;; = 0 if i < ry < j, for some s. Then two
n X n matrices represent the same flag if and only if they are the same up to left
multiplication with an element of P.. Hence Fl(r,n) can also be described as the
quotient p \“**(©) (a homogeneous variety).

The variety Fl(r,V) comes with a natural embedding

Fi(r,V) c [[Gr(r V) C H]P’(/”\V> CP (@/\v) , (5.4.1)

where the last map is the Segre embedding. The corresponding line bundle is
denoted O(1) = O(1,...,1) (where the number of 1’s is equal to k).
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Remark 5.4.1. In the literature it is typically assumed that m < ... < 7.
Indeed, if r is obtained from r’ by repeating some of the entries, the abstract
flag varieties Fl(r,V) and Fi(r', V) are isomorphic. However, in this document
Fl(r, V) refers to the flag variety together with the embedding (5.4.1), and this
embedding does change if we repeat some entries of r'. Writing f.(s) for the
number of entries in r equal to s, we note that the image of (5.4.1) is contained

in
P (@Sfr<8>(/\v)) CP <®/\V> .

Hence, one can think of Fi(r, V') as a Segre-Veronese reembedding of the flag va-

riety Fl(r', V). The line bundle on Fi(r’, V') that corresponds to this embedding

is O(fe(r), .., fo(rh).

5.4.1 Aside: the Borel-Weil theorem

The following beautiful theorem by Borel and Weil relates the embedding (5.4.1)
to the representation theory of GL,. See Section 3.2.1 for a brief introduction to
the representation theory of GL,,.

Theorem 5.4.2 (Borel-Weil). Let r = (ry,...,r,) with0 <7 < ... <rp <n,
and let X\ be the partition conjugate to [ry, ..., r1|. Then the linear span of Fl(r;n)
under the embedding (5.4.1) is the projectivization of the irreducible GL(V)-
representation SNV .

Proof. Fix a basis ey, ..., e, of V. Let us consider the flag of subspaces

(€1,. . em) Cler, o em) C.oo Cler, ... ep)

and the corresponding point p € Fl(r,n). Under the embedding (5.4.1) it is
mapped to

1 n
(e1) " W@ (e1Ne0) " P .. .@(e1A. . . Aey) ™ € Sf'(l)(/\ V)®.. .®Sfr(”)(/\ V).

The GL(V)-decomposition of the ambient space is highly non-trivial. However,
looking directly at the T-decomposition we see that, up to scaling, the image
of p is the unique lexicographically-highest vector. Hence, in particular, the
image of p belongs to S*V, as all other GL(V)-representations appearing in the
decomposition have strictly smaller highest weights. Furthermore, the flag variety
is an orbit under the GL(V')-action — one can explicitly write a matrix mapping
any flag to any other given flag. Thus, if one point is contained in the irreducible
representation, the whole variety must be contained in it.

It remains to show that the span of the flag variety is indeed the whole irre-
ducible representation. This is true, as the flag variety is GL(V')-invariant, and
thus its linear span is a representation of GL(V). As S*V is irreducible, the linear
span must coincide with it. O
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The above theorem may be regarded as a realization of irreducible GL(V)-
representations as spaces of sections of a very ample line bundle on a flag variety.
A more general Borel-Weil-Bott theorem provides not only a description of global
sections — zeroth cohomology — but also higher, arbitrary cohomology.

5.4.2 Representable flag matroids and geometry

Let L = (L C --- C L) be a flag of subspaces of C". Then the dual maps
L} — -+ — LY, together with {ej,...,e,} — C* — L}, define a representable
flag matroid, which we will denote be F(L). In coordinates: if F' is given by
an n x n matrix A (i.e. the first r; rows of A span L;), then F(L) is the flag
matroid whose i-th constituent is the representable matroid corresponding to the
submatrix of A consisting of the top r; rows.

Now, consider the flag variety Fl(r,n), as described in Section 5.4. The
action of the torus 7' = (C*)™ on C" induces an action of 7" on Fl(r,n). A point
p =L € Fl(r,n) gives rise to a representable flag matroid F, := F(L) on [n].
All points in the orbit T'p give rise to the same flag matroid. This last statement
follows easily from the analogous fact for matroids and the fact that a flag matroid
is determined by its constituent matroids. The analogue of Theorem 5.2.4 holds.
This was already known by Gelfand, Goresky, MacPherson and Serganova.

Theorem 5.4.3. For p € Fl(r,n), the projective toric variety associated to
P(F,) is isomorphic to the torus orbit closure T'p.

Proof. The proof is a straightforward generalization of the proof of Theorem
5.2.4, with the parameterization of T'p given by:

¢:T%]P’(7\(C”) ><-~~><IP’(7\(C").
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Chapter 6

Equivariant K-theory and the
Tutte polynomial

In the previous chapter, we have presented a correspondence between repre-
sentable matroids and torus orbits in Grassmannians, and generalizations of this
correspondence to representable flag matroids. We would like to drop the word
“representable” from all of those. As we will see, one way to do this is by replacing
“torus orbits” with “classes in equivariant K-theory”. This was done for matroids
by Fink and Speyer [FS12]. In this chapter, we review their construction, and
introduce a generalization to flag matroids.

In Section 6.1, we give an introduction to non-equivariant and equivariant
K-theory, including the method of equivariant localization. In Section 6.2 we
compute the class of a representable matroid in the K-theory of the Grassman-
nian, and define the K-class of a general matroid. We generalize this to flag
varieties to define the K-class of a flag matroid. Finally, we review the geometric
description of the Tutte polynomial of a matroid in terms of its K-class, and
use the same construction to define a new invariant: the flag-geometric Tutte
polynomial of a flag matroid.

6.1 Equivariant K-theory

6.1.1 Introduction to K-theory and equivariant K-theory

This section is based on [Ful98, Section 15.1]. Let X be an algebraic variety.
We define K°(X) to be the free abelian group generated by vector bundles on
X, subject to relations [E]| = [E'] + [E"] whenever E’ is a subbundle of E, with
quotient bundle E” = E/E’. The group K°(X) inherits a ring structure from
the tensor product: [E]-[F] = [F ® F]. Similarily, we can define Ky(X) to be
the free abelian group generated by isomorphism classes of coherent sheaves on
X, subject to relations [A] 4+ [C] = [B] whenever there is a short exact sequence
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0 — A— B — C — 0. There is an inclusion K°(X) — Ky(X). From now on,
we will always assume that X is a smooth variety. In this case, the inclusion is
an isomorphism, allowing us to identify K%(X) and Ky(X).

Let f: X — Y be a map of (smooth) varieties. Then there is a pullback map
f*: K%Y) — K°X) defined by f*[E] = [f*E] (where E is a vector bundle on
Y). If f is a proper map, there is also a pushforward map f, : Ko(X) — Ko(Y)
given by f.[A] = Y (—1)'[R'f,A]. Here R'f, are right derived functors of the
pushforward. An interested reader is advised to find the details in [Ful98, Section
15]. In practice, we will not be using the formal definitions of K°(X), f* or f,.
Instead, we will refer to explicit descriptions of those in the cases that we need,
each time providing a theorem we build upon.

Remark 6.1.1. In all the cases we study the ring K°(X) is isomorphic to the
cohomology ring and to the Chow ring (after tensoring with Q). Note however
that the map from K°(X) to the Chow ring is nontrivial and given by the Chern
character.

Example 6.1.2. Consider the projective space P". The (rational) Chow ring is
A(P") = Q[H]/(H™). Here one should think about H as a hyperplane in P"
and H* as a codimension k projective subspace. The most important line bundle
is O(1). The Chern character ch : K°(P") — A(P") sends [O(1)] to Y., H'/il.
Note that K°(P™) can be written as Z[a]/(a™), where a = [Og] =1 —[O(—1)]
is the class of the structure sheaf of a hyperplane. As a special case, the K-theory
of a point is Z.

If X is a smooth variety equipped with an action of a torus T', we can define
its equivariant K-theory KX(X) = KI'(X). The construction and properties are
exactly the same as in the previous paragraphs, if we replace “vector bundles”
and “coherent sheaves” by “I'-equivariant vector bundles” and “T-equivariant
coherent sheaves”.

For later reference, we describe the equivariant K-theory of a point: K% (pt) =
Z[Char(T)], where Char(7") = Hom(7', C*) is the lattice of characters of T'. Here
Z|Char(T)] is the group ring of Char(T), i.e. as a module over Z it has a ba-
sis given by Char(T'), and multiplication is induced from addition in Char(7T).
It is isomorphic to the ring of Laurent polynomials in dim 7" variables. Explic-
itly, a T-equivariant sheaf on pt is just a vector space W with a T-action. We
may decompose W = @cccnarr)We (see Section 3.2.1). The corresponding el-
ement of Z[Char(T')| is the character (also called Hilbert series) Hilb(W) :=
Y ceChar(r) (dim We)e. We point out that even for infinite-dimensional 7-modules,
Hilb(1W') makes sense as a formal power series, as long as W, is finite-dimensional
for all c. We finish this section by describing the relation between ordinary and
T-equivariant K-theory.
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Theorem 6.1.3 ([Mer97, Theorem 4.3]). Let X be a smooth projective variety
with an action of a torus T. Let S C T be a subtorus. Then the natural map

K%(X) ®7[Char(T)] Z[Char(S)] — Kg(X)

1s an isomorphism. In particular, taking S to be the trivial group, the natural
map
K7(X) ®zicnar(ry Z — K°(X)

s an isomorphism.

We note that the map Z[Char(T)] — Z above is given in coordinates by
sending each generator ¢; of T to 1.

6.1.2 Explicit construction via equivariant localization

Let X be a smooth projective variety over C, and T a torus acting on it. If X
has only finitely many torus-fixed points, we can use the method of equivariant
localization to give an explicit combinatorial description of classes in K%(X). Our
exposition here is largely based on the one in [FS12]. The following theorem is
central to our discussion.

Theorem 6.1.4 ([Nie74, Theorem 3.2], see also [F'S10, Theorem 2.5] and the

references therein). If X is a smooth projective variety with a torus action, then
the restriction map KX(X) — KX(XT) is an injection.

From now on we will always assume that X has only finitely many torus-
fixed points. In this case K%(XT) is simply the ring of functions from X7 to
Z[Char(T)]. In other words, we can describe a class in K%(X) just by giving a
finite collection of Laurent polynomials in Z[Char(T)].

Remark 6.1.5. In the literature, a variety X whose equivariant K-theory K%(X)
is a free Z[Char(T")]-module, and has a Z[Char(T")]-basis that restricts to a Z-
basis of K°(X), is called equivariantly formal. This notion was first introduced
in [GKM98]. In [And12, Section 2.4], it is noted that smooth projective varieties
with finitely many 7T-fixed points are equivariantly formal.

We now explicitly describe the class of a T-equivariant coherent sheaf on X.
We will do this under the following additional assumption (which is not essential
but makes notation easier and will hold for all varieties of interest).

Definition 6.1.6. A finite-dimensional representation of T is called contracting
if all characters lie in an open halfspace, or equivalently if the characters generate
a pointed cone (see Section 6.2.1). The action of T" on a variety X is contracting,
if for every torus-fixed point x € X, there exists an open neighbourhood U,
isomorphic to AY such that the action of T on U, is a contracting representation.
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Let E be a T-equivariant coherent sheaf on X. We will construct a map
[E)T : XT — Z[Char(T)]. For every x € XT, we have an open neighbourhood U,
as in Definition 6.1.6. Let x1, ..., x» be the characters by which 7" acts on U, (so
O(U,) is a polynomial ring multigraded by 7" in the sense of [MS05, Definition
8.1], with characters x7',..., x5 ). Our sheaf E, restricted to U,, corresponds
to a graded, finitely generated O(U,)-module E(U,).

Since F(U,) is a graded module over the polynomial ring O(U,), which is
multigraded by T, it follows from [MS05, Theorem 8.20] that E(U,) is a T-
module, and its Hilbert series is of the form

K(E(U,), t)
IS (=)
for some K(E(U,),t) € Z|Char(T)].
Definition 6.1.7. For E a T-equivariant coherent sheaf on X, we define [E]

XT — Z[Char(T)] to be the map that sends x € XT to K(E(U,),t) € Z[Char(T],
the numerator in (6.1.1).

Theorem 6.1.8 (See [FS10, Theorem 2.6], [MS05, Theorem 8.34]). The map [E]"
defined above is the image of the class of E under the injection K3(X) — KX(X7T)
of Theorem 6.1.4.

Hence, we can identify [E]? : X7 — Z[Char(T)] with the T-equivariant K-
class of E, and will often write [F]T € K%(X).

(6.1.1)

T .

Example 6.1.9. Let X = P, equipped with the natural torus action t-[ag : ... :
an) = [tgtag : ... : t7ra,]. Then O(d) is a T-equivariant sheaf. The torus action
on P™ has n + 1 fixed points, namely p; = [0:...:1:...:0], where the 1 is at
position i. We use equivariant localization to describe the class [O(d)]?. Every
pi has an open neighbourhood U; = Spec A;, where A; = Clzg, ..., Z;,...,2,) is
multigraded by T via deg(z;) = t;'t;. The A;-module O(d)(U;) is a copy of A;
generated in degree t¢. So its Hilbert series is tf/Hj (1 —t;';). Hence [O(d)]"
can be represented by the map (P")? — Z[Char(T)] : p; — t¢.

We can describe the image of the map from Theorem 6.1.4 explicitly, if we
impose an additional condition on X.

Theorem 6.1.10 (VV03, Corollary 5.12], see also [F'S10, Theorem 2.9] and the
references therein). Suppose X is a projective variety with an action of a torus
T, such that X has finitely many T'-fixed points and finitely many 1-dimensional
T-orbits, each of which has closure isomorphic to P'. Then a map f : XT —
Z[Char(T)| is in the image of the map K%(X) — K%(XT) of Theorem 6.1.4 if
and only if the following condition holds:

For every one-dimensional orbit, on whichT" acts by character x and for which
x and y are the T-fixed points in the orbit closure, we have

f(z)= f(y) mod 11— x. (6.1.2)
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Remark 6.1.11. Given a variety X as in Theorem 6.1.10, one defines the moment
graph of X to be the graph whose vertices are the T-fixed points of X, with
edges corresponding to the one-dimensional T-orbits and every edge labeled by
the relevant character. By the discussion above, the ring K%(X) is determined
by the moment graph of X: an element of K%(X) is given by putting a Laurent
polynomial f(z) € Z[Char(T")] at every vertex z, such that for every edge the
congruence (6.1.2) holds.

Example 6.1.12. We continue Example 6.1.9. Note that P™ has only finitely
many one-dimensional torus orbits: for every pair p;, p; of T-fixed points, there
is a unique T-orbit whose closure contains p; and p;. Furthermore, 7" acts on this
orbit with character tj_lti. We see that t = t? mod 1 — tj_lt,-, so that the class
[O(d)]" indeed fulfills the condition of Theorem 6.1.10.

We also can describe pullback and pushforward in the language of equivariant
localization. Let m : X — Y be a T-equivariant map of smooth projective
varieties with finitely many T-fixed points, then for [E]7 € K2(Y), its pullback
can be computed by

(7" [E]")(2) = [E) (n(x)) (6.1.3)

for v € XT.

Describing the pushforward of [F]7 € K%(X) is a bit more complicated.
Suppose that X and Y are contracting. For every point z € XT (resp. y € Y1),
we pick as before an open neighbourhood U, (resp. V,) on which 7" acts by
characters x1(), ..., x,(z) (resp. m1(y), ..., ns(y)). Then the pushforward of [F]”
is determined by the formula

(mF]) ) T [F]" ()
- . (6.1.4)
[T(1

M- 4 0@

For a proof, we refer the reader to [CG10, Theorem 5.11.7].
In the case where Y is a point, the pushfoward m,[F]T (also called Lef-

schetz trace or equivariant Euler characteristic) will be denoted by x([F]T) €
Z[Char(T)]. Formula (6.1.4) reduces to:

X([FT) = ) i (1[{]1(;2)1). (6.1.5)

zeXT

Remark 6.1.13. We can use Theorem 6.1.3 to obtain a description of the or-
dinary K-theory using equivariant localization. However, one should be care-
ful when using this for computations in practice. Here is a toy example: let
X = P? with the usual action of (C*)%2. Then X7 = {[1 : 0],[0 : 1]}, and
we can write the elements of K%(XT) = Maps(XT,Z[tF,t5]) > f as pairs
(f([1 = 0]), f([0 : 1])). Then (ty — t1,0) satisfies the condition from Theorem
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6.1.10, hence it gives a class in K3(X). It is tempting to do the following com-
putation in KY(X) = K9(X) ®z(Char(1)] Z:

(to—11,0)®1=(L,0)®(1—-1)=0
but this is wrong! Indeed, (1,0) does not satisfy the condition from Theorem

6.1.10, hence is not in K%(X). In fact, one can check that (o — ¢;,0) is the
equivariant class of the torus-fixed point [1 : 0] € P2

6.2 Equivariant K-theory of Grassmannians and
flag varieties

6.2.1 A short review on cones and their Hilbert series

In this subsection, we introduce some notation that will be needed later to define
the K-class of a (flag) matroid. For more details, we refer to [CLS11, Section 1.2]
and [Stal2, Section 4.5].

Recall that a convex polyhedral rational cone is a subset of R™ of the form

C= {v—i—Zaiui | a; > 0 for all i € [m]},
i=0
where v, ug,...,u,,_1 € Z"™ C R™. A cone is called pointed if it does not contain
a line. If C is a pointed rational cone with vertex at the origin, then every
one-dimensional face p contains a unique lattice point u, that is closest to the
origin; we call u, the ray generator of p. It is not hard to see that MG(C) :=
{u, | p a one-dimensional face of C'} is a minimal generating set of C. If the
vertex v of C' is not at the origin, we define MG(C) := MG(C — v). If the
minimal generators are linearly independent over R, we call C' simplicial. 1f they
are part of a Z-basis of Z", we call C' smooth.
For a pointed cone C' in R”, we define its Hilbert series Hilb(C') by:

Hilb(C) == > t*
acCnNz"

This is always a rational function, with denominator equal to [[,c a0 (1 —t%)
[Stal2, Theorem 4.5.11]. If C'is a smooth cone, then its Hilbert series is easy to
compute: Hilb(C) = [[,cpa(co) 4. If C is a simplicial cone, we can compute
its Hilbert series as follows. First compute the finite set Do := {b € C NZ" :
b =3 cmae) Mt | 0 < Ay <1} Then

Hib(©) = (3 ) ] lfvtu.

beDc ueMG(C)

For an arbitrary pointed rational polyhedral cone, we can compute its Hilbert
series by triangulating it.
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6.2.2 Matroids and the K-theory of Grassmannians

In this subsection we compute the class in equivariant K-theory of a torus orbit
closure in a Grassmannian. We then note that this class only depends on the
underlying matroid, and give a combinatorial algorithm to get the class in K-
theory directly from the matroid. This algorithm can then be used as a definition
to associate a class in K-theory to an arbitrary (not necessarily representable)
matroid. This was first done by Fink and Speyer in [FS12].

Let us first fix the following sign conventions. The torus 7" = (C*)" acts on
C" as follows: t - (z1,...,2,) = (t]'2y1,...,t; '2,). The action of T on Gr(r,n)
is induced from this action. Explicitly, if p € Gr(r,n) has Pliicker coordinates
[PI]Ie([Z])a then t - p has Pliicker coordinates [(] ], t;1>PI]Ie([Z1)' We begin by

describing the T-equivariant K-theory of the Grassmannian Gr(r,n) using equiv-
ariant localization.

The torus-fixed points of Gr(r,n) are easy to describe: for every size r subset
I C [n], we define the r-plane L; = span({e; | ¢ € I}) C C", and denote the
corresponding point in Gr(r,n) by p;. In Pliicker coordinates, p; is given by
P; =0if J # I. It is easy to see that the (Z) points p; are precisely the
torus-fixed points of Gr(r,n).

We can also describe the one-dimensional torus orbits: there is a (unique)
one-dimensional torus orbit between p; and p; if and only if [T N J|=r — 1. In
this case, we write I — J = {1}, J — I = {j}. If we identify the one-dimensional
orbit from p; to py with A\ 0 in such a way that the origin corresponds to the
torus-fixed point p; (and so p; corresponds to the point at infinity), then T acts
on the orbit with character tj_lti.

Let us now check that the action of 7" is contracting. We fix a torus-fixed point
pr, and consider the open neighbourhood U; given by P; = 1. Then U; = A7),
For p € U;, we will denote its coordinates with (u, ;)cr je¢r, where u;; = P’;—IM.
Then t - p has coordinates (tj_ltium)ie[’jw. Thus, T" acts on this space with
characters ¢;'t;, where i € I,j ¢ I. Identifying ¢{" ---t2 with (as,...,ay), all
these points lie in the open halfspace defined by ., a; > 0.

Example 6.2.1. We compute the class of O(1). The sheaf O(1) on Gr(r,n)
was already mentioned in Section 5.2: it is the pullback of O(1) on P() 1 via
the Pliicker embedding. We can also describe O(1) as A" SY, where S is the
tautological bundle on G'r(r,n) which will be introduced in Example 6.2.2 below.

We can apply Theorem 6.1.3 to the result from Example 6.1.9 to replace the

n

torus action on P()=! with a different torus action, induced from the action on
the Pliicker coordinates. By applying the pullback formula (6.1.3), we find that

the class [O(1)]7 in equivariant K-theory is given by the map
[OM)]" : Gr(r,n)" — Z[Char(T)] : p; > t;, -+ t;,

where we wrote [ = {iy,...,i,}.
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Example 6.2.2. Two important vector bundles on Gr(r,n) are the tautological
subbundle S, whose fiber over a point L € Gr(r,n) is the r-plane L, and the
tautological quotient bundle ©, which can by definied via the short exact sequence

0=-8—-C"—=9—0.
The class [S]T € KI'(Gr(r,n)) can be described by the map

[S]T : Gr(r,n)" — Z[Char(T)] : p; Zt !

el

More generally, the class [A\” S] is given by

/\S : Gr(r,n)T — Z[Char(T)] : p; + Z . (6.2.1)
ve(;)

There are similar formulas for [A” SV, [A?Q]7, and [A?QY]": just replace
Zpe(;) t~% in (6.2.1) respectively by Zpe(;) o, qu([n}]\l) t=ea, qu([n]]\l) te.

Let p be a point in Gr(r,n) and M = M, be the corresponding matroid on
[n]. Then Tp is a closed subvariety of Gr(r,n); in particular, it is given by a
coherent sheaf. We want to compute its class in T-equivariant K-theory, which
is a map [Tp]? : Gr(r,n)T — Z[Char(T)]. As before, let p; € Gr(r,n)T be the
torus-invariant point given by P; = 0 for J # I, and let U; be the affine open
neighbourhood U; of p; defined by P; = 1. If I is not a basis of M, then Tp does
not intersect Uy, hence [Tp|” (p;) = 0. Hence, we will assume that I is a basis of
M, i.e. that p € U;.

The coordinate ring of Tp N U; is isomorphic to Cls;'s;], where s;'s; is a
generator if and only if (1 —¢)Uj is a basis of M. We will denote this ring by Ry ;.
This ring should be viewed as a T-module, with t-s; 's; = ¢; 't;s;'s;. The Hilbert
series of Rz is a rational function with denominator dividing [[,c; [T;¢,(1

t;t;). Thus, by (6.1.1),

[Tp)" (pr) = Hilb(Rarp) [T (1 = t7'))- (6.2.2)

i€l j¢I
Definition 6.2.3. For any lattice polytope P and v a vertex of P, we define
Cone,(P), also known as the tangent cone of P at the vertex v, to be the cone

spanned by all vectors of the form v — v with v € P. For [ € ([Z}), we write
Cone;(M) := Cone,, (P(M)) if I is a basis of M, and Cone;(M) := ) otherwise.

Since Cone;(M) is the positive real span of all vectors e; — e;, where J €
B(M), we find that Hilb(R,, ;) = Hilb(Cone;(M)). So (6.2.2) can also be written
as

[Tp)" (pr) = Hilb(Cone; (M) [T TJ (1 — ') (6.2.3)

i€l j¢l
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We note that the right hand side of (6.2.3) only depends on the matroid M and
not on the chosen point p or even the torus orbit Tp. Moreover, the formulas
make sense even for non-representable matroids. Thus we can use them as a
definition for the class in K-theory for a matroid.

Definition 6.2.4 ((F'S12]). For any rank k matroid M on [n], we define y(M) :
Gr(r,n)T — Z[Char(T)] by

y(M)(pr) = Hilb(Cone; (M HH t)

el j¢I
if I is a basis of M, and y(M)(p;) = 0 otherwise.

Theorem 6.2.5 (FS12, Proposition 3.2]). The class y(M) € K¥(Gr(r,n)") sat-
isfies the condition of Theorem 6.1.10, and hence defines a class in K¥(Gr(r,n)).

6.2.3 Flag matroids and the K-theory of flag varieties

In this subsection, we generalize the results from the previous subsection replacing
“matroids” by “flag matroids” and “Grassmannians” by “flag varieties”. We first
describe the equivariant K-theory of a flag variety F(r,n). The torus-fixed points
are given as follows: for every (set-theoretic) flag ' = (F; C ... C Fy) of rank r on
[n], we define a (vector space) flag L; C ... C Ly by L; = span({e; | j € F;}). We
will denote the corresponding point in Fl(r,n) by pr. The Pliicker coordinates
of pr are given by Py = 1 if S is a constituent of F' and Ps = 0 otherwise.
Here, the Pliicker coordinates of a point in Fl(r,n) are the ones induced from
the embedding Fi(r,n) < [[ Gr(r;,n).

We can also describe the one-dimensional torus orbits: let pr be a torus-fixed
point. We define Ex(F') to be the set of all pairs (i, j) € [n] x [n] for which there
exists an ¢ such that i € F, and j ¢ F,. For every (i,j) € Ex(F), we define a
new flag F' = F,_,; by switching the roles of ¢ and j. More precisely: if i € F}
but j ¢ Fy, then F} := (F, — i) U j; in any other case Fy := Fjy. Then there is a
unique one-dimensional torus orbit between pr and pg/, and all one-dimensional
torus orbits arise in this way. The torus T" acts on this orbit with character tj_lti.

Lemma 6.2.6. The action of T on Fl(r,n) is contracting.

Proof. For every torus-fixed point pg, we consider the open neighbourhood Ug
given by Pgr, # 0 for all £. Then Ur = AN where N = dim(Fl(r,n)) =

> le ri(riz1 — ;) (here rp4 1 := n). We will denote the coordinates of a point
: Pr,_iu; . . .
q in Up by (ui,j)(i,j)eEx(p), where u; ; = Ff,TeUJ for any r which satisfies i € F}

and j ¢ F,. Then t - ¢ has coordinates (t;ltiuiyj)(i,j)eEx(p). So T acts on Up with
characters t;'t;, (i, j) € Ex(F). As before, identifying ¢{* - - - t% with (a1,.. ., an),

all these characters lie on the open halfspace 25:1 Y ier @i > 0. ]

i€Fy
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Example 6.2.7. For every ¢ € [k], we have the following tautological exact
sequence of vector bundles on Fi(r,n):

0—-8—-C"—=Q,—0, (6.2.4)

where S; is the vector bundle whose fiber at a point L = (Ly, ..., L) € Fl(r;n)
is the subspace L;. Similar to Example 6.2.2, the class [\ S;] is given by

/\S : Fl(r,n)" — Z[Char(T)] : pr Z . (6.2.5)
ve()

The analoguous formulas for [A”SY|T, [A?Q]7, [A?QY]" hold as well. For
a = (ay,...,a;) € ZF we denote by O(a) the line bundle ®_, (det §Y)®, see
also Remark 5.4.1. The class [O(a)]” is given by sending pr to the character

1o1er, +etager,

Let p be a point in Fi(r,n), and let F be the corresponding flag matroid
on [n]. We want to compute the T-equivariant class of Tp, which is a map
[Tp)" : Fl(r,n)” — Z[Char(T)]. We fix a point pr € Fl(r,n)”, and consider the
affine neighbourhood Uy described above. If F is not a basis of F, then Tp does
not intersect Up, hence [Tp|T (pr) = 0. Thus, we will assume that F is a basis of

F,i.e. that p € Up.
1

The coordinate ring of Tp N U is isomorphic to k[s;'s;], where s;'s; is a
generator if and only if F;_,; € F. We Wlll denote this rmg by Rz r. This ring
should be viewed as a T-module, with t-s; "s; =t; 1t :5; sj. The Hilbert series of

this T-module is a rational function w1th denomlnator dlviding [ jyersr (1 —
7't;). Thus, by (6.1.1),

[Tp|"(pr) = Hilb(Rrp) ] (1—t't)) (6.2.6)
(i,§)€Ex(F)
Definition 6.2.8. We write Conep(F) for Cone,,.(P(F)), as in Definition 6.2.3.

As before, we find that Hilb(Rzr) = Hilb(Coner(F)). Hence, (6.2.6) can
also be written as

[Tp|" (pr) = Hilb(Conep(F)) ] (1—tt)). (6.2.7)

(4,5) €Ex(F)

Again, (6.2.7) only depends on the flag matroid F and not on the chosen point
p or even the torus orbit Tp. Moreover the formulas make sense even for non-
representable flag matroids. Thus we can use them as a definition for the class
in K-theory for a flag matroid.
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Definition 6.2.9. For any rank r flag matroid F on [n], we define y(F) :
Fi(r,n)" — Z|Char(T)] by

y(F)(pr) = Hilb(Conep(F))  [] (1 -t7t)
(4,§)€Ex(F)

if F' is a basis of F, and y(F)(pr) = 0 otherwise.

Proposition 6.2.10. The class y(F) € KY(Fl(r,n)") satisfies the condition of
Theorem 6.1.10, and hence defines a class in K%(Fl(r,n)).

Proof. The proof is a straightforward generalization of the proof of [F'S12, Propo-
sition 3.2]. n

Example 6.2.11. Let F be the flag matroid of Example 5.3.14. We first compute
y(F)(pr), where F is the flag 2 C 12 (so er = (1,2,0)). From Figure 5.2, it
is clear that Conep(F) = Cone((1,—1,0),(0,—1,1)), which has Hilbert series

L . Furthermore, we have Ex(F) = {(2,1),(2,3),(1,3)}. We find

(1—t5 1) (1t 'ts)
that y(F)(pr) = 1 — t]'t3. We can do the same for the other torus-fixed points.
The result is summarized in Figure 6.1.

1 —t7', 00
1 —t7', 00
1 —t] s 1 —t] s

Figure 6.1: The class in K-theory of a flag matroid

6.2.4 The Tutte polynomial via K-theory

In [FS12], a geometric description of the Tutte polynomial of a matroid is given.
Consider the diagram below, where all the maps are natural projections or
inclusions. The inclusion on the right is the composition Fi(1,n — 1;n) —
Gr(n—1,n) x Gr(1,n) = (P 1)V x P~ 1,

Fl(1,r,n—1;n)
/ \
Fl(1,n—1;n) (6.2.8)

I

(Pn—l)v % ]Pm—l

Gr(r,n)

T1(n—1)
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Generalizing Example 6.1.2, one can show that
KO((P™ )Y x P71 = Zla, B/ (0, B7),

where a = [Op,] is the K-class of the structure sheaf of a hyperplane in (P"~1)¥
and 3 = [Op,] the likewise K-class from P~ L.

Theorem 6.2.12 ( [F'S12, Theorem 5.1]). The following equality holds:

(M) (Y (M) - [O()]) = Tas (o, B), (6.2.9)

where Y (M) is the class associated to the matroid M in the non-equivariant K-
theory of the Grassmannian, and Ty is the Tutte polynomial of M.

In other words, the Tutte polynomial of a matroid can be viewed as a Fourier-
Mukai transform of its associated class in K-theory. We can now now generalize
this construction to get a definition of the Tutte polynomial of a flag matroid.

Definition 6.2.13. Consider the following diagram:

Fi(1,r,n —1;n)

/ \
Fl(1,n—1;n) (6.2.10)

[

(I[D"_l)v % Pn—l

Fl(r;n)

T1(n—1)

Let F be a flag matroid on [n] of rank r, and let Y (F) € K°(Fl(r;n)) be its
class in non-equivariant K-theory, as in Definition 6.2.9. The flag-geometric Tutte
polynomial of F, denoted KTz (z,y), is the unique bivariate polynomial in z,y
of bi-degree at most (n — 1,7 — 1) such that

KT, §) = (miguon)omi (Y (F) - [O(L)]). (6.2.11)

We computed the flag-geometric Tutte polynomial for some small examples
using Sage [ST17], Macaulay2 [GS], and Normaliz [BIR"]. Our code is available
at [Sey]. The program first computes the equivariant class (m(n—1))«7;(y(M) -
[O(1)]) € K ((P"1)Y x P™!) using equivariant localization, and then computes
the underlying non-equivariant class. In the next chapter, we will introduce faster
ways of computing the K-Tutte polynomial.

Example 6.2.14. We consider again the flag matroid of Examples 5.3.14 and
6.2.11. We first compute y(F) - [O(1)], which is displayed in figure 6.2. The two
projections from Fi(1,r,2;3) = Fi(1,1,2,2;3) to Fi(1,2;3) are isomorphisms,
hence pulling back and pushing forward along them does nothing. Next we
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tt2(1 —t7 00
2t3(1 — 17y 00
2ty (1 — t; 5 12(1 — M 3)

Figure 6.2: y(F) - [O(1)]

need to push our class X = y(F) - [O(1)] € K¥(FI(1,2;3)) to a class Z €
K%(P"! x P*~1), using formula (6.1.4).

The T-fixed points of P"~! x P"~! are given by pairs p = (¢, H), where { €
Gr(1,3)T = {{e1), {e2), (e3)} and H € Gr(2,3)T = {{ey, e2), (€1, e3), {ea,e3)}. If
(¢ H, then Z(p) =0. If £ C H, then p € FI(1,2;3) C P? x P2. Since we are
pushing forward along an embedding, the formula (6.1.4) has a simple form: we
can find characters xi, x2, X3,7 and open neighbourhoods p > U; C Fl(1,2;3)
and p > U, C P? x P2, such that T acts on U; with characters x1, x2, X3, and on
U, with characters x1, x2, X3,7. Then (6.1.4) becomes:

Z(p)=Q0—-n""X(p).

Consider for example p = ({e1), (e1,€2)). Then p € FI(1,2;3) has an open
neighbourhood where T acts by characters tot3 ', tit3 ", t1t, !, while p € P? x P?
has an open neighbourhood where T" acts by characters tgtgl, tltgl, tltgl, tity L.
We compute that

Z(({e1), (e1, €2))) = tita(1 — t1 ') (1 — £y 't5) = to(ty — t3)°.

Similarily, we find that

1), (e1,e3))) = ts(ty — ta)?,
Z(({es), (e1,€3))) = ta(ts — t2)(t3 — ta),
2), (€1, €2))) = ta(ts — t3)(t2 — t3),

N \N
~—~ —~
—~ —~
T~ S~
Q )

and Z(p) = 0 in all other cases.

Finally, we need to find the underlying class in non-equivariant K-theory.
This is quite tedious to do by hand, so we just refer to the algorithm provided in
the Sage code available at [Sey] for this. In the end, we find that

KTr(x,y) = 2%y + 2%y + 2y® + 2° + 2y,
We will revisit this example in the next chapter.

Example 6.2.15. As another example, consider the uniform flag matroid U, 3).5
of rank (2,3) on [5] (that is, the constituents of U, 3),5 are the uniform matroids
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Uy and Us 5). Using our program, we find that its flag-geometric Tutte polyno-
mial KTy, , .(z,y) equals
3P 203y 4227y 4 303y + 827y +- 3y +4a -8ty +8xyt -4y + 207 Ay +2y2.

Remark 6.2.16. Unlike the usual Tutte polynomial for matroids, the flag-
geometric Tutte polynomial need not have nonnegative coefficients. For instance,
the flag-geometric Tutte polynomial of the uniform flag matroid U, 3).5 equals

x3y4 + xSyS + 2:1:2y4 + x3y2 _ x2y3 + 35C?/4 + .CUSy + 6x2y2 + 91@3 + 4U4 + IE3 + 3x2y + 31.,1]2 + y3.

The flag-geometric Tutte polynomial is a new invariant of flag matroids, whose
definition was motivated by geometry. However, so far we haven’t stated any com-
binatorial properties of this invariant, and we have no efficient way of computing
it yet. This will be remedied in the next chapter.
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Chapter 7

The flag-geometric Tutte
polynomial of a flag matroid

In the end of the previous chapter, we generalized the construction of Fink and
Speyer to define the flag-geometric Tutte polynomial K'T'r of a flag matroid. In
this chapter we will study some combinatorial properties of this invariant.

There is no known corank-nullity type formula for KT». However, it is possi-
ble to prove a formula (Theorem 7.1.4) similar to [F'S12, (7)], which will give us
an explicit way to compute the flag-geometric Tutte polynomial by summing up
Hilbert series of cones. In Section 7.1 we will state and prove the formula; and
apply it to prove some first properties of KT'x. In Section 7.2, we collect some
useful results concerning summations of rational functions arising from lattice
points on polyhedra. Our main contribution here is Theorem 7.2.8, which serves
as a key technical tool in this chapter and may be of independent interest in the
study of lattice polyhedra. In Section 7.3 we apply the methods of Section 7.2
to our formula (7.1.7) in order to prove several combinatorial statements about
the K-theoretic Tutte polynomial. We restrict ourselves to the case of 2-step flag
matroids; i.e. F = (M, My). Our main results are a formula for K7x(2,2), and
a deletion-contraction-like relation for the flag-geometric Tutte polynomial of a
flag matroid of the form (M, M). The flag-geometric Tutte polynomial remains
a quite mysterious object. In Section 7.4, we list several open problems, and
mention some related invariants of flag matroids which could be interesting to
study in future work. This chapter is based on the paper [DES20], which is joint
work with Rodica Dinu and Christopher Eur.

Computation

At https://github.com/chrisweur/kTutte, the reader can find a Macaulay?2
[GS] code for computations with torus-equivariant K-classes and flag matroids.
In particular, it computes the polynomial K7 and its torus-equivariant version.
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7.1 A formula for the flag-geometric Tutte poly-
nomial

The main result of this section is Theorem 7.1.4. It gives a formula for K7x in
terms of Hilbert functions of cones. This formula is both useful for proving results
about the flag-geometric Tutte polynomial, and for computing it in practice.

7.1.1 The T-equivariant Tutte polynomial
Recall the diagram (6.2.10):

Fl(1,r,n —1;n)

Fl(r;n) (Pr=h)Y x pr—t

As before, we write K°((P"~1)Y x P"~1) = Z[a, 8]/(a™, B"), where a and 3 are

the structure sheaves of hyperplanes.

Proposition 7.1.1. Let € € Kyo(Fl(r;n)). With u,v as formal variables, define

polynomials , ,
R (u,v) := Zx<e . [/\ Sk] [/\ QY])upvq,

pq

where x denotes the pushforward to a point. Then we have the following identities
in Ko((Pm1)Y x Pn1).

R(a—1,8—1) = (Tn-1)1)«7y(€).

When k£ = 1 (i.e. Fi(r;n) is a Grassmannian), Proposition 7.1.1 reduces
to [FS12, Lemma 4.1]. We remark that, just as in [F'S12], Proposition 7.1.1 is an
identity in the non-equivariant K-theory.

The proof of Proposition 7.1.1 is essentially identical to the proof of [FS12,
Lemma 4.1]. Here, as a lemma, we separate out (and also fix a minor error in)
the part of the proof in [FS12] that needs modification.

Lemma 7.1.2. Denote m; := (1 — a)™t = [O(Hy)] and np = (1 — )7 =
[O(H,)], and let t be a formal variable. Then the following identities hold in
Ko(Fl(r;n))[[t]):

SUIASI = (0 0 - +1t771) (7.1.1)
SO QU = (148 ()i (). (7.1.2)

7 1—|—t7’]2
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Proof. For each 1 = 1,... k note that

(SAs¥)(SAem) =asor s

which follows from the short exact sequence (6.2.4) and [Eis95, A2.2.(c)]. We
also have an identity

(Z[/l\ Si]tz) (Z(—l)m[symm Sz’]tm> =1 (7.1.4)

and likewise identities for Q; and the duals S, @Y, which follow from the exact-
ness of the Koszul complex [Eis95, A2.6.1]. Now, we note by [Har77, Exercise
I11.8.4] that

(7e)+ T (1) () = [Sym” S © Sym™ Qy] (7.1.5)
Combining (7.1.3), (7.1.4), and (7.1.5) then yields the desired identities. O

Sketch of proof of Proposition 7.1.1. Combine Lemma 7.1.2 with the projection
formula for K-theory [Ful98, §15.1]. Then expand the power series in u, v, which is
in fact a finite sum, and then compare coefficients. See the proof in [FS12, Lemma
4.1] for details. O

By Proposition 7.1.1, we have that
p q
KTr(u+ 1,0+ 1) = 3 x(yFOMIASIA Q) )urer,
p.q

which leads us to the following T-equivariant version of K7r.

Definition 7.1.3. The T-equivariant Tutte polynomial of a flag matroid F is
p q
KTH Lo+ 1) =3 05" (vF O IASITIA QT Juret.  (7.16)

We can use (6.1.5) to write K'7T# as a sum of rational functions as follows.
We will use the notation Hilbg(F) as shorthand for Hilb(Conep(F)).

Theorem 7.1.4. Let F = (M, ..., My) be a flag matroid on a ground set [n] of
rank r = (ry,...,75). We have

KT (ut1,0+1) = Z Hilbg(F) Z Z geBr ey tepteay ri—lplylal,

F=(Bi,...By), PCBk qC[n]\B1
F € B(F)

(7.1.7)
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Proof. By the pushforward formula (6.1.5), K'T# (u+ 1,0+ 1) can be written as

D y(F) (pr) - (O (pr) - [N" S (o) - [N QT (Pr) 0

—1
H(i,j)EEx(F)(l -1 tj)

P4 prEFI(rmn)T
The result now follows from Definition 6.2.9 and Example 6.2.7. O]

Many of our results on K7 will be obtained by manipulation with the equa-
tion (7.1.7).

Example 7.1.5. We once more revisit the flag matroid from Examples 5.3.14,
6.2.11, and 6.2.14. The term in (7.1.7) corresponding to er = (1,2,0) is equal to:

to(u? + tyu + tou + tite) (1 + tyv + tzv + t1t30?)
(1—t;')(1 —t5 ') ‘

Summing up this term with the three terms corresponding to the other bases and
expanding the rational function, we find that K77 (u + 1,v + 1) is given by the
following expression:

titogtsu?v? + (tity + tits + tots)uv + (t5tats + titats + titots)uv?
+ (ty + to + t3)u® + (B5ty + tyt5 + t1ts + Stitats + tats + tits + tot3)uv
+ (213t + Btot2)0* 4 (12 + 2ty ty + 13 + 2ty ts + tots + t2)u
+ (8315 + 2t3tats + titots + t1ts + titata)v + (L3t + tits + tits + titats + 1113).

Substituting t; = t, =t3 =1, u = x — 1 and v = y — 1, we obtain the non-
equivariant flag-geometric Tutte polynomial from Example 6.2.14.

Our Macaulay2 code contains an algorithm that computes the (7-equivariant)
flag-geometric Tutte polynomial of a given flag matroid using Theorem 7.1.4,
similar to the example above.

7.1.2 First properties

Recall that Uy, is the matroid on [n] whose only basis is the empty set. For any
matroid M on [n], the pair (Up,,, M) defines a flag matroid. As a first example, we
compute the flag-geometric Tutte polynomial K7, a)- The diagram (6.2.10)
makes sense only when ry > 1, so K7y, .a) cannot be defined as a push-pull of
a K-class. Instead, we define K7, , ar) by specializing KT(IEOWM) at t; = 1.
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Example 7.1.6. For any matroid M on [n], it holds that K7, , m)(z,y) =
y" Ty (x,1). To verify this, we compute

KTg, anu+lo+1)= Y Hibg(M)> Y torteay Pl

BEB(M) bCB aCl
- (H(1 +t,-v)> =Y Hilbg(M) Yt
i=1 BeB(M) pCB
- (H(1 + m)) CKTH(u+1,1).
=1

(7.1.8)

Setting t; = 1, u = x — 1, and v = y — 1 yields the desired claim. This exam-
ple shows that we cannot recover T); from K7, ary although Uy, « M is a
canonical matroid quotient of M.

We now state some first properties of KT, analogous to Proposition 5.1.14
for the usual Tutte polynomial. Note that if ' = (M,...,M]) and F" =
(M7, ..., M]) are flag matroids with the same number of constituents on disjoint
ground sets, we can define the direct sum F' & F" := (M; @& M{, ..., M; & M}).

Proposition 7.1.7. Let F be a flag matroid on [n]. The following properties
hold for KTE

1. (Direct sum) If F is a direct sum F' & F" of two flag matroids on ground
sets A, B with AU B = [n], then KTE(z,y) = KT (z,y) - KTA (z,y)
(where T' = (C*)4, T" = (C*)B).

2. (Loops € coloops) Let € be the number of loops in My, and ¢ the number of
coloops in My. Then x¢y* divides KTx(z,y).

3. (Duality) If FV is the dual flag matroid of F, whose constituents are matroid
duals of the original, then KTx(y,z) = KTzv(z,y).

Proof. The first two statements follow from manipulating with the identity (7.1.7)
in a similar way as the computation (7.1.8) in Example 7.1.6. For the third state-
ment, we claim that the T-equivariant version is t°m KTE ' (y,z) = KTrv(z,y)
(where the T~! superscript means that we have replaced t; by ¢;'). Verifying
this identity is then another easy manipulation with (7.1.7). ]

7.2 Summations of lattice point generating func-
tions

Here we collect some useful results concerning summations of lattice point gener-
ating functions arising from polyhedra, along with slight variants that are suitable
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for our purposes. The key two results are Theorem 7.2.8 and Theorem 7.2.12.
We point to [BHS09] and [Pos09, §19 (Appendix)] as helpful references.

7.2.1 Brion’s formula

Here we review the results in [Bri88, Ish90]. For a subset S C R", denote by
1(S) : Z" — Q its indicator function sending z — 1 if x € S and 0 other-
wise. Let P, be the vector space of Q-valued functions on Z™ generated by
{1(P) | P C R" lattice polyhedron}. It follows from the Brianchon-Gram for-
mula [Bri37, Gra74,She67] that P, is generated by indicator functions of cones,
and by triangulating one concludes that P,, is generated by indicator functions
of smooth cones. We will often consider elements of P,, as elements of the power
series ring Q[[t7, ..., ] by identifying 1(P) with >, _py. t*. The following
fundamental theorem concerns convergence of these power series to a rational
function.

Theorem 7.2.1 ( [Ish90, Theorem 1.2]). Consider P, as Q[t5, ..., tE]-submodule
of Q[[tE,...,tF]], and let Q(ty,...,t,) be the field of rational functions. There
exists a unique Q[t5, . .., tX]-linear map

Hilb : P — Q(tl, C ,tn)

such that if C' C R™ is a smooth cone with ray generators uy,...,u, € Z" and
vertex at the origin then Hilb(1(C)) = Hilb(C) = [[L, =

Two remarks about the above linear map Hilb follow:

1. The notation Hilb agrees with our previous notion of Hilbert series from
Section 6.2.1: when C' is a pointed rational polyhedral cone, not necessarily

smooth, Hilb(1(C')) = Hilb(C).
2. For P a lattice polyhedron with non-trivial lineality space, Hilb(1(P)) = 0.

For P a lattice polyhedron, we will often by abuse of notation write Hilb(P)
for Hilb(1(P)). An important result on rational generating functions for cones
is Brion’s formula [Bri88], which was extended to a slightly more general version
in [Ish90]. We will only need the following special case of [Ish90, Theorem 2.3].

Theorem 7.2.2. Let P C R" be a lattice polyhedron with a nonempty set of
vertices (so P has no lineality space), and let C(P) be its recession cone. For
every vertex v of P, write Cy for Cone(P —v). Then we have

Hilb(P) = ) Hilb(Cy + V) and Hilb(C(P)) = > Hilb(Cy).

veVert(P) veVert(P)

Proposition 7.2.3. For F a flag matroid on [n], it holds that
KTE(1,1) = Hilb(P(F)).

Proof. This follows immediately from (7.1.7) and Brion’s formula. O
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7.2.2 Flipping cones

Here we review the method of flipping cones [F'S10, §6], [BHS09, (11)]. Our con-
tribution is a generalization (Theorem 7.2.8), which will serve as a key technical
tool in the next section. Let ¢ € R™. For every a € R, we will denote the hyper-
plane {z € R"|(¢,x) = a} by H¢—, and the half-space {x € R"|({,x) > a} by
Hg¢s,. For an element f € P,, by considering f as an element of Q[[tf, ..., ¢ ]]
we write f|H¢:a for the sum of terms ct¥ in f such that (¢, w) = a.

Definition 7.2.4. A polyhedron P C R" is ¢-pointed if P C H¢>, for some
a € R. Let PS be the vector space of ¢-pointed elements in P,,.

We note the following useful observation: Let P C R™ be a polyhedron with
vertices Vert(P), and as before let Cy := Cone(P — v) for v € Vert(P). For
¢ € R”, the cone Cy is ¢-pointed if and only if v is a vertex of the face P=¢ of
P minimizing the linear function (¢,.) on P. If f € P&, then one can compute
Hilb(f) ”slice-by-slice” in the following sense.

Lemma 7.2.5. Let f,g € PS and suppose that Hilb(f) = Hilb(g). Then for
every a € R, it holds that Hilb(f|HC7 ) = Hilb(g|HC7 ).

Proof. Write b = f — g, and suppose by contradiction that there is an a € R
with Hilb(b| He ) # 0. Since b € PS, there is a minimal such a, which we will

denote by ag. By the Claim below, we can find a nonzero ¢ = > ;. Act® €
Q[tf,...,tF] such that ¢ - b has finite support, i.e. is a Laurent polynomial. So
Hilb(q - b)) = ¢Hilb(b) = 0. Since ¢ - b has finite support, this implies that
q-b =0 Let c = min{(C,e)[\e # O}, and let go = >__ ¢ Act® Then
0 = Hilb((q - b)]HC:a0+C) = qo Hilb(b[HC:aO) # 0, a contradiction.

Claim: For every f € P,, there exists a nonzero Laurent polynomial g €
Q[tf,...,tF] such that ¢- f, which is a priori an element of the power series ring
Q[[t5, ..., tF]], is a Laurent polynomial in Q[t5,. .., ¢tF].

Proof of claim: If f = 1(C) for some smooth cone C, one can take ¢(t) =
[T(1—t¢), where the product is over the primitive ray generators of C. Since P,
is generated by smooth cones, the result follows. O

Suppose that ¢ is chosen such that the ¢; are Q-linearly independent (in the
future, we will abbreviate this to “C is irrational”). Then for every a € R, the
intersection He—, N Z" consists of at most one point. In this case Lemma 7.2.5
reduces to saying that Hilb : PS — Q(ty,...,t,) is injective, and we recover
[F'S10, Lemma 6.3]. We next recall the notion of cone flips. We begin with a
lemma for their existence.

Lemma 7.2.6 ( [Haa05, Lemma 6], [F'S12, Lemma 2.1]). Assume ¢ is irrational.
For every f € P,, there is a unique f¢ € PS such that Hilb(f) = Hilb(f¢). The
map f > fC is linear.
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The map (-)¢ in the lemma above can be described explicitly as follows. Let
C C R™ be the support function of a rational simplicial cone, i.e.

n—1
c=1 ({V—f-Zaiui | a; >0 forall i € [n]})
i=0

Then the image C¢ € PS under the map of Lemma 7.2.6 is given by

n—1
¢ (_1\ | a; >0 for all i with (¢, u;) >0, }
¢t ==t <{v + ;alul and a; < 0 for all ¢ with ({,u;) <0 , (121)

where ¢ is the number of rays u; for which (¢, u;) < 0. This is a consequence of
the fact that Hilb(1(P)) = 0 if P has a nontrivial lineality space. We will refer
to C¢ as the cone flip of C in direction ¢. For a non-simplicial rational cone C,

one defines the flipped cone C¢ € PS by triangulating the cone .

Remark 7.2.7. The assumption that ¢ is irrational is essential for Lemma 7.2.6:
if ¢ is not irrational then P$ contains some lattice polyhedron P with a non-trivial
lineality space, and Hilb(P) = 0 = Hilb(0), contradicting uniqueness.

Now, suppose we are given an expression

p=> ayHilb(Cy) € Q(t1,. .., tn), (7.2.2)

AEA

which is a finite summation where the C are pointed cones with vertices not
necessarily at the origin and a) € Q are scalars. Suppose we know that ¢ €
Q(t1,...,t,) is in fact a Laurent polynomial (for example, because ¢ arose from
a computation in T-equivariant K-theory). Then we can use cone-flipping to get
partial information about the coefficients of . The following proposition is our
“cone-flipping in slices” technique which will be repeatedly used in later sections.

Theorem 7.2.8. Suppose ¢ =, ay Hilb(C)) is a Laurent polynomial, i.e. ¢ €
Q[tf,...,tE], and let P be the convex hull of the vertices of the Cy. For ¢ € R",
not necessarily irrational, assume that every cone C)\ whose vertex vy satisfies
(¢, vy) < bis {-pointed. Then

(‘D‘HC:b: Z ay Hilb(C,\ﬂchb).
O

Note that if PN He—y is the face P=¢ of P minimizing in the ¢-direction, the
assumption in the proposition is always satisfied, and all cones contributing to
the right hand side have their vertex on P~¢.

1'We remark that calling C¢ the "flipped cone” of C' is a slight abuse of terminology when
C is not simplicial, since C¢ is not necessarily the support function of a polyhedron up to sign.
It can be a genuine linear combination of some of those; see [FS10, Remark 6.7].
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Remark 7.2.9. In the special case of Theorem 7.2.8 where He—, N P = {v} is
a vertex of P, the coefficient of t¥ in ¢ is equal to »_ a;, where the sum is over
all \ for which C) € 735 and the vertex of C'y is at v. Moreover, if w is a vertex
of the Newton polytope Newt(y) of ¢, then for any irrational { € R™ there must
exist a cone C' such that its vertex v, satisfies (¢, w) < (¢, vy). In other words,
Theorem 7.2.8 is a generalization of [FS10, Corollary 6.9], which states that the
Newton polytope of ¢ is contained in P.

We prepare for the proof by noting a useful feature of the cone-flipping oper-
ation, starting with the following notion.

Definition 7.2.10. Let C be a pointed cone, and ¢ € R". We will say that an
irrational ¢’ € R" is an irrational approzimation of ¢ with respect to C, if for
every ray generator u € R" of C' it holds that (¢,u) >0 = (¢’,u) > 0 and
(¢,u) <0 = (¢',u) <0.

Note that an irrational approximation of ¢ can always be obtained as a small
perturbation of {. The following is a minor generalization of [FS12, Lemma 2.3],
with almost identical proof, which we have included for completeness.

Lemma 7.2.11. Let { € R", let C be a pointed cone with vertex at v, and let
¢ € R™ be an irrational approzimation of . Then CS is supported in the half
space {x | ({,x) > (C,v)}. Furthermore, if C is not contained in {x | (¢,x) >
(¢, v)}, then C¢ is supported in the open half space {x | (¢,v) > (¢, v)}; in
particular w ¢ C¢.

Proof. 1f C'is simplicial, the result follows immediately from the construction of
cone flips (7.2.1) and Definition 7.2.10. For general C', we can obtain the first
statement by considering any triangulation of C'. For the second one, choose a ray
u of C' such that (¢, u) < 0 and a triangulation of C' such that every interior cone
contains u. Such a triangulation can for instance be constructed by triangulating
the faces of C' that do not contain u, and then coning that triangulation from u.
Now C = 3 (—1)dmC—dmF () and C¢ = 3 (—1)imC—dmF ()¢ where
the sum is over all interior cones of the triangulation. The result now follows
from the simplicial case. O

Proof of Theorem 7.2.8. Since the summation defining ¢ is over a finite collection
of cones {Ch}xen, there exists a ¢’ € R which is an irrational approximation
of ¢ with respect to every cone C). By assumption ¢ = Hilb(f), where f €
P, has finite support, in particular f € PS. Hence, by Lemma 7.2.5, ¢ Heo,=
Hilb(> ay IL(CS N Heop)). If Cy ¢ PS, then by assumption the vertex vy of Cy
satisfies (¢,vy) > b, and by Lemma 7.2.11 C’fl is supported on the open half-
space {z | ({,z) > b}, in particular C’fl N Heep = 0. If Cy € PS, then since C;
and Cf\;/ are both in PS, it follows from Lemma 7.2.5 that Hilb(CS NHep) =
Hilb(Cy N He=y). ]
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7.2.3 Flipping cones for base polytopes

Let us now specialize our discussion of summing lattice point generating functions

to ones arising from flag varieties. For the rest of this section, let F be a flag

matroid of rank r = (ry,...,7) on a ground set [n]. As before, for a basis F' of F

let us write Conep(F) := Cone(P(F) — er)) and Hilbp(F) := Hilb(Conep(F)).
Consider the expression below, which is a finite summation

o= axt™ Hilbpm (F), (7.2.3)
AEA

where a), € Q, wy € Z", and F* a basis of F. We allow the same basis to
occur several times in the sum. Note that t¥* Hilbya (F) = Hilb(C)), where C)
is a cone with vertex at wy, so (7.2.3) is a special case of (7.2.2). As before,
we assume that ¢ € Q[tli, ...,tF], i.e. ¢ is a Laurent polynomial, and we write
P := Conv(w, | A € A) for the convex hull of the wy. We will assume that all
w) lie in Z%, and that there exists a ¢ € Zx( such that the sum of the entries of

any wy, is equal to c. Let P := Conv(o -wy | 0 € S,, A € A) be the convex hull
of all points in Z%, that are equal to one of the w; up to permuting entries. The
following theorem will be repeatedly applied in the next section.

Theorem 7.2.12. Let ¢ and P be as above, and let v be a verter of P. Write
v=eg + -+eg,, withS; C...C S, C[n]. Fiz a basis F = (By,...,By) of F
such that ep is a vertex of the face P(F)Y of P(F) mazimizing the direction v,
that is, a basis F' satisfying |S; N Bj|= ra(S;) for all 1 <i<m and 1 < j <k
(Proposition 5.3.17). Then the coefficient of t¥ in o € Q[tf,...,t] is equal to
the sum of all ay for which wy =v and F» = F.

Proof. 1f v ¢ P, the result follows from Remark 7.2.9. So we consider the case
v € P. Let us write v = (vq,...,v,) and ep = (by,...,b,). By permuting the
coordinates of N, let us assume that v; > v;;; for all ¢ € [n], and that b; > b; 41
whenever v; = v;.1. Let

¢ :==ne;+(n—1)ea+ -+ 2,1+ €n.
We claim that this ¢’ has the following properties.

1. The vertex {v} is the face of P maximizing in the ¢’ direction, and hence
is the vertex of P maximizing in the ¢’ direction.

2. The vertex face of P(F) maximizing in the ¢’ direction is {ep}.

The first property is immediate from the construction of ¢’, as we have assumed
that v; > vy for all i = 1,...,n. For the second property, note that ¢’ is an
interior point in the cone

Cone(ey,e1 +ea,...,e1 + - +eqp1) + Repy,
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of which the cone

Cone(eg,, €s,; - - -, €s,,) + Repy
is a face. This face contains v in its relative interior. These two cones are
cones in the braid arrangement, of which the normal fan of P(F) is a coars-
ening (Theorem 5.3.15). Thus, the vertex face of P(F) maximizing in the ¢’
direction is among the vertices of P(F)Y, and our assumption b; > b;,; for all

t=1,...,n such that v; = v;; ensures that er is indeed the one. Now, applying
Theorem 7.2.8 (in the form of Remark 7.2.9) with ¢ = —¢’ gives the desired
statement. O

7.3 Combinatorial properties for 2-step flag ma-
troids

7.3.1 Some terms of the flag-geometric Tutte polynomial

As a first application of the methods from Section 7.2, we apply Theorem 7.2.12
to compute some of the terms in the expression (7.1.7) for KTx (u + 1,v + 1).

Theorem 7.3.1. Let F = (M, M) be a 2-step flag matroid and let t<um~'vJ
be a monomial occurring in (7.1.7). Then > ky = r1 + i+ j. Let ¢ denote the
number of entries in k that are equal to 1. If ¢ < |ry + j —i|, the coefficient of
t}um "l in KTE(u+ 1,0+ 1) is equal to

1. 1, if Sy is spanning for My, Sy is independent in My, and ¢ = |ri + j — i,
2. 0, otherwise,
where Sy and Sy are defined by S; C Sy and k = eg, + eg,.

Proof. The equality Y k; = m + i + j follows immediately from (7.1.7). The
coefficient of t*u"2~"v’ is equal to

> Hilbp(F) > > temterte, (7.3.1)

F = (B1, B2), pC B2,q9C Jy,
F € B(F) lpl=1i  lal=
where we have denoted J; := [n] \ B;. It is not hard to see that the vertices

of P have |r1 + 7 — 1| entries equal to 1. This proves that the coefficient is 0 if
¢ <|ri +j—i|l. So from now on we assume ¢ = |ry +j — i|.

Next, we apply Theorem 7.2.12. Writing k = eg, + eg,, (note that |S;|=
min(i, 71 + j) and |S;|= max(i, 71 + j)) we find a basis of F for which r;(S;) =
|S; N Bj|. We now need to compute the number of ways k can be written as a
sum ep, + e, +eq. If So is not spanning for M, or if S; is not independent in My,
there are no ways to do this, and the coefficient is 0. Otherwise, if 1 < r; + j, we
need to put p = Sy and q = Sp \ Sy. If ¢ > 1 + j, we need to put q = S; N J;
and p = S7 U J;. In both cases, there is just one way, so the coefficient is 1. [
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7.3.2 Towards a corank-nullity formula

For a matroid M on [n], the corank-nullity formula for the Tutte polynomial
Ty(z,y) =2 s (z—1)"7") (yy—1)I51=7(9) expresses T, as a sum over all subsets
of [n]. In particular, we have Ty(2,2) = 2"; in fact, K'7;7(2,2) = [/, (1+;). As
a first step towards a corank-nullity-type formula for K7, we show the following
for a two-step flag matroid.

Theorem 7.3.2. Let F be a two-step flag matroid F = (My, M) of rank (ry,rs).
Let pB(F) be the set of pseudo-bases of F, i.e. subsets S C [n]| such that S is
spanning in My and independent in My. With q as a formal variable, we have

KTFU+a 1 +q) =g ([T +u0) (D t5d¥),
i=1 SepB(F)

and in particular, we have

KTr(l+q ' 14+q) =q ™ 2" ( > q‘s‘>,

SepB(F)

KTF(2,2) = (ﬁ(l—f—tz))( Z tes>, and

=1 SepB(F)

KTr(2,2) = 2"[pB(F)]

Proof. Setting u = ¢! and v = ¢ in (7.1.7) of Theorem 7.1.4 gives us

KTFU+q14q = > Hibp(F) Y Y temtearteagilal-r:

F = (B1, Ba), pCB2 qC[n]\B1
F € B(F)
Y H Y X e
F = (B1, Bs), RC[n] SCB2\B1
F € B(F)
=¢[[+tg) D Hibp(F) Y tmtesg
i=1 F = (B1, B2), SCB2\B1
F € B(F)

We now use Theorem 7.2.12 to compute the sum

pp = Hilb(Conep(F)) >t

F = (B1, B2), By Cp C Ba,
F € B(F) |pl=1r

for a fixed r; < r < ry. First, we note that the polytope P = Conv(es | S C

E., |S|=r), obtained as the convex hull of the S,,-orbit of {e, | By C p C By, |p|=
r}, has no interior lattice points.
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For S C E with |S|= r, if S is not a pseudo-basis of F, then there is no
basis F' of F such that By C S C B,, and hence the coefficient of t¢5 is 0 in this
case. Now, suppose S is a pseudo-basis of F, which by definition implies that
there exists a basis F' = (Bj, Bs) of F with By C S C By. This basis F' is a
vertex of the face P(F)® by Proposition 5.3.17, and thus by Theorem 7.2.12 the
coefficient of t° is equal to 1 in ¢,. O

We do not know of analogues of Theorem 7.3.2 for flag matroids with more
than two constituents.

7.3.3 A deletion-contraction-like relation

In this section, we consider K7z of an elementary quotient F = (My, Ms) (i.e.
r(Ms) — r(M;) = 1). In this case, there is a unique matroid M on a ground set
[n] := {0} U [n] such that M; = M /0 and My = M\0. Our main theorem of this
subsection is the following deletion-contraction-like relation.

Theorem 7.3.3. Let M be a matroid of rank r on [n] := {0} U [n] such that the

element 0 is neither a loop or a coloop in M. Let T = C* x T = (C*)"*! be the
torus with character ring Z[t, ... tF]. Then we have

KTJ\?,M(CL’; y) = thTA?/U,M/O(xay>+t0KTA§/O,M\O(x7 y)—i_KT]\g\O,M\O(x?y)' (7.3.2)
In particular, we have

KTvum(x,y) = KTupomo(@,y) + KTajonno(z,y) + KTanomno(z, y).

We use {eq, - . ., e, } for the standard basis of R"™! = R@R". For a polyhedron
P C R", we will often abuse the notation and also write P also for {0} x P C
R @& R™. We prepare for the proof of Theorem 7.3.3 by an observation that
motivated the theorem.

As the base polytope P(M) is a (0, 1)-polytope (i.e. a lattice polytope con-
tained in the Boolean cube [0, 1]"*! C R™*1), every lattice point is a vertex. More-
over, observe that the vertices of P(M) partition into two parts, the bases of M /0
and the bases of M\0. As a result, the lattice points of P(M, M) = P(M)+P(M)
partition into the following three parts, with P, = 1(Py + P,):

o Py:=P(M,M)N H,y_s = {2} x P(M/0, M)0),
o Py :=P(M,M)N H,y_, = {eg} x P(M/0, M\0), and
o Py:=P(M,M)N H,,_o = {0} x P(M\0, M\0).

The case of setting © = y = 1 (cf. Proposition 7.1.7.(4)) in (7.3.2) of Theo-
rem 7.3.3 witnesses this partition of the lattice points of P(M, M) . The fol-
lowing lemma in preparation for the proof of Theorem 7.3.3 is a consequence of
Pl :%(PO—’—PQ)
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Lemma 7.3.4. Let the notations be as above. Then for B € B(M) with 0 ¢ B,
we have

Hilb(Conep(P(M, M)) N Heger) = Y tot 5\, Hilb(y ) (M /0, M\0) and

I € B(M/0),
ICB

Hilb(Conep (P(M, M)) N Hemo) = Y Hilbg 5)(M/0, M\0).
1€ B(M/0),
I CB

Proof. We have an equality of polyhedra
COHGB(P(M, M)) N Heozl = CODGB(P(M\O)) + P1 - 263.

We claim that Coneg(P(M\0)) + P, has vertices {e; +ep} for I € B(M/0) such
that I C B. The two statements in the lemma then follow from Brion’s formula
Theorem 7.2.2. For the claim, we start by noting that if I € B(M/0) then there
exists B’ € B(M\0) such that I C B’ (since M/0 « M\0). Consequently, if ep
is the vertex of P(M\0) that minimizes (v,ep) for some v € R", then a vertex
of P(M/0) that minimizes (v,-) must be e; satisfying I C B. Our claim now
follows from Py = 1(Py + P,). O

Proof of Theorem 7.5.3. Let us begin by noting that the equation (7.1.7) for
KTy reads

KT y(u+1v+1) Z Hilbg(P(M, M) Y - Y enterteay Pyl
BeB(M pCB qC[n]\B
(7.3.3)
We apply Theorem 7.2.8 with ( = ey and L defined by t; = 0. Note that
Coneg(P(M, M)) € PS if and only if 0 ¢ B. Hence all cones occurring in (7.3.3)
with vertex on L are in P, and we find that the terms in (7.3.3) not divisible by
tp sum to

> Hilb(Conep(P(M, M)) N Hey) Y Y tenterteay =Ryl

B € B(M), pCB qC[n]\B
0¢ B
=Y Hib 0T Y eyl
BeB(M\0) pCB qC[n]\B
= Kfj\g\o,M\o(u +Lu+1).
A similar argument, with ¢ = —ey, shows that the coefficient of #3 in (7.3.3)

is K 77\5/07 M0 Finally, we apply Theorem 7.2.8 once more, this time with ¢ = eg
and L = H.—;. We find that the terms in (7.3.3) divisible by #, but not by 2
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sum to

ST Hilbp(M, M) ST gemterteay |q|>

B e B(M), pCch[n \B eO 1
0¢ B
_ ( ST Hilbp(M, )Y ST et (1 4 tgu)ur Pl )
B € B(M), pCB qCln]\B Heg=1
0¢ B
= ) Hilb(Coneg(P(M, M)) N Hem) Y . > teoterteay Ryl
B € B(M), pCB qC[n]\B
0¢ B
+to Y Hilb(Conep(P(M, M)) N Heymg) > > teo Tt eay7Ilylaltt,
B g s(évl), pCB qC[n]\B

which by Lemma 7.3.4 is equal to

D tetpl Hilbg gy (M/0, M\ 0)Y 0 Y genterteay Rl

B € B(M), I € B(M/0), pCB qC[n]\B
0¢ B IcB
+t Z Z Hﬂb(I,B)(M/Oa M\ 0) Z Z geBTenteayr—Iplylal+1
BeB(M),Ie B(M/o) pCB qC[n]\B
0¢ B ICB

=1 Z Hﬂb(LB)(M/O, M\ <Z Z t€[+ep+€q 1+ tB/[’U)>u7“—|P|fU‘Q\
(I,B)eB(M/0,M\0) pCB qC[n]\B

= tO Z Hllb(LB)(M/O, M \ 0 (Z Z te[+ep+eq>u7”—|mv|q|
(I,B)eB(M/0,M\0) pCB qC[n]\I

= toK Tagjo.ano(u + 1,v + 1),
as desired. n

Remark 7.3.5. We remark that for a general flag matroid F, the slices { P(F)N
H.,—1}rez need not be flag matroid base polytopes. Moreover, even when they
are, we do not observe an identity like the one in Theorem 7.3.3 that expresses
KTz in terms of the slices. For example, consider F = (U;3,Us3). We have
KTr(z,y) = 2®y? +2%y+xy? +22+2zy+1y°*. In any coordinate direction, its three
slices are (Upa,Ur2), (Ur2,U12), and (Ui g, Uss), whose KT are (respectively),
2y + %, 2y + o +y, and 2%y + 22

Remark 7.3.6. One can generalize Theorem 7.3.3 as follows. The proof is es-
sentially identical to one given for Theorem 7.3.3. Denote by M* := (M, ..., M)
(repeated ¢ times). Then we have

KT]\?Z - tSKW/O)Z + tg_lKﬁM/O)g—l,M\O + -+ KﬁM\O)Z

The proof is essentially identical to one given for Theorem 7.3.3.
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7.4 Further directions

In this final section, we state some conjectures related to the flag-geometric Tutte
polynomial, and mention some directions for future research.

7.4.1 The Las Vergnas Tutte polynomial

Consider the “twisted flag variety”

linear subspaces

—~ d1m€: 1, dimH =n — 1, d1mL1 =Ty,
Fl(l,r,n—l;”):{(g Li,..., Ly, H) }

Enga ngHa LigLi-‘rl

The difference with the usual flag variety FI(1,r,n — 1;n) is that the inclusions
¢ C Ly and L, € H have been weakened to £ C L, and L; C H.
The twisted flag variety fits in a diagram

Fl(1,r,n — 1;n)

y w> (7.4.1)

Fl(r;n) Pt x Pl

We can apply our usual construction to this diagram to obtain another general-
ization of the Tutte polynomial. Surprisingly, for two-step flag matroids, this has
a nice combinatorial interpretation.

Definition 7.4.1 ( [LV75]). Let F = (M, M) be a two-step flag matroid on a
ground set [n]. We define the Las Vergnas Tutte polynomial of (M, Ms) to be

LVTx(z,y,z2) = Z (z — 1)r177"1(3)(y . 1)|5|7r2(5)erm(sy(rrn(s»'
SCln]
Theorem 7.4.2. With the notations as above, we have

LV T =18 = Lw) = 3 (Foip)-7 (3(F) OO, DIAS/S)] Ju™

as elements in K°((P" 1)V x P 1)[w].

In [DES20], the Las Vergnas Tutte polynomial is discussed in more detail,
including a proof of Theorem 7.4.2.

7.4.2 ¢ and h polynomial for flag matroids

For a matroid M, Speyer introduced in [Spe09] a polynomial g (¢) € QJt] and
a close cousin hy(t) € Qlt], which is related to ga(t) by han(t) = (—1)°ga(—t)
where ¢ is the number of connected components of M. A K-theoretic interpre-
tation of the polynomial hj; was given in [FS12].
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Theorem 7.4.3 ( ['S12, Theorem 6.1 & Theorem 6.5]). Let M be a matroid of
rank r on [n] without loops or coloops. Let m,, Ty _1y1,«, B be as in (6.2.9). Then
the polynomial hyy is the (unique) univariate polynomial of degree at most n — 1
such that

(W) (5(M)) = har(a+ 5 — ).

For a flag matroid F on [n], this motivates us to consider (7(,—1)1)«7; (y(]: )) :

where the maps are as in the flag-geometric construction (6.2.10). By Proposi-
tion 7.1.1, this is equal to

S x(uAIASUA Q) ta— 178 -1

p.q

Let us consider its torus-equivariant version
p q
S AT (A SIIA QT )uret
psq

where v and v are formal variables. We show that this is a polynomial in uwv,
which thereby establishes that (m;,—1)1).7; (y(f)) is a polynomial in a + 8 — af3
(since the substitution u =« —1,v = — 1 yields 1 —uv = a+  — af).

Lemma 7.4.4 (cf. [FS12, Lemma 6.2]). Let F = (M, ..., M) be a flag matroid
on [n], and suppose every constituent of F is both loopless and coloopless. Then

S (wFIASIIA Q) vt € Qlu v

is a polynomial in Quv].

We remark that the condition about a flag matroid F = (M, ..., My) being
loopless or coloopless depends only on M; or M (respectively). Note that if
¢ € [n] is a loop in M; then it is a loop in M;_; also. Dually, if £ € [n] is a coloop
in M; then it is a coloop in M;,; also. Hence, the flag matroid F is loopless
(coloopless) if and only if M) has no loops (M} has no coloops).

Proof. Once more by (6.1.5), we get

p q
ST (WA IASITIA QT Jurvt = 3 Hilbp(F) D0 N eyl
Pq FeF pC Bk qC[n]\B1

Fix |p|= 1, |q|= j, and consider the sum

=Y Hilbp(F) > > et (7.4.2)

FeF p € Bg, q € [n]\ By,
[pl=1 \q\ J
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We need show that ;; is zero if i # j. Let P be the convex hull of {—e, + ¢4}
appearing in the summation (7.4.2). Note that P is contained in the intersection
of He, —j—i and the cube {z € R" | -1 <z, < 1V( € [n]}. By Theorem 7.2.8
(in the form of Remark 7.2.9), it thus suffices to show that ;; Hepo 1= 0 and
@ijlH.,—,= 0 for all £ € [n].

Let us now fix any ¢ € [n]. As none of the constituents have coloops (and in
particular ¢ is not a coloop in My), the intersection P(F) N H,,—¢ is a non-empty
face of P(F) minimizing in the e, direction, consisting of bases F' = (By,... By)
such that ¢ ¢ By. Thus, we have that Conep(F) € P< if and only if ¢ ¢ By, and
by Theorem 7.2.8 with { = e, we have

Hepo 1= Z Z Z Hilb((—e, + €4 + Coner(F))

FA¢By » € B, a € [n]\ By,
lpl=i lal=3

Pij Hep1)-

But since ¢ ¢ By, implies ¢ ¢ p, every cone —e, + €4 + Conep(F) occurring in the
sum above will have vertex v with v, > —1. Moreover, we have Conep(F) € P
for such cones, and hence we get ¢;;|n, _ ,= 0. A similar argument with ¢ = —ey,
noting that £ is not a loop in M, shows that ¢;;|m, _,= 0. O

We thus make the following definition that generalizes the polynomial hj; of
a matroid M to the setting of flag matroids. It is well-defined by Lemma 7.4.4.

Definition 7.4.5. Let F = (M, ..., M) be a flag matroid [n] such that every
constituent of F is both loopless and coloopless. Let m(,_1)1,m, a, 8 be as in
Section 7.1.1. Then the polynomial hz is defined as the (unique) univariate
polynomial of degree at most n — 1 such that

(m-v0)oms (3(F)) = hr(a+ B - aB).

Although one may also consider a similar construction via the ”Las Vergnas”
diagram (7.4.1), the analogue of Lemma 7.4.4 fails in this case.

7.4.3 Open problems

For matroids, the characteristic polynomial (also called chromatic polynomial, as
it generalizes the chromatic polynomial of a graph) is defined by

xar(q) = (=1)"* Ty (1 = ¢,0).

In 2015, Adiprasito, Huh and Katz proved the following conjecture by Rota-
Heron-Welsh.

Theorem 7.4.6 ((AHKIS] ). Let w;(M) be the absolute value of the coefficient
of "™~ in the characteristic polynomial of M. Then the sequence w;(M) is
log-concave:

w1 (M) w1 (M) < w;(M)? for all 1 <i < r(M).
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Since we now have a definition for the Tutte polynomial of a flag matroid, we
can define the characteristic polynomial of a rank r flag matroid F by

Xr7(q) = (=1)"KTx(1 - ¢,0).
Note that KTx(x,0) = 0 whenever M; has a loop.

Conjecture 7.4.7. Theorem 7.4.6 holds for the characteristic polynomial of an
arbitrary flag matroid.

In Examples 6.2.14 and 6.2.15, the characteristic polynomials are —¢?+2q—1
and 4¢® — 14¢* + 16q — 6, respectively. Thus, we see that Conjecture 7.4.7 holds
for these examples. We can also ask for an analogue of Theorem 7.4.6 for the Las
Vergnas Tutte polynomial.

Definition 7.4.8. For a flag matroid F = (M;, M,), define its beta polynomial
Br(q) by
Br(q) == (=1)" " LVT¥(0,0, —q).

Note that when F = (U, M), it follows from LV Tx(z,y,2) = Ty (z + 1,y)
that 67(q) = xam(q), the characteristic polynomial of M.

Conjecture 7.4.9. The (absolute values of the) coefficients of By a,(q) =
B (@) /(g — 1) form a log-concave sequence.

Here is a more accessible conjecture regarding the characteristic polynomial.
In contrast to our combinatorial results from Section 7.3, the formula in Conjec-
ture 7.4.10 does not seem to have a nice T-equivariant version.

Conjecture 7.4.10. Let M be a matroid of rank r with no loops, so that (Uy ,, M)
is a flag matroid. Then X, m)(q) = (¢ —1)".

As noted in Remark 6.2.16, the flag-geometric Tutte polynomial can have a
negative coefficient. However, in many examples the coefficients are nonnegative.
More precisely, we conjecture the following.

Conjecture 7.4.11. If My is an elementary quotient of My, then the flag-
geometric Tutte polynomial KT, a,) has nonnegative coefficients.

Flag matroids are a special class of Coxeter matroids. Hence, another possible
direction of research would be.

Problem 7.4.12. Explore how our constructions and results could be generalized
to arbitrary Coxeter matroids.

Finally, we could apply the construction of Section 6.2.4 to any subvariety
of a Grassmannian (or even a flag variety), not just to torus orbits. It could be
interesting to study the properties of this invariant.
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