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Preface

»Evouoléynrov, épn- tol yap del dvtog
N YewpeTpikn) Yol éotw.

IMdtwv, Tohtela, VII, 5271,

The aim of this thesis is to highlight once again how Geometry, and in partic-
ular Combinatorics, is visual knowledge.

I feel very close to the Plato’s idea of Geometry, which is something that has
always been there, that lives in its own immutable and eternal rules.

This is even more alive in Combinatorics: ‘the art of putting things in nice
order’.

In the term Combinatorics many areas of mathematics are enclosed. Combina-
torics is related to many applications ranging from Logic to Statistical Physics,
Galois geometries, Cryptography, Information and Coding Theory.

In particular Galois geometries, that is, geometric structures defined over a
finite field, are well known to be rich in combinatorial properties and appear
to be a good setting in which many problems on codes theory can be trans-
lated. However, the geometric and algebraic methods used to address these
problems often intertwine and the form of algebraic expressions becomes itself
a geometric object to be observed.

Also, the title ’Landscapes of Codes’ tries to summarize how coding theory,
finite fields and in particular Galois geometries lend themselves as visual art,
as landscape; the use of geometrical configurations and of the mutual position
among objects are vision of a mental landscape.

It is precisely from here that this work starts: putting the arguments that I
have met in my PhD in order. In this dissertation, we will go deeper into
analyzing particular classes of codes and some topics in the so-called extremal
Combinatorics.

L The knowledge at which geometry aims is the knowledge of the eternal.”



Briefly, this thesis is divided into three blocks. In the first, we investigate the
theory of maximum rank distance (MRD) codes whose codewords are symmet-
ric, alternating or Hermitian matrices. In the linearized polynomials setting,
we explore how the already known classes of such codes can be seen as the
intersection of an appropriate code with the restricted ambient in which ‘they
live’. We solve the equivalence issues and we compute their automorphisms
group. Moreover, we characterize these latters and present a new class of
maximum symmetric codes.

In the second part, we recall some notions about finite projective spaces and
in this context we introduce the g-analogue of the Erdés-Ko-Rado problem
originally stated in set theory. After having retraced the known results in
this topic, we study maximal families of k-dimensional subspaces in PG(n, q),
n > k+2 and k > 3, pairwise intersecting in at least a (k — 2)-space. We also
give some upper bounds on the size of relevant families, exploring the largest
examples.

In the last part, we introduce the subspace codes theory as the geometrical
counterpart of the intersection problems with assigned size arisen from the set
theory. Finally, we generalize the concept of equidistant constant-dimension
codes with the notion of SPID (Subspace Pre-assigned Intersection Dimen-
sions). The junta code, i.e. a highly regular structure that extends the notion
of sunflower, is defined. In a vector setting, we analyze the space spanned by
the elements of a SPID with two intersection dimensions and determinine a
geometrical junta bound. In particular for two consecutive assigned values of
the intersection, we show that this threshold is sharp.

More precisely, the dissertation is organized as follows.

In Chapter 1, we provide the basis for the rank metric codes. A rank metric
code C consists of a non-empty set of matrices of F"*", where F, is the Galois
field of ¢ elements, endowed with the rank metric, i.e.

d(A, B) = tk(A — B),

for each A, B € F;"*". Delsarte introduced this metric in 1978, [31]. Here,
we will call d-code, a rank metric code C such that the rank distance between
any pair of its codewords is at least d, with 1 < d < min{m,n}. Furthermore,
since the main goal in coding theory is to find codes of maximum possible
size for a given minimum distance, he proved that the rank metric codes must
obey to a simple analogue of the Singleton bound in classical coding theory.
The codes achieving this bound are called mazimum rank distance (or shortly
MRD) codes. Delsarte also constructed the first family of linear MRD-codes for
each possible set of parameters. Few years later, Gabidulin in [47, Section 4]
presented the same class of MRD-codes defined as evaluations of polynomials
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over a finite field belonging to a particular class. Nowadays, these codes are
called Delsarte-Gabidulin codes.

In Section 1.1, we introduce the natural notion of isometry in the metric space
(Fy*",d), i.e. a bijective map ® : F;"*™ — F**" such that

d(A, B) = d(®(4), ®(B))

for each A, B € F"*" and the equivalence between two codes is recalled.
There are many ways of representing rank-metric codes. Basically, they are
subsets of the space of homomorphisms from one vector space to another,
or the space of bilinear forms from the product of two vector spaces to the
underlying field. Often, however, one chooses to work with a particular class
of poynomials: linearized polynomials. Such polynomials were introduced for
the first time by Ore in 1933, [97]. More precisely, if o is a generator of the
Galois group of F;» over F,, then a linearized polynomial is an expression of
the form
apx + a2’ + ...+ akx"k

with ao, ..., a, € Fy. They correspond to the F,-endomorphisms of Fy» seen as
a vector space over [F; and, hence, they can be used to describe related objects
such as [ -subspaces, MRD-codes, etc.

In Section 1.3, we look at the relations between the maximum rank distance
codes whose codewords are invertible and some algebraic structures, the quasi-
fields and semifields.

A finite semifield is a division algebra with a finite number of elements in which
multiplication is not necessarily associative and in which a multiplicative iden-
tity element exists. If we only assume left-distributivity of multiplication over
addition, we have a (left) quasifield. Semifields were first studied by Dickson
[36], [37] and then by Albert [2] and Knuth [80]. We summarize the known
examples of MRD-codes in Section 1.5. More precisely, we recall the fam-
ily found by Gabidulin in [47] and generalized by him and Kshevetskiy in
[50] called generalized Gabidulin codes. We describe the new family found by
Sheekey in [109] known as twisted Gabidulin codes and the Trombetti-Zhou
codes investigated in [112] .

Rank metric codes of symmetric, alternating and Hermitian matrices have been
studied respectively in [30], [105] [106] and [107], by constructing g-polynomials
associated with symmetric, alternating and Hermitian matrices of order n. In
all such settings a heavy use of the theory of association schemes leads to the
determination of bounds, in general different from the analogue of the Sin-
gleton one, on the size of maximum linear codes, and to the construction of
examples attaining these bounds. The first part of Chapter 2 deals with
translating in the linearized polynomials setting isometries groups of matrix
spaces with relevant restrictions. We use results by Wan contained in [117].
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With Guglielmo Lunardon, Rocco Trombetti and Yue Zhou, we elaborate on
these examples [85]. In Section 2.4, we show that they are the intersection of
their ambient space, with a suitable unique MRD-code beloging to the equiva-
lence class of a generalized Gabidulin code. Consequently, the automorphism
groups of such linear d-codes are determined.

Moreover, in Theorem 2.5.1, we give a characterization of the d-codes equiv-
alent to the known ones in symmetric, alternating and Hermitian context.
Finally, we will show a set of g-linear polynomials over F 2 such that it forms
a symmetric linear 2-code not equivalent to the code constructed by Kai-Uwe
Schimdt in [106].

The aim of Chapter 3 is to give an overview of so-called Erdds-Ko-Rado prob-
lems. Here, some results on intersection problems, in the set theory first and
in the finite projective spaces after, are collected.

More precisely, a crucial result which gave rise to a lot of research in the area
of ‘extremal Combinatorics’ was published in 1961: Erdés, Rado and Ko stud-
ied the size of the largest sets (contained in a finite set) intersecting pairwise
non-trivially, [41]. In [118], Wilson generalized this result to the families of
k-subsets (i.e. with size k) sharing at least ¢ > 1 elements. In honour of the
three mathematicians mentioned above, these families were called Erdés-Ko-
Rado sets (hereafter EKR sets). Moreover, finding the largest sets of pairwise
non-trivially intersecting elements has been known as EKR problem.

The beauty of these topics is that often they can be defined very easily, based
on the elementary notion of intersection among sets, but they require very
difficult arguments to solve them or high-level mathematicians as Erdés was.
Here, after having recalled some basic notions on the finite projective spaces
and some remarkable substructures in them, we introduce the g-analogue of
EKR-problem. More precisely, in a projective context, the EKR problem trans-
lates into studying families of k-dimensional projective subspaces that have at
least a fixed intersection dimension. Moreover, the research is focused on
studying the maximal families. These are sets of k-spaces mutually sharing at
least a t-space, not extendable to larger families with the same property. The
main goal is to obtain the size of these maximal families which, clearly, may
differ from the largest example.

Very important for the next chapter will be the huge work contained in M. De
Boeck’s PhD thesis, where he investigated the maximal EKR sets of planes in
projective spaces and in polar spaces, simultaneously. Also, he characterized
the maximal ones with sufficiently large size, [27].

In Chapter 4, some results obtained with Jozefien D’haeseleer, Leo Storme
and Ago-Erik Riet during my research stay at Gent University are collected.
Starting from the work of Eisfeld, [39], and from the classification of maximal
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EKR sets of projective planes due to De Boeck, [27], in Section 4.1, we analyze
the sets of solids (i.e. 3-dimensional projective spaces) in PG(n, q), n > 5, such
that every two solids intersect in at least a line, dividing the discussion into
whether or not a particular configuration of solids in such family exists. So,
let S be a maximal set of k-spaces in PG(n, q), n > k 4+ 2 with the properties
described above. We say that in S there is a configuration, if S contains three
k-spaces A, B and C' such that they have no (k — 3)-space in common.

When there is a configuration in &, Lemma 4.1.1 is crucial: the solids not
contained in (A, B) meet this latter in a plane. Then, we consider the space «
generated by the planes arising from such intersections, and we discuss prop-
erties of the set S of solids depending on the dimension of . In Section 4.2,
we generalize these results for sets of k-spaces, k > 3, pairwise intersecting in
at least a (k — 2)-dimensional subspace in PG(n,q) with n > k + 2. Again,
we discuss the largest examples giving some upper bounds on the size of these
relevant families.

In both cases, we assume that all the elements in such family do not have a
point or a (k — 3)-space in common, respectively, otherwise we can investigate
the quotient space with respect to the common space and we can refer to [27].

Chapter 5 shows how the theory of subspace codes can be reread as the ana-
logue of subsets families of a given set mutually meeting in sets of assigned
sizes. It opens with the notion of I-intersecting family, [4]. Let I be a set
of non-negative integers, a family F of subsets of a set ) is [-intersecting if
|IX NY| € I for every distinct X,Y € F and the easiest example is surely
the sunflower: a family of k-sets (hereafter k-uniform family) such that all
elements go through the same space. The main result in this theory is the
Deza Theorem, [34].

In Section 5.2, the theory of subspace codes is introduced. A subspace code C
is a non-empty collection of subspaces of ;. We may equipped the set of all
the vector subspaces of Iy with two metrics in order to measure the distance
between two codewords in C. These distances and this mathematical approach
were proposed by Kotter and Ksichishang in [77]. Such metrics are known as
the subspace distance and the injection one.

The subspace codes arise from the context of correcting adversarial packet in-
sertions in linear network coding, [98]. The link between the subspace codes
theory and the rank distance codes is certainly the lifting map described in
Section 5.2.1. It provides some simple examples of constant-dimension codes,
i.e. codes whose codewords are vector subspaces with the same dimension.
We recall some results in the setting of equidistant constant-dimension codes:
the codewords of such code are subspaces with the same dimension intersect-
ing mutually in a space with fixed dimension. In literature they are known as
SCID (Subspaces with Constant Intersection Dimension). Some simple bounds
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on the size of SCIDs in F} are obtained with Ferdinand Ihringer, hoping it will
lead to a fruitful collaboration.

Finally, in Chapter 6, with Rocco Trombetti and Leo Storme, we give a gener-
alization of equidistant constant-dimension subspace codes: the SPIDs (Sub-
spaces with Pre-assigned Intersection dimension). Based on the work of Bar-
rolleta et al. in [7], we analyze their structure. More precisely, we look at
the subspace spanned by constant-dimension subspace codes whose codewords
have subspace distance in an assigned set of integers. However, providing some
resctrictions hold, together with Ferdinand Ihringer, we give a result on the
size of a SPID.

In Section 6.1, we introduce the notion of junta and, similarly to what was
done for SCIDs in [7], we determine a geometrical junta bound. This is the
dimension of the space generated by a (k; k — t1,k — t3) — SPID after which it
is definitely a junta. In the case of (k;k —t,k—t+1)-SPID, we show that this
bound is sharp and we classify the examples attaining the largest dimension
as one of the four infinite families properly described in Section 6.3.

It should be noted that the word ‘restriction’ or the attribute ‘restricted’ will
often appear. This will represent the fil rouge of the whole work. In this case
the restrictions do not restrict (sorry for the pun) the properties of mathemat-
ical objects described. On the contrary, they bring richness.



Codes with rank distance

LApri la mente a quel ch’io ti paleso
e fermalvi entro; ché non fa scienza,
sanza lo ritenere, avere inteso.”

DANTE ALIGHIERI, Divina Commedia, Purgatorio, V, 40-42.

In 1978, Delsarte introduced rank-distance codes as the g-analogues of linear
error correcting codes endowed with the Hamming distance, [31]. He showed
that the parameters of these codes must obey a Singleton-like bound on the
size. The codes achieving this bound are called mazimum rank distance or
shortly MRD-codes.

Delsarte constructed the first family of linear MRD-codes although from the
perspective of bilinear forms and such examples exist for each possible set of
parameters.

Few years later, Gabidulin presented the same class of MRD-codes defined as
evaluation of polynomials belonging to subspaces of linearized polynomials,
[47, Section 4]. These codes are essentially the counterpart of Reed-Solomon

codes in the rank metric setting, and nowdays they are known as Delsarte-
Gabidulin codes.

In 1991, Roth studied the crisscross errors pattern since it comes out in dif-
ferent applications such as in memory chips, magnetic tapes, distributed and
cloud storage systems. By trying to correct this kind of errors, rank metric
codes reappeared again and a new interest arose, [101].

In this chapter we will outline some basic notions about matrix codes with the
rank metric. In particular, we shall explore their very close connection with
linearized polynomials, their algebraic invariants and, finally, we will present,
in a linearized polynomials setting, the classes of the most known and studied
MRD-codes. All this will be done to better understand the next chapter.
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1.1 Introduction and Preliminaries

Let F, be the finite field of ¢ elements, with ¢ a prime power. Denoted by
;" the set of order m x n matrices with entries in [F,, we consider the map
d defined by

d(A, B) =1k(A — B), (1.1.1)

for A, B € Fj"*".

The map d is called rank distance or rank metric on Fy'™*".

For the sake of completeness, we shall show that d bears the name metric not
unjustly.

Lemma 1.1.1. The map d is a metric on F"™".

Proof. Clearly, tk(A—B) > 0 for all A, B € F;**" and it is null if and only if A
and B coincide. It is trivial that rk(A — B) = rk(B — A) for each A, B € F;*™*"
as well.

To show that the triangular inequality holds, we prove that

rk(A + B) < rk(A) + rk(B)

for all A, B € F;"*".

Then, let A= [ay,...,a,] and B = [by, ..., b,| be matrices in F;**", where a;
and b; are column vectors of A and B, respectively.

The rank of the matrix A is the dimension over F, of the vector space spanned
by its columns, in formula

rk(A) = dimg,_(ay,...,a,).
Similarly,
tk(B) = dimg,(by,...,b,) and 1k(A+ B) = dimg, (a; +by,...,a, +by,).
We claim that
(a1 +by,...,a,+b,) C(ag,...,a,) + (by,...,by).
Indeed, any vector x € (a; + by,...,a, + b,) can be written as
x=M(a;+by)+---+ N (a,+by,)
for some scalars Ay, ..., \, € F,. Hence,

X:)\l(al+b1)++)\n(an+bn):
(Mag + -+ A\a,) + (Mby + -+ A\by)
€ {ay,...,a,) + (by,...,by,),
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and hence the claim is proved. Then, we have

rk(A—|— B) = dim]Fq<al + bl, .o, + bn> S dimﬁrq((al, ce ,an) + <b1, . ,bn>) S

dimp,(ai,...,a,) + dimg, (by,...,b,) = rk(A) + rk(B).
So, for every A, B,C € F;"™*"
d(A,C)=1k(A-C)=1k(A-B)+(B-0C)) <
rk(A — B) +1k(B — C) =d(A, B) +d(B,C).
[l

A non-empty subset C C ;"™ is called rank distance code, RD-code for short,
and the minimum distance of C is defined as

d(C) = min, d(M,N).
M#N

Often, an RD-code C with minimum distance d will be called d-code.

When C is an F -linear subspace of Fy"*", we say that it is an F,-linear RD-
code and its dimension dimp, C is defined to be the dimension of C as subspace
over F,.

Also, we say that a d-code C C F**" is additive if C is a subgroup of (F7*™*", +).
Clearly, an [F -linear d-code is additive, while it is straightforward to see that
each additive d-code is K-linear for some subfield K of F,.

For the applications in classical coding theory [48, 77, 78], given the positive
integers m,n and 1 < d < min{m, n}, it is desirable to have d-codes which are
as large as possible in size.

In [31], Delsarte proved that the size of each RD-code must satisfy an upper
bound, the so-called Singleton-like bound. Here, we show a proof of such a
threshold due to Gorla and Ravagnani.

Theorem 1.1.2 ([54], Theorem 21). Let C be an RD-code of F**™ with min-
imum distance d, then

|C| < qmax{m,n}(min{m,n}—d+l)
Proof. Consider the application 7 : C — Fflm_d“)xn, where 7(C) is the matrix
obtained by C by deleting its first d — 1 rows, i.e. 7 is the projection on the

last m — d + 1 rows. Since d is the minimum distance of C, it follows that 7 is

injective and hence
Cl = |x(C)] < "t

Hence, consider 7’ : C — IFZ”X("’C”I) the projection on the last n — d + 1
columns. As before, 7’ is injective and so

C| = |7'(C)| < gD
Hence the result. O
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If the cardinality of the code C meets this bound, we say that C is a Mazimum
Rank Distance code, MRD-code for short, or maximum d-code. The first ex-
amples of MRD-codes were found independently by Gabidulin and Delsarte in
[47] and [31], then rediscovered and generalized by Gabidulin and Kshevetskiy
in [50]. We will introduce these examples in the Section 1.5

Since (Fg’lxn,d) is a metric space, the notion of isometry arises naturally.
More precisely, let m,n > 2, a bijective map ® : F**" — F"*" is called
1sometry, if it preserves the rank metric distance, i.e.

d(A, B) = d(®(A), o(B)) (1.1.2)

for each A, B € F;"*". Then, we say that two RD-codes C and C’ are equivalent
if there exists an isometry ® such that ®(C) = C’. These isometries have been
classified by Hua in odd characteristic, under suitable restrictions, in [68].
Moreover, this topic is studied in even characteristic case by Wan in [116]. In
the following, we summerize these results as reported in [117]. In particular
we will focus on the finite fields case.

Theorem 1.1.3 ([117], Theorem 3.4). Let F, be a finite field and let m,n

be integers greater than one. Then a bijective map @ : F"*™ — F"*™ is an
isometry if and only if there exist matrices P € GL(m,q),Q € GL(n,q) and
R € F"" such that

®(X)=PX°Q+R

Jor all X € F"™", where o is a field automorphism of F, acting on the entries
of X, or, but only in the case m = n,

O(X) = P(X')°Q+R

for all X € F™ where X is the transpose of the matriz X.

According to Theorem 1.1.3, if m # n, two d-codes C and C’ are equivalent if
and only if there exist P € GL(m,q), Q@ € GL(n,q), R € F;”" and a field
automorphism o of F, such that

C'={PC°Q+R|CecC} (1.1.3)

If m = n, in addition to the possibility described above, we say that C and
C" are equivalent even if there are two non-singular matrices P and @) € Fp*"
and o, a field automorphism of I, such that

¢ = {P(C"YQ+R|Cec

In the following, when we will consider the equivalence between two RD-codes,
we will refer only to (1.1.3). This relation is often called strong equivalence, see
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[6] and [94]. We indicate the equivalence between C and C’ by the symbol C ~ C’
and denote by [C]~ the equivalence class of C regarding relevant equivalence
relation.

Moreover, Aut(C) will indicate the automorphism group of C, which is the
group of all isometries of Fy"*" fixing C.

When C and C’ are additive, we may assume that R to be the null map. Indeed,
since C = 01is in C, then R € C’ and

C—R={C-R|Cel}=C
For further details on the equivalence of RD-codes, see also [109].

Let C C F"*" be an RD-code, the weight of its codeword C' is the rank of C.
The rank weight distribution of C is a sequence of numbers

A5 =H{C e Crk(C) = j}|

for j =0,1,...,min{m,n}.

In general, it is difficult to determine the rank weight distribution of a given
code. However, MRD-codes with the same parameters have the same rank
weight distribution which is completely determined, see [31], [47]. Moreover in
[89], the authors showed that the spectrum of an MRD-code is complete,

Proposition 1.1.4 ([89], Lemma 2.1). Let C be an MRD-code in Fy*™" with
minimum distance d and suppose m < n. Assume that the null matriz is in C.

Then, for any 0 < € < m —d, we have Aqrp > 0, i.e. there exists at least one
matriz C' € C such that vk(C) = d + ¢.

Let C C F"*™ a rank distance code, the adjoint code of C is the set
c'={c'|Cecy, (1.1.4)
while the Delsarte-dual code of an additive RD-code C is
Ct={NeF™ | Te(MN') =0 VM € C} C F;"*", (1.1.5)

where Tr(-) denotes the trace of a square matrix of order m x m.
It is straightforward to see that the map

(M, N) € ™" x F™" s Tr(MN') € F,

is a non-degenerate, symmetric bilinear form on Fy**". We will recall some
basic notions about bilinear forms in Chapter 2.

Delsarte proved a relation between an g -linear MRD-code and its Delsarte-
dual code, more precisely
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Theorem 1.1.5 ([31], Theorem 5.5). Let C C Fy**" be an Fy-linear MRD-
code with minimum distance d = d(C) > 1. If m < n, then the Delsarte-dual
code C* is an Fy-linear MRD-code with

dimg, (C*) = mn — dimg, (C)

and with minimum distance m — d + 2.

In general, it is difficult to tell whether two rank metric codes with the same
parameters are equivalent or not. In [84], useful tools to face with this problem
were introduced by Liebhold and Nebe. Let C C F7"*™ be an RD-code, the
left and right idealisers L(C) and R(C) are defined as the sets

L(C) ={X e F”™ | XC € C for all C € C},
R(C) ={Y e F;*" | CY € C for all C € C},

respectively.
In [89], they appear with the name of middle and right nucleus, respectively.

Proposition 1.1.6 ([89], Proposition 4.1). Let C; and Cy be additive RD-codes
of B, If Cy =~ Cy, then their left (resp. right) idealisers are equivalent.

Proof. Suppose that C; and Cy are equivalent, then there exist a field auto-
morphism o, P € GL(m,q) and Q € GL(n,q) such that

Co ={PC°Q | C €}
Then, we have
L(Cy) ={PT P | T € L(C1)}
and
R(C,) ={Q7'T°Q | T € R(C))}
m

Both the idealisers of the adjoint code and Delsarte-dual code of a rank metric
code C are linked. Indeed, we have the following

Proposition 1.1.7 ([89], Proposition 4.2). Let C be an F,-linear RD-code in
g™ . The following statements hold:

i) LC")=R(C)" and R(CT) = L(C)";

ii) L(Ct) = L(C)* and R(C*) = R(C)*.
Theorem 1.1.8 ([89], Theorem 5.4 and Corollary 5.6). Let C be an F-linear
MRD-code in F**™ with minimum distance d > 1. If m < n, then L(C) is a

field with |L(C)| < ¢™. If m > n, then R(C) is a finite field with |R(C)| < ¢™.
In particular, when m =n L(C) and R(C), are both finite fields.
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1.2 Linearized polynomials

In this section, we will recall a different representation of RD-codes as a partic-
ular class of polynomials over finite fields, the so-called linearized polynomials.
They fit into a broader theory started by Ore in 1933: the theory of non-
commutative polynomial rings, see [96] and [97].

Let Fgn be a finite field of order ¢" with ¢ a prime power. A linearized polyno-
mial or a g-polynomial over Fy» is a polynomial of the form

k .
flz) =3 ca”
i=0

where ¢; € Fy» and k is a positive integer.

We will denote the set of these polynomials by .7, ,[z]. If k is the largest in-
teger such that ¢, # 0, we say that & is the g-degree of f, in short deg,(f). It
is straightforward to show that a linearized polynomial f defines an F -linear
map of Fyn, when F, is viewed as an F,-vector space.

Now, consider two [ -vector spaces V,, and V,, with dimension n and m, re-
spectively. Fixed an F,-basis in both vector spaces, any (additive, F,-linear,
resp.) RD-code C C FJ"*™ can be seen as a (subgroup, F,-subspace, resp.)
subset of maps in Homg, (V;,Vy), the set of F,-linear map from V;, to Vj,.
Morever if n > m, we can always regard V,, as a subspace of V,, and iden-
tify Homp, (V},, Vi) with the subspace of those ¢ € Homg, (V},,V,) such that
Imy C V,,.

Clearly, up to isomorphism, we can suppose that V,, is F,» seen as a F,-vector
space of dimension n. Hence, let Endg, (Fsn) = Homg, (Fgn, Fgn) be the set
of all Fy-linear maps of F,» in itself. It is well known that each element of
Endp, (IF4») can be represented in a unique way as a linerized polynomial over
F,» with ¢g-degree at most n — 1, see [83].

So, denoted by %, ,[z] the quotient %, ,[z]/(z9" — z), the algebraic structure
(L qlz],+,0,-), where + is addition of polynomials, o is the composition of
polynomials modulo 29" — z and - is the scalar multiplication by elements of
[, is isomorphic to the F,-algebra Endg, (Fgn).

Let f be a linearized polynomial in %, ,[z], the kernel of f is the set of its
roots and the values assumed by f form the image subspace, see [83]. Clearly,
if deg,(f) = k, the kernel and the image of f has dimension at most k and
at least n — k, respectively, as F,-vector spaces. This follows from the fact
that such a polynomial may have at most ¢* roots, and hence its kernel (when
viewed as a linear transformation) has dimension at most k, implying that its
rank is at least n — k.

Actually, this turns out to be a special case of the following more general result



Linearized polynomials 8

Theorem 1.2.1 ([56],Theorem 5). Let L be a cyclic Galois extension of a field
F of degree n, and suppose that o generates the group Gal(L/F). Let k be an
integer satisfying 1 < k < n, and let cy,cq,...,cx_1 be elements of L, not all
zero. Then the F-linear transformation defined as

flx) =cox +c1a” + ...+ cpqa”

has rank at least n — k + 1.

Taking . = Fpn, F = F,, and 27 = 27 returns the above statement about
linearized polynomials; if we take 27 = 29 for some s relatively prime to n,
then we get the so-called ¢*-polynomials of the form

s(k—1)

cox + 12t + . 4 g2t , (1.2.1)

and their rank is at least n — k + 1.

1.2.1 RD-codes in linearized polynomials setting

Let Fy» be the finite field of order ¢", where ¢ is a prime power and consider
the set

n—1
% — E: 4 .
gn,q[x] = { cGxrs . CpyCly...,Cp_1 EFqn}
1=0

In light of the above, ,,?qu[x] is isomorphic to the [F-algebra of IF-linear maps
of the n-dimensional [F -vector space Fy» in itself and in this setting the rank
distance in (1.1.1) translates simply as

d(fh fz) = l"k(fl - fz)

with f1, fo € L7

Since any RD-code C C F"*", with m < n, can be considered as an appro-
priate subset of %, ,[x], we will reformulate some of the notions recalled in
Section 1 in terms of ¢ -polynomials over F», and in particular if no further
requests are made on the kernel or the image space of such maps, we will sup-
pose to refer to square matrices of order n with entries on IF,,.

A linearized polynomial in ‘,?vaq[x] is called invertible or permutation g-polynomial,
if it admits an inverse with respect to o.

Let Tryn/q be the trace function of Fy» over F !, the map

T:(z,y) € Fgn x Fgn — Trgnq(zy) € Fy, (1.2.2)

'For & € Fgn, the trace Trgn /q(x) of 2 on Fy is defined by

Trgn/q(z) = 2+ 24 T

It is a surjective Fy-linear map from Fyn to Fy, see [83].
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is a non-degenerate F,-bilinear form on Fyn. If f(z) = X0  aa? is an Fy-
linear map of Fy», then the adjoint map of f with respect to T'(-,), i.e. the
map such that

Tz, f(y) =Ty, [ (2))
for each z,y € Fyn, is the g-polynomial

n—1
fl(x) =3 al_a”
=0

In fact, the adjoint of f is equivalent to the transpose of the matrix in F;*"
derived from f. If f = fT, we say that f is self-adjoint with respect to T'(-,-).
If C C %, [z] is an RD-code, then the adjoint code of C defined in (1.1.4)
turns to be

C'={f":fecy}.
Also the notion of Delsarte-dual code can be written in terms of g-polynomials,

see for example [90]. Indeed, let B : %,  [z] x Z, (2] — F, be the bilincar
form given by

n—1
B(f,9) = Trgnq (Z fzgz)
i=0

where f(z) = £ fix? and g(z) = £= g7 In this setting, the Delsarte-
dual code C* of an RD-code C is the set of g-polynomials

Ct={f €Ll | B(f,g)=0VgeC}

Similarly, we may express the equivalence in this structure by repeating what
we have done before with matrices. More precisely, two sets of g-polynomials
in jn,q[x], say C and (', are equivalent if there exist two permutation ¢-
polynomials gy, g in %, 4[z] and p € Aut(F,) such that

C'={groffogx)+r(x): fecC}, (1.2.3)

where 7(z) € %, [z], and f*(z) = Y afax?, if f(z) = Y a;z9. Note that if
q = p° for p a prime, and p is the automorphism such that z 2P, then
fp(x) — xpl O f O xp7L6771

Although, as seen before, an isometry may cover the possibility

C'={giof""ogp(w)+r(x): f€C}

Let g1, p, g2, be as above. In the following, we will use the symbol &

~ 9g1,p,92,T
to denote the map of ., ,[x] defined by

f(x) = g1o ffogs(x)+r(x) mod 27" —x
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Since for the remaining part of this chapter we will work with additive RD-
codes, we will assume r(z) is the null map. 3

Furthermore, the left and right idealisers of a code C C .Z, ,[z] can be written
as

L(C) = {¢(x) € Lpylz] | o fECVfEC)
R(C) ={p(x) € Loylz] | fopeCVfeCY

where we consider the code C as a set matrices acting on vectors x of Fy as
x — xM, with M € C.

Finally, by Theorem 1.2.1, all the considerations and results above can be
stated for ¢*-polynomials where s is an integer relative prime to n.

1.3 (Pre)semifields and quasifields

Let Fyn be the finite field of order ¢", ¢ a prime power, and suppose that
C C 2, 4[7] is a maximum d-code. If d = n, then because of the Singleton-like
bound, |C| = ¢™ and C consists of ¢" invertible endomorphisms of F,». Such a
set is called spread set, [33]. In particular, if C is an additive spread set, it is
called semifield spread set, [88].

In this section, we shall explore the link between the MRD-codes with mini-
mum distance n and some algebraic structures: the quasifields, see [28]. We
briefly recall the definition and some properties of quasifields.

Definition 1.3.1. A set Q with at least two elements and with two operations
+,%x: 9 x Q — Q is called (right) quasifield, if the operations + and * satisfy
the following axioms:

i) (Q,+) is an abelian group with identity element 0.
i1) There is an identity e in (Q, ), i.e.
exa=ax*e

for each a € O.

i1i) For each a,b € Q with a # 0, there exists exactly one element = in Q
such that
axxr=>b

iv) For each distinct a, b, c € Q, there exists exactly one element x in Q such
that
rxa=x*b+c
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v) Right distributivity property holds, i.e.
(a+b)xc=axc+bxc

for each a,b,c € Q.

A quasifield satisfying also the left distributivity law is called semifield. A
presemifield satisfies the axioms i), i), iv),v) and the left distributivity law.

Clearly, we refer to a finite quasifield or a finite semifield, if the underlying set
is finite.

The quasifields were first studied by Veblen and Wedderburn in [115], while
the semifields were first studied by Dickson in the early 1900s, see [36] and
[37]. This topic was further developed by Albert [1] and Knuth [80], in the
1960s. This research was motivated by the fact that semifields give rise to a
certain class of projective planes: the translation planes, [81].

A very recent research on semifields has been performed due to surprising con-
nections in finite geometry, see for istance [82].

One easily shows that the additive group of a finite quasifield Q is elementary
abelian, and the additive order of its elements is called the characteristic of Q.
Let Q be a right quasifield, the kernel of Q is the set

KerQ={ce€ Q| cx(a+b) = cxa+cxb and cx(axb) = (cxa)xb Va,b € Q}.

If Q is a finite quasifield, Ker Q is isomorphic to a finite field and, moreover
Q can be structured as a finite dimensional left vector space over its kernel.
Contained in a semifield S there are the following important substructures,
each of which is isomorphic to a finite field, if S is finite:

N(S)={zeS|(xxy)xz=x*x(yx2), Vy,z € S}
Np(S)={yeS|(xxy)xz=a*(y*2),Vr,z € S}
N(S)={z€8|(xxy)rxz2=a*(yx2z), Yo,y € S}

These are known as the left nucleus, the middle nucleus, the right nucleus.
The intersection of the three nuclei is called associative center N'(S) and the
commutative center, i.e. the elements of A(S) commuting with all the ele-
ments of S, is called center of S and is denoted by Z(S).

A finite semifield S can be seen as a division algebra over its center (i.e. an
algebra such that for any element ¢ € S and any non-zero element b € S there
exists precisely one element x € § with a = b* x and precisely one element
y € S such that a = y x b), as a left vector space over its left nucleus, as a left
vector space and right vector space over its middle nucleus, and, finally, as a
right vector space over its right nucleus.
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Now, let C C .Z, 4]x] be a spread set. We may assume that the null polynomial
belongs to C. Indeed, if the latter is not in C, we can choose an element g € C
and we can replace C by

C—g={f—yglfeC}.

Since in C all elements are invertible, then we may further assume that the
polynomial z belongs to C replacing C by h=! o C with h € C.

Then, it is straightforward to show that the non-null polynomials in C act
regularly on the non-zero elements of Fyn, i.e. for any element b € Fyn there
is a unique element f(x) € C such that f(1) = b. We denote such element by
the symbol fy(z). Then, we can assume that

C = {fylx) | b€ Fp),

where the null-map and the the polynomial x are determined by 0 and 1, re-
spectively.

Defined the multiplication by a x b = fy(a), the algebraic structure Q =
(Fyn, +,%) is a right quasifield and F, is a subfield of its kernel.

Conversely, if Q = (F;», +, %) is a finite quasifield with F, < Ker Q, the set

{fo:2€Fpraxb€Fyp | bEFu}

defines a spread set C C .,?qu[m]. We summerize the discussion in the following

Theorem 1.3.2 ([28], Theorems 2, 3 and 4). Let C C %, [x] be a spread
set, then there exists a finite quasifield Q@ = (Fyn,+,%) with F, < Ker Q and
dimp, @ = n and vice versa.

If C is an additive code, Q is a finite semifield and F, is contained in N (Q).

If C is an Fy-linear code with minimum distance n, Q is division algebra over
Fy, with Fy < Z(Q) and dimp, Q = n.

Actually, the theorem above was originally stated for a MRD-code of non-
singular matrices of order n with entries over a field K. Here, we preferred to
translate it in the setting of g-polynomials over [Fyn.

Hence, quasifields and semifields give examples of MRD-codes with the max-
imum possible value of the minimum distance. Now, the natural notion of
equivalence for semifields is the so-called isotopism. Presisely, let (S, +,*)
and (8, +,+) be two semifields, an isotopism between S and &’ is a triple of
non-singular additive maps F,G and H from S to &’ such that

F(x)« G(y) = H(z xy)

for all z,y € S. If such a triple (F,G, H) exists S and S’ are called isotopic.
The set of semifields isotopic to a semifield S is called the isotopism class of S.
In [28], the authors showed that isotopic semifields give equivalent MRD-codes
and viceversa.
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Theorem 1.3.3 ([28], Remark 2). Let (S,+,*) and (S',+,*") be finite semi-
fields and suppose that F, be is contained in both of Z(S) and Z(S'). Denote
by C and C' the corresponding semifield spread sets of S and S', respectively.
Then C and C" are equivalent if and only if S and S are isotopic over the

prime field of IF,,.

1.4 Puncturing of an RD-code

Puncturing is a well-known operation on codes in the Hamming metric, see for
example [53, Section 14.4].

In [10], the authors introduced a natural rank metric analogue. As we observed
in Section 1.2, a matrix may be seen as a map between vector spaces, then by
restricting the domain and/or range to a subspace, we can obtain a matrix of
smaller size.

More precisely, let IF, be the finite field with ¢ elements and consider C, a rank
distance code in Fj*". Given an m X n matrix A of rank m, m < n, with
entries over [y, it is clear that the set

AC = {AC:C €C}

is a rank distance code in Fy**". We say that the code AC, which we will
denote by P4(C), is obtained by puncturing C with A and P4(C) is called
punctured code of C by A. In [10, Corollary 35|, Byrne and Ravagnani proved
that a punctured code obtained by an MRD-code is still an MRD-code. For
the sake of completeness, we shall briefly retrace this result. First of all, we
shall recall a classic rank inequality.

Lemma 1.4.1 (Sylvester’s rank inequality, [52]). Let A be an m xn matriz
and M an n x { matriz with entries over a field K. Then

rk(AM) > rk(A) + rk(M) — n.

Theorem 1.4.2 ([24], Theorem 3.2). Let C C Fp*" be an MRD-code with
minimum distance d. Let A be an m x n matriz over F, with rank m, with
n—d <m < n. Then the punctured code P(C) is an MRD-code of Fy"*™ with
minimum distance d' = d +m — n.

Proof. We first show that the map
CeCr— AC € P4(C)

is injective. Assume AC; = AC for some distinct matrices C7, Cy € C. Then
A(Cy — Cy) =0, giving

diqu(Ker A) > I‘k(Cl — Cg) >d> 0,
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thus rk(A) = m — dim(Ker A) < m, a contradiction. Therefore, |[AC| = |C| =

¢ a1 = grm=d'+1) where d’ = d+m—n. By the Sylvester’s rank inequality,
we have

tk(AC) — ACy) > rk(A) +1k(Cy — Cy) —n>m+d—n=4d > 0.
Hence the claim. O

In [109, Remark 10] Sheekey posed the problem to understand whenever dif-
ferent codes obtained by puncturing an MRD-code are equivalent or not, or
whether there should exist examples of MRD-codes which cannot be obtained
by puncturing. In [24], Csajbdk and Siciliano, investigating punctured codes
in the framework of bilinear forms, proved that generalized twisted Gabidulin
codes contain many MRD-codes which are inequivalent to the MRD-codes ob-
tained by puncturing generalized Gabidulin codes (see next the section for
twisted and generalized Gabidulin codes).

1.5 Known examples of MRD-codes

In this section, we list some known examples of MRD-codes, necessary for un-
derstanding the results of the next chapter. In the following, we are going to
present the known maximum rank distance codes by using their representa-
tion as sets of linearized polynomials of %, ,[z]. In particular, we will highlight
some useful properties of the first discovered family of linear MRD-codes. Most
of these results are contained in [109].

In [31], Delsarte found this family using the bilinear form theory and he re-
ferred to it as the Singleton systems. In [47], Gabidulin presented the same
class of MRD-codes as evaluation of polynomials belonging to subspaces of
linearized polynomials.

Let k,n be positive integers with k < n, a Gabidulin code with stated param-
eters is the set of linearized polynomials

k—1 _
gnﬁ:{Zaﬂ:q : ao,al,...,aklqun}.

1=0

Later, in [50], Kshevetskiy and Gabidulin generalized the previous construction
obtaining the so-called generalized Gabidulin codes and they can be written as
follows

k-1 _
gn,k,s = {Z ai;{,’qm Dag,Q1y...,0—1 € ]Fqn} . (151)
=0

with ged(s,n) = 1 and k < n. With these parameters, the code G, is an
[F ,-subspace of ., ,[z] of dimension kn and any non-zero element in G, x s has



Known examples of MRD-codes 15

rank greater than or equal to d = n—k-+1. Hence, G, 5 is a linear MRD-code
with minimum distance d. Moreover, it is easy to show that

L(gn,k,s) = R(Qn,k,s) = ]Fq"a

see for istance [84] and [94].
Each code G, 1 5 is a semifield spread set, and all are equivalent and correspond
to the field Fyn.

We note that, in general, the map

k—1 s s(k—1)
aor + a1 2!+ ...+ a,_ 127 — aqpxr +a1x? + ...+ ap_12?
does not preserve the rank distance. Indeed, in [50] it was shown that there
exist codes in G, i s inequivalent to any in G, j for particular values of k, s and

q. However, it is easy to check that Ql ks
the following

Lemma 1.5.1 ([109], Lemmas 1 and 2). Fach generalized Gabidulin code
Gnk,s 15 equivalent to its adjoint g;,m and the Delsarte-dual code gi,m of a
generalized Gabidulin code Gy s s equivalent to Gy, p_ .

sk
=27 oG, s, and hence we have

Note also that the generalized Gabidulin codes form a chain:
gn,l,s S gn,2,s S e S gnm,s = Enqu (Fqn)

Here, we premise a useful result to calculate the group of automorphisms of a
generalized Gabidulin code G,, ;. We will try to figure out which subspaces
of a generalized Gabidulin code G, ;s are equivalent to another generalized
Gabidulin code G, ,, with r < k.

Proposition 1.5.2 ([109], Theorem 3). A subspace U of G, ks, Kk <n—1, is
equivalent to G, s if and only if there exist invertible linearized polynomials
g, h such that

U= (bg,id,h(gn,r,s) = {g o f oh: f € gn,r,s}?

where go = 1 and deg,s(g) + deg,(h) <k —r.

Proof. Clearly if g and h are invertible linearized polynomials satisfying the
condition on degrees, then U is contained in G, 5, and it is equivalent to G, , .
Note that for any € F}, and any j € {0,...,n — 1}, we have that

{gofoh:feGu}={g0(B2")ofo (82" Voh:feGus),
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and hence we may assume without loss of generality that gy = 1.
Consider g o az?” o h, where « € Fyn. Then the coefficient of 2" is

n—1 ) )
Cmyj(a) = Z gihgnfz;jaq . (1.5.2)
1=0

where indices are taken modulo n. If U is contained in G, ; s, we must have
for each m > k,7 < r —1, ¢y ;(a) = 0 for every a € Fyn. Hence for all
m>k,j<r—1landie€{0,...,n—1} we have that

Gilm—i—j = 0.

As go # 0, we get that g,, = 0 for all m > k. Let deg,.(g9) = ¢, deg,.(h) =,
and so gehy # 0. Then hy, ¢ 11 =0 forallm € {k,...,n—1} # 0, and hence
t <k —{—r, proving the claim. O

Thanks to the result above, we obtain a complete description of the automor-
phism group of the Gabidulin codes.

Theorem 1.5.3 ([109], Theorem 4). The automorphism group of the general-
ized Gabidulin code G, 1 s s given by

{Pozpps | @, € Fonp € Aut(F,)} (1.5.3)

Proof. Clearly the set in 1.5.3 is a subgroup of Aut(G, s s)-

Suppose @, 1 (Gnk,s) = Gnp,s for some invertible linearized polynomias g, h
and some p € Aut(F,). As G, . = G for all p € Aut(F,), we may assume
that p is the identity. Then g = ¢'o(az?") for some o € Fr,i€40,...,n—1},
where g = 1. Let b/ = 27" o h. Then @, ;41 (Gnks) = Gui.s, and by the proof
of Proposition 1.5.2 , we must have deg,(g') + deg,.(h') = 0. Hence ¢’ = x
and I/ = 89"z for some 3 € Fyn, and so @y g5 = @ ]

st . s(n—i) .
ax?” id,fxd

More recently, in [109], Sheekey constructed a new family of linear MRD-codes
for all parameters. Let F;» be the finite field of order ¢", ¢ a prime power,
1 € Fyn such that Nya(n) # (—1)™ 2 and let s be an integer relatively prime
to n. The set of ¢°-polynomials

s(k—1) qh

Hor(n, h) = {apz+a 2% +. . +ap_ 27 +ag nquk | ag,a1,...,ax—1 € Fyn}

with & < n — 1, is an F,-linear MRD-code of dimension nk. This code is
known as generalized twisted Gabidulin code. In [90], Lunardon, Trombetti

*For x € Fyn, the norm Nyn /o () of  over Fy is defined by
Nqn/q(m) = x1+f1+-.~+q"71 — p@"-1/(@-1)

It is a group homomorphism from F}, onto F, see [83].
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and Zhou determined the automorphism group of the generalized twisted
Gabidulin codes. However, note that the generalized Gabidulin codes and
twisted Gabidulin codes are both proper subsets of this class. Indeed, when
s =1, Hnrs(n, h) is the twisted Gabidulin code, when n = 0, H,, (0, h) is
exactly the generalized Gabidulin code G, ;. In particular, when k = 1, all
elements in H,, 1 5(n, h) are of the type

qh qs
apxr +nag

for ap € Fyn. They define the multiplication of a generalized twisted field, a
presemifield found by Albert [2]. Also, if n # 0, the authors in [90] determined
its left and right idealisers

L(,Hn,k,s(n; h)) >~ Fqgcd(n,h) and R(”Hmk,s(n, h)) ~ ]Fqgcd(n,sk—h)

As for generalized Gabidulin codes, the class of generalized twisted Gabidulin
codes is closed by the adjoint operation and by Delsarte duality described in
(1.1.4) and (1.1.5), more precisely

Proposition 1.5.4 ([90], Proposition 4.2 and 4.3). The Delsarte dual code and
the adjoint code of Hyk.s(n, h) is equivalent to the code Hy -k s(—n,n—h) and
to the code H, . s(1/n, sk — h), respectively.

In [109], the author proved that G, s is equivalent to H, x.1(n, h) if and only if
ke {l,n—1} and h € {0,1}, while the equivalence issue between H,, 1 (1, h)
and H, (0, g) has been completely solved in [90]. In particular, as a conse-
quence we obtain the following

Corollary 1.5.5. Let n,k,s,t be integers such that 1 < k < n and s,t rela-
tively prime to n. The generalized Gabidulin codes G, 1 s and G, 1 are equiv-
alent if and only if s = £t (mod n).

By similar techniques used by J. Sheekey in [109], Trombetti and Zhou found
a new example of MRD-code of %, ,, with n even and ¢ odd, [112]. More
precisely, the set

k-1 ,
Dy s(7) = {ax +> x4+ oz ey, .. cpo € Fgn, a,b € Fpnp
j=1
(1.5.4)
with ged(s,n) = 1 and v € Fgn such that Ngn/(7y) is a non-square in I,
defines a maximum rank distance code with minimum distance d =n — k + 1.
Both its idealisers are isomorphic to [ n/z.






Rank distance codes with
restrictions

SWir haben eine dltere Offenbarung
als jede geschriebene, die Natur.“

FrIEDRICH W.J. SCHELLING, System des transzendentalen Idealismus.

It should be noted that the theory of RD-codes recalled in the previous chap-
ter does not require particular restrictions for the codewords. Then, we could
refer to these codes with the name of unrestricted RD-codes.

In [30], [105], [106] and [107], the authors studied RD-codes with prescribed
restrictions for their elements. More precisely, rank codes whose codewords
are symmetric, alternating and Hermitian matrices with entries over a finite
field.

In [51], Gabidulin et al. investigated rank codes containing a linear subcode
of symmetric matrices. They showed that these codes have a good behavior
from the point of view of errors correction. More details on applications of
restricted codes to the coding theory can be found in [29].

In [30], Delsarte and Goethals and later Kai-Uwe Schimdt, in [105], [106],
[107], explored restricted RD-codes, leading to the determination of bounds
on the size of such additive or non-additive d-codes in general different from
the Singleton-like one. Some bounds are proven to be tight by exhibiting ex-
amples. Moreover, under certain conditions, the rank weight distribution of
these codes is determined by their parameters, see [106, Section 3.1].

In this chapter after recalling the known literature on rank metric codes with
the aforementioned restrictions, we shall focus on such examples. More pre-
cisely, we determine their automorphism groups and solve the equivalence issue
for them. Finally, in the last section, we shall exhibit a maximum symmetric

2-code which is not equivalent to the one with same parameters constructed
in [106].
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2.1 Sesquilinear, bilinear and Hermitian
forms

Before introducing other concepts from the theory of RD-codes, in this section
we will recall the well-known notion of sesquilinear form on a vector space from
which the notion of symmetric, alternating bilinear form and Hermitian form
follows. So, let V = V(n, q) be an n-dimensional vector space over the finite
field F, and let o be an automorphism of F,. A o-sesquilinear form on V with
accompanying automorphism o is a map

S:VxV =T,

satisfying the following conditions
i) S(u+v,w+z)=Su,w)+ S(u,z) + Sv,w)+ S(v, 2)
i) SO, ) = A S(u,v),

for all w,v,w,z € V and for all A\, up € F,.
Hence, fixed an F,-basis {ej,e,...,¢e,} of V, a o-sesquilinear form on V is
uniquely determined by its matrix S = (s;;) C Fp*" with

sij = S(ei, 5),

forz,7 =1,...,n. The rank of this matrix doesn’t depend on the choice of the
basis and is defined to be the rank of S(-,-).

Now, if ¢ is the identity automorphism of F,, a o-sesquilinear form B(-,-) on
V is properly called F-bilinear form.
In particular, an F,-bilinear form B(-,-) on V is symmetric if

B(u,v) = B(v,u) Vu,v e V. (2.1.1)

An alternating F,-bilinear form B on V, instead, is a bilinear form such that
forall u € V
B(u,u) =0 (2.1.2)

from which the additional property
B(u,v) + B(v,u) =0 (2.1.3)

follows. By (2.1.1), (2.1.2) and (2.1.3), we may conclude that the matrix
of a symmetric (resp. alternating) bilinear form is symmetric (resp. skew-
symmetric). Conversely, to any symmetric (resp. skew-symmetric) matrix of
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order n with elements in F, corresponds a symmetric (resp. alternating) F,-
bilinear form.

Now, let V(n,¢*) be n-dimensional vector space over the finite field of order
¢* and let 0 : a — a? be the involuntory automorphism of F .
A Hermitian form H : V x V — F2 is a o-sesquilinear form on V satisfying
the following property

H(v,u) = H(u,v)°, (2.1.4)

for all u,v € V. By considerations similar to those above, fixed an [F.-basis
of V, a Hermitian form on V is uniquely determined by a matrix A of order n
with entries in F 2 such that

A= A" (2.1.5)

where we indicate A, the matrix obtained from A applying to each entry the
involutory automorphism of Fg.. Conversely, given a matrix in ]FZQX” as in
(2.1.5), a Hermitian form on V is uniquely determined. We will still call rank
of the Hermitian form H(-,-), the rank of A.

First of all, we prove the following slight generalization to any o-sesquilinear
form of [105, Lemma 13].

Proposition 2.1.1. Let ¢ be an arbitrary integer and let o be an automorphism
of Fy. For each m-dimensional IF,-subspace U of Fyn, every o-sesquilinear form

S:UxFp —F,

can be written in the following form

m—1
o a5G-0
S(z,y) = Trqn/q(z a;y’z? ! ),

J=0

for uniquely determined ag, ai, ..., am—1 € Fgn and s an integer relatively prime
ton.

Proof. Since there are ¢™" o-sesquilinear forms from U x Fy» to F, and the

trace is linear, it is enough to show that, if S(z,y) is identically zero, then
ag =a; = ... = ap_1 = 0. If S(z,y) is identically zero, then

m—1 -
3 apt (2.1.6)
§=0

equals zero for all z € U. If the a;’s are not all zero, then (2.1.6) has at most

g™ ! zeros in Fyn. Since |U| = ¢™, this completes the proof.

O
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In particular, choosen ¢ = 0 and o the identity automorphism, by Proposition
2.1.1, each bilinear form, say B(-,-), defined over F;» seen as a vector space
over [F;, can be written as

B(z,y) = Tl"qn/q(f(x)y),

where f(z) € £, 4[z] and the rank of the bilinear form B(-,-) equals the rank
of the F,-linearized polynomial f(z).
Note explicitly that we get (1.2.2) by putting f(x) = =.

2.2 Symmetric and alternating RD-codes

In [105], by exploiting close relationships between symmetric and alternating
bilinear forms as described in [30], the author derived an upper bound on the
size of symmetric RD-codes in even characteristic. Later in [106], he general-
ized the previous results in each characteristic. He obtained in certain cases
their rank weight distribution and provided constructions of maximum sym-
metric additive codes for all possible parameters.

Before recalling these results, we note that if B(-,-) is a symmetric F -bilinear
form of Fyn, by Proposition 2.1.1, there exists a ¢-polynomial f(x) such that
B(x,y) = Trgn/q(f(2)y), and by (2.1.1) we must have for all z,y € Fgn,

Trgnsq(f(y)z) = Trgn/q(f(2)y).

It is customary to verify that, Vo,y € Fyn,

Trgnsq(f(y)z) = Tron o (f(2)y) = Trqn/q(xfT(y)),

which means that f is a self-adjoint map with respect to 7'(+, -) given in (1.2.2).
Therefore, by suitably choosing an F,-basis of F,», we can identify the set
of symmetric bilinear forms over Fy», with the @—dimensional subspace
Sn(q) C ZLglr] ~ Endg, (Fgn) of self-adjoint Fy-linear maps of Fgn. More
precisely,

n—1 ) o
Sn(q) = {Zciqu ; cn_i:cg( " forie {0,1,...,n—1}}. (2.2.1)
i=0

Now, we give some results and a description of the known examples of maxi-
mum additive d-codes presented in [31], [106] in terms of ¢g-polynomials.
Regarding upper bounds for such d-codes, parts of the following results can be
found in [106, Theorem 3.3, Lemma 3.5 and 3.6] and [105, Corollary 7, Remark
8]. The last open case, i. e. when ¢ and d both even was proved in [108].
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Theorem 2.2.1. Let C be a d-code in S,(q). If C is additive

— f d is eve

3, if n —d is even

|C| < q(n+1)(n—d+1) ) ) (2.2.2)
q 2 , ifn—d is odd.

If d is odd and C is not necessarily additive, then

n(n—d+2)

z if n is odd
| < { @ rdey (2.2.3)

q 2 , if n is even.

If d is even and C is not necessarily additive, then
n(n—d+3) 1+q7n+1 . .
q , if n is odd
‘C‘ S { (n+1)(ndJ<r2) qi__’l_q'r)wrdl ) ) (224)
2 (T)’ if n is even.

We note explicitly that when d is even, the upper bound for non-additive codes
is greater than that for additive codes. However, it is not known whether there
exists a non-additive code exceeding the bound for additive ones.

In [106], Kai-Uwe Schmidt showed that for additive codes the bounds are tight
presenting the following class of additive (actually FF,-linear) codes in S, (q):
for any integer 1 < d < n such that n — d is even and s coprime with n,
consider the following subset of S,,(q)

n—d
Spds = {box + Z <bi$q5i + (bil')qS(ni>) : bo, b1, .., bnT—d € IFqn}. (2.2.5)
i=1

We shall show that the set in (2.2.5) attains the bound in (2.2.2).

Theorem 2.2.2 ([106],Theorem 4.4). Let n,d and s be integers such that
1<d < n,n—d even and s coprime with n. The set S, 45 s a mazimum
d-code in S,(q).

Proof.~ Since S45 is F,-subspace of S,(q), it is sufficient to show that, if
f € £, ,[z] is not null, then the F -bilinear form

Bi(x,y) = Treny(f(2)y) (2.2.6)

with

n—d
f(z) = box + Z (bmq% " (bix)qs(n_i)>
i=1

has rank at least d.
Then, let f(z) be a nonzero linearized polynomial. Observe that Bs(z,y) =0

n—d

for each y € Fy» if and only if f(z) = 0 and we note that f (x‘fT) has at most
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n—d
. . S5 . . . .
q" % zeros in Fyn. Since z +— 7 * is an automorphism of F ., the dimension

of the kernel of the Fy-linear map f is at most n — d, so that B; has rank at
least d, as required. O

In [106], in order to obtain maximum symmetric d-codes with n — d odd, the
author showed that it is sufficient to construct (d+2)-codes in S, 1+1(q). So, let
C be a subset of S,,(¢) and for every f € C, let By be the F,-bilinear form on
F,» defined by f. As described in 1.4, if W is an (n — 1)-dimesional subspace
of Fyn, the punctured set (with respect to W) of C is the set

C"={By | feC}

where

By, o (x,y) € WX W — Trgn o (f(2)y)

is the restriction of By(-,-) onto W. So, by simply puncturing the (d+ 2)-code
Sni1.d+2.s of Spi1(q), we obtain a maximum d-code in S, (q), in fact

Theorem 2.2.3 ([106], Theorem 4.1). Suppose that C is a maximum additive
(d+2)-code in Sy11(q) for some d > 1 such that n—d—1 is even. Then every
punctured set C* is a mazimum additive d-code in S,(q).

Observe that in the case of minimum distance d = n, the upper bound for a
maximum symmetric rank code is identical to the Singleton-like bound, and
thus, according to Theorem 1.3.2, it corresponds to a quasifield. In particular,
in the additive case, it corresponds to a semifield. It is known that semifields
defined by a subspace of symmetric matrices are obtained from semifields in
which the multiplication is commutative.

Theorem 2.2.4 ([75]). Equivalence classes of additive mazimum symmetric
additive rank distance codes in £, [x] with minimum distance n are in one-
to-one correspondence with isotopy classes defined by commutative semifields.

However, we note that this correspondence is not direct. Indeed the semifield
spread set of a commutative semifield does not necessarily consist of symmetric
matrices. One has to perform the semifield operation known as transposition,
part of the Knuth orbit of a semifield described in [80], in order to obtain a
set of symmetric matrices. For this reason, it is common in the literature on
semifields to refer to symplectic semifields rather than commutative semifields.

Now, let B(-,-) be an alternating F,-bilinear form on F,». By Proposition
2.1.1, Equations (2.1.2) and (2.1.3), and again properly choosing an F,-basis



Symmetric and alternating RD-codes 24

of Fyn, the set of alternating bilinear forms with entries running over F, can
be seen as the following subset of g-polynomials:

n—l i n—i
An(q) = {Z izl chy = —cg( " forie {1,2,...,n— 1}} (2.2.7)

Clearly, A,(q) is an @—dimension&l subspace of Endp, (Fg») and it is well
known that the rank of each element of A,(q) is necessarily even, [117].
Recall, in the alternating setting, the result of the same sort of Theorem 2.2.1
due to Delsarte and Goethals

Theorem 2.2.5 ([30],Theorem 4). Let m = [§] and let C be a 2e-code in
A,(q), then

n(n—1)

|C| S q (m—e—i—l).

The authors exhibited a class of F,-linear maximal codes in A, (q) for any
characteristic, and any odd value of n and a class of non-linear maximum
alternating codes for n and ¢ even, generalizing the result obtained, for ¢ = 2,
by Kerdock [76].

For the purposes of this thesis, we recall only the class of linear ones. Let
2<d=2e<n-—1,and let s be an integer coprime with n. Then the set of
g-polynomials

n—1

=N s s(n—1)
Anas = {Z (bixq — (byx)? > D obey . ,bnTA € Fqn} (2.2.8)

turns to be a maximum alternating d-code [30, Theorem 7).

With an abuse of notation, we will use the symbols S,,(¢) and A4,(q) to indicate
the set of symmetric or skew-symmetric matrices of order n with entries over
[F,, respectively. Cleary, both sets are metric spaces with respect to the rank
distance d. Therefore, it is natural to study the isometries of such spaces in
the sense of (1.1.2). But first, we recall the following result

Theorem 2.2.6 ([117], Theorem 5.4). LetF, be a finite field, q a prime power,
and let n be an integer greater than one. Then a bijective map ¥ : S, (q) —
Sn(q) preserves the rank distance one with its inverse if and only if there exist
P e GL(n,q), S € Sy(n), a € F; and o a field automorphism of F, such that

U(X)=aPX°P'+ 8 (2.2.9)
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for all X € S,,(q), unless n =3 and q = 2. )
In this case there exists an extra bijective map ¥ of the form

T11 Ti2 T13 T11 Ti2 T13
T2 Tz 0 | = |T12 X2 O

y T3 0 w33 13 0 w33

U . Sg(Q) — 53(2) :
T11 T12 X13 T11 + 1 T12 + 1 13 + 1
Tz Xz 1 | = |x12+1 o9 1
r13 1 @33 T3+ 1 1 33

(2.2.10)
for all x11, x99, T33, T12, 13 € Fo, and each composition between a bijective
map with the form as in (2.2.11) and the extra bijective map above.

The extra map W : S5(2) — S3(2) in (2.2.10) preserves the rank distance one
with its inverse, but it is not an isometry in terms of the rank distance as one
can see in the following example, see [117, Section 5.7].
000
Consider the matrix |0 0 1] in S3(2). Its rank distance from zero matrix
010
is 2, while the distance of its image under ¥ from the zero matrix is 3. Hence,
as consequence we have the following

Corollary 2.2.7. Let F, be a finite field, q a prime power, and let n be an
integer greater than one. Then a bijective map V : S, (q) — Sn(q) is an isom-
etry with respect to the rank distance if and only if there exist P € GL(n,q),
S € Sn(q), a €F; and o a field automorphism of ¥y such that

U(X)=aPX°P'+ S (2.2.11)

for all X € S,(q).

The case of the isometries of the skew-symmetric matrices space is slightly
different,

Theorem 2.2.8 ([117], Theorem 4.4 and Corollary 4.6). LetIF, be a finite field,
q a prime power, and let n > 4. Then a bijective map ¥ : A,(q) — An(q) is
an isometry if and only if there exist P € GL(n,q), S € Ay(n), a € F; and o
a field automorphism of F, such that

U(X) = aP(X")”Pt + S
where X — X° is

a) if n > 4, the identity map
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b) if n =4, either the identity map or the map

0 T2 13 T4 0 T2 T3  T23
—Z12 0 Loz T4 —T12 0 T4 T24
—r13 —x23 0 a3y —r13 —x1u 0 T3y
—Tyy —Tyq —w34 0 —Ty3 —Xay —w34 0

Denote by the symbol X,,(gq) either the subspace S,(q) or A,(q) , as conse-
quence of Corollary 2.2.7 and Theorem 2.2.8, it is readily verified that for given
a € F;, p € Aut(F,), g a permutation g-polynomial over Fgn, and ro € X,(q),
the map ¥ : X,,(¢) = X, (¢) defined by

Wagpr(f) = ago fPo g’ () +ro(), (2.2.12)

preserves the rank distance on X,,(¢). Moreover, the vice versa is also true if
X, (q) = Sn(q), except when n < 4 if X,,(¢q) = A,(q).

For two subsets C; and Cy of X,,, if there exists a map ¥, ,,, defined as in
(2.2.12) for certain a, g, p and ro such that

C = {\I/a,gm,ro(f) L f el

then we say that C; and Cy are equivalent in X,,(q), and to distinguish this
relation from the one defined in Section 1, we write C; = C,.

2.3 Hermitian RD-codes

Let F 2. be the finite field of order ¢** equipped with the involutory automor-
phism a — a? of Fg. Let Trgen 2 be the trace function of Fyn over Fge, it is
easy to check that for all z € Fyon, Trgen g2 (2)? = Trgon /g2 (2?), and the map

S (z,y) € Foan X Fozn — Tryon 2 (xy?) (2.3.1)

is a non-degenerate sesquilinear form of IF 2» with accompanying automorphism
a — al.

Again by Proposition 2.1.1, every such a sesquilinear form can be written in
the following fashion:

S(f(z),y) = Trgzn 2 (f () y?),

where f(z) € .Z, 2[7] is a ¢>-polynomial with coefficients in Fy2n with deg,2(f) <
n—1.
Now, let f(z) = 27 a;z?” be an element of ., [x]; it can be viewed as an

element of Endg , (Fgn). It is easy to show that S(f(x),y)? = S(f(y),z) for
all z,y € Fp2n where

n—1

Flay =Ty = Yl e (23.2)
=0
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Here f7 denotes the adjoint map of f as an F-linear map, i.e.,
-l 2i
fr= > al izt
i=0

and f7%(z) means taking the ¢-th power of each coefficients of f7(z). It is
straightforward to verify that (-) in (2.3.2) is involutionary on each F-linear
map. Note explicitly that

f(z)=a% f oat (2.3.3)

for every f € %, 2[r]. Then, let H(-,-) be a Hermitian form on Fpz.. By
(2.1.4) and Proposition 2.1.1, we obtain

S(f(y), =) = H(y,x) = H(z,y)" = S(f(z),y)" = S(f(y), )

for all z,y € Fen.

Hence, we may identify the set of Hermitian forms defined on F2» with the set
of ¢>-polynomials f(z) € %, 2[r] such that f(z) = f7(z) for every x € Fon
or equivalently as the set

2n—2i+41

n—1 )
H,(¢*) = {Z cx® ey =l , 1€{0,1,2,...,n— 1}}, (2.3.4)
=0

where the indices of the ¢;’s are taken modulo n. The set H,(q?) is an n?-

dimensional Fg-vector subspace of Endg , (Fg2n).
We explicitly note that if f(z) = S0 ca?" € H,(¢?) with n odd, then
Cnt1)/2 € Fon.

Now, still using the symbol H,(¢?) to indicate the set of Hermitian matrices
of order n over Fp2, we recall the result about the isometries of this space.

Theorem 2.3.1 ([117],Theorem 6.4). Let H,(q?) be the set of Hermitian
matrices of order n with entries over Fpe, n > 1. Then a bijective map
O : H,(¢*) — H,(q%) is an isometry with respect to the rank distance if and
only if there evist a € T}, p € Aut(Fp2), P € GL(n,¢%), and H € H,(q*) such
that

O(X)=aPX’P' + H (2.3.5)

for all X € H,(¢%).

In the following result, we shall show how the maps in (2.3.5) turn to be in
the linearized polynomials setting.
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Theorem 2.3.2. Let H,(¢*) be the set of F,2-Hermitian form on Fpen, n > 1
in (2.3.4). Then a bijective map © : H,(¢*) — H,(¢*) is an isometry with
respect to the rank distance if and only if there exist a € Fy, p € Aut(Fp), g a
permutation ¢*-polynomial over Fn, and ro € H,(¢*) such that

O = Ougpro(f) =ago frog ™" (z) + ro(a), (2.3.6)

Proof. First of all, since the set of permutation ¢*-polynomials is isomorphic
to the group GL(n, ¢?), we note that the size of the set

{Oag.pm s 0 € Fy, p € Aut(Fp),mo € H,(¢%), g€ ,?Zmp [z] with tk(g) =n}

equals the size of the set of maps with the shape as in (2.3.5) and it is straight-
forward to see that these maps preseve the rank distance. So, to show the
claim, it is enough to see that such a map fixes the polynomials in the set
H,(¢*). Then, consider O, ,, asin (2.3.6) and let f € H,(¢*). Since

Ho(¢*) = {f(z) € Zpla] : fl2) = f(x)}
and by (2.3.2), we have that

x% 0 ((ag o fPog ™ () + T’o(x))T ox? =

azlo (g’ o fPogNoxt+alor] oal =
ax?o (‘qunfl o qunfl 01?0 pr oo mq2n—1 o gT o 1.11) + 7:0(1') —

n—1 2n—1

02" Mo (a0 fTP0a%) 0 (a9 0 g7 0a%) + ro(a)
(2.3.7)

a(z?o qu

Then, since 290 g7 ox?" = g(z), 29" ogT ox? is equivalent to take the
q*"~1-th power of the g'’s coefficients and f(z) € H,(q*), we obtain

a(gofrog ™ ) (w) +ro(z) = (ago frog

2n—1

)(x) + 1o(x). (2.3.8)
0

So, as in Subsection 2.2, if for C;, and Cy € H,,(¢?), there exists a map Oy .,
defined as in (2.3.6) for certain a, g, p and ¢ such that

Cy = {Ougpro(f) : f €C},

then we say that C; and C; are equivalent in H,(q?), and write C; = Cs.

Regarding upper bounds for codes in this context, in [107], Kai-Uwe Schimdt
proved the following
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Theorem 2.3.3 ([107], Theorem 1 and 2). Assume that C is a d-code in
H,(q%), then

ol < { R for d odd or C additive

_\n—d+2__ _\n((_\n—d+1__
(1)) (0 0 g g

(2.3.9)

In [107], he also provided constructions of Hermitian additive d-codes that
attain the first bound in (2.3.9) for all possible n and d, except if n and d are
both even and 3 < d < n. Now, we will recall these examples.

Let s be an odd integer coprime with n. The following two classes of F -linear
codes in H,(q?), are presented only for s = 1. However, by Theorem 1.2.1 the
case with s € Z, s # 1 follows.

Proposition 2.3.4 ([107], Theorem 4). Let n, d be integers with opposite parity
such that 1 < d <n —1. Then, the set

n—d+1
2 s(n—j s sj
Hpds = { Z ((bjx)‘m( +1) + b? 27 ) © by, ba, .. .,bn7¢21+1 € ]qun},
j=1
(2.3.10)

is @ maximum Fq-linear Hermitian d-code .

Proof. 1t is readily verified that the maps
H(z,y) = Treen /2 (f(2)y?)

with f(z) € Hynas, are Hermitian forms and that the linearity of the trace
function implies that the set in (2.3.10) is F -linear. Therefore, it is enough
to show that H(-,-) has rank at least d unless f(z) is null polynomial. Then,
consider the Fy-linear polynomial

n—d+1
2

2s(n—j+1) s 2sj
flz)y= Y ((bj:r)q T bl e J).
j=1
We have
n—g+1
f(xqs(nfdfl)) _ Z <(bj)q2s(’nj+l)xqs(nd2j+1) + b?squ(nd+zjl>> ‘
7=1

s(n— (n—d)

This is a polynomial of degree at most ¢**™~% and so has at most ¢>
zeros. Since the sesquilinear form in (2.3.1) is non-degenerate and the kernel
of a nonzero f(x) € H,, 45 has dimension at most n — d over F, the set

{r €Fpen:H(x,y) =0forall y € Fpen}

is an (n — d)-dimensional vector space over F,2. Therefore, f(x) has rank at
least d unless by = ... = b—q4+1)/2 = 0, as required. O
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Now, suppose that n and d are both odd integers such that 1 < d < n and s
as above. By a similar proof to that of Theorem 2.3.4, the author showed that
the set

n—d

2 j s s(n—2j5
gn,d,s — {(bo x)qb(n-H) + Z <(bjx)q>(n+2y+1) + b;]' 24 ( 2]+1)> : bo c Fqn

j=1
and by,...,bn-a € Fpon
2
(2.3.11)

turns to be a maximum F,-linear Hermitian d-code [107, Theorem 5].

The research for maximum codes in H,(¢?) with minimum rank distance d = n
is closely related to the problem of finding maximal partial spread sets in H,(q?)
see Subsection 3.2.1, [57], [113] and [114].

The sets in (2.3.10) and (2.3.11) are examples of maximum additive d-codes
in H,(q*) for every possible n and d except when both n and d are even.
Constructions of maximum Hermitian additive d-codes can be obtained for
d = 2 and for d = n, independently from whether n is even or odd. However,
the existence and the construction of maximum additive d-codes in H,(q?)
when n and d are even integers satisfying 4 < d < n — 2 still remain an open
problem. Finally, we have already seen that the bound for additive codes in
Theorem 2.3.3 can be surpassed by non-additive codes whenever n is even and
d = n, a direct construction is shown in [107, Theorem 6.

To conlude this section and since in what follows, different equivalence relations
will be used for relevant codes depending on their ambient space, we collect
them in the following table

Ambient Symbol Definition Notation

L ql] Ci~Co  Co=A{Pg, p.go.n(f): fEC} g1, ge are two permutation
g-polynomials,
h(z) € L qlz], p € Aut(F,)
Sn(q), An(g) Ci1=Co  Co={Yag,r(f): feli} g is a permutation
g-polynomial,
ro € Sn(q) (resp. o € A,.(q)),
p € Aut(F,), a € F,
H,(¢%) C1 =y Co={Ou g pr,(f): fEC} g is a permutation
¢?-polynomial,

ro € Ha(q?), p € Aut(F,2),
acl,
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2.4 Automorphism groups of known
restricted maximum additive codes

In this section, we will give a different description of the restricted d-codes
introduced before. They will be obtained as the intersection of the ambient
space in which they ’live’ with a suitable code which is equivalent to a gen-
eralized Gabidulin code with minimum distance d. Later, we shall determine
their automorphism group. As we have seen in Chapter 1, the computation of
the automorphism group of these codes may serve to determine some algebraic
invariants which are useful when facing with the equivalence issue, as described
in [90] and [109]. Moreover, this problem has never been dealt with the known
restricted maximum codes.

In order to do that, we recall that the symbol X, (q) denotes here one of
the subspaces S,(q) or A,(q) of Endg, (Fs»). On the other hand the symbol
H,(q%) will be used to denote the n*-dimensional IFy-subspace of Endy , (Fy2n)
associated to the Hermitian forms defined on [Fgn, with accompanying auto-
morphism a +— af.

So, we start by giving an alternative description of such d-codes in terms of
the intersection of their ambient space with suitable subspaces of ., ,[z] or
jn’(f [z], when dealing with the Hermitian setting. More precisely,

Proposition 2.4.1. Let n,s and d Zze integers such that 1 < d < n and
ged(s,n) = 1. Let G = Gpp—dr1,s C Znglz] be the generalized Gabidulin code
with minimum distance d, then we have the following

(Z> n,d,s — g/ﬁS(), whereg’:goqu;
(i1) Anas =G NAn(q), where G =G ol

Moreover, let G = Gy pn—at1,s C jn7q2 [z] be the generalized Gabidulin code with
minimum distance d, then we have the following

<m) Hoids = g n Hn(q2)7 where G' = G o xqs(n+d+1))
(iv) & nds =9 NH, (q )’ where G = G o el

Proof. Let f(x) = X" Od ;T 7" he an element of Gnn—dt1,s- Each element in

s n+d
G' = Gnn-dy1,s 0 01 "7 has the following form:

n—d S(7L+d+i) n+d n—d +1)

daat = Z = Z =

=0 i=0

2
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n—d
2 . n—1 .
SJ sj
E a, n—axl + E a; ntax? =
I+ J—=
Jj=0

j_ n+d

nfd
An_a + Z(an a; 29”7 +ana jxqs(n_j)>.
j_
It is clear that G'T = G’, and by intersecting G’ with S,,(¢), we get the following
conditions p
e(n ) . n —
aanczﬂ*anler 1=1,2,..., 5

Hence, each element in G’ N S,,(q) has the following shape:

n—d

2
st s(n—1)
An_d + > (anT_deq + (anT_de)q ),

i=1

this proves (7).
Let be f(z) = X0 o a;x? an element of G, ,,_4+15. Suppose d = 2e and we
compose f(x) on the rlght with the monomial 27, we obtain

n—d (ie) n—

§Z (2
> i Zaz ezt =
=0
n—1
2 ) n—e )

qS’L qS’L o
Zai,ex + Z Aj_e Tt =
= =2t
n—1
2

qs(n )

Z(aZ ex +an e—i & .
i=e

Let G = {f(z7") : f(z) € Gnn-ar1s}, by intersecting G' with A,(q) the
statement in (i7) follows.

Regarding (i47) and (iv), let =>" da 27" be any element in Gnn—d+1s C
7 y k] + )
> . s(n+d+1) .
Z, 2lx]. Composing f(x) on the rlght with the monomial 7 , we obtain
n—d—1
3 n+d+1+i> n—d 28(n+d+1 +i)
5 s(n+d+1) ( 2 s 2
+ E al a:q + Y al 2t =
. n—d+1
=t
n_§+1 e n—1 2
q° sj s sj
> a pnmamn BT+ a e ¥ =
j=0 2 j=notdel
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By intersecting G’ with H,,(¢*), we get the following conditions

g°(2n—2j+1) g*(2n—25+2) ¢ ‘ . 1.2 n—d+1
c] = Qpogery; = Cnmjrl = Queany for j=1,2,.0 ———.
Hence,

g/ N Hn(q2) = Hn,d,s-

In a similar way, by composing an element f(z) € G, n_a41,s With  — x
we obtain

qs(d+1)
Y

n-d o 25(%1%) s s(n+1) e s s(2itd+1) n-d s s(2itd+1)
> al af =al_, 27 + Y al af + > al 2? =
i=0 2 i=0 =04 41
ngd . n—d A
af,d xqs(nm + Z a?il :1:‘15(2”[171) + Z a?s x‘f@ﬁdﬂ).
’ =1 j="5441

: - n—d - _ n—d
Setting i = "53¢ — £+ 1 and j = "5% + m, we have

n—d n—d
2 2
s s(n+1) s s(n—2041) s s(n+2m+1)
al_, +y af_y 2t +> Wy, =
2 2 7 m
(=1 m=1

n—d
2
s s(n+1) s n—2j+1 s s(n+2j+1)
AT S (A +al,, 2 ).
p) = 3 J J

Again by intersecting G’ with the Hermitian space H,(q?), we get:

qS
Ahn_qg € ]Fqn
2

qs(2n72j) qs(2n72j+l) q°
C . =0y . = Cnt+l_ . = Uy .
HTH+J n2d+] %_] nzd_]7
which finally gives the result. [l

Regarding the punctured set obtained from &, 11,4425, We can consider Fyn1 =
Wa K, where K = (n), with n € F;,.. and W is an n-dimensional F,-subspace
of ]Fanrl .

Let s be a positive integer coprime with n+1, let 1 < d < n—1 such that n—d
s n+d+1
is odd, and consider the [ -vector space L{,’] of G' = Gui1n_dras 0 17 ’ )
defined as follows

n—d+1
2

Uy=3 > (a@ —an®™ ) +epp(@ —an”TTT)
=1

(2.4.1)

—d+1
PGy Cn1—i EFq’”'l? (AS {15277712—’_}
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We notice that U, has dimension (n + 1)(n —d + 1), and it is made up of all
maps [ € G’ such that K C Kerf. Let

n—d+1
2

> (bz‘(qug —an” )

=1

Snt+1(q) N u7,7 = {

s(n+1—1) s(n+1—1) s(n+1—i) _
+ ! (z? —an? 1)) 2 by, ,bnfél+1 € Fyni }

Clearly each polynomial f in this set has at most ¢" ™! roots in Fn+1. Fur-

thermore, since f is a linearized polynomial, we can write f(z+u) = f(x)+f(u)
for all z,u € Fp+1. But K C Kerf which implies that, if f(xz) = 0, then
f(x +u) =0 for all w € K. For each x € W and each u € K*, we have
z+u ¢V, so the number of roots of the polynomial f in W is at most ¢" ¢,
ie.

dim(Ker fNW) <n —d.

Hence, for each f € S,,11(¢) N L{f?, the rank of the symmetric bilinear form on
W
By, o (x,y) € WX W — Trgn /o (f(2)y)

is at least d and the set
Tnds() = (Spards NUy)p, = {Bflw t f € Sntalq) ﬂu{y}

. . . . . n—d+1
is a symmetric F,-linear maximum d-code of size ¢™+Y"=

By Proposition 2.4.1 (i), we have the following.

Corollary 2.4.2. Let (n+1,s) =1, and 1 <d <n—1. Letn € Fy.1. and
let W be an n-dimensional F,-subspace of Fyn+1 such that Fpni = W & (),
Then the d-code

ﬁl,d,s(n) = (ur,; N Sn-i—l (Q))\Wa (242)
is maximum, where U, is the I -subspace in (2.4.1).

Clearly, if n; and 7 are linearly dependent over Fy, then 7y, 4.(m) = Th.a.s(12)-
Furthermore, we notice that U, N Sn+1(¢) C Snt1.4.s, while

7:l,d78(77) = (uqu N Sn—i—l(Q))\w = (Sn+1,d+278)|w- (2.4.3)

In the remaing part of this section we prove that the subspaces G’ C %, [7]
(g C jm(p [z]) defined in Proposition 2.4.1, are the unique elements in
[Gnn—d+1,s)~ satisfying the properties () and (i7) ((i%é) and (iv)) of Propo-
sition 2.4.1. More precisely, we have the following

Theorem 2.4.3. Let n, s and d be integers such that d > 1 and ged(s,n) = 1.
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(i) Let W C L, [x] be an (n—d+ 1)n-dimensional subspace of £, 4[] such
that W € [Gnn—di1.s)~, and WNS,(q) = Snas (respectively, WNA,(q) =
An,d,s)-

n+d

s —a— sd
Then W = Gpp—ar1s0x? *  (respectively, W = G p—gi1,5 027 7).

(i1) Let W C 2, 2[2] be an (n — d + 1)n-dimensional F2-subspace such that
W € [Gnn—dgt1sl~ and W N H,(q?) = Hpas (respectively, W N Hy(¢*) =
gn,d,s)'

s(n+d+1) . s(d+1)
Then, W = Gy p—dy1.5 © 27 (respectively, W = Gy, n—at1,5 0 29 ).

Proof. (i) Since W is equivalent to G, ,,—at1s, there exists a rank-preserving
map @, ,5 such that

q)g,p,h(gn,nfdJrl,s) =W.

As G} ai1s = Gnn—dtrs for all p € Aut(F,), we may assume that p is the
identity. Hence, the elements of W are

n—d ) n—d ] n—d [ n—1
go ( > aja:'qSJ) oh=> (goa;z?" oh)= (Z cm,j(aj)xqsm) =

Jj=0

7=0

with o; € Fyn for all j € J ={0,1,...,n —d} and

s
Cm.j () ZQZng]-

The indices here are taken modulo n.
Suppose that

WNS,(q) = Snds-
By (2.2.1) and (2.2.5), we have that Ly, (c) = S0=¢ ¢ j(a;) is equal to zero for
each a = (ap, ay,...,0n_q), m € M = {" 1 nd 9. — (4 + 1)}
In particular L,,(a) = 0 when a = (0,...,0,a;,0,... ,O), Wlth a; € Fyn,
m € M and j € J. Then

2
Qjs

Cmj(a) =0 forall a € Fpn and me M,j € J.

Hence, we obtain the following conditions:

h?n =0
J ‘ (2.4.4)
iel:={0,1,..n—1}, 7€ J me M.
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As ¢ is an invertible g-polynomial, there exists at least an integer ig € I such
that g;, # 0. It is straightforward to verify that

{m—j—i—n;d :j€J and mEM}:{l,Q,...,n—l}.

Hence, we get that for each given ¢ € I, by letting j varying in J and m € M,
integers m — i — j equal, modulo n, all elements in I with the only exception
of »4 — 4. By inspecting the equations in System (2.4.4), this easily implies
that there exists a unique index iy between 0 and n — 1, such that g;, # 0 and
hnT-&-d _iy 7 0, and all others g; and h; are zero.

i s Lﬁ—i
Hence, g(z) = vz and h(z) = d2¢ T with v,0 € Fyn.
On the other hand if

wn An(Q) = An,d,sa

by (2.2.7) and taking into account (2.2.8), we may conclude that L,,(«) is
equal to zero for each o = (o, o, ..., 0—q) € Fln ™, m e M = My U M, =
{0,1,..., ¢ =1} U{n— (¢ —1),...,n — 1}. In particular we have,

Cmj(@) =0 forall « € Fpn and me M,j € J.

Hence, we obtain a similar set of conditions as in System (2.4.4). Also in this
case, there exists ig € I such that g;, # 0. Again, one easily verifies that

d
{m—j—2 : 7€ J and m€M1UM2}:{1,2,...,n—1}.

Also, for each given ¢ € I, by letting j varying in J and m € M, integers

m — 1 — j equal, modulo n, elements of I except g — 1. Discussing as in the

previous part, this leads to prove that there exists a unique index iy between

0 and n —1, such that g¢;, # 0 and h%_io # 0, and all others g; and h; are zero.
i s(4d—;

Hence we have that g(z) = 727" and h(z) = 627" ™ with 7,0 € F.. This

concludes the proof.

(1) It is similar to that of point (i). For this reason here we omit the
computations. ]

As a direct consequence of Theorems 2.4.3 and 1.5.3, we may state the following
result.

Corollary 2.4.4. Let d and s be integers such that 1 < d < n and ged(n, s) =
1. Let C € X,,(q) be a d-code.

(1) If either C = S, 45 or C = A, a5, then we have

Aut(C) = { Wy poria : a €EF} 7 € Fpu, 7€ {0, — 13}
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(ii) If C € H,(q*) and either C = Hpas or C =&, a5, then we have

Aut(C) = {O, jprrsq: @ EFy v €Fipu, 7€ {0,..,n — 13}

a,yixd

Proof. (i) Let G = Gy, n—at1.s- We first observe that Aut(G') = Aut(Gpn—d+1.5),
s(ntd s(d
whenever G’ = Gox4 T or G = Goug1 @ Nonetheless, in [109] it was proven

that if 0 <r <n —1, then

Aut(Gpndirs) = {q)amqr’id’ﬁqu—r la, € an}

Now, assume that either C =S, 45 or C = A, 4.
Since each element in the set

A = {@ n—ran—o"| a € ]FZ, ’}/ c FZ"}7 (245)

ayxd” id,ya
fixes both S,,(¢) and A, (q); we get, as a consequence of Proposition 2.4.1, that

A is a subgroup of Aut(C). Conversely, let & € Aut(C). Of course, by points
(7) and (éi) of Proposition (2.4.1), we get

o(GYNe(X,)=C,
J(nkd
whenever X,, = S,(¢) and G’ = G o 277 or X,(q) = An(q) and G’ =
o(d

G o x4 <2), respectively. This also means that D = &(G") N X,,(¢) 2 C.

Now, assume that D D C. Then D would be a d-code in X,,(q). If X,(¢) =
S,(q) then |D| > ¢""=4+2/2 while if X,,(¢) = A,(q) then |D| > ¢"("=4+1)/2,
By Theorems 2.2.1 and 2.2.5 this is clearly not possible. Hence,

O(G) N Xu(q) = C. (2.4.6)

However, Equation (2.4.6) contradicts Theorem 2.4.3, unless we have ®(G’) =
G’, which implies that ® is an element of A. This conclude the proof of point

(2)-
(ii) Assume now that C C H,(q¢?) is either H,, 45 or &, 4. Again, it is trivial
to see that, in both cases, each element in the set

A frnd {@ 2n—27‘+1$q2n727‘ a 6 ]F;, ’y E ]FZ?n},

2r .
ayza™" id,y

fixes C. Moreover, an easy computation also shows that if either C = H,, 45
s(n+d+1 s(d+1
and G' = G o 27" ),orC:Envdvsandg’:goxq( );Weha,ve

Aut(G") N Aut(C) = A. (2.4.7)

Now, let @ = @, , , where f and g are two invertible ¢*>-polynomials in jqu [x],
and p € Aut(FF2), be an element of Aut(C), and suppose that ® does not belong
to A. Then by (2.4.7), ®(G’') # G’ and this leads again to a contradiction by
Theorem 2.4.3. [
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We end this section by proving the following result about the equivalence of
codes.

Theorem 2.4.5. Let d > 1. Two mazimum d-codes S, 45 and S, a5 (respec-
tively, Anas and A, 4y ), where s and s are integers satisfying ged(s,n) =
ged(s',n) = 1, or, two mazimal d-codes Hy,as and Hyas (respectively, E 4
and &, 4. ), where s and s' are integers satisfying ged(s,2n) = ged(s',2n) =1,
are equivalent if and only if s = £ (mod n).

Proof. We give the proof in symmetric and alternating setting only. Similar
arguments lead to the result for the two known constructions in the Hermitian

setting. For this reason, we omit the details here.
n+d 1, n+d
S/ (254

Suppose that s = +¢' (mod n) Let G, =G, o 27T and G, =Gyox?

4
(respectively, G, = G, o 29"? and G, =Ggo (2)).
By Proposition 2.4.1 points (z) and (i),

nds g/ N S ( ) and Sn,d,s’ = g;/ N Sn(Q)?

(respectively, A, 45 = G. N A,(q) and A, 4¢ = Gl N A,(q)).
Since s = £5' (mod n), by [90, Theorem 4.4 and 4.8, (a)], we have that

Gy =@ nr(Gs) = uz? oGyovx?

uzd” id,vxd
for two given elements u,v € F,n. Hence,

- ner (£s+kn)(2Ed)
Gl = (uz? oGsovx? )oux! °
. r n—r (ks+kn)($)
(respectively, G, = (uz? o Gsovz? ) ol ).
If  =s (mod n), from equation above we get

n—d

G, =ux? oG ov? * g9 (2.4.8)
—-s 4 n—r
(respectively, Gl, = ux? o gl ot © ).
If otherwise s’ = —s (mod n), we have
/ T _S(n;rd) SnTM _

G, =ux? o(Gsouxl you? " (2.4.9)
(respectlvely, Gl =ux? o (G, 01 - >) oy ® gan ).
Since G, 7= = G, by comparing coefficients in Equation (2.4.8) we get that it

n—d
2

must necessarily be u = av’ with a € F; and v’ = v (respectively, u = av’

. -s(4)
with a € F; and o' =07 " *).
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In a similar way, by comparing coefficients in Equation (2.4.9), we find u = av’

. SLM . .
with a € F}, where v/ = v% * (respectively, u = av’ with a € F; and
—s(2)
v =01 7).
Hence,

q)av’xqr,id,v’rq"ﬂ' (8”76175) = \Ila,'u’zqr (Sn,d,s) = 8n,d,s’7

(respectively, Puyp pvra(Ands) = Ands ), where s’ = £s (mod n).
Conversely, suppose that S, 45 and S, 4 (respectively, A, 45 and A, 4+ ) are
equivalent. Denote by ¥ = V¥, , the map such that ¥(S, 45) = Spas (re-
spectively, V(A 45) = Anas)-

As ged(s,n) = ged(s’,n) = 1, we may assume that s’ = es (mod n). In the
remaining part of the proof we will write down the computations only in the
symmetric context. Similar arguments can be applied in the alternating case
leading to the same achievement.

Each element f € S, 4, has the following shape:

n—d

flz) = bz + Z (bixq“' n (biaj)qS(ni))‘
i—1

Let g = X"t aa?” € Fyula).
Discussing as in the proof of Theorem 2.4.3 we have that each element in
U(S,,.45) can be written as follows

n—d
n—1 fn—1 2
s(n—1i) s(n—1) s(n—1i) s(n—i—r) s(n—1) s(n—i—r)
q q q q q q
> (E :(bo al  aj  +) ,(b a; Qg

k=0 \ =0 r=1

(2.4.10)

By comparing the coefficients of the term 27 in U(S,.a5) and in S, 44 we get

n—d

n—1 2
s(n—1i) s(n—1) s(n—1i) s(n—i—r) s(n—1t) s(n—i—r)
q q q q q q
(bo al " aily + )] (br Qi Qg
0

= r=1

s(n—i) s(n %) s(r—1)
q q _
+ b Aoyi— r)) - 07

(2.4.11)

foreachke{je:%_d<j<”?+d}andall)\:(bo,---,band)EIF H

By taking by # 0 and b; = 0 for j # 0, from above Equation (2.4.11) we have

Q;Qpyi = 0 (2412)
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fori =0,1,...,n — 1. Similarly, for each r € {1,..., ”T’d}, letting b, be the
unique nonzero elements among all b;, from (2.4.11) we can derive
n—1
s(r—1) s(n—1i) s(n—1i) s(r—i) s(n—i)
Z (ag—r az—&—i + (l;] ai—&-i—r) bg =0.
i=0

As the above equation holds for any b, € Fyn, it implies

s(r—1) s(n—1i) s(n—1) s(r—i)
q q q q —
Wiy Oy T @ gy, =0

for every 7, which means
qST qST‘ -

Since ¢ is a permutation g-polynomial, there must be at least one coefficient
a;, i € {0,...,n — 1} which is different from zero. Let a;, denote a non-zero
coefficient.

By letting i = ig in (2.4.12), we get

n—d o n-+d
<j< 5

Ajetig = 0 for

By taking i = ig and i = r + ip in (2.4.13) respectively, together with the
equation above, we can derive

n—d . n+d n—d
<j< <

Qjo+je—r = Qigtjetr = 0 for

Hence,

n—d o on+d n—d n—d

Qjetiti, = 0 for <7< and —

As a;, # 0, the equation
je+i=0 (mod n)

should have no solution for ”T’d <j< %d and —%d <7< ”%d. As there are
d — 1 elements in {je (mod n) : %3¢ < j < *4} and n — d + 1 elements in
{i: —%l <i< ”T_d}, Qjetrivio = 0 implies all a; = 0 for j # 4.

Thus g(x) = a;,z9°. However, if e # £1 (mod n), i.e. s # +s' (mod n), by

Corollary 2.4.4. it is obvious that ¥ _ p(Sn ds) isnot in S, 4 . Therefore,
iz, % @
we must have s = £5’ (mod n). O
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2.5 A characterization of known additive
constructions

In this section we will show that the properties stated in Proposition 2.4.1
characterize the known examples of maximum d-codes in restricted setting.
More precisely, we prove the following

Theorem 2.5.1. Let n,s be two integers such that n > 4 and ged(s,n) = 1,
let d be an integer such that 1 < d < n—1. Let D C X,(q) be a mazimum
d-code.

(4) If Xn(q) = Sn(q), then D € [Sy )=~ if and only if there is a unique subspace
V' of £, 4], such that

n+d

(a) V € (G~ where G' = Gpp_gpr1s0a?
(b) V=VT where VI ={fT : feV};
(¢c) VN Su(q) =D.

(i) If Xo(q) = An(q), then D € [Anasl~ if and only if there is a unique
subspace V' of £, 4x], such that

Nl

(CL) Ve [g/]: where g/ = gn,n—d+1,s © xqs y
(b) V=V where VI ={f" : feV}
(c) VNAu(g) =D.

Proof. Let us prove the sufficiency first. Assume D € [C]~ where either C
is Spas or Cis A, 45 Hence, there exists a rank-preserving map of type
U =W,,, witha € F, p € Aut(F,) and g a permutation g-polynomial, such
that ¥(C) = D.
d

Let V = @ag&MT(g’), where ' = Goa?" 2 if X, (q) = Su(q) and C = S, 4,5,
G =Goa”? if X,(q) = An(q) and C = A, 4.

In both cases it is easy to see that G'T = G’. Hence, V satisfies the properties

(a) and (b). Moreover, as ®,, , .7 fixes X,,(q), applying (i) of Proposition 2.4.1,
we obtain that

nt

ag,p.g

VN Xo(q) = Pagpy7(9") N Xnlg) = ¥(G'N Xn(q)) = ¥(C) =D.

Hence V satisfies (c).
Next, let us show the uniqueness. To this aim suppose that V' and V" are two
subspaces of .%;, ;[x] both satisfying conditions (a), (b) and (c).
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In particular we have that
VNX,.q)=D=V"nX,(q).

By hypothesis D = U(C) and V¥ fixes X,(¢). This means that there is
an element in [G, ,—g11,s)~ different from G’ intersecting X,, in C. Indeed,
®-1 (V). This, by Theorem 2.4.3 (i), is a contradiction.

ag,p.g’
Now, let us prove the necessity. By (a), G’ and V are equivalent, then there

exists a map ® = @, 5, such that V = ®(G’). Since again §'T = G’, by using
condition (b), we have

1(G) = Byr pym(G) = V. (2.5.1)
Now, from (2.5.1) and taking into account that V = ®(G’), we get

D147 idgTon-1(G) =G
Hence, by Theorem 1.5.3, we get

gloh" =az? and g' oh™t = pz?" ",

with a, 8 € F..

In particular, r = 0 (mod n) and consequently 3 = a™1, g = h' o Bz, and
R

We show that ®(C) N'D contains at least one element which is different from
the null map. In fact, by (c¢), we have

dimg, ((C) N D) > dimg, ®(C) + dimg, D — dimy, V' = n.

Hence, let f be an element of C such that ®(f) € D. Since ®(f) € D C S,(q),
we have that ®7(f) = ®(f). Consequently,

fP(Bz) = Bf(z) for each x € Fyn.
Hence 8 € I, and
D = &(') N X(g) = 2(G' N X)) = Vym,(C).
Hence D € [C]~. =

A similar result can be stated also for the two known constructions of maximum
d-codes in H,(q*).

Theorem 2.5.2. Let n,s be two integers such that ged(s,2n) = 1, and let d
be an integer such that d > 1. Then we have the following

(i) C € [Hnasl~ if and only if there is a unique subspace V of %, 2], such
that
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s(n+d+1)

(CL) Ve [g/]: where G' = gn,nfd+1,s ox? ’
(b)) V=V, whereV={f: feV}
(¢) VN Hy(q?) = C.

(i1) C € [Enas)~ if and only if there is a unique subspace V of £, 2[x], such
that

s(d+1) .

(a) V € [G'|~ where G' =G pgr1s02%
(b)) V=V, where V={f: feV};
(¢) VA Hu(q) =C.

Proof. The proof is similar to that of the previous theorem; taking into account
that, in this case we have G’ = G', whenever G’ = G, ;,_a415 © gy

d
g/ —_ gn,n—d+1,s o xqs( +1). []

2.6 A new additive symmetric 2-code

In this section we exhibit a symmetric 2-code which is not equivalent to the
one with the same parameters shown in Theorem 2.2.2. So, let ¢ be an odd
prime power, m and s two integers such that m > 2 and ged(s,2m) = 1. Let
Ng2m/q be the norm function of Fypm over F, and let n be an element of Fom
such that Ngem /,(n) is not a square.

As we described in Section 1.5, the set

sc, e, cm1 €Fpem, ab € ]qu}
is a maximum rank distance code with minimum distance d = 2m — k + 1,
[112].

Now, consider the following set of g-polynomials

m—2
sj s(m—1) sm s(m+1), s s(m+1)
S = {aox + Y az? + nbat +az? +n? b? x4

Jj=1
m—2 @ )
s(2m—j
+ > (a;x)1 D Qg, a1, .., Qpm_o € Fem and a,b € Fym 3.
j=1

It is straightforward to see that, if we set D' = Dy, _1.4(n) 0 29" then
S=D'NS%m(q) and S=D" N Som(q).

Clearly, since D' is a 2-code and |S| = ¢*™*, by Theorem 2.2.1, it is a maximum
symmetric [F;-linear code with minimum distance d = 2. We will show this in
an algebraic way as well, but before we recall the following
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Lemma 2.6.1 ([109], Lemma 3). Let f(z) = Y5} find € L, [z] with g-
degree k. If f has rank n — k, then Ny jq(fo) = (—1)*"Ngn o (f).-

Proof. For any k-dimensional F,-subspace U of Fg», there is a unique monic
linearized polynomial with deg,(f) = k that annihilates U, i.e. the set of its
roots contains U. It is the polynomial

my(x) = ][ (& —u),

uelU

see [83, Theorem 3.52]. Clearly, every linearized polynomial of ¢-degree k
annihilating U is a multiple of my(z) by an element of F,», and hence it
suffices to prove the result for any particular linearized polynomial of degree
k annihilating U. Choose an Fg-basis {ug, u1,...,ux—1} of U, and define a
linearized polynomial f as the determinant of the following (k + 1) x (k + 1)
matrix

k

T x4 e x4
uy oud - ugk K
fla)=1 . o Vol = for+ fat 4.+ fir?. (26.0)
. ; -
Ug—1 Up_q 0 Ugpy

Then it is straightforward to see that f annihilates U, because plugging in
any u € U for z, we get that the firt row is an [F,-linear combination of

the remaining rows. Furthermore, expanding along the top row we see that
fo=(=1)%f, and so Nyno(fo) = (=1)*"Nyn /4 (fx), proving the claim. O

Now, we will show that any map in S has rank strictly greater than one. In
fact, let f,, = fox?", where f € S. Then the coefficients of terms z and
20" of £, are ¢ and nb, respectively. As a consequence of the lemma
above, the rank of f(x) is then at least two. Hence, S is a maximum 2-code

Of ng(q)
Theorem 2.6.2. The 2-code S € Sa,(q) is not equivalent to Sap o s-

Proof. Assume by way of contradiction that S is equivalent to Sap, 2. Then
there must be a map ¥ = W, v, such that U(S) = Sop 2, where a € Fy,
p € Aut(F,) and g(z) = 221 ga9" is a permutation g-polynomial with
coefficients in Fom.

Consider g' o a”z o g, where o € F 2. By computation the coefficient of 29"

1S
2m—1

am(ar) = Z 9(21:;4 ggj:iapq
i=0

st

(2.6.2)
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where indices are taken modulo 2m. Since the coefficient of the term with
g-degree ms of Syy0.5 is zero, we obtain

Jom—i gm—i =0 foreach i=1,2,...,m.

Define supp(g) = {i € {0,...,m — 1} : g; # 0} and let ¢ € F;m. Similarly, the
coefficient of degree ¢™* of the composition ¢g' o c?z?"" o g is equal to

2m—1
s(2m—1) s(m—1) s(2m—1i) s(2m—1) s(m—1) s(m—i)
— q q rq — q q £q
am(c) = E : 9i gi c = E .9 Ji = -

1=0 i€supp(g)

Obviously, since
s(2m—1) qs(m—i) qs(2m—1l) qs(m—i)

S
for all i € supp(g), the polynomial above has coefficients in F;m. On the
other hand, as the coefficient of the term with g-degree ms in Sy, 2 5 is zero,
ap(c) = 0 for all ¢ € Fym. This implies that g; = 0 for i € supp(g). Therefore
g is the null polynomial which contradicts the permutation property of g. [



Intersection problems in finite
projective spaces

,50no

molto
1rrequieta
quando

mi legano
allo spazio.“

ALDA MERINI, Aforismi e Magie.

One of the classical problems in extremal combinatorics is to determine the
size of the largest families of pairwise non-trivially intersecting subsets of a
finite set.

In 1961, the mathematicians Pal Erd6s, Chao Ko and Richard Rado published
an influential paper in which they solved this problem, [41].

Their result became a milestone that inspired many mathematicians on this
topic. In addition to set theory, similar problems, known as intersection prob-
lems, were and are still studied in many different structures including multisets,
groups and projective and polar geometries, [26]. In 2013, M. De Boeck and
L. Storme drew up a survey paper in which the current status of this topic is
collected in the various settings.

In honour of the three authors of the original paper, these problems are called
Erdos-Ko-Rado problems, briefly EKR problems, and the generalisations of
this theorem in the various settings are called Erdds-Ko-Rado theorems.

In this chapter, after the classical results on EKR families in set theory are
traced, we shall recall some notions on finite projective spaces and we will
state some intersection problems in them, called the ¢g-analogues of the EKR
problems.
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3.1 The original Erdos-Ko-Rado problem

In this section we will retrace the original Erdos-Ko-Rado problem in set theory
and we will give the background for the next sections where we will focus on
the Erdos-Ko-Rado problems in the finite projective spaces.

As mentioned before, the problem of finding the largest sets of pairwise non-
trivially intersecting elements was solved by Erdés et al. in 1961,

Theorem 3.1.1 ([41]). If S is a family of subsets of size k in a set Q with
|Q| = n and n > 2k, such that the elements of S are pairwise not disjoint,

then |S| < (Zj)

Note that in case n = 2k, there are many examples attaining this upper bound.
Indeed, for every subset with size k, in short a k-subset, there is precisely one
disjoint k-subset in the set, so any family of k-subsets constructed by picking
one k-subset from each such pair has the size in the theorem above. In case of
n < 2k, the problem is trivial: two subsets of size k cannot be disjoint.

Note that the upper bound in Theorem 3.1.1 is attained if S is the set of all
subsets of size k containing a fixed element of €2, such a family is called a
point-pencil. The orginal Erdés-Ko-Rado result was generalised and improved
by Wilson in 1984,

Theorem 3.1.2 ([118]). Let k be a positive integer and 1 <t < k. If S is a
family of subsets of size k in a set Q with |2 =n andn > (t+1)(k—t+ 1),
such that the elements of S pairwise intersect in at least t elements, then
S1< ().

Moreover, if n > (t + 1)(k —t + 1) 4+ 1, then equality holds if and only if S is
the set of all the subsets of size k through a fized subset of Q) of size t.

Actually, for general ¢ > 1, a similar result was already obtained in [41], but

the bound n >t + (k — t)(]t“>3 was required.

In [118], Wilson also showed that the bound in Theorem 3.1.2 is tight. More
precisely, let F be the set of all subsets of size £ meeting a fixed subset of 2
of size t 4+ 2 in at least t + 1 elements, £ > ¢t + 1. Clearly, the elements of F
meet pairwise in at least t elements. If n = (¢t + 1)(k — ¢ + 1), then

n—t—2 n—t—2
=(t+2
A=) ()
equals the size of the set described in Theorem 3.1.2. If n < (t+1)(k—t+1)—1,
then F is larger than the size of the set described in this theorem.

Generalizing the above mentioned, we will call the set of all the subsets of size
k containing a fixed subset of size t is called a t-pencil, clearly an 1-pencil is a
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point-pencil.

Figure 3.1: A point-pencil.

Note that if the parameter ¢ > 1, then S is a collection of subsets of size k of
an arbitrary set, which are pairwise not disjoint.

In literature this family is called an FErdds-Ko-Rado set and classification of
the largest Erdds-Ko-Rado sets is called the Erdds-Ko-Rado problem, in short
EKR problem. Related results are obtained by Hilton and Milner, [63]. They
described the largest Erdds-Ko-Rado sets which are not contained in a point-
pencil.

Theorem 3.1.3 ([63]). Let Q be a set of sizen and let S be an Erdds-Ko-Rado
set of k-subsets in 2, k > 3 and n > 2k + 1. If there is no element in €2 which
is contained in all subsets in S, then

n—1 n—k—1
< _
‘S‘—<k—1> ( k1 )H

Moreover, equality holds if and only if

i) either S is the union of F, for some fized k-subset F', and the set of all
k-subsets G of Q0 containing a fized element x & F, such that GNEF # (),

i1) orelsek = 3 and S is the set of all subsets of size 3 having an intersection
of size at least 2 with a fived subset F of size 3.
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Studying the original Erdos-Ko-Rado problem led to investigations in graph
theory. More precisely, this issue can be translated into properties of the
Johnson graph and the Kneser graph, see [15, Chapter 9]. Finally, an interest-
ing generalisation of the Erdés-Ko-Rado problem can be found in [44], where
Frankl explored the largest r-wise intersecting families of k-subsets of a given
finite set.

3.2 Incidence geometry and projective spaces

In this section we will introduce the basic concepts that will be useful to un-
derstand the remainder part of this thesis. The aim is to avoid the ambiguity
that would arise by not stating some definitions or theorems. For this purpose,
we will refer to standard references by Buekenhout ([18], [19]), Hirschfeld and
Thas ([64], [66]) and Mazzocca ([92]).

Let P be a non-empty set, whose elements are called points and let £ be a
set, whose elements are called either lines or blocks. Denote by Z an incidence
relation between an element of P and an element of £ that we will consider
symmetric. The triple (P, L, Z) will be called an incidence geometry. Often
the incidence will be either C or 2. In these cases we will omit Z and denote
the incidence geometry by (P, £) and either the set £ of lines will be identified
with a set of subsets of P or vice versa. Moreover, when a point P is in relation
with a line ¢, we will use the usual terminology ’the point P is incident with
line ¢’ ’the point P is ’on the line ¢, 'the line ¢ passes through the point P’
etc. .

A homomorphism o : (P,L) — (P', L") of incidence geometries is a map
a : P — P’ such that the image under « of every line in £ is contained in a
line of £'. If it is injective and the image of every line in £ is a line in £’ then
the homomorphism is also called an embedding. The notions isomorphism and
automorphism are defined in the obvious way.

Now, we recall the notion of projective spaces over fields. Let V be a (n + 1)-
dimensional vector space over a field F. We will denote by PG(V) the set of
1-dimensional subspaces of V, that will be called points of PG(V). We will call
lines, planes, solids, k-dimensional projective subspaces, hyperplanes respec-
tively the 2-dimensional, 3-dimensional, (k + 1)-dimensional, n-dimensional
subspaces of V seen as set of points of PG(V).

If W is an (k + 1)-dimensional subspace of V we will denote by W the cor-
responding k-dimensional subspace of PG(V) while a point of the projective
space will be indicated by (x). If X is any subset of points of PG(V), we will
denote by (X) the smallest projective subspace that contains X and we will
refer to it as the projective space spanned by X. In particular, we will indicate
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by (Ui, ..., Us) the projective space spanned by the set of projective subspaces
{Uy,...,Us} of PG(V).

For two subspaces U and W of PG(V), the intersection U NV is the largest
subspace which is contained in both U and V. We can immediately generalise
this notion to U; N ... N Uy for subspaces Uy, ..., Us of PG(V). Finally, we
consider the empty set as a projective subspace with dimension —1.

Definition 3.2.1. Let S; be the set of all projective subspaces of PG(V) with
dimension j, for every j = —1,0,1,...,n. The pair (PG(V), (S_1, S0, S1,---,Sn))
is the n-dimensional projective space associated to V. We will refer to it just

by PG(V). The integer n = dim(V) — 1 is called the dimension of PG(V)

We will denote by PG(n,F) the n-dimensional projective space associated to
V = F**1 If n = 1, then PG(1,F) is also called the projective line over F,
while, if n = 2, then PG(2,F) is also called the projective plane over F.
Clearly, any subspace of a projective space can also be seen as a projective space
and each projective space PG(V) over a vector space V induces an incidence
geometry of its points and lines.

The dimension theorem for vector subspaces implies the Grassmann identity
for subspaces of a projective space:

dim(U) + dim(W) = dim(U, W) + dim(U N W) (3.2.1)

for all subspaces U and W of PG(V).

Since each point in PG(V) corresponds to a 1-dimensional vector space in V,
if we consider a non-zero vector x, then it is possible to define the coordinates
of the corresponding projective point P = (x): they are the components of the
vector x in a fixed F-basis of V, up to a non-zero scalar multiple. They are
called homogeneous coordinates and we will denote them by (zg,z1,...,2,).

A hyperplane W in PG(n, ) corresponds to a vector hyperplane W and then it
is the set of points whose homogeneus coordinates (zo, ..., z,) satisfy a linear
equation agxg+a1x1 +. ..+ a,x, = 0. In the same way, a k-space Sy, is the set
of points whose homogeneous coordinates (xg, 21, . . ., x,) satisfy the equations
A(xg,x1,...,2,)" = 0, where A is an (n—k) X (n+1) matrix of rank n—k over F.

Let PG(V) be the projective space underlying the vector space V, an automor-
phism of its incidence geometry is called more properly collineation.
It is straightforward to see that the map

(2o, .., x,) EF" s A(xf, ..., 29) € BT

with A a non-singular (n 4+ 1) X (n + 1)-matrix and o a field automorphism
of F, induces a collineation of PG(n,[F). We can denote this collineation by
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(A,0). The set of these maps is denoted by PI'L(n + 1,F). The fundamen-
tal theorem of projective geometry states that every collineation of PG(n,F),
n > 2, arises from a non-singular matrix and a field automorphism as before.
The collineations (A4,1id), with A € GL(n + 1,F) are called projectivities. The
group of all projectivities of PG(n,F) is denoted by PGL(n + 1,F). Cleary, in
PG(1,F) every bijection of the points gives rise to a collineation. Hence, the
group PT'L(2,F) in general is not the full collineation group.

Two subsets 57 and Sy of PG(n,F) are called PI'L-equivalent ( resp. PGL-
equivalent) if and only if there exists a collineation ( resp. a projectivity) such

that a(S;) = Ss.

A projective space is finite if the underlying field is finite. So, if I, is the finite
field of order ¢, with ¢ a prime power, we can consider the finite projective
space PG(n,F,) that will generally be denoted by PG(n,q). The integer ¢ is
called order of the projective space.

Probably, the best known finite projective space is the projective plane PG(2, 2),
it is called the Fano plane.

Since a finite projective space is linked to a finite vector space, we can easily
count the number of subspaces of a certain dimension in PG(n,q) using the
Gaussian coefficient

Definition 3.2.2. Let ¢ be a prime power, let a be a non-negative integer and
let 0 < b < a. The g-ary Gaussian coefficient of a and b is defined by

(¢°=1)(g"~1=1)-(q—1)

(@ =D =1-(q* " =1) s
ﬂ - b (3.2.2)
bj, 1 otherwise.

So, the number of k-dimensional subspaces in PG(n, q) equals [Ziﬂ , i.e. the
q

number of subspaces with vector dimension k+1 in the vector space V(n+1, q),
while the number of a k-dimensional spaces through a fixed t-dimensional
space, 0 <t < k in PG(n,q) is ["_t} Moreover, we will indicate the number

k—t q'
[“ﬂq by the symbol 6, ,.

Finally, let S,, be a subspace of dimension m, m < n — 2; of PG(n,q) and
consider the incidence geometry whose points are the (m + 1)-dimensional
subspaces containing S,, and whose lines are the (m+2)-dimensional subspaces
containing S,,. The incidence relation is induced by the incidence of PG(n, ¢q).
This incidence geometry is called the quotient geometry of PG(n, q) w.r.t. Sp,.
It is denoted by PG(n,q)/S,, and it is easy to show that it is isomorphic to
PG(n —m —1,q), [9].
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3.2.1 Reguli and (partial) spreads

In this subsection we will introduce two remarkable substructures in finite
projective spaces: reguli and (partial) spreads. So, let PG(n, q) be a projective
space over the finite field F,. We call a set S of subspaces of PG(n,q) skew
if no two distinct subspaces of S have a point in common. We also speak of
skew subspaces.

So, let § be a set of skew subspaces, a line is called a transversal of S if it
meets each subspace of S exactly in one point.

Lemma 3.2.3. Let P = PG(V) be an n-dimensional projective space. Let Iy
and ly be two skew lines, and denote by P a point outside I, and l. Then there
is at most one transversal of Iy and ly through P. If n = 3 then there is exactly
one transversal of Iy and ly through P.

Proof. Assume that there are two transversals g; and g, through P. Then each
of these transversals meets the lines [; and [ in different points. So ¢; and
g2 span a plane, which contains the two skew lines [; and [y, a contradiction.
Now suppose that P is a 3-dimensional. Then, by (3.2.1), the plane (P,[;)
must intersect the line /5 in some point (). Thereforem the line P(Q) intersects
[y and l5. Hence it is a transversal of [; and [5. O

Now, let P = PG(3,¢q) be the 3-dimensional projective space of order ¢q. A
nonempty skew set R of lines of IP is called regulus if the following are true:

a) through each point of each line of R there is a transversal of R,
b) through each point of a transversal of R there is a line of R.

Note that if we consider the set R’ of all transversals of a regulus R again
form a regulus, we call it opposite requlus of R.

I

NN NN

\\\R
MNEANANEN
NN S

Figure 3.2: A regulus R and its opposite regulus R'.
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Clearly, since P is finite then any regulus consists of exactly ¢ + 1 lines. In
particular, it is possible to show that if [;, I and I3 are three skew lines of P,
then there is exactly one regulus through [y, I and I3 in P, [9, Section 2.4].
Now, consider a skew set of t-spaces in PG(n, q). It is called partial t-spread. 1f
a partial t-spread cannot be extended to a larger one, then it is called maximal.
A partial t-spread is called t-spread if it covers all points of PG(n, q).

For the sake of completeness, we will report a result of Segre about the existence
of a spread in a finite projective space, [103]. The proof that we propose here
is in [65, Section 4].

Theorem 3.2.4. Let PG(n,q) be the n-dimensional projetive space over IF,,.
There exists a t-spread S of PG(n, q) if and only if t + 1 divides n + 1.

Proof. 1f there exists a spread S, then the number of points in PG(¢, ¢) divides
the number of points in PG(n, q) that is

Ong ¢t —1

th B qH_l_]-'

)

It is an integer if and only if ¢ + 1 divides n + 1. Now, let s be an integer such
that
n+1l=(t+1)(s+1). (3.2.3)

Consider the finite field F+1 and let f(x) be an irreducible polynomial of
degree t + 1 over F, and let o be a root of f(z) in Fy+1, then every element
p € Fy1 can be written as

B=xy+x10+ ...+ 20"

where z; € F,, for all j € {0,1,...,t}. So, if we take the s + 1 elements
Bo, -, Bs € Fger1, they can be written as

t
6i:l‘io+lii104+...+xit()é

where ¢ € {0,1,...,s}. The n + 1 elements z;; in F,, say in lexicographical
order, can be interpreted as homogeneous coordinates of a point in PG(n, q).
Thus each point of PG(n, q) is given by an (s+1)-ple (5o, . .., ;) of elements of

Fe"". Let Y0, - --,7s be any elements, not all zero, of F+1. Then the equations

Biv = Bjvi (3.2.4)

for i € {0,1,...,s} and j € {0,1,...,t}, define a t-dimensional space S; in
PG(n,q). In fact, the equations (3.2.4) give s(t + 1) linearly independent
equations in the x;; and so define a subspace of dimension n — s(t + 1) = t.
Each (s + 1)-ple v = (70, . .., 7s) corresponds to a point P(y) in PG(s, ¢"™!).



The Erdés-Ko-Rado problem in finite projective spaces 54

As P(v) varies in PG(s,¢"™), so S; varies through a partition of PG(n,q).

Indeed, since PG(s,q"™!) contains [ST} .., boints, by 3.2.3, we obtain this
q

number of ¢-dimensional spaces. Thus the number of points in all these spaces
is
Os,qt+1 - Orq = Onyg

exactly the number of points in PG(n, ¢) and every point is in some Sy, so two
spaces S; cannot intersect. Hence, the set S of these ¢t-dimensional spaces form
a partition of PG(n,q) . m

Maximal (partial) t-spreads have been the subject of much research. Especially,
the maximal partial line spreads in PG(3, ¢) have received a lot of attention,
see for example [60] and [61]. In [3] and [103], it is shown that the study of
t-spreads in PG(2t + 1, q) is equivalent to the study of finite translation planes
and their strict relation to the finite quasifields is explored. In [42], some
bounds on the size of (partial) ¢-spreads are summarized. Moreover, relevant
survey papers are [82] and [88].

3.3 The Erdos-Ko-Rado problem in finite
projective spaces

As we mentioned before, the EKR problem, originated in set theory, can be
generalized in a natural way to many other structures.

Here, we will focalise on its current state-of-the-art in the finite projective
spaces to better understand the work that we will present in Chapter 4. In
the latter setting and in the vector space setting, this problem is known as the
q-analogue of the Erdos-Ko-Rado problem.

In general, by the term g-analogue, one refers to a mathematical expression
parameterized by a quantity ¢ that generalizes a known expression and may
reduce to the original one in the limit for ¢ — 1. For istance, the formula in
(3.2.2) is often called the g-analogue binomial coefficient, but also in other con-
texts, expressions as factorial, Fibonacci numbers and others have an equiv-
alent g-analogue. Often, this term goes on to designate problems in many
different combinatorial structures as we shall see.

Now, let ¢ be a prime power and let PG(n,q) be the n-dimensional projec-
tive space of order ¢. Clearly, results on families of vector spaces pairwise
intersecting in at least a vector space with fixed dimension can be interpreted
in projective spaces, and vice versa, so we prefer to state all the results in a
geometric setting.

In this context, in PG(n, ¢) an Erdés-Ko-Rado set is a family of k-dimensional
subspaces, in short k-spaces, such that they are pairwise no skew. We will
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denote it by EKR(k,n). In 1975, Hsieh proved the g-analogue for Theorem
3.1.1, [67]. We will report a slight improvement that combines the results due
to Frankl and Wilson with Tanaka’s.

Theorem 3.3.1 ([45], Theorem 1 and [110], Theorem 3). Let k and t be
integers, with 0 < t < k. Let § be a set of k-spaces in PG(n,q), pairwise
intersecting in at least a t-space.

(i) If n > 2k+1, then |S| < {Z:ﬂ . Equality holds if and only if S is the set
q

of all the k-spaces, containing a fized t-space of PG(n,q), orn =2k +1
and S is the set of all the k-spaces in a fized (2k — t)-space.

(ii) If 2k —t < n < 2k, then |S| < {Qk]::rl}q. Equality holds if and only if S
is the set of all the k-spaces in a fixed (2k — t)-space.

In the theorem above, if we set ¢ = 0, we obtain

Corollary 3.3.2. Let S be an EKR(k,n) set in PG(n,q). If n > 2k + 1,
then |S| < m . Fquality holds if and only if S is the set of all the k-spaces,
q

containing a fized point of PG(n,q), orn =2k + 1 and S is the set of all the
k-spaces in a fized hyperplane.

Note that in Theorem 3.3.1 the condition n > 2k —t is not a restriction, since
any pair of k-dimensional subspaces in PG(n, q), with n < 2k — ¢, meets in at
least a t-dimensional subspace.

Furthermore, it is clear that new families of any size below the size of the
largest example can be found by deleting elements from it and so we are fo-
cused on maximal families, these are sets of k-spaces pairwise intersecting in
at least a t-space, not extendable to larger families with the same property.
Clearly, maximal families of this sort may have different sizes and so that we
can refer to the first, the second, etc. largest example.

Related to this question, we report the g-analogue of the Hilton-Milner result
on the second-largest maximal Erdds-Ko-Rado sets of subspaces in a finite
projective space, due to Blokhuis et al. Also here, in the context of projective
spaces, a set of subspaces through a fixed t-space will be called a t-pencil, a
point-pencil if t = 0 and a line-pencil if t = 1.

Theorem 3.3.3 ([11] Theorem 1.3, Proposition 3.4). Let S be a mazimal
EKR(k,n) set in PG(n,q), withn >2k+2, k> 2 and ¢ > 3 (orn > 2k + 4,
k>2and q=2). If S is not a point-pencil, then

n n—k—1
|S| < [ ] _qk(k+1)[ ] _‘_qk+1.
k q k q

Moreover, if equality holds, then
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(1) either S consists of all the k-spaces through a fized point P, meeting a
fized (k+1)-space T, with P € T, in a j-space, j > 1, and all the k-spaces
mT,

(7i) or else k =2 and S is the set of all the planes meeting a fized plane ©
in at least a line.

Regarding the EKR problem for £ = 1 has been solved completely. Indeed, in
PG(n,q) with n > 3, a maximal EKR(1,n) set is either the set of all the lines
through a fixed point or the set of all the lines contained in a fixed plane. It is
possible to generalize this result for a maximal family S of k-spaces, pairwise
intersecting in a (k — 1)-space, in a projective space PG(n,q), n > k + 2.

Theorem 3.3.4 ([15], Section 9.3). Let S be a set of projective k-spaces,
pairwise intersecting in a (k — 1)-space in PG(n,q), n > k + 2, then all the
k-spaces of S go through a fized (k — 1)-space or they are contained in a fized
(k + 1)-space.

Not only the largest examples of EKR sets are studied. Indeed, Mussche
considered small Erdds-Ko-Rado sets and obtained the following

Theorem 3.3.5 ([95], Theorem 2.45). If k is a prime power, a mazimal
EKR (k) set of size k* + k + 1 exists in PG(n,q),n > k* + k.

Note that the size of the EKR set is independent by ¢ and, even if not men-
tioned in the original paper, the hypothesis about n is necessary for the proof.

Also the EKR problem for sets of projective planes was analysed. By Grassman
identity, it is trivial if n < 4. For n = 5, Blokhuis, Brouwer and Szonyi
classified the six largest examples, finding the following

Theorem 3.3.6 ([12], Section 6). Let S be a mazimal EKR set of planes in
the projective space PG(5,q), with |S| > 3¢* + 3¢® + 2¢> + ¢ + 1. Then one of
the following cases occurs.

a) |S| = m and S is the set of planes through a fixed point P or the set of
q
planes in a 4-space T.

b) |S| =1+ q(¢®>+q+1)? and S is one of the following: the set of planes
intersecting a fixed plane m in at least a line, the set of planes that either
are contained in a 3-space o or else intersect o in a line through a fixed
point P € o, or the set of planes such that either pass through a fized
line [ or else are in a 4-space | C T and intersect | in a point.

¢) |8 =3¢"+3¢+2¢>+q+1 and S is the set of all planes that intersect
7w in a line through P, all planes in T that intersect w in a line, and all
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planes through P in 7, with P a point, m a plane and T a 4-space such
that Pem CT.

In [27], M. De Boeck investigated the maximal EKR(2,n) sets in PG(n,q)
with n > 5. He characterized maximal EKR(2,n) sets with sufficiently large
size and showed that they belong to one of the 11 known examples, explicitly
described in his work. More precisly,

Theorem 3.3.7 ([27], Theorem 3.1). Let S be a mazimal EKR set of planes in
a projective space PG(n,q),n > 5. Let p be the subspace of PG(n,q) generated
by the elements of S. If dim(p) > 6, then S belongs to one of 11 known types
of maximal EKR sets.

The largest among these known types of maximal EKR sets, the point-pencil,

contains {”] elements, while the smallest one contains 7 elements. A classifi-
q

2
cation result for large maximal Erdés-Ko-Rado sets of planes follows.

Theorem 3.3.8 ([12] Section 6 and [27] Theorem 4.6). Let S be a mazimal
EKR set of planes in a projective space PG(n,q), n > 5, such that

S| >3¢* +3¢° +2¢* +q+ 1.

i) If 5 <n <6, then S belongs to one of 6 known types of maximal EKR
sets.

it) Ifn > 17, then S belongs to one of 10 known types of mazimal EKR sets.

Again, each of the types mentioned in the theorem above is explicitly described
in [27].

The tecniques used in all these papers besides being purely combinatory, in-
volve the matrix calculation, as in [12] and in [26], or the properties of Grass-
mann graph. It is the graph with vertices the k-spaces in PG(n,q) and such
that two vertices are adjacent if the corresponding k-spaces meet in a (k — 1)-
space.

Finally in [21], as in the set case, Chowdhury and Patkos studied the g-analogue
of EKR problem for r-wise intersecting k-spaces in the projective spaces set-
ting.



Maximal sets of k-spaces
pairwise intersecting in at least
a (k — 2)-space

,Beauty is truth, truth beauty, - that is all
Ye know on earth, and all ye need to know.“

JOHN KEATS, Ode on a Grecian Urn, 49-50.

In this chapter, as natural step further with respect to the work of Eisfeld [39]
and to the classification of EKR/(2,n) due to M. Boeck [27], we investigate sets
of k-spaces in PG(n, q) pairwise intersecting in at least a (k — 2)-space.

First, in Section 4.1, we analyze the sets of solids in PG(n,q), n > 5, such
that every two solids intersect in at least a line, dividing the discussion on
the existence or otherwise of some particular configurations of solids in those
family and we give an overview of the largest examples of these sets.

Then, in Section 4.2, we generalize these results for sets of k-spaces, k > 3,
pairwise intersecting in at least a (k — 2)-dimensional subspace in PG(n,q)
with n > k + 2. Again, we discuss the largest examples giving some upper
bounds on the size of these relevant families.

In both cases, we assume that all the elements in such a family do not have a
point or a (k — 3)-space in common, respectively, otherwise we can investigate
the quotient space with respect to the common space and refer to [27]. Fur-
thermore, we will suppose that these sets of subspaces are maximal.

Finally, since we will give upper bounds on the size of the largest examples,
we will indicate the order of such families of k-spaces in PG(n, q), for ¢ very

large, using the big O notation and we will write m, for m and 0, for 0, , if
q

the field size ¢ is clear from the context.

So, let S be a set of k-spaces with the properties described above. As we
mentioned before, in our arguments we distinguish between two cases, de-
pending on whether there exists a configuration or not in S.

More precisely, three k-spaces A, B and C in PG(n,q), n > k + 2, form a
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configuration if they have no (k — 3)-space in common.

Note that every two k-spaces of S in a configuration meet in a (k — 2)-space
and that for k = 3, three solids A, B,C form a configuration if and only if
ANBNC=0.

C

Figure 4.1: A three k-spaces configuration in S.

4.1 Solids pairwise intersecting in at least a
line

Let S be a maximal set of solids pairwise intersecting in at least a line in the
projective space PG(n, q), with n > 5, and we suppose that there is no point
contained in all the solids of S. Note that the set of all the solids in a fixed
b-space is an example of a maximal set of solids pairwise intersecting in at
least a line, with size m = O(q®). Therefore we assume that the set S of
solids spans at least a 6-space.

Now we will split our investigation: in the following subsection we suppose
that the set S of solids contains a configuration formed by the solids A, B, C'
and we show in Lemma 4.1.1 that the solids not contaied in (A, B) meet the
latter space in a plane. Then we consider the space a generated by the planes
arising as such an intersection, and we discuss properties of the set S of solids

depending on the dimension of «.
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4.1.1 There is a configuration

Suppose that there exist three solids A, B and C' in S that form a configuration,
with AN B =g, ANC =lsc, BNC =lgc. Note that <A, B> = (B,C> =
(A, C). Since S spans at least a 6-space, let {D; | i € I} be the family of the
solids of S not contained in (A, B), where I is a certain set of indices. We
start with the following

Lemma 4.1.1. Let § be a maximal set of solids pairwise intersecting in at
least a line. If there exists a configuration of solids A, B,C in S, then a solid
of S not in (A, B) intersects lag,lac and lpc in a point.

Proof. Consider a solid E € § not in (A, B). We show that E intersects l4p
exactly in a point. The arguments for [, and lgc are similar.

Suppose first that E contains the line [45. The solid E also has at least a line
[ in common with C. As l4g Nl =0, and [ and 45 span E, we have that F
lies in (A, C') = (A, B). This contradicts the hypothesis. Suppose now that E
is disjoint from l45. Then F contains a line of A and a line of B which are
disjoint. Again, this implies that E is spanned by these two lines and lies in
(A, B). Hence, a solid of S not in (A, B), intersects [4p5 in a point. O

Note that there is no transversal line to the lines lsp,lpc and [4c as these
lines span a 5-space. This implies, by Lemma 4.1.1, that all the solids D;
not in (4, B), meet (A, B) in a plane. To make our discussion easier, for the
remainder of this section we will work under the following assumption:

(0) There are three solids A, B and C' in S such that they form a configura-
tion and « is the span of all the planes D} = D; N (A, B), with i € I.

Now, we distinguish between several cases depending on the dimension of .

4.1.1.1 « is a plane

In this case we note that Vi € I, D = «, so all the solids in S, not in (A, B),
meet (A, B) in the plane .

A solid in (A, B) NS needs to have at least a line in common with every D
not in (A, B). This implies that every solid of S in (A, B) meets « in at least
a line. By the Grassmann identity, every two solids in (A, B) meet in at least
a line.

If n is the dimension of the ambient projective space, we have at most 6,,_3 —
0y = O(g"3) solids in S outside of (A, B); this is the number of solids through
a in PG(n, q) excluded those in (A, B), and at most 6 - ([ﬂ —82) +0y = O(q%)
solids of § in (A, B), where the first term is the number of solids that have
exactly a line in common with « and the second one, the number of solids
through « in (A, B).
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lac lsc

c

Figure 4.2: There is a configuration in § and dim(«) = 2

4.1.1.2 « is a solid

For every i € I, the plane D} is spanned by three points of the three lines
lap,lac and e respectively. Hence we can suppose that « is spanned by l45
and two points Pyc, Ppe of lac, lgc respectively. Note that all the solids D;
have a plane in common with a and contain the line P4cPpgc, so all the solids
not in (A, B) already intersect in a line inside (A, B). We will show that all
the solids of S in (A, B) have a plane in common with « or contain PycPpc.
To remark that S can contain the solid «, as PyscPpc C a.

Proposition 4.1.2. Under the assumption (o), and if dim(a) = 3, all the
solids of S in (A, B) have a plane in common with « or contain the line

PacPpc.

Proof. Consider a solid E of S in (A, B), not having a plane in common with
a. As E needs to contain a line of every plane D., E needs to contain the line
PicPpe. O

In this case, the number of solids of S outside of (A, B) is at most 6; <¢9n_3 —

02) = 0(¢"?), where 6, is the number of the planes D! through the line
PscPpe in «, times the number of solids, through a plane in «, not contained
in (A, B).

While, there are at most [;1 - (6’3 — 01) (02 — 1): O(q°) solids of S in (A, B),

where the first term B‘} is the number of solids (the solid « included) through

the line PycPpc in (A, B) and the second one, the number of solids in (A, B)
that meet o in a plane not through the line PscPge.
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4.1.1.3 « is a 4-space

By Lemma 4.1.1, we can suppose that « = (Pag,lac,lpc) with Pap a point
on lap. Note that there exist solids D;, D;, with 7,5 € I, such that their
intersections D; and D} with o, meet in a point. Indeed, by Theorem 3.3.4, if
all the planes D} would pairwise intersect in a line, then these planes lie in a
fixed solid or contain a fixed line. Both possibilities contradict this case where
a is a 4-space. Moreover, if D; N D} is a point, then the corresponding solids
D; and D; also need to intersect outside of (A, B).

Now, let £ be the set of lines D; N C, i € I, and we discuss the construction
of the solids in (A, B).

lac

Figure 4.3: There is a configuration in S and dim(«) =4

Proposition 4.1.3. Under the assumption (o) and if dim(«) = 4, a solid of
S in (A, B) either

i) is contained in o, or
it) contains Pap and a line r of C, intersecting all the lines of L.

Proof. Case 1. Suppose that F is a solid of S in (A, B), not containing Pup.
As FE needs to contain at least a line of every plane D}, E contains at least a
point of every line in the planes D). This implies that E contains lines ly, [
in the planes (Pag,lac) and (Pagp,lpc) respectively. Remark that {4 and g
lie in «, are disjoint and span E. This implies that £ C «, so this is the first
possibility in the statement. Remark that if £ C «, then E intersects all the
planes D) in at least a line.

Case 2. So, now we can suppose that E contains the point P4p and intersects
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« in a plane v. The plane ~ is the span of P4p and the line r = yNC. As
E N D; is at least a line of the plane D! for every i € I, and since every two
lines in a plane meet, we have that r has to intersect all the lines of £. Hence
we find the second possibility. O

Then, we distinguish two cases to analyze, given a solid of S in (A4, B), not in
«, the possibilities for the line r of the point i) in the previous proposition,
depending on the structure of L.

Case 4.1. There is a line | € £ that intersects all the lines of £

Note that there cannot be two lines in £ intersecting all the lines of L, as
otherwise all the lines of £ lie in a plane or go through a fixed point in C.
This gives a contradiction as all the lines of £ span C' and at least two points
of both l4p and lgc are covered by the lines of L.

Let P4y =1Nlsc and Pg = [ Nlipgc. Since every line m # [ of L intersects the
lines lsc,lpc and [, then follows that m contains the point P, or the point
Pg. As a consequence of the Proposition 4.1.3, we have that a solid of § in
(A, B), not contained in «, goes through P4p and it meets C in a line r of the
plane (Pg,l4c) through P4 or in a line of (P4, lpc) through Pp.

Now, for every plane D! different from (I, P4g), there are at most 0, — 0; = ¢
ways to extend this plane to a solid D; as this solid also has to meet several
solids of S outside of (A, B). As the plane (I, P4g) already meets all the planes
D! in a line in (A, B), there are 6,,_3 — 0y = O(¢" ) ways to extend (I, P4p)
to a solid not in (A, B). For the solids inside (A, B), there are 6, solids in «,
and at most (2¢q + 1)(92 - 01) solids of the second type in the statement of
Proposition 4.1.3, not contained in a. The first factor of this last counting is
the number of planes (Pag, m) in (A, B), with m a line in (Pg,lsc) through
P4 or aline in (P4, lpc) through Pg. The second factor is the number of ways
to extend this plane to a solid not contained in «.

In total, we have at most 2¢ - g% + 1-¢30,_¢ + 04 + (2¢ + 1)g? = O(gmax{n=34})
solids in S.

Case 4.2. For every line in £, there exists another line in £ disjoint
to the given line

Depending on the structure of the set £ of lines, as in the subsection before,
we discuss the construction of the solids in (A, B) not contained in a. We have
different possibilities for the line r of C' from Proposition 4.1.3:

i) Suppose there are three pairwise disjoint lines in £, then these lines are
part of a unique regulus R.
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a)

b)

If £ is contained in R, then |£| < ¢+1 and r is a line of the opposite
regulus R¢. Hence there are ¢ + 1 possibilities for 7.

If £ is not contained in R, then there are at most two lines, namely
lac and lge, in R, intersecting all the lines of £. Let | € L\ R.
If there was a third line » meeting all lines of £, then r € R¢. But
then there would be three lines, namely r, 4o and [p¢c, in R¢, all
of them intersecting [. Hence [ also has to lie in R, a contradiction.
In this case there are at most 2 possibilities for r and |£]| < (¢+1)2.

i1) Suppose there are no three pairwise disjoint lines in £. In this case we
can prove the following lemma.

Lemma 4.1.4. The set L is contained in the union of two point-pencils
such that their vertices are contained either in lgc or in lac.

Proof. we can suppose that £ contains at least two disjoint lines [y, Is,
since the lines of £ span the solid C. Let P, = l4c N{; and Q; = lgc N;
for « = 1,2. Now, we shall distinguish various cases depending on the
size of L:

- If |[£] = 2, clearly £ is contained in the union of the point-pencils

through P, and P; or equivalently through @1 and @-.

If |£] = 3, let I3 be the line of £\ {l1,ls}. Then I3 contains at least
one of the points Py, P», @1, Q2 (w.l.o.g. P;). Again we find that £
is contained in the union of the point-pencils through P; and Ps.
Note that since for every line in £, there exists another line in £
disjoint from it, I3 cannot be the line P;(Q)-.

If [£] =4, let I3 # 4 be the lines of £\ {l1,l2}. Then I3 and I, both
contain at least one of the points P, Py, 1, Q2. W.lo.g. we can
suppose that [3 contains the point P,. Now, if I3 = P1(Q), [ must
contain P, or ()1 as otherwise either [y, [y and I, are three pairwise
disjoint lines or there exists a line (I3) that meets all the other ones.
So, we find that £ is contained in the union of the point-pencils
through P1 and PQ or thI‘OUgh Ql and QQ. If l3 7é PlQQ, then l4
must contain P;,P; or ()2 as otherwise either Iy, I3 and [4 are three
pairwise disjoint lines. So, we obtain the lemma statement. Note
explicitly that Iy # P;()s . As otherwise I4 meets all lines [;, ¢ < 4.

If [£| > 5, let I3 be a line of L\ {ly,ls, PiQ2, P2Q1}. Then I3 contains
one of the points P, Py, Q)1,Q2. W.l.o.g. we can suppose that I3
contains the point P. If £ = {ly,1s, 13, PiQ2, PyQ1} or if £ only
contains lines through P; and the lines Iy, P,(Q1 then L is contained
in the point-pencils through P, and P,. Now, we can suppose that
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L\ Al o, PiQo, P,Q1} also contains a line [y not through P;. As
L contains no three pairwise disjoint lines, [, contains the point P,
or Q3 (wlo.g. P). Every other line of £ must contain P, or P,
and hence we find again that £ is contained in the union of the
point-pencils through P, and Ps.

]

By using the notations in the lemma above, since £ contains no 3 pairwise
disjoint line, every line ly € £\ {l1, 2} contains at least one of the points
Py, Py, QQ1,0Q2 . From Lemma 4.1.4 we find the following possibilities for
the set L:

a) if £ only contains two lines [y, ls, then [; and [y are disjoint and we
find (¢ + 1)? possibilities for r, as every such line is defined by a
point of /; and a point of [s.

b) if L contains at least 3 elements and is contained in the union of a
line [y and a point-pencil through a point P then |£| < ¢+ 2. Let
Py =1lyNlac, Qo = lp Nipc and suppose w.l.o.g. that P € [4c. A
line r that meets all lines of L is a line that contains P and a point
of lp or is a line that contains )y and lies in the plane (P,lpc).
Hence there are at most 2¢q + 1 possibilities for the line r.

c) if £ contains at least 3 elements and is contained in the union of two
point-pencils through the points P and () respectively such that £
contains at least two lines through P and at least two lines through
Q. Then |£]| < 2(¢+1). A line r that meets all lines of £ is the
line [ 4¢, the line Ig¢ or the line PQ if PQ # lac, Igc and PQ & L.
Hence there are at most 3 possibilities for the line r.

For every plane D, with i € I, there are at most m — ﬂ

= ¢* ways to extend
the plane to a solid D;, as this solid also has to meet several solids of S outside
of (A, B). And since the number of planes D) equals the number of lines in L,
there are at most (¢ +1)-¢% (¢+1)?-¢%2-¢% (¢ +2) - ¢*,2(q + 1) - ¢* solids
outside of (A, B), respectively, dependent on the four cases above.

For the solids inside (A, B), there are 0, solids in o and (q+1)-¢%, 2-¢%, (¢+1)?-
7, (2¢+1)-¢% 3-¢* solids of the second type of Proposition 4.1.3, respectively.
We find these numbers by multiplying the number of possibilities for the line
r and the number ¢* of 3-spaces through a plane in (A4, B), not contained in
a. So in total we have at most 04 + (¢> + 2q + 3) - ¢> = O(2¢*) solids, using
case ib) or iia).
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4.1.1.4 « is a 5-space

We start with a lemma that will often be used in this subsection.

Lemma 4.1.5. Under the assumption (¢), every two planes D; and D share
a point on lag, lac or lpc.

Proof. Consider two solids D; and D, in S, with corresponding planes D] and
D’ in (A, B). Since D; and D; meet in at least a line, Dj and D} have to meet
in at least a point. If D and D’ do not meet in a point of lag, lac or lpc,
then these planes define 6 different intersection points P, ..., FPs on the lines
lAB, lAC and ch. As <D;, D;) = <P1, ey P6> = <lAB, lAC, ch'>, we find that
D! and D; span a b5-space, so these planes are disjoint, a contradiction. O

If a is a 5-space, we distinguish two cases, depending on the planes D =
D;N(A,B),i€l.

Lemma 4.1.6. Under the assumption (¢), if dim(«) = 5, we have one of the
following possibilities for the planes D.:

i) There are four possibilities for the planes D}: (Py, Ps, Py), (Py, Py, Ps),
<P2,P4,P6> and<P2,P3,P5>, wherePl,PQ € ZAB,Pg,P4 € lBC andP5,P6 c
Lac.

i1) There are three points P € lap,Q € lpc and R € lac so that every plane
D. contains at least two of the three points in the set {P,Q, R}.

Proof. We prove the Lemma by construction and we start with a plane, we
say D}, intersecting l4p,lpc and l4¢ in the points P, Q) and R’ respectively.
Case (a): There exists a plane D)y such that Dy N DY is a point (w.l.o.g. P,
see Lemma 4.1.5) and let D5 Nipe be Q' and Dy Nilac be R. In this case we
know that there exists a third plane D} intersecting l4p in a point P’ different
from P (as dim(a) = 5). Then D) needs at least a point of D and D]. This
implies that Dj contains @ and R or Q" and R’ (w.l.o.g. @ and R) by Lemma
4.1.5. Now there are two possibilities:

i) There exists a plane D) = (P’,Q’, R'), and then, by construction, we
cannot add another plane D;. (In the formulation of the lemma P =
P17P,:P27Q:P37Q,:P47R:P57R,:P6')

i1) There exists no plane D) = (P’,Q’', R'), then, by construction, we see
that all the planes need to contain at least two of the three points P, ), R
by Lemma 4.1.5.

Case (b): all the planes D} intersect pairwise in a line. Then all these planes
have to lie in a solid (contradiction since they span a five-space) or they go
through a fixed line [. In this last case, [ cannot be one of the lines [ 45, lac, [Bc
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and also, | cannot intersect one of these lines, as otherwise all the planes D;
would contain the intersection point of this line and [ (which gives a contra-
diction since dim(a) = 5). Consider now the disjoint lines [ and l45. Then
all the planes D} would contain [ and a point of [4p, but this implies that
dim(or) = 3 which also gives a contradiction. We conclude that this case
cannot happen. O

Case 5.1. There are four intersections D;.

In this situation, we can show that the only solids of S in (A, B) are A, B and
C.

Figure 4.4: There is a configuration in § and dim(«) =5

Proposition 4.1.7. Under the assumption (o), and if dim(a) = 5, the only
solids of S in (A, B) are A, B and C.

Proof. Let Py, ..., Ps be as in the first case of Lemma 4.1.6 (the intersection
points of D;N(A, B) with the lines l45, lac, lpc), and let E be a solid in (A, B)
different from A, B,C. The solid FE cannot contain all the points P,..., Ps,
by its dimension, so we can suppose that P, ¢ E. As E has a line in common
with every plane D), E has at least a point in common with every line of
these planes D.. This implies that £ has at least a point in common with
P, P3, P, Py, P, P5, P, Ps or equivalently, a line [4 in common with (P, l4¢) and
a line [ in common with (Py,lpc). If l4 = lac and lp = lpc, then E = C, so
we can suppose that [4 # [4c. We show that in this case P, € F.

If P, ¢ E, then E also contains a point of Py Py, PoPy, PyPs, PyPs. Asla # lac,
E contains at least a plane of A. But then E contains precisely a line (g of
B, since E is three-dimensional. This line lg is disjoint to A as it has to
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intersect the lines P, Ps, P, P;, and P, Ps, P, P, in points different from P, and
P, respectively, and hence lies in the plane (P, lgc) and in the plane (P, lgc).
This gives that [g = lgc, and so, this line in £ would be disjoint from A.

As E contains a plane and a line that are skew, F has to be four-dimensional,
a contradiction, so P, € F.

Since E cannot contain Py, P, ..., Ps (by the dimension), we can suppose that
Py, Ps ¢ E. Then, by the previous arguments and symmetry, we know that
P, and Pj lie in E. In A, the solid E needs an extra point P of P FPs;. This
gives that E contains the plane v = (P, Py, P5) of A. As E also needs at least
a point of each line P, Ps, P, Py, PsPs, Ps Py, E needs at least one extra line,
disjoint to . Again, this results a contradiction due to its dimension. O

There are 4 - (92 — 91> solids not in (A, B). This number follows since there

are 4 planes D} and two solids, intersecting (A, B) in different planes D;, have
to intersect outside of (A, B). There are only 3 solids, A, B,C in (A, B).

Case 5.2. Every plane D) contains at least two of the points P, Q, R.

Remark that in this situation we have at least the red, green and blue plane
(see Figure 4.5) as planes D;. In the following Proposition, we prove how the
solids in (A, B) lie with respect to the points P, Q, R.

Figure 4.5: There is a configuration in § and dim(«) =5

Proposition 4.1.8. Under the assumption (o), and if dim(o) = 5, all the
solids of § in (A, B), contain at least two of the points P,Q, R.
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Proof. Let E be a solid of S in (A, B), different from A, B and C. Suppose
P ¢ E, then we have to prove that E contains the points R and . We find
that E contains subspaces in A and B, intersecting the lines PR, PR', P'R
and PQ, PQ', P'Q, respectively (see Figure 4.5). Hence E meets A in a line
l4r through R and a point of PR’, or E has a plane 745 in common with A.
By symmetry F meets B in a line g through @ and a point of PQ’, or F
has a plane mgg in common with B.

a) If dim(AN E) = dim(B N E) = 2 then the planes m4p, mprp meet in a
point of [4p as they cannot contain the line l4p since P ¢ E. Hence E
contains two planes meeting in a point, which gives a contradiction since

dim(£) = 3.

b) If dim(ANE) =2and dim(BNE) =1 then mapNiap = lgpNiap. First
note that Igg Ni4p is not empty by dimension of E. Now, if magNiap #
Ipr Nlap, then lyp C E, which gives a contradiction as P ¢ E. Since

Ipg can only meet [4p in the point P we find a contradiction, again as
P¢FE.

Hence we know that E contains a line [4 C A through R and a line [ C B
through @), which proves the proposition. O
There are (3 -0, — 2) (92 — 91) solids not in (A, B) as two solids, intersecting
(A, B) in different planes, have to intersect outside of (A, B), and there are at
most 3-6; —2 planes D.. There are at most 6 + 3¢, solids in (A, B), namely

all the solids through the plane (P, @, R) and all solids precisely through two
of the three points P, @, R in (A, B).

We conclude this section by enunciating a result about the upper bound on
the size of the largest examples.

Proposition 4.1.9. In the projective space PG(n,q), with n > 5, let S be a
maximal set of solids pairwise intersecting in at least a line such that there is
no point contained in all the elements of S. Under the assumption (o),

i) if there are no solids outside of (A, B), then S is the set of solids in a
5-space and |S| = m.

i) if dim(a) = 2, then |S| < 63 + 92([;1 _ 92) _ O(gmexin=36}).
iid) if dim(a) = 3, then |S| < q*6,6, + [i] + ¢*6% = O(g(n-23)),
i) Let L={D;NC|ie I} and dim(a) =4

a) if there is a line | € L that meets all the lines of L, then



Solids pairwise intersecting in at least a line

70

S| < 0,3 + ¢*(q? + 5q + 1) = O(gmax{n=34}),

b) if for every line in L, there exists another line in L disjoint from

it, then

S| < 0+ ¢*(¢* + 2¢ + 3) = O(2q¢*).

v) if dim(a) =5, the size of S is at most

or at most

4> + 3 = O(4¢%)

(3¢ + 1)¢* + 05(3¢*> + 1) = O(3¢*)

depending on the fact that either there are four intersections for the
planes D or there exist three points P € lap,Q € lpc, R € lac such
that every plane D) contains at least two of these points P, Q and R.

dim(«) | Order of solids not in (4, B) | Order of solids in (4, B)

PG(5,q) / q°

2 qnf?) q6

3 qn—2 q5
Case 4.1.

4 qn—d ‘ q4

PG(n,q),n >5 7 Clase 4.‘2' 2
Case 5.1.

5 4q? \ 3
Case 5.2.

qu ‘ 3q4

Table 4.1: Upper bound on the order of the largest examples size in the case

there is a configuration.

4.1.2 There is no configuration

Now, in this subsection, we will work under the assumption:

(0¢) There is no configuration of solids in S.

As a direct consequence of (¢¢), we obtain the following result.

Corollary 4.1.10. Under the assumption (o), every three solids in S have
at least a point in common.
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We may assume that there exist two solids, A and B, meeting each other in a
line [ 4. Otherwise all the solids would pairwise meet each other in a plane in
which case the classification is known. We can also suppose that we have no
point or line contained in all the solids of S.

To investigate the structure of & under the assumption (¢¢), we divide the
discussion into two cases:

Case 1. There is a solid C intersecting lap in a point Po and intersecting
A and B in the lines lac and lpc (see Figure 4.6). Suppose there is another
solid D intersecting [4p in a point Pp different from Py and intersecting A in
the line l4p and B in at least a line. We know there is such a solid since not
all the solids go through Ps. As A, C, D have a point in common, [4c and [4p
have to intersect. Similarly in B, [gc and B N D have to intersect. Let Z be
the solid spanned by I, lac, lBc-

Figure 4.6: There is no configuration in §, Case 1. .

Proposition 4.1.11. If the assumption (oo) holds, all the solids in S have a
plane in common with Z.

Proof. 1t is easy to see that A, B, C, D have a plane in common with Z. Con-
sider now a solid E not through lsp, and through a point Pg # Pg of l4p.
Then E contains a point P, of ANC = l4¢, and a point P, of Ig¢, see Corol-
lary 4.1.10. This implies that E contains a plane (spanned by Pg, Pi, P5) of
7. Before we continue with a solid through the point Pc, we distinguish two
cases.

Suppose first that B N D is the line [zp. Then the argument also works for a
solid through the point P> and not containing [43, as here we can work with
the lines l4p and [gp instead of [4¢ and [gc respectively.
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If BN D is a plane, then we can remark that C'N D is a line and not a plane.
Otherwise, C' would contain a line of B N D which would imply that C' con-
tains a plane of B, which contradicts the assumption in Case 1. So here we
can follow the same argument by replacing B by C: then D intersects A and
C' in a line, not through Pg, to prove that the solid £ has a plane in common
with Z.

Consider now a solid F' through l45. If F' contains [s¢, then F' contains the
plane spanned by l45,lac in Z, so suppose that F' does not contain [4-. Then
we can use the same arguments as above where we replace B by C. O]

Remark 4.1.12. Note that Proposition 4.1.11 also works when there are four
solids X,Y, Z, T, such that

a) X,Y both intersect A in a line and these lines have different points in
common with l4p,

b) Z,T both intersect B in a line and these lines have different points in
common with [45.

Remark that the pairs XY and Z,T of solids are not necessarily disjoint.

There are 03 possibilities for the planes in Z, and through a plane, there are
0,,_3 solids, so there are at most 3 (Hn,g — 1) + 1= 0(g") solids in this case.

Case 2. FEvery solid, not through the line l4g, has a plane in common with A
or B. Remark that a solid, intersecting [4p in a point, cannot have a plane
in common with both A and B due to the dimension. By taking into account
Remark 4.1.12, there are only two subcases left.

CASE 2.1. All the solids not through the line l4ag have a plane in common with
A and a line in common with B. Remark that all these lines in B pairwise
intersect (Corollary 4.1.10), and so, lie in a plane A in B through l4p5. This
implies that all these solids, not through 43, lie in the 4-space Y spanned
by A and A. Consider now a solid C' through l45. Then, again by Corollary
4.1.10, C' has to contain at least a plane through [45 of Y. This follows since
all the solids not through [45 lie in Y and not all these solids meet [4p in the
same point.

So, we obtain that all the solids not through 45 lie in a fixed 4-space Y and
all the solids through 45 intersect Y in at least a plane.

There are 64 solids in Y and at most 6, - (Hn_g — 01) = O(¢" 1) solids through
lag, not in Y.

CASE 2.2. There is one solid C, not through lap, intersecting B in a plane
and A in a line, and all other solids not through lag intersect A in a plane
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and B in a line. All these lines in B lie in a plane A through [45 (by Corollary
4.1.10). We show that all the solids have a plane in common with the solid Z
spanned by A and the line C N A = [4¢.

Proposition 4.1.13. Under the assumption (¢¢), all the solids in S have a
plane in common with Z.

Proof. Since the solid Z is spanned by A C B and the line 40, we find that
the proposition holds for the solids A and B, and also for C since the plane
C' N B intersects A in at least a line. Consider a solid D # C, intersecting
lap in a point different from Pr = C'Nilsap. Remark that there exists such a
solid, as otherwise all the solids would contain the point Po. Note that DN A
is a plane in A, intersecting [4¢ in a point not contained in [4p, by Corollary
4.1.10, and BN D is a line in A, by the definition of A\. This implies that D
has at least a plane in common with 7.

Consider a solid F # C, D, containing Pg, but not through l45. By Corollary
4.1.10, E contains a point of D N B and since £ N A is a plane, £ N A has
to meet the plane Z N A in a line. This implies that F also has a plane in
common with Z.

Consider now a solid D through [45. We will show that D also intersects Z in
a plane. Suppose F is a solid not through [, and intersecting l45 in a point
different from Po. Remark that the solid E exists as otherwise all solids of &
would contain the point Ps. Since the line £ N C', disjoint from l4p, lies in Z
and D needs to have a point () in common with £NC by Corollary 4.1.10, we
see that D contains the plane (Q,lap) of Z. O

Remark 4.1.14. Note that if there exists another solid S, not through l45,
that meets [4p in Po and A in a line not in (l4¢,lap), then, by Proposition
4.1.13, we obtain two different solids Zo and Zg that have the plane A\ in
common and both meet all the solids of § in a plane. Hence the solids of S
have to go through A, or have to lie in the 4-space spanned by Zo and Zg.

Again, there are 03 possibilities for the planes in Z, and through a plane, there
are 0,,_s solids, so there are at most 3 <«9n_3 — 1) +1 = O(q™) solids in this case.

To conclude this section, we summarize the results obtained and we give an
overview of the largest examples of S.

Theorem 4.1.15. Let S be a mazimal set of solids pairwise intersecting in at
least a line such that there is no point contained in all the solids of S and let
A, B € S, intersecting in a line lag. Under the assumption (00), either

(1) there exists a solid Z such that all the solids of S have a plane in common
with Z, or
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(17) all the solids of S not through lap lie in a fived 4-space Y and all the
solids through lap intersect Y in at least a plane.

In particular, the size of S is at most either q030,_4 + 1 = O(q") or at most
04 + G020, _5 = O(q" ), respectively.

4.2 Generalization to k-spaces pairwise
intersecting in at least a (k — 2)-space

From now on, we generalize the previous results to £ > 3. As in Section 4.1, let
S be a maximal set of k-spaces pairwise intersecting in at least a (k — 2)-space
in the projective space PG(n, q) with n > k 4 2 and we suppose that there is
no point contained in all the k-spaces of S.

Note, again, that the set of all k-spaces in a fixed (k + 2)-space is an example
of a maximal set of k-spaces pairwise intersecting in at least a (k — 2)-space,
with size [k;ﬂ = O(¢?**?). Therefore we assume that S spans at least a
(k + 3)-space and we distinguish two cases depending on whether there is a
configuration or not in S.

4.2.1 There is a configuration

Suppose there exist three k-spaces A, B and C'in S that form a configuration.
Let AﬂB:WAB, AmC:WAc, BHCZWBc. Note that <A,B> = <B,C> =
(A, C) and, by Grassmann’s formula, AN BN C = mapc is a (k — 4)-space.
Since S is not contained in a (k + 2)-space, let {D; | ¢ € I} be the family of
the k-spaces of S not contained in (A, B), where [ is a certain set of indices.
In this section, by investigating the quotient space of mapc and using the
results for k = 3, it will become clear that we find several results for general
k. We first present a lemma that follows from the existence of a configuration

in S.

Lemma 4.2.1. If there exists a configuration of k-spaces A, B and C in S,
then a k-space of S not in (A, B) contains mapc and intersects mag, Tac and
o in a (k — 3)-space through mapc.

Proof. Consider a k-space E of S not in (A, B). Clearly
k—2<dimEN(AB)<k—1

If dim(EN(A, B)) = k—2, then this (k—2)-space has to lie in the (k—4)-space
Tapc, which gives a contradiction. So we can suppose that dim(EN (A, B)) =
k — 1. Moreover, E has to meet at least one of the three k-spaces, A, B or C'
in a (k — 2)-space, as otherwise E lies in (A, B), again a contradiction. Then,
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without loss of generality, we can suppose that dim(£ N C) = k — 2. Since
ENAand EN B are both contained in the (k — 1)-space £ N (A, B) and they
have at least dimension k — 2, ENmw4p has dimension at least k — 3. Similarly,
we have also that dim(E N7wac) > k — 3 and dim(E N 7wpc) > k — 3. These
last two inequalities imply that dim(ENmac N7pe) = dim(EN7wape) > k—4
as dim(E N (rac, mpc)) = dim(ENC) = k — 2. Since dim(mapc) = k — 4,
E contains mapc. By the investigation of the quotient space with respect to
magc and Lemma 4.1.1, we obtain the result. O

Again, by Lemma 4.2.1, all the k-spaces D; not contained in (A, B), intersect
(A,B) in a (k—1)-space D} = D;N (A, B). In the following discussion we will
work under the assumption:

(¢), There is a configuration of k-spaces A, B and C'in S, and « is the span
of all the (k — 1)-spaces D} = D; N (A, B), with i € I.

We distinguish between several cases depending on the dimension of a.

4.2.1.1 «is a (k— 1)-space

In this case we can remark that Vi € I, D; N (A, B) = «, so all the k-spaces
not in (A, B) meet (A4, B) in a.

A k-space of S in (A, B) needs to have at least a (k — 2)-space in common
with every D; not in (A, B). This implies that every k-space in (A, B) meets
a in at least a (k — 2)-space. The condition that every two k-spaces in (A, B)
meet in at least a (k — 2)-space is fulfilled by the dimension.

Let n be the dimension of the ambient projective space. Here, we have at most

{"_’1”1} — m = O(q" %) k-spaces of S outside of (A, B); this is the number
of k-spaces through a fixed (k — 1)-space a in PG(n,q) excluded those in
(A, B). There are at most m ¢*(¢*> + q + 1) k-spaces in (A, B) meeting in «

in a (k — 2)-space, and m k-spaces through « in (A, B). This implies that
S| < Oni + ¢*0p—105.

4.2.1.2 « is a k-space

As every D! (i € I), contains mapc and a (k — 3)-space through mapc in
TaB, Tac and mge respectively, we can suppose that « is spanned by w45 and
two points Pac, Pge of mac, mpe outside of mape respectively. Remark that
all the k-spaces D; have a (k — 1)-space D) in common with « and contain
(maBc, PacPgc), so all the k-spaces not in (A, B) already intersect in a (k—2)-
space inside (A, B). We will show that all the k-spaces of S in (A, B) have a
(k — 1)-space in common with a or contain (mapc, PacPso)-
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Proposition 4.2.2. Under assumption (o), all the k-spaces of S in (A, B)
have a (k — 1)-space in common with o or contain a N C' = (Tapc, PacPpo)-

Proof. Consider a k-space E of § in (A, B), not having a (k — 1)-space in
common with a. As F needs to contain a (k — 2)-space of every D! E needs
to contain <7TABC, PACPBC>- ]

Here we have at most m ([”‘f“} — m) = O(q" 1) k-spaces of S outside
of (A, B). This is the number of (k — 1)-spaces D} times the number of k-
spaces through a (k — 1)-space in PG(n, ¢) not contained in (A, B); and [ﬂ +

({’“{1} - m) ([ﬂ — 1) k-spaces of S in (A, B) where the first term is the number

of k-spaces through (mapc, PacPpc) whereas the second one, the number of
k-spaces that meet « in a (k — 1)-space not through (mapc, PacPsc).

4.2.1.3 «is a (k+ 1)-space

Again since every D) contains mapc and a (k — 3)-space through mapc in
Tap, Tac and mpe respectively, by Lemma 4.2.1 we can suppose that « is
spanned by mac, mge and a point Pap of map outside of mapc.

Proposition 4.2.3. Under assumption (o)., a k-space of S in (A, B) is con-
tained in « or contains Tapc, « NTap and a line in C'\ Tapc that intersects
with all the (k — 2)-spaces D; N C.

Proof. For the k-spaces through m4pc we can investigate the quotient space of
mapc and refer to Subsection 4.1 and 4.2. These results imply that a k-space
in (A, B) through mapc is contained in « or contains D; N m4p and a line in
C'\ mapc that intersects with all the (k — 2)-spaces D; N C.

Now we suppose that E is a k-space in (A, B) and not through mapc. As E
contains at least a (k — 2)-space of all the (k — 1)-spaces D}, we find that E

contains at least a hyperplane of m4p¢, a point of a N (map \ Tapc) and a line
of aN(mac\mapc) and aN(mpe \mapc). So here again we see that £ C o [

The upper bound ["7]1”1} — m on the number of k-spaces of § outside of

(A, B) and the upper bound (¢* + 5¢q + 1)(m — m) on the number of k-spaces
inside (A, B) through m4pc, follows from Section 4.1.1.3. Instead the number
of k-spaces inside (A, B) not through m4pc are at most [kiﬂ - m = O(g").

4.2.1.4 «is a (k + 2)-space

In this case we prove that all the k-spaces contain mspc. This implies the
possibility to investigate such case by analyzing the quotient space with respect
to mapc and using Section 4.1.1.4.
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Proposition 4.2.4. Under assumption (o)., every k-space in S contains

G’
TTABC -

Proof. By Lemma 4.2.1, we know that all the k-spaces outside of (A, B) contain
mapc. 1t is also clear that A, B and C' contain m4pc.

Suppose that there is a k-space F in (A, B), not through mapc. As E contains
a hyperplane of all the (k — 1)-spaces D;, E has to contain a hyperplane of
TaBc, a line of map \ Tapc, a line of T \ mapce and a line of mac \ mapc. This
would imply that dim(F) = k + 1, which gives the contradiction. ]

Clearly, in order to have an estimate of the number of k-spaces in and outside of
(A, B), by the previous proposition, we can use the results for £ = 3 in Section

181 < 4 (] () +3or 1< (5[] -2) (- (1) + ()50 ).

Proposition 4.2.5. In the projective space PG(n,q), with n > k + 2 and
k > 3, let S be a maximal set of k-spaces pairwise intersecting in at least a
(k — 2)-space such that there is no point contained in all the elements of S.
Under the assumption (o),

i) if there are no k-spaces outside of (A, B), then S is the set of k-spaces

in a (k+2)—space and |S| = {ifﬂ = O(g*++2).

i) if dim(@) = k — 1, then |S| < B, + g0y = O(q{-hesa)),

1) if dim(«) = k, then
S| < 0, k301 + [;1} 1 30,00, = O(qmax{n—k+1,k+2})
w) If dim(a) = k + 1, then

S| < ¢*0n_k3+ 2% +5q + 1) + Py = O(gm><{n—hk+1})

v) if dim(a) = k + 2, every k-space goes through mapc, and the size of S is
at most

4> +3 = O(4¢°)
or at most

(3¢ + 1)g* + 62(3¢* + 1) = O(3¢*).
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4.2.2 There is no configuration

Here again, for the remainder of this section, we will assume that
(00), There is no configuration in S.

Hence, we start with a result that follows immediately by (o0),,

Corollary 4.2.6. If the assumption (¢0)., holds, then every three k-spaces of
S have at least a (k — 3)-space in common.

Consider two k-spaces A and B, intersecting in a (k — 2)-space map. We can
find those two k-spaces, as otherwise all subspaces would intersect pairwise in
a (k—1)-space. Again, the k-spaces go through a fixed (k — 1)-space or all the
k-spaces lie in a (k + 1)-dimensional space. We also suppose that we have no
(k — 3)- or (k — 2)-pencil as in this case we can investigate the quotient space
and use the known EKR results.

Case 1. There is a k-space C intersecting map in a (k — 3)-space ¢ and
intersecting A and B in the (k — 2)-spaces mac and wpc through me.
Suppose there is another solid D intersecting 745 in a (k—3)-space 7p different
from 7w and intersecting A in the (k—2)-space m4p and B at least in a (k—2)-
space. We know there is such a k-space since not all the k-spaces go through 7o
and since 7p cannot contain a (k— 1)-space of both A and B by the dimension.
By symmetry, here, we can suppose that dim(DNA) = dim(map) = k—2. As
A,C, D have a (k — 3)-space in common, mac and m4p have at least a point
in common outside of m45. Analogously in B, mgc and BN D have a point in
common outside of m45.

Let Z be the k-space spanned by 7mag, Tac, TrC-

Proposition 4.2.7. If assumption (00), holds, then all the k-spaces of S have
a (k —1)-space in common with Z.

Proof. 1t is clear that A, B,C, D have a (k — 1)-space in common with Z.

For a k-space through the (k — 4)-space AN BN C N D, we investigate the
quotient space of AN BN C N D and refer to Lemma 4.1.11. Consider now a
k-space E not through ANBNCND. Then E contains a (k — 3)-space of map
that intersects ANBNC in a (k—4)-space. As ENmac and ENmpe are at least
(k — 3)-dimensional, we see that E contains an extra point of m4¢ \ map and of

mpe \ Tap respectively. This implies that E contains at least a (k — 1)-space
of Z. O

Remark 4.2.8. Note that Proposition 4.2.7 is true also if there are two k-
spaces X and Y intersecting map in different (k — 3)-spaces and both inter-
secting A in different (k — 2)-spaces, and two k-spaces Z and T, intersecting
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map also in different (k — 3)-spaces and intersecting B both in a (k — 2)-space.
Note that it is not necessary that {X, Y} N{Z, T} = 0.

There are 6y, possibilities for a (k — 1)-space in Z, and there are 6,,_; k-spaces
through a (k—1)-space , so there are at most g0, _r_1+1 k-spaces in this case.

Case 2. Fvery k-space, not through wag, has a (k — 1)-space in common with
A or B. Remark that a k-space, intersecting m4p in a (k — 3)-space, cannot
have a (k — 1)-space in common with both A and B due to the dimension of
map. By taking into account Remark 4.2.8, there are only two subcases left.

CASE 2.1. All the k-spaces not through wap have a (k — 1)-space in common
with A and a (k — 2)-space in common with B. Remark that all these (k — 2)-
spaces in B pairwise intersect in a (k — 3)-space (Corollary 4.2.6). Since there
is no (k — 3)-space contained in all these (k — 2)-spaces, they lie in a (k — 1)-
space 8 in B through 7m4p. This implies that all these k-spaces, not through
TaB, lie in the (k + 1)-space Y spanned by /5 and A. Consider now a k-space
C through m4p. Then, again by Corollary 4.2.6, C' has to contain at least a
(k — 1)-space of Y, as all the k-spaces not through 745 lie in Y.

Remark 4.2.9. All the k-spaces not through m4p lie in a fixed (k + 1)-space
Y and all the k-spaces through m4p intersect Y in at least a (k — 1)-space.

There are 0,1 k-spaces in Y and at most E’}([”_’f“} — [ﬂ) = O(qn—k+2)
through m4p, not in Y.

CASE 2.2 From Remark 4.2.8 and Case 2., we can suppose there is precisely
one k-space C' not through map, intersecting B in a (k — 1)-space and A in a
(k—2)-space. All other k-spaces not through wap intersect A in a (k—1)-space
and B in a (k — 2)-space. by Corollary 4.2.6, all these (k — 2)-spaces in B
lie in a (k — 1)-space 3 through map . We show that all the k-spaces have a
hyperplane in common with the k-space Z spanned by /3 and the (k — 2)-space
CNA= TAC-

Proposition 4.2.10. If the assumption (oo), holds, all the k-spaces have a
(k — 1)-space in common with Z.

Proof. We see that this holds for all the k-spaces not through 745 and for A
and B. Consider now a k-space D through m45. We will show that D also
intersects Z in a (k — 1)-space. Suppose E is a k-space not through 745 and
intersecting map in a (k — 3)-space different from C Nmyp. As ENC is a
(k — 2)-space that lies in Z and D needs to have a (k — 3)-space in common
with ENC by Corollary 4.2.6, we see that D contains a (k—1)-space of Z. [



Generalization to k-spaces pairwise intersecting in at least a
(k — 2)-space 80

Remark 4.2.11. If there exists another k-space S, not through 745, that
meets map in CN7map and A in a (k — 2)-space not in (74, map), then by the
previous proposition we obtain two different k-spaces Z¢ and Zg. They have
the (k — 1)-space /3 in common and they both meet all the elements of S in a
(k — 1)-space. Hence the elements of S have to go through £, or has to lie in
the (k + 1)-space spanned by Z¢ and Zs.

Again, there are 0 possibilities for a (kK — 1)-space in Z, and there are 6,,_
k-spaces through a (k — 1)-space , so there are at most q0x0,,_,_1 + 1 k-spaces
in this case.

We summarize the results obtained in this section in the following proposition.

Proposition 4.2.12. Let S be a maximal set of k-spaces pairwise intersecting
in at least a (k — 2)-space such that there is mo point contained in all the
k-spaces of S and let A, B € S, intersecting in a (k — 2)-space. Under the

assumption (0o),, either

(i) there exists a k-space Z such that all the spaces in S have a (k—1)-space
in common with Z, or

(77) all the elements of S not through wap lie in a fived (k + 1)-space Y and
all the k-spaces through wap intersect Y in at least a (k — 1)-space.

In particular the size of S is at most either q0y0, 1+ 1= O(q") or at most
Ori1 + G200, o = O(q"*2), respectively.






Subspace codes as ¢g-analogues
of set systems with restricted
intersections

.Y sino es la vid, serd
aquel girasol que estd
viendo cara a cara al sol,
tras cuyo hermoso arrebol
stempre moviéndose va.“

PEDRO CALDERON DE LA BARcCA, El Mégico Prodigioso, Scene 3, 203-207.

Recently, there has been a new interest in codes whose codewords are vector
subspaces of a given vector space over a finite field F,. These codes have many
applications in random network coding and they were introduced by Ho et al.
in [59]. A mathematical approach was proposed by Kotter, Kschischang in [77]
and, later with Silva, in [78]. They are called subspace codes and considered to
be the g-analogues of classical codes with the Hamming distance or, as we will
see in this chapter, the analogues of some results in the extremal set theory
originally developed by Fisher in 1940, [43].
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5.1 Sets systems with restricted intersections

In Section 3.1, we focused on families of subsets of a given set such that they
have the same size and meet pairwise in a subset with at least a certain num-
ber of elements. A variation of this topic was explored by Fisher in 1940, [43].
More precisely, he took into account this question:

How many subsets of a set of cardinality n can pairwise share the same number
of elements?

Later, Bose recognized a few years later that the validity of Fisher’s results
extends to far more general circumstances: he showed that if in a set, every
pair of subsets with the same size has equal intersection size, then the number
of these subsets does not exceed the number of the set elements, [13].

An answer to the above question was given by Majumdar in 1953, [91], and
rediscovered by Isbell in 1959, [72], when the size of subsets in the family may
vary

Theorem 5.1.1 (Nonuniform Fisher Inequality). Let X;, ..., X,, be dis-
tinct subsets of an n-set such that for every i # j, |X; N X;| = t where
1<t<n. Thenm <n.

Now, we can state a generalization both above mentioned topics and those
ones covered in the original EKR problem. Precisely,

Definition 5.1.2. Let Q2 be a set with size n and let I be a set of non negative
integers. A family F of subsets of Q is I-intersecting if | X NY| € I for every
distinct X,Y € F. Moreover, if the element of F have the same size k, F is
called a k-uniform I-intersecting family.

Clearly, as usual in extremal combinatorics, such a definition gives rise to the
problem of determining the size of the largest I-intersecting family both in the
uniform and in the non-uniform case. A partial result in this direction was

obtained by Ray-Chaudhuri and Wilson

Theorem 5.1.3 (Ray-Chaudhuri-Wilson Theorem, [99] ). Let Q be an
n-set and let F be a k-uniform I-intersecting family of subsets of Q) where

|I| < k. Then
n
|J-"|§< )
]

This is the best possible as long as the answer is to be a function of the
parameters n and |/| only. Indeed, a k-uniform {0,1,..., k — 1}-intersecting
family of an n-set has cardinality (Z)

As we have seen in Theorem 3.1.1 and 3.1.2, stronger results are to be expected
if more information on the set [ is taken into account.
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The rate of growth for fixed ¢ and k ( with ¢ < k) and for very large n
was considered as well. Note that for the Ray-Chaudhuri-Wilson bound with
I={0,1,...,t—1}, it is O(n') and this rate of growth can actually be achieved
for any given t and k, in fact

Theorem 5.1.4. For every integers k >t > 1 and n > 2k?, there ewists a
k-uniform family F of size strictly greater than (n/2k)" of subsets of an n-set
such that | X NY| <t —1 for any two distinct sets X,Y € F.

In Section 3.1, we recalled the concept of t-pencil of an assigned set. Also here,
we have a highly regular configuration, called sunflower,

Definition 5.1.5. A family F = {X,..., X,,} is a sunflower with m petals

if
m
k=1
for every distinct 4,j € {1,...,m}. The common intersection of the members

of a sunflower is called kernel or center.

Note that a family of disjoint sets may be considered as a sunflower with
empty center. An interesting result due to Erdés and Rado shows that ’large’
k-uniform families are sunflowers. More precisely,

Theorem 5.1.6 (Sunflower Theorem, [40]). If F is a k-uniform family of
subsets of an n-set with more than k!(m — 1)* elements, then F contains a
sunflower with m petals.

Proof. We proceed by induction on k. For k = 1, we have more than (m — 1)
elements (disjoint 1-sets), so any m of them form a sunflower with m petals.
Now let k¥ > 2 and let T = {Xi,...,X,} be a maximal family of pairwise
disjoint members of F. If r > m, these sets form a sunflower with r > m
petals, and hence the statement. Assume that » < m, and let Y = U%, X;,
Then |Y| < k(m —1). By the maximality of the family 7, every member of F
intersects Y. Therefore, there exists an element x € Y, contained in at least

||J;|| > kll((i’;: 11>> = (k—1)!(m — 1)

members of . Then z can be deleted from these sets and consider the (k—1)-
uniform family

Fo={X\{z}: X eF, zxe X}

By the induction hypothesis, this family contains a sunflower S with m petals.
Adding = to each member of S we obtain a subfamily of 7 which forms a
sunflower with m petals. m



Subspace codes 84

Even today, it is a major open problem whether or not there exists a positive
integer C' such that every k-uniform family with C* members necessarily con-
tains a sunflower with three petals.

Finally, a useful result in this context is the following Deza’s theorem

Theorem 5.1.7 ([34]). If every pair of members in a k-uniform family F
shares t elements, then either |F| < k* —k + 1 or F is a sunflower, i.e. all
the pairwise intersections are the same t-set.

As we will see, the sunflower is one of the most important structures in the
g-analogue of these topics.

5.2 Subspace codes

Let G,(n, k) be the set of all the k-dimensional spaces of the vector space Fy,
with 0 < k < n. It is called k-Grassmannian where 0 < k < n. A subspace
code C is a non-empty subset of G,(n) = Up_, G,(n, k), i.e. C is a collection of
subspaces of Fy.
Unlike classical coding theory or rank-metric codes where each codeword is a
vector or a matrix respectively, in this context each codeword of C is itself an
entire space of vectors.
Indeed, for understanding better the ’¢g-analogy’, we recall that, in the classi-
cal coding theory, the Hamming distance between two codewords in the vector
space ' is the number of position in which they differ, while the weight of
a codeword is the number of non-zero entries in it. The minimum Hamming
distance of a code A C IFZ is the smallest distance between two distinct code-
words while a code is called constant weight code if all its codewords have the
same weight. Now, in the theory of subspace codes, the subsets are replaced
by subspaces of a vector space over a finite field, their sizes by the dimensions
of the related subspaces and the minimum Hamming distance in the minimum
distance of the code in some metric.
Even though this theory is born in a vector setting, as we will retrace in this
chapter, in literature some results are obtained in a projective setting to high-
light the geometric aspects involved.
A code in which each codeword has the same dimension, i.e. a code contained
in a k-Grassmannian, is called a constant-dimension code.
Also in this context, it is possible to define a metric in the set G,(n). One
possible distance between two spaces U and V' in F} is the so-called subspace
metric

ds(U, V) = dim(U) 4+ dim(V) — 2dim(U NV),
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introduced in [77]. Another way to measure the distance in a subspace code is
the injection distance. It is introduced in [79] and given by

d(U,V) = max{dim(U), dim(V)} — dim(U NV).

It is easy to see that they are effectively two metrics. Moreover, they are
closely related indeed

d(U,V) = ;(dS(U, V)1 |dim(U) — dm(V)]) VU.VEF.  (52.1)

In particular, if U and V' have the same dimension, ds(U, V') = 2d(U,V'). The
Grassman identity in (3.2.1) gives the following alternative expressions

d(U,V) =dim(U, V) — min{dim(U), dim(V")}

and
ds(U,V) = dim(U, V) — dim(U N'V).

Also in this context, we can define in the natural way the minimum distance
of a subspace code C but it depends on the metric used. In fact, it is defined

as

d(C) = gnvigcd(U, V) or ds(C) = Urnvigc,ds(U, V),
l’];éV (}#V

if we refer to the injection metric or the subspace metric, respectively. Clearly,
by (5.2.1)

ac) > Jds(C),

Moreover, by (5.2.1), for the constant-dimension codes we can only study their
properties with one of the two distances introduced before.

A subspace code C is called an (n,d),-code if d(C) = d, and it is called an
(n,d, k),-code if, additionally, C C G,(n, k). Similarly, C is called an (n,d)?—
code if ds(C) = d. The latter notation follows the convention that if a concept
is defined for the injection metric, then the analogous concept for the subspace
metric is denoted by a superscript ’S’.

As we have seen for rank-distance codes, also here we are interested in con-
structing subspace codes as large as possible in size. Hence, we denote by
Aq(n,d), AZ(n,d) the sizes of a largest subspace code C in F} with mininum
distance d in the injection or subspace metric, respectively. While, we will
indicate by A,(n,d, k) the size of a largest subspace code C C G,(n, k) with
mininum distance d in the injection metric. In general, it is not easy to evaluate
these quantities, this has given rise to extensive research. In [73], the authors
collected general results on lower and upper bounds of (constant-)subspace
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codes.

Clearly, as we have told before, the investigation and the construction of such
objects are closely linked to the geometric properties of the finite projective
spaces. Indeed, a constant-subspace code can be seen as a family of projec-
tive subspaces such that they pairwise meet in subspaces with dimension in
a certain set of integers and these objects are exactly the g-analogue of the
intersecting families recalled in the section before.

Indeed, studying the structure of an (n+ 1, d, k + 1),-code is equivalent to ex-
plore the largest maximal examples of k-dimensional projective spaces pairwise
intersecting in at most a (k — d)-space in PG(n, ¢) and vice versa.

5.2.1 Lifted RD-Codes

In this section we shall describe as the rank-metric codes, recalled in the first
chapter of this thesis, produce the simplest construction of subspace codes.
This link between these classes of codes was first proposed in [102] and then re-
discovered in [77] for the special case where the rank-metric code is a Gabidulin
code. This construction was later explained in the context of both subspace
and injection distance. To avoid confusion with the other distances introduced
before, we will indicate the rank-distance defined in Chapter 1 by dg.

Let X € IF];”” and consider the subspace
AX) = ([Ix X]) € Gy(k +m, k)

where we indicate ([/, X]) the vector subspace spanned by the rows of the
matrix [[;, X] of order k x (k +m). The k-space A(X) is called the lifting of
X. Similarly, for a matrix code C C F’;XW, the subspace code

AC) ={AX) | X eC}

is called the lifting of C and the map X — A(X) is called the lifting map.
Since every subspace corresponds to a unique matrix in RREF (reduced row
echelon form), i.e. a matrix such that

i) all nonzero rows are above any rows of all zeros,

i1) the pivot element, this is the first nonzero element from the left of nonzero
row, is 1 and it is always strictly to the right of the pivot element of the
row above it,

i7i) each column containing a pivot has zeros everywhere else,
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the lifting map is injective, and therefore |[A(C)| = |C|. Note that A(C) is a
constant-dimension code. Now, we shall show that a subspace code constructed
by lifting inherits the distance properties of its underlying rank-metric code,
more precisely

Lemma 5.2.1 (Lifting Lemma, [74]). For all X, X' € FF*™ and C C FF*m,

d(A(X)> A(X/>) = dR(Xv X/)a

Proof. We have
d(A(X),A(X")) = dim(A(X), A(X")) — min{dim A(X),dim A(X")}

B I, X
=rk (Ik X’) —k

B I, X
—rk<0 X’—X>_k
=rk(X — X') = dr(X, X")

The second statement immediately follows from the first one. O]

In particular, let C C F’;X(”_k) be an MRD code with minimum distance d,
and without loss of generality let & < n — k. Then its lifting A(C) is an
(n,d, k),-code with size

[A(X)] = glr Rty (5.2.2)

Clearly, this cardinality gives a lower bound on A,(n,d), in fact optimazing k
in (5.2.2), we have
A (n,d) > q("*f%W)((%WdJrl)_

5.3 Equidistant constant-dimension codes

In this section, we will recall some results about a particular class of constant-
dimension subspace codes where the codewords have all the same distance.
An equidistant constant-dimension subspace code or (-intersecting code is a set
of k-subspaces of Fy mutually intersecting in an f-space, where { < k and
n > 2k — £. These subspace codes are often called in the literature (k;¢)-
SCIDs, i.e. Subspaces with Constant Intersection Dimension. This term was
coined in [39].

The largest equidistant constant-dimension subspace code in Fy is said to be
optimal.

Some optimal binary (i.e. over Fy) equidistant codes form a structure called
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partial projective plane. Tt was defined and studied by Hall in [58].

In this context, the g-analogue of Definition 5.1.5 follows in a very natural
way: in a vector setting, an (-sunflower is a (k;£)-SCID S in which all code-
words intersect in the same (-subspace Z. Again, the (-subspace Z is called
the center of S. Of course, not all /-sunflowers in F7 with the same number of
elements (or petals) span a subspace of the same dimension. A sunflower S is
said to be of maximal dimension if its petals span a subspace of Iy of largest
dimension. It is clear that a sunflower is of mazimal dimension if any element
meets the subspace generated by all other elements precisely in the center Z.
However, as we have discussed in Section 5.1, from a random network coding
point of view the vector (partial) spreads, introduced in a projective setting in
Subsection 3.2.1, are O-sunflowers. Instead, as consequence of Theorem 3.3.4,
all the (k;k — 1)-SCIDs are sunflowers or balls, these are sets of k-spaces in a
fixed (k + 1)-space.

In [35], by using a slight modification of Theorem 5.1.7, a crucial result was
proved. Here below, we will state it as a result on subspace codes.

Theorem 5.3.1. If a (k;()-SCID in the vector space By over the finite field
F, has more than

+1

<qk _ qe>2 . ¢ — ¢
q—1 q—1
elements, then it is an £-sunflower.

The lower bound of the previous theorem is called the sunfower bound. So, we
obtain that the largest SCIDs are sunflowers. In other terms, Theorem 5.3.1
sets an upper bound on the size of non-trivial subspace codes.

It is believed that the sunflower bound is too large and that already for smaller
sizes a (k; £)-SCID is already a sunflower.

On the other hand, in [21], Chowdhury et. al. stated a conjecture, attributed
to Deza: if a (k;¢)-SCID in Fj has more than 6 , codewords, then the code is
a sunflower.

In [42], the authors presented a construction of non-trivial 1-intersecting code
in Gy(n, k), n > (k;“1>, whose size is 04, but in general these families are not
optimal. By a computer search, they exhibited a non-sunflower code in G,(6, 3)
with sixteen elements. Clearly, it is a counterexample to Deza’s conjecture.
In [5], Bartoli and Pavese showed, by using projective geometry tecniques,
that the size of an optimal (3,1)-SCID in F§ is twenty. They also provided an
example and proved that such a family is unique up to collineations. Their
paper concludes the problem started by Beutelspacher et al. . Indeed, in [8],
a classification of optimal 1-intersecting codes in G,(6,3), ¢ > 2, was obtained.
Again, they explored these families in the projective setting, so their results
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are described as sets of planes pairwise intersecting in a point.

In equidistant constant-dimension codes theory, some particular SCIDs play
an important role, they are called primitive. A (k;¢)-SCID S in the vector
space [} is called primitive, if it satisfies the following properties:

i) S spans the entire space,

i1) there is no nonzero vector contained in all elements of S,
i.e. ﬂﬂES T = {0},

i17) each element 7 of S is spanned by {rNo: 0 € S\ {7}},
iv) n > 2k.

In [39], primitive (k; &k — 2)-SCID of Fy; are extensively studied, following the
results in [8]. It turns out that there is essentially only one new example of
primitive (k; k — 2)-SCID for k& > 4. More specifically, an example of primitive
(4;2)-SCID is given, which is shown to be unique up to collineation. The prim-
itive (k;k — 2)-SCIDs were fully covered since the nonexistence of primitive
(k;k — 2)-SCIDs for k > 5 is also proved. In [7], constructions of primitive
(k; k — t)-SCIDs with ¢ > 3 are exhibited.

Note that in the vector setting, a g-analogue of Fisher inequality holds as well.
A proof of following result can be found in [86], by using hypergraph tecniques

Theorem 5.3.2 (Fisher Inequality for vector spaces). Let S be a (k;{)-
SCID in the vector space Fy with 1 < <k <n. Then |S| < m
q

Moreover, with a simple arguments, we may show the following

Proposition 5.3.3. Let S be a (k; ()-SCID in Fy. Then |S| < m “Ok—1 orS
s an C-sunflower.

Proof. Choose a subspace T" which meets all elements of S in at least an /(-
space such that ¢ = dim(7") is minimal. Clearly, ¢ <t < k.

Now, if t = ¢, then § is an (-sunflower. If £ + 1 < t < k, we show that there
exists a (-dimensional subspace L in 7" such that lies in at least |S|/ m elements
of §. By contradiction, suppose that each ¢-spaces M in T is contained in sy,
elements of S, with s); < |S|/m Then,

Sl< > su<IS,

dim M=¢
MCT

obtaining a contradiction. Hence, there is an ¢-space L in T such that lies in
at least |S|/m elements of S . As t < k, L is contained in at least |S|/m
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elements of S as well. Now, as L is not contained in all elements of S, there
exists m € § such that meets L in the null space. Now, each subspace in &
through L must meet 7 in a different 1-space, otherwise two subspaces through
7 would intersect in an (¢ + 1)-space. Hence, L lies in at most _; elements
of §. Let sy, be the number of elements of S that contain L, then

W < sp <O,
‘
and this shows the claim. O

We note explicitly that the bound in proposition above is independent of n.
Since for some values of k,¢ and n the estimates in the Fisher inequality and
in Proposition 5.3.3 have the same orders, we have the following

Corollary 5.3.4. Let S be a (k;£)-SCID in F} with 1 < ¢ < k < n. Then
|S| < min{6,,_1, m ~Ok_1} or S is an L-sunflower.

and from the last part of the proof above, we obtain

Corollary 5.3.5. Let S be a (k;£)-SCID in Fy. If S is not an {-sunflower,
then no (-space lies in more than 0,_1 elements of S .

Finally, we note explictly that most of the definitions in this and the section
before can be stated for subspaces families of a finite dimensional vector space
on any field.






Geometrical junta bound for
sets of subspaces with two
intersection dimensions

,Portami il girasole ch’io lo trapianti

nel mio terreno bruciato dal salino,

e mostri tutto il giorno agli azzurri specchianti
del cielo l'ansieta del suo volto giallino.“

EUGENIO MONTALE, Ossi di Seppia.

In [7] and [62], the authors used a different approach with respect to the one
explained in the previous chapter to explore the properties of an equidistant
constant-dimension code C. More precisely, they looked at the vector subspace
spanned by C or by an appropriate subsets of its codewords.

For istance, let V = V(IF) be a vector space over a (possibly finite) field F and
let S be a (k; k — t)-SCID. In [62], defined the subspace

S=(m,...,m,) and I = (m;Nm;|1<i<j<n),

L. Hernandez Lucas established several upper bounds for dim S + dim [ in
different situations. In particular, she showed that dim .S + dim I < nk and if
(n—1)(k —t) < k, this bound is tight.

In [7], Barrolleta et al. investigated SCIDs that span a large subspace and
they proved that again sunflowers are the "largest” SCIDs. More precisely,

Theorem 6.0.1 (Theorem 2, [7]). Let S be a (k; k—1)-SCID in a vector space
V, withS >3 and 3 <t <k-—1. Ifdim(S) >k+(t—1)(n—1)+2 then S
is a (k — t)-sunflower.

The threshold integer in the theorem statement is called the geometrical sun-
flower bound. The authors showed that is sharp by presenting two families of
SCIDs that are not sunflowers, but dim(S) = k+ (n—1)(t — 1)+ 1 is attained.
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In this chapter, we will take consider the g-analogue of problem described in
Section 5.1. Some properties of the constant-dimension subspace codes whose
codewords have distance in an assigned set of integers will be investigated and
the concept of junta will be introduced.

Later, we will focus on the case when only two intersection values for the code-
words are assigned. In the same vein of [7], we will generalize Theorem 6.0.1
by determining an upper bound for the dimension of the vector space spanned
by the elements of a non-junta code. In addition, if the intersection values are
consecutive, we prove that such a bound is tight, and classify the examples at-
taining the largest dimension as one of four infinite families properly described.

6.1 SPIDs and juntas

In this section we introduce a natural generalization of the concept of (k;¢)-
SCID and sunflower. So, let k, ¢, /5, ..., ¢, be non-negative integers such that
b,y ..., 0, < k. We give the following

Definition 6.1.1. A family § = {my, m,...,m,} of k-spaces of V, is a
(k; 01,0y, ..., 0,)-SPID (Subspaces with Pre-assigned Intersection Dimensions)
if for each pair of distinct subspaces m;,m; € S, we have dim(m N 7;) €

RS

Clearly, when v = 1, we get back the definition of a (k; ¢)-SCID in V. Also the
notion of /-sunflower in V can be naturally generalized as follows: we say that
a (k;ly,0y,...,0,)-SPID & = {my,m,...,m,} is an f(-junta in V| if all elements
of § pass through a common /-space of V.

Note that this structure has already been defined with the name of pencil in
Chapter 3. Here, we will use the term ’junta’ borrowing it by the paper of
Dinur and Friedgut in the set theory context, [38].

Before determining a lower bound after which every (k; /¢y, ¢2)-SPID in V is a
junta code, we give an estimate on the size of a (k; ¢, ¢ + 1)-SPID

Proposition 6.1.2. Let S be a (k; £, + 1)-SPID in F} such that S is not an

1-junta. Then |S| < 67_, m /0o_1 or there exists an (¢ + 1)-space meeting all
elements of S.

Proof. Choose a subspace T" which meets all elements of § in at least an /-
space such that ¢ = dim(7’) is minimal. Clearly, / < t < k. First consider
the case t > ¢ 4+ 1. By the same tecnique used in Proposition 5.3.3, we find a
l-space p € T which lies in at least |S|0y_1/60k_1 elements of S. Since p does
not lie in all elements of S, there is a k-space m € S with p & w. Each element

k

of § through p has to meet 7 in at least an f-space L. We have at most { A
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choices for L. Since t > ¢+ 1 and dim(L,p) = ¢ + 1, we find a 7’ € S which
meets (L, p) in at most a (£ — 1)-space. Each member of S through (L, p) still
has to meet 7/, but these meet in the trivial space outside of (L, p). Hence, we
have at most 0;_; members of S through (L, p). This completes the proof. [

Clearly if S is a (k;¢,¢ + 1) — SPID and there is a 1-space p contained in all
the elements of &, we can pass to the quotient vector space with respect to p
and we can apply the proposition above to obtain an upper bound of S.

Now, let § = {m,ma,...,m} be a (k;l1,ls,...,0,)-SPID. As in [7], for each
Jj €{1,...,n}, the differences

5]' = dim(m,...,@-) —dim<7T1,...,7Tj_1>,

where we put 7y the null space (i.e., §; = k), will be an important tool during
our discussion. Clearly, the J;’s depend on the order in which subspaces in &
are labeled. Now, we give a proof of a well-known fact which will play a crucial
role in the reamining part of this chapter.

Proposition 6.1.3. Let k. tq,1s,...,t, € N be integers such that k >t >ty >
o>ty > 1. Let S =A{my,...,mn} bea (k;k—t1,k—ty, ...k —t,)-SPID in a
vector space V, with n > 3. Then there exists a permutation o of the indices
in the set I, = {1,2,...,n} such that

tl — (52(80) Z (53(80) Z e Z (Sn(SU)

with
5]'(80) = dim<7rg(1), e ,Wg(j)> - dim(m,(l), Ce ,7T0(j_1)>

Proof. Let m € N be the maximum integer for which there exist m k-spaces,

Tiys Tigy - -, T, Of S, forming a (k — ¢;)-sunflower of maximal dimension; ob-
viously m > 2.
Consider
Iax dim(m; N (7, | b # i),
i1, im
then there exists an integer, say i,, in {1,...,n} \ {i1,...,7,} such that

dim(m;, N (mp | h # in)) = max dim(m; N (7 | h # 0)).
N
L erim
Similarly, let
max dim(m; N (7 | b # iy4,)),
i1 i in
then there exists an integer, say i,,_1 € {1,...,n} \ {é1,...,%m, s}, such that

dim(m;, , N(mp | h # ip1,in)) = max dim(m; N (7 | h # 0, 05)).

Zizlv---vlm ze
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After n — m steps, we obtain a sequence of indices (i,,41,---,7,). Let o be a
permutation of the indices {1, ..., n}, fixing the set {i1,i2, ..., im,} and such that
o(j) = i; for every j = m 4+ 1,...,n. Now, consider §7 = {71, ..., To@m)}-

We will show that

0;+1(87) < 0,(87) forall j=2,....,n—1
First of all, we have that §,(S?) < ¢;, for each j = 2,...,n; indeed we have

5j(80) =k— dil’n(ﬂ'g(j) N <7TU(1), .. ,Wg(j,1)>) <k-— dim(ﬂ'g(j) N 7TU(1)> < 1.

Also, since Ty, ..., To@m) form a (k — t;)-sunflower of maximal dimension
5j(80> = tl, with 2 S j S m.
Note that

dim(ms,,, N (mp [ # iy, .o in)) > dim(m; O (T | b # i, 00)

for all m+1 < j < n — 1, because otherwise we would have

dim(7;,,, N (Tp [ # iy, in)) < dim(mg, O (T | b # 5,0 00) <

dim (7, N (7 | b # 15,0512, . .., in)),

a contradiction by the definition of 7;,;. Then

0;41(87) = k —dim(m;, ., N (mp | h # Gjpr, ... 00)) <

k —dim(m; O A(my | h # 5, .., 00)) = 6;(S7).

This concludes the proof. O

Remark 6.1.4. We note explicitly that a (k;k —¢)-SCID § = {my,...,m,}
in V, have parameters

(81,02, 0,) = (Kot .., 1) (6.1.1)

if and only if S is a (k — t)-sunflower of maximal dimension. Clearly, sequence
in (6.1.1) is independent of the indices labelling.

6.2 Large (k;k —t1,k — t3)-SPIDs are juntas

In this section we focus on the case where only two values for the intersection
dimensions are possible. Moreover, we will focus on (k; k — t1,k — t2)-SPIDs
spanning a large subspace of the ambient vector space V. The next result is a
generalization of [7, Theorem 2| to (k; k — t1, k — t3)-SPID. More precisely:

Theorem 6.2.1. Let k,ti,to € N such that kK > t; > to > 1. Let S be
a (kik — t1,k — t3)-SPID in a vector space V, with |S| > 3. If dim(S) >
kE+(t1 —1)(n—1)+2, then S is a (k — t1)-junta.
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Proof. By Proposition 6.1.3, without loss of generality we can sort the spaces
in § in such a way that the components in § = (d1, . ..,d,) are non-increasing.
In particular, we can choose as first m spaces, m > 2, those forming a (k —t)-
sunflower of maximal dimension. Also, we note that such an ordering is not
necessarily unique. Clearly, 6; = k and by Remark 6.1.4 the integer m is the
largest index for which 0,, = t;. Let V' be the center of the sunflower formed
by 71, ..., Tm; hence we get dim V' =k — ¢;.

Assume that S is not a (k — t1)-junta, so we can find a subspace . € S not
containing V’. We denote k — t; — dim(m, N V') by ¢; hence, ¢ > 1. Also, in
the quotient vector space II = (S)/(V' N 7,.), we have that dimp 7, = t; + &,
and that dimp (7, Nm;) € {e,e + ¢ — ta}, for each 1 < i < m. Moreover, the

subspaces (m, N7;)/(V' N x,), are linearly independent!, with i = 1,...,m.
Hence,
0, = dimm, — dim((my, ..., 7—1) Nm) < dimpg 7, — dimp(m N w0 T N T

:tl—i—g—Zdimn(mﬂm)§t1+5—m-5§t1—m+1
i—1

Since (01, . ..,0,) is nonincreasing, we find that

n m r—1 n
=1 =2

= = i=m+1 i=r
<k+m-1t1+(r—m—-1)t—1)+n—r+1)(t —m+1)
=k+(n—-1Dt—-1)—(n—r)(m—2)+1
<k+(n-—-1(t—1)+1,

(6.2.1)

which proves the theorem. O

Remark 6.2.2. We point out here that contrary to what happens for SCIDs in
general the bound stated above is not tight. For instance, with same notation
used in Theorem 6.2.1; if t; > t5 and there exists an integer s such that
r > s >m and d; < ty, we can slightly improve on the lower bound stated in

Tt is enough to show that 7; Nm,. N (m N7, |i # j) =7, N V', with j =1,...,m.
So
Vinm Cmnm.N(mNmli #j) CV Nr,.

Then we obtain that dimp(7; N, N {(m N7 |i #5)) =0
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Theorem 6.2.1. In fact, if this is the case by re-writing (6.2.1), we get

dim(S) => 6 =k+> & + Z 6+Z<5 +Z(5
=1 1=2 i=m-+1

k+(m—1)t1+(s—m—1)(t1—1)+(r—3)t2+(n—r+1)(t1—m+1)
1)(t1—1)—(n—r)(m—2)—(r—s)(t1—t2—1)+1
(6.2.2)

This possibility is verified if the first 7 — 1 spaces form a (k — ¢;)-junta with
dim(ms N7;) = k — to for some j € {1,...,s — 1}. In what follows we exhibit
an example.

Let k,t1,to € N such that £ >t > %3+ 1> 1 and consider t; —to +1 < m <
min{t; + 1,n — 1}. Let V', X, Ny, ..., Ny, Mypiq, ..., Mgy and Py, ..., P,
be linearly independent subspaces of V such that

a) dimV’' =k —tq,

b) dimX =t —m + 1,

)
)

¢) dimN; =t; fori=1,...,m,

d) dimM; =t; —1 forj=m+1,...,s—1,
)

e) dmP, =ty forl=s,....n—1

Let L; = {ni1,...,niy 1, } be a set of linearly independent 1-spaces in N;, for
i=1,...,m, |L;| = t; — t2, and we choose in L; a 1-space, for example n;;.
Now, let pyii1,...,ps—1 be 1-spaces in (N1, ..., 1) \ {n11,. .., 7m1} and let
W be a (k —t — 1)-space in V'. Then we define the sets 7y, ..., 7, as follows.

o m = (V' Ny), ma = (V' No), ..., mp, = (V', Ny,

0 Tyt = (V' Pmi1s Miia), -y Tso1 = (V' ps1, My 1),
= V", Qs, Ps),.. ;1 ={(V", Qun_1,Po_1)

o mp = (W,n11,..., 01, X).

where Q, ..., Q, 1 are (t; — to)-spaces equal to (L;) for some i € {1,...,m}.
It easy to verify that dim(m; Nm;) € {k—t;,k —t2} fori,j=1,...,n

Hence, the set S = {my,...,m,} is a set of n distinct k-spaces pairwise meeting
in a space of dimension k —t; or k —to, i.e. a (k;k—t, k—1t2)-SPID. As not all
pairwise intersections equal the same (k — ¢;)-space, S is not a (k — ¢;)-junta.
Now, we have that

(S) = (m1,...,mn) = (V' Ny,..., Ny Mpps1,...,Ms_1, Py, ..., Py, X).
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So, by hypothesis

dim(S) =k+(m—-—Dt1+(s—m—1)(t1 = 1)+ (n—s)ta+ (t1 —m+1)
=k+n—1t1—1)—(n—s)(t1 —ta—1)+1
<k+(n—1)(—1)— (t1 —t2) + 2.

Asin Theorem 6.2.1, we find that the array § corresponding to S = {my, ..., 7, }
is as follows:

(52,...,5n):(tl,...7t1,t1—1,...,t1—1,t2,...,t2,t1—m+1).

m—1 times s—m—1 times n—s times

However, in the following we will show that if in addition we ask that the
two possible values for the dimensions of the intersection between elements of
the SPID are consecutive integers, then the bound in Theorem 6.2.1 is sharp.
Toward this aim we briefest the following

Proposition 6.2.3. Let S be a (k;k — t1,k — t3)-SPID in a vector space V,
with |S| > 3, such that dim(S) =k+ (n —1)(t; — 1) + 1.

Then, there is no (k — ty)-sunflower of mazimal dimension with at least three
petals in S, if and only if any non-increasing sequence

((51,(52, ‘e 7671) = (k,tl,tl - 1, e ,tl - 1) (623)

Moreover, fized a labelling of indices such that the sequence is as in (6.2.3),
any permutation o that fizes the first two spaces of such an ordering, does not
change the sequence.

Proof. By Proposition 6.1.3, without loss of the generality, we can suppose

that the spaces mq,...,m, of & are labelled in such a way that the sequence
(01,09, ...,0,) is non-increasing,.
The necessity is obvious because if any such a sequence (01,0, ...,d,) is like

in (6.2.3), then, by Proposition 6.1.3 and by Remark 6.1.4, S can not contain
a (k — t1)-sunflower of maximal dimension with at least three petals.

Clearly dim(m; N m) = k — t; and, by hypothesis, for any non-increasing
sequence the largest index m for which é,, = t; is 2. Now, if §,, < t; — 2,

n n—1
dim(S) => 0 =k+t,+> & +0, <k+(n—1)(t, — 1),
=1 =3

a contradiction. Then (d1,09,...,0,) = (k,t1,t1 — 1,...,t; — 1).
Now, we shall show that any permutation of the indices fixing the first two
spaces does not change the sequence (6.2.3). First of all, we notice that

dim(m; N (my,ma)) =k —t1 + 1 forall j =3,...,n
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Indeed, for 3 < 5 < n,
k—t, < dim(m;Nmy) < dim(m;N(my, m2)) < dim(7;N{my, 7o, ..., T—1)) = k—t1+1
and if dim(7; N (7, m2)) = k — ¢4, then
;N =75 N (T, ) =7 N =7 Ny
this is a contradiction because 7y, m, w; form a (k — ¢)-sunflower of maximal

dimension.
Since

k—t1+1:rgaxdim(mﬂ(wﬂh#@)zdim(ﬂjﬂ<7rh|h7éj>)2

3<i<
dim(m; N (7, me)) =k —t1 + 1,
we obtain that
dim(m;N (7, | h € 1)) = k—t1+1, forall j =3,...,n

forany I C I, with 1,2 € [ and j ¢ I.
Now, let o be a permutation of I, that fixes the set I, then

5j(80) =k— dim(ﬂg(j) N <7Tg(1),71'g(2), - ,7T0.(j_1)>) =
k — dim(ﬂ‘a(j) N <7T1,7T2, To(3)y - - - ,Wg(j,1)>) =1 — 1,

forall j=3,...,n. O]

6.3 Constructions of (k;k —t,k—1t+1)-SPIDs

Let ¢t € N such that 2 <t < k — 1. In this section we will construct (k;k —
t,k —t+ 1)-SPIDs S which are not (k — t)-juntas, but where dim(S) = k +
(n—1)(t—-1)+1.

Let m € N be a positive integer such that m > 2. The first costruction provides
one such a (k; k —t,k — t + 1)-SPID with parameters

(0gy .. 0n) = (t,...t t—1,.. . t—1t+1—m),
——

m—1 times n—m—1 times
containing a (k — t)-sunflower of maximal dimension.
e Class I

Let 2 <m <min{t+1,n—1}. Let V', X, Ny,..., N, and My, 41, ..., M, be
linearly independent subspaces of V such that dim V' = k—t, dim X = t—m+1,
dimN; =tfori=1,...,manddimM; =t—1for j =m+1,...,n—1 (Figure
6.1).

Let ny,...,n,, be 1-spaces in Ny, ..., N, respectively. Also, let p11,...,Pn1
be 1-spaces in (ny,...,n,,) such that either
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(a) at least two of them are the same 1-space, or
(b) at least one of them is equal to n;, with i € {1,...,m}.

Let W be a (k — ¢ — 1)-space in V’'. Then we define the sets m,...,m, as
follows.

o T = <V/,N1>, Tg = <V/,N2>, vy Ty = <V/,Nm>,
O MTm41 = <V,7Mm+1upm+1>7 ceey Tp—1 = <V/7Mn71;pn71>7
o = (W,ny,...,nm, X).

By (a) and (b), it is clear that the pairwise intersection of distinct spaces m; and
7, 4,7 =1,...n—11is or the (k —t)-space V' or a (k —t+ 1)-space containing
V'. Moreover, since each of the spaces 71, ..., 7T,_1 contains an unique 1-space
from the set {n1,..., %, Pmi1,---,Pn1} (note that by the property (a) and
(b) in this set some 1-spaces could be equal), also dim(m, N ;) = k — ¢ for all
i=1,....n—1.

Hence, the set S = {my,...,m,} is a set of n distinct k-spaces pairwise meeting
in a space of dimension kK — ¢ or k —t 4+ 1. As not all pairwise intersections
equal the same (k — t)-space, S is not a (k — t)-junta.

The set {ni,...,%m,Pmst,---,Pn_1} is contained in (Ny,...,N,,) and also
W C V'. Then

<S> == <7T1,...,7Tn> == <V/,N1,...,Nm,Mm+1,...,Mn_1,X>.

Since V', X, Ny, ..., N,, and M,,,1,..., M,_; are linearly independent spaces
of V, we find that

dm(S) =k—t4+m-t+(n—1-m)-(t—1)+t—m+1
=k+(n-1)(t-1)+1

Asin Theorem 6.2.1, we find that the array § corresponding to S = {my, ..., 7.}
is as follows:

02y 00) = (t,...t t—1,.. . t—1t+1—m).
——
m—1 times n—m—1 times
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VI

-
S
-

Figure 6.1: The (k;k —t,k —t + 1)-SPID described in Class I.

Lemma 6.3.1. Let S be a (k;k—t, k—t+1)-SPID of V where 2 <t < k—1,
such that S is not a (k — t)-junta, with |S| > 3.

If dim(S) = k+ (n—1)(t — 1) + 1 and there exists a (k — t)-sunflower of
maximal dimension with at least three petals in S, then S is equivalent to the

SPID exhibited in Class 1.

Proof. As in Theorem 6.2.1, we can sort the spaces in § = {m,...,m,} in
such a way that the sequence (d1,...,d,) is non-increasing. In particular, we
can choose as first m spaces, m > 3, those that form a (k — t)-sunflower of

maximal dimension with largest size.
Since dim(S) =k + (n — 1)(t — 1) + 1, we have that (6.2.1) of Theorem 6.2.1

holdes with equality. Then,
(01,09,...,0,) = (k, t,...;t , t—1,....,t =1, t+1—m), (6.3.1)

m—1 times n—m—1 times

Consider &' = {my,...,m—1}. Since dim(S§") =k+(n—-2)t—-1)+m—1>
k4 (n—2)(t—1)+ 2, then & is a (k — t)-junta.

Let V'’ be the common (k — t)-space through which the k-spaces 7y, ..., T,_1
pass, and denote k —t — dim(m, NV’) by € as in Theorem 6.2.1. Since § is not
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a junta, € > 1; indeed, by Theorem 6.2.1 we have ¢ = 1. Then let W be the
(k —t — 1)-subspace m, N V'.

Furthermore, we note that the first m k-subspaces in & meets pairwise in
V’. Hence, there exist t-subspaces Ni,...,N,, with ¢ = 1,...,m such that
N1, ..., Ny, V' are linearly indipendent, and m; = (V' N;).

By hypothesis, there exist at least two k-spaces in S, say m; and m;, such that
dim(m, Nmj) =k —t+ 1.

We shall show that

dim(m, N7j) =k —t forall j € {1,...,n—1}.

For this purpose, suppose by contradiction that there exists j € {1,...,n—1}
such that dim(m, N7;) = k —t + 1; we may distinguish two cases:

(@) j € {1,...,m}. Then there are two l-spaces n; and nj, in m, N 7,
not in V', and there is at least another 1-space n; € m, N, for all i €
{1,...,m}\{j} not in V’. Without losing any generality we may choose,
up to equivalence, the N;’s, in such a way that ny € Ny,...,n, € Ny,
and (n;,,n;,) € N;. Hence,

T N <7T17 s 77Tn—1> 2 <VV7 Ny e ooy M1, Mgy Mgy Mgty - - anm>7
obtaining that
t—m+1=20, <k—dim(W,n1,...,nj_1,1,, Njy, Njs1, ..., M) = t—m,
a contradiction.

(b) je{m+1,...,n—1}. Since from the point (a) dim(m, N7;) =k — ¢
for every ¢ = 1,...,m, m, contains the 1-spaces ny € m,..., Ny € T,
meeting V' trivially. Furthermore, since dim(m, N 7;) =k —t + 1, there
are two l-spaces n/,n” € m, N m; not in V'. Suppose that (n',n") NV’
is not the trivial space, then it belongs to V' \ W, but then V' would be

completely in 7, that is a contradiction.
Now, we assume that (n/,n”) C (V' ny,...,n,), then

N (Ving, . oo onm) 2V n! n")

and

t—1=0; <k—dim(V',n',n") =t —2.
So, the space (n’,n”) is not contained in (V' ,ny, ..., n,), but it meets
(V' 'nq,...,n,) in a l-space otherwise

T N AT, Tae1) 2 (Wong, o n, 0/, n")
obtaining t — 1 =46, <t —2. Let p € (n/,n") \ (V',ny,...,n,), then
t—m+1=0, <k—dim(W,n;...,n,,p)=t—m

again a contradiction.
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Hence, since 6, = t —m + 1 and 7, must intersect V' in the (k —t — 1)-
dimensional subspace W, we get that m, = (W,nq,...,n,, X) for suitable
points ny € Ny,...,n, € Ny, and a (¢ —m + 1)-dimensional subspace X such
that V', Ny, ..., N,,, X are linearly independent.

Since m, N m; is a (k — t)-space contained in (W,ny,...,n,) there exists a
l-space p; in (nq,...,n,). Moreover, since §; = t — 1, it is immediate that
each m; = (V' M;,p;), j =m+1,...,n—1, with M; is a (¢t — 1)-space and
such that V', Ny, ..., Ny, Myiq, ..., M,_1 and X are linearly independent.
Note explicitly that if dim(m; N7;) =k —t+1, with4,j € {m+1,...,n -1},
then p; = p;, where m; = (V’, p;, M;) and 7; = (V' p;, M;).

Indeed let m; Nm; = (V’,n’). This space is contained in (71, o, ..., T,,), since
if n & (my,ma,...,my), assuming j > i,

71']' N <7T1, Ce ,7T7;> 2 <V’,pj,n'>,

obtaining d; <t —2. So, (V',n') C (my,...,mTp).
Now, since

75 N <7T177T2a cee 77Tm> = <V,7pl>
Ty N <7T177T27 R 77Tm> - <V/7pj>

have dimension £ — ¢ + 1 and
T mT['j = Timﬂ'j N <7Tl,7TQ,...,7Tm>,

m; N7, is equal to (V/,p;) and (V',p;). Now, assumed j > 4, if p; # p; then
t—1=19; <t—2, a contradiction.

Suppose that there exist i € {1,...,m} and j € {m+1,...,n — 1} such that
dim(m; N7j) = k —t 4 1, then there exists another 1-space n’ € NN; and

(V'ony=mnm; CrjN{my, ..., 7m) = (V' p;).

Then p; € (V',n') and since §; =t — 1, p; € (ny,...,ny) N N;. This implies
that p; = n,.

Note explicitly that a k-space 7; in S with j € {m +1,...,n — 1} can meet
at most one m; with ¢ € {1,...,m} in a (k — ¢ + 1)-space.

Finally, we can suppose that in S there exists a k-space 7; with j € {m +
1,...,n — 1} that intersects m; with ¢ € {1,...,m} and m, with h € {m +
1,...,n—1} in two (k —t + 1)-spaces. For previous results p, = p; = n;. So
S is isomorphic to one of the examples presented in Class I. n
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6.3.1 SPIDs with 6 = (k,t,t —1,t —1,....t — 1)

Next we exhibit three classes of (k; k—t, k—t+1)-SPIDs which are not (k—t)-
juntas.

e (Class I1

Choose integers n > 3 and k,t such that 2 <t < k—1. Let W bea (k—t+1)-
subspaces of V, and X, X5 t-spaces such that dim(X;, Xs) = 2t—1. Moreover,
consider Ms, ... M, (t —1)-subspaces of V such that W, (X, Xs), Ms, ..., M,
are linearly independent. Let W; and Wy be a (k — t)-space in W, (Figure
6.2).

Then we define the sets m, ..., m, as follows:

o T = <W1,X1>, T = <W2,X2>,
o w3 = (W, M), ..., m, = (W, M,).

Now, since dim(X; N X3) = 1, m Nmy is a (k — t)-space and these spaces meet
the other ones in Wy or Wy, while {73,...,m,} is a (k — ¢t + 1)-sunflower with
center W. Clearly,

<S> = <7T1,. .. ,7Tn> = <VV,X1,X2,M3, Ce 7Mn>
Since W, (X1, Xs), M3, ..., M, are linearly independent, we find that

dm(S) =k—t+14+2t—1+(n—-2)-(t—1)
=k+Mn—-1{—-1)+1.

Again, as in Theorem 6.2.1, using the ordering 7, ..., m,, we find that
(0g,...,0n) = (t,t—1,...,t—1).

In particular, we observe that the examples in this class contain (k — ¢ + 1)-
sunflowers of maximal dimension, but does not contain (k — t)-sunflowers of
maximal dimension. Nonetheless, they are (k — t — 1)-juntas.
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Figure 6.2: The (k;k — t.k —t + 1)-SPIDs described in Class II.

e C(lass III

Choose integers n > 3, 2 < s < n and k,t such that 2 <t <k —1. Let V be
a vector space over a field F which is either infinite or else a finite field ' with
g a prime power such that @1 5 s 11 Let V' (Xy, X)), Ms, ..., M, be
linearly independent subspaces of V such that dim V’ =k—1t+2, dlm X 1 =1,
dimX,=t—1landdimM,=t—1fori=3,...,n

Let Wy, Wi, ..., Wy be distinct (k — t + 1)-spaces in V"’ such that Wy, ... W;
go through a (k — t)-space W (Figure 6.3). We define the sets

m = (W, X1), m = (Wo, Xa),
3 = <W1aM3>7' ey Ty = <W17Mm1>7
7rm1+1 == <W27Mm1+l>a R 7TTTL2 = <W27Mm2>

Tme_141 = <WS7 Mm571+1>7 ceey Ty = <WS7 Mn>

Clearly the set S is a (k; k—t,k—t+1)-SPID such that it is not a (k —¢)-junta
and

<S> = <7T1,...,7Tn> = <V/,X1,X2,M3,...,Mn>.
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Since V', X1, Xy, M3, ..., M, are linearly independent, we find that

dim(S) =k —t+2+2t—24+(n—2)(t—1)
=k+(n—-1)(t—-1)+1.

As in Theorem 6.2.1, using the ordering m, ..., m,, we find that

Oy ey 0n) = (tt—1,...,t—1).

<X17X2> J N

Figure 6.3: The (k; k —t.k —t 4+ 1)-SPIDs described in Class III.

Examples in this class may contain (k — t)-sunflowers not of maximal dimen-
sion and (k —t + 1)-sunflowers of maximal dimension.

e (Class IV

Choose integers n > 3, 2 < s < n and k,t such that 2 <t <k —1. Let V be
a vector space over a field F which is either infinite or else a finite field F' with
q a prime power such that qk;tj_l > s+ 2. Let V', My,..., M, be linearly
independent subspaces of V such that dimV’' =k —t+2. and dim M; =t —1,
fori=1,...,n.

Let Vo, Wy, W1,...,Ws be s +2 (k —t+ 1)-spaces in V' such that they not
go through the same (k — t)-space, with Wy, ..., W distinct (Figure 6.4). We
define the sets

™ = <‘/07M1>a o = <W07M2>7
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3 = <W1aM3>7 vy Ty = <W17Mm1>7
Tmy+1 = <W27 Mm1+1>7 vy TTmg = <W27Mm2>

Tme_1+1 = <W57 Mm371+1>7 ceey Ty = <WS7 Mn>

Clearly the set S is a (k; k—t, k—t+1)-SPID such that it is not a (k —t)-junta
and
<S> = <7T1, . 77Tn> = <V/, M17 MQ, Mg, ey Mn>

Since V', My, My, Ms, ..., M, are linearly independent, we find that

dim(S) =k—t+2+n-(t—1)
=k+Mn-1@—-1)+1.

As in Theorem 6.2.1, using the ordering m, ..., m,, we find that

(8pyevoy60) = (tt—1,...,t— 1),

O

My

Figure 6.4: The (k; k —t.k —t 4+ 1)-SPIDs described in Class IV.

The examples in this last class may contain (k —t 4 1)-sunflowers of maximal
dimension and (k — t)-sunflowers not of maximal dimension.
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Lemma 6.3.2. Let S be a (k;k—t,k—t+1)-SPID (2 <t < k—1) in a vector
space V such that |S| > 3 and S is not a (k — t)-junta.

If dim(S) = k+(n—1)(t—1)+1 and there is no a (k—t)-sunflower of mazimal
dimension with at least three petals then S is equivalent to one of the examples
described in Class 11, II1, or IV.

Proof. As in Theorem 6.2.1, we can sort § = {m,...,m,} in such a way that
0 is non-increasing. By Proposition 6.1.3 and 6.2.3, we have that

(01,09, ..., 00) = (kyt,t —1,... t—1). (6.3.2)

Moreover, as consequence of Proposition 6.2.3, dim(m4N(my, 72, 73)) = dim(myN
(m1,m)) = k —t+ 1, then we obtain that

Ty Ny C w0 N (71, T, T3) = g N {701, T2) S (71, 72).

By Proposition 6.2.3, eventually rearranging the spaces 73, ..., 7, in S, we can
repeat the previous argument, getting

T N 7Tj Q <7T1,7T2>,

for each m; and m; with ¢,j € {3,...,n}.
Now, in &’ = {73, ..., m,}, we can define the following binary relation

T~ Tj < ™ N <7T1,7T2> =Ty N <7T1,7T2>,

fori,j=3,...,n.

Clearly, ~ is an equivalence relation on S&’. The k-spaces of an equivalence
class meet (mp,m) in the same (k — ¢t + 1)-space. In this way, we have that
Wi, ..., W5, where 1 < s <n-—3, are (k—t+1)-dimensional spaces in (my, ma),
pairwise intersecting in a (k — t)-space®.

2Indeed, let m; and m; be k-spaces of S in different equivalence classes. Then, by
Proposition 6.2.3, dim(m; N (71, m2)) = dim(m; N (my,m2)) =k —t+ 1,

m; N (w1, me) = Wy and 7; N (w1, ma) = Wiy,
with for some £,m € {1,..., s} distinct. Hence
mNT; =m NN (m,ma) = We N Wy,
Since k —t < dim(m; N7;) = dim(W, N W,,,) and W, W, are distinct (k — ¢ 4 1)-subspaces,

dim(W, N W) =k — .
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Since the relation ~ induces a partition Jy, Js, ..., Js on the index set
{3,4,...,n}, by Proposition 6.2.3, we can label appropriately the elements of
S, obtaining

i = <W1,Mj1> with jl < Jl
Tjy = <W27sz> J2 € Ja,
7Tjs = <W57Mjs> js 6 JS'

where the elements in the set {M;, : j, € Jn, h € {1,2,...,s}}, are linearly
independent (¢ — 1)-spaces. In fact, if two of them intersect not trivially, this
would immediately contradict (6.3.2).

We divide the rest of the proof in two steps:

1) First of all, we look at the case in which all spaces of &’ meet (7, m5) in
the same space, say W. Since for all 3 < j<nandi=12mNm =
m; N W3 we shall show that

dim(m Nmj) =k —t.

So, suppose that either the space m; or my contains W (W & mp N 7o,
dim(m N me) = k —t). We can consider, without loss of generality,
that m; contains W. Then m N W = m; N my; in fact, we have that
m N DmeNW =mNmy with j € {3,...,n}. But then S is a (k — t)-
junta; a contradiction.

Hence, m; "W and mo NW are (k — t)-spaces, they are distinct otherwise
S is again a (k — t)-junta®. More precisely, they are two hyperplanes of
W, and then they have to meet in a (k—t—1)-space W’ in W. Hence, we
may always choose a basis of V in such a way that the following happens

mNW = (W' n) and moNW = (W' ny)

with ny,ne distinct 1-spaces in Wy \ W’ with W’ ny, ny linearly inde-
pendent. Then, there exist X; and X5, t-spaces such that they have a
1-space in common and

T = <W’,n1,X1>, To = <W’,n2,X2>.
3Recall that W = 7; N (1, m2). Then

ﬂ'iﬂﬂ'j §7rj0<7r1,7r2> =W
and clearly m; N7; € W N7;. On the other hand, since
W = Uy n <7TZ'77T2> Q T,

then W Nm; Cm; N,
4Otherwise, m NW = m Nmy = 1o N W C W, and hence m; N 7y is contained in every
k-space of S.
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This means that S is isomorphic to one of the examples in Class II.

2) Now, we suppose that s > 2. In this case Wy,..., W, are (k —t + 1)-
spaces pairwise intersecting in a (k —t)-space. Hence, by Theorem 3.3.4,
either

(a) they have a (k — t)-space in common, or

(b) they lay in a (k —t + 2)-space V.

Note explicitly that for s = 2, (a) and (b) are equivalent. If s > 3, we
shall show that

dim(Wl,Wg,...,Ws> =k—t+4+2 (633)
which is equivalent to prove that, for all 1 < h <'s,

W C (W, W), (6.3.4)

Suppose that Wy, Ws, ..., W go through a (k — t)-space in (m, m2) and
let 7;,, mj,, m;, be k-spaces belonging to different equivalence classes with
respect to ~, where

i = <W17 Mj1> Ty = <W27 Mj2> T, = <Wh’Mjh>'

Since there is no a sunflower of maximal dimension with at least three
petals, we have

dim(ﬂ—jh N <7Tj177rj2>) > k—t+1.
Then, by applying Grassmann Formula, we obtain

k—t+1 < dim(wjh N <7Tj1,7'('j2>> =2k+1t— d1m<W1, WQ, Wh, Mj17 MjQ, Mjh>
= 2k' + t— 3(t — 1) — (dlm Wh + dim<W1, WQ) — dlm(Wh M <W1, W2>),

so dim(Wy, N (W, Wa) > k —t + 1, then by W), dimension we have the

property (6.3.4).

Hence, we suppose s > 2 and, by (6.3.4), all (k—t+1)-spaces W1, ..., W

lie in a (k — t + 2)-space, say V.

Obviously V' is contained in (7, m2) and

k—t<dim(mNV)<k—t+1 for i=1,2.  (6.3.5)
Indeed, since for any j € {3,...,n},

m N, =mNmN{m,m) =mNW, CmnNV’
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fori = 1,2 and for some h € {1,..., s}, then the left inequality in (6.3.5)
follows.
On the other hand, if dim(m; N V') > k —t+ 2, for i = 1 or 2, then V’
is contained either in 7y or in 7y (not in both, dim(m N m) = k — t).
Without loss of generality, we can suppose that V' is contained in 7.
Then

T N7, = T N W), CmnNV' Cm N,

for h € {1,...,s}. This implies that m; N7y is contained in all elements
of S and it is a (k — t)-junta.

Furthermore, m; NV’ and m, NV’ are distinct subspaces. Indeed,
(0) if m NV ' =mNV and it is a (kK — ¢t 4+ 1)-space, then m N7y is a
(k —t 4 1)-space, a contradiciton;

(00) if m NV = maN V' is a (k — t)-space, since for i = 1,2 and
h=1,...,s, m NWy, has dimension at least k —t and W, C V', we
have that

WlﬂWh:TlﬂV,:WgﬂV/:ﬂgﬂWh.

This implies that m; N7y is contained in all element of S, a contra-
diction.

Now, let W), be a (k —t + 1)-space with 1 < h < s, then

k —t=dim(m Nmy) > dim(m Nme N V') > dim(m, N NW,) >
dim(m; N W},) + dim(me N W) — dim Wy, >
ok —t)—k+t—1=k—t—1.
(6.3.6)

By the inequalities (6.3.5) and (6.3.6), the discussion is reduced only to
the following three cases:

(1) dim(m NV’') =dim(m NV’') =k —t (and dim(m NmeNV') =
k—t—1).

(77) m and 7y meet V' in subspaces with different dimension.

(7i1) m NV’ and m NV’ are two hyperplanes of V.
Case (i): We shall show that for all 3 < j <mn,
Uy N <7T1, 7'('2) = <7T1 N V/, T2 N V/> (637)

Since m; N (1, me) € V' and m and 7, meet V' in a (k — t)-space,



Constructions of (k;k —t,k —t+ 1)-SPIDs 111

miNm =m NV and m;Nmy =me NV’

obtaining that
Ty N <7T1,7T2> 2 <7Tj ﬂ7T1,7Tj ﬂ7r2> = <7Tl N Vl,ﬂ'g N V/>
Since they are both (k — t)-spaces in V', we obtain the claim in (6.3.7).

Hence, every m;, j = 3, ..., n, meets (m, m2) always in the same (k—t+1)-
subspace, then s = 1, a contradiction.

Case (7i): We can suppose, without loss of generality, that
dim(mNV')=k—t and dim(mNV')=k—t+1
Clearly, m; N V' & 7w NV’ otherwise
mNW,=m NV Cr,NV'.

This implies that m N7y C Wy, for h =1,...,s, then S is a (k —t)-junta.
Since W = m Nm NV’ is a (k—t — 1)-space, there exist a t-space X
contained in m; and a (¢t — 1)-space X3 contained in 79 both disjoint from
V', for i = 1,2 and such that (X, X3) = 2t — 2. Then
T = <W, X1> and Trg = <VV, X2>
We note explicitly that
mﬂV’:mﬂWh Q Wh, (638)

for h e {1,...,s}.

Case (7i7): Now, we suppose that m NV’ and m NV’ are hyperplanes
of V', say Vy and Wy, respectively. Then, there exists X;, i = 1,2, a
(t — 1)-space in m; disjoint from V"’ such that

T = <%,X1> and g = <W(),X2>.

Again, by Grassmann Formula, we obtain that X, X5, V' are linearly
independent and
dim<X1, X2> =2t — 2.
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So, the discussion in case (ii) provide us with an example which isomorphic to
one of those described in Class 111, while (i) gives an example isomorphic to
one described in Class IV. m

Remark 6.3.3. Let W = {WWy,..., W, mNV'} be the set of (k—t+1)-spaces
in V' with2<s<n-—3.

In the Case (i7), if s > 3 and by formula (6.3.8), the first s subspaces in W
form a sunflower with center m N V', with m NV’ not through =) N V".

In the Case (iii), considered m NV’ and m N V', one of them or both could
be in {W7y,..., Wi}

If s = 2, at most one between 7 NV’ and m, NV’ can coincide with W, or Wi.
Otherwise, Wi N W5 = m; Ny and it is contained in all elements of S.

In particular, if s = 2 and n = 4, it is straightforward to see that exactly one
between m; NV’ and 7 NV’ must necessarily be equal to Wi or Ws.

Theorem 6.3.4. Let S be a (k;k—t;k—t+1)-SPID in a vector space V, with
IS| >3 and 2 <t < k—1. If the dimension of (S) is k+(n—1)(t—1)+1, then
S is either a (k —t)-junta or S is isomorphic to one of the examples described
in Class I, II, IIT or IV.

Proof. We assume that S is not a (k — t)-junta. We denote the elements of
S by 7, m, ..., m,. We will consider all possible orderings of the spaces in S
such that the parameters (0, ...,d,) are non-increasing.

Since dim(S) = k+(n—1)(t—1)+1, we have the equality in (6.2.1) of Theorem
6.2.1 . Hence, if m > 3 we have

8oy 0) = (ty. bt =1, t—1,t+1—m), (6.3.9)
m—1 times n—m—1 times

otherwise m = 2 and we have
(0gy...,0n) = (t,t—1,...,t—1). (6.3.10)

o Suppose that we can find a permutation of S such that (ds,...,d,) is as
in (6.3.9), for m > 3, then by Lemma 6.3.1 it follows that S is isomorphic
to one of the examples described in Class 1.

o If there is permutation of S such that §,, <t — 2, then in S there is a

(k — t)-sunflower of maximal dimension with at least three petals and
then there is a permutation of S such that (ds,...,d,) is as in (6.3.9).
This case has been covered in the preceding point.
So, we can assume that for any permutation of S the tuple (do,...,d,)
is as in (6.3.10). By Proposition 6.2.3, there is no (k — t)-sunflower of
maximal dimension with at least three petals and the result follows by
Lemma 6.3.2.

O
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