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Common Complements of Linear Subspaces and the Sparseness of MRD Codes*

Anina Gruical and Alberto Ravagnanif

Abstract. Motivated by applications to the theory of rank-metric codes, we study the problem of estimating the
number of common complements of a family of subspaces over a finite field in terms of the cardinality
of the family and its intersection structure. We derive upper and lower bounds for this number, along
with their asymptotic versions as the field size tends to infinity. We then use these bounds to describe
the general behavior of common complements with respect to sparseness and density, showing that
the decisive property is whether or not the number of spaces to be complemented is negligible with
respect to the field size. By specializing our results to matrix spaces, we obtain upper and lower
bounds for the number of maximum-rank-distance (MRD) codes in the rank metric. In particular, we
answer an open question in coding theory, proving that MRD codes are sparse for all parameter sets
as the field size grows, with only very few exceptions. We also investigate the density of MRD codes
as their number of columns tends to infinity, obtaining a new asymptotic bound. Using properties
of the Euler function from number theory, we then show that our bound improves on known results
for most parameter sets. We conclude the paper by establishing general structural properties of the
density function of rank-metric codes.
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A rank-metric code is a linear space of matrices over a finite field F, in which every non-
zero matrix has rank bounded from below by an integer d (called the minimum distance of the
code). Originally introduced by Delsarte for combinatorial interest [10], in the last few decades
rank-metric codes have been extensively studied in connection with various applications in
information technology [12, 16, 22, 25] and several areas of pure and applied mathematics,
including combinatorial designs, rook theory, semifields, polymatroids, and linear sets; see [5,
8, 10, 14, 18, 23, 24] among many others.

An open question in coding theory asks one to compute the asymptotic density of rank-
metric codes having maximum dimension, also known as mazimum-rank-distance (MRD)
codes; see for example [1, 6]. In more detail, one fixes a value for the minimum distance
and attempts to compute the asymptotics, as ¢ — +oo, of the proportion of MRD codes
having that distance within the set of codes sharing the same dimension. To date, three
independent approaches have been developed in the attempt to solve this problem, based on
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80 ANINA GRUICA AND ALBERTO RAVAGNANI

enumerative combinatorics, the theory of spectrum-free matrices, and semifields; see [1, 6, 13].
All these techniques show that Fy-linear MRD codes are not dense within the set of codes
having a certain dimension. This is in sharp contrast with the behavior of maximum distance
separable (MDS) codes in the Hamming metric and of Fym-linear MRD codes, which are
natural analogues of Fg-linear MRD codes and are instead dense as the field size tends to
infinity [6, 20].

In this paper, we reinterpret the above question as a broader problem intersecting com-
binatorial geometry and extremal combinatorics, which is interesting in its own right. More
precisely, we study the problem of estimating the number of complements shared by a family
of subspaces of Fév , say &, all of which have the same codimension k. The bounds that we
derive take into account the intersection structure of the spaces in </ (i.e., how many sub-
space pairs intersect in a given dimension), as well as the cardinality of /. The question of
estimating the density of MRD codes turns out to be a very special instance of this general
problem.

Our strategy to obtain upper and lower bounds for the number of common complements
of the spaces in & relies on the rigidity of certain graphs constructed from a linear lattice. We
introduce a simple notion of regularity of a bipartite graph with respect to a function defined
on its left-vertices, which we call an association. This extends the concept of left-regularity
and defines a set of numerical parameters of the underlying graph. We then describe the
aforementioned complements as the isolated right-vertices of such a regular bipartite graph,
estimating their number in terms of the fundamental graph’s parameters. In turn, these
parameters can be computed using classical methods from the theory of critical problems in
combinatorial geometry.

Of particular interest for us are the asymptotic versions of these bounds which, under
certain assumptions, lead to the following general behavior of the common complements with
respect to sparseness/density. If the cardinality of o7 is negligible with respect to the field
size ¢, then almost all k-subspaces of Fév are common complements of the spaces in &/; more-
over, the proportion of noncommon complements is on O(|.<7|/q) as ¢ — +o00. Vice versa, if
the cardinality of o is preponderant with respect to the field size ¢, then the common com-
plements are sparse (precise asymptotic estimates will be given). In our asymptotic analysis,
we find particularly useful the notion of an asymptotic partial spread, which we propose as the
asymptotic analogue of the classical and homonymous definition from discrete geometry.

In the second part of the paper we turn to the theory of rank-metric codes, specializing
our results to matrix spaces over [F,. Our main result is an upper bound on the number of
MRD codes with given parameters; see Theorem 5.7. We also prove that the density of n x m
MRD codes of minimum distance d is on

O<q7(d71)(n7d+1)+1) as g — ~+oo;

see Theorem 5.9 for a precise statement. This shows that MRD codes are very sparse, unless
d=1or n=d=2, answering the question stated at the beginning of this introduction.

The third part of the paper concentrates on the asymptotic density of n x m MRD codes
as m — 4o0o. We apply the graph theory machinery described above and obtain an upper
bound on the limit superior of the density of these codes. Our estimates involve the Fuler
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function ¢ from the theory of g-series. In fact, with the aid of Euler’s pentagonal number
theorem we show that our asymptotic bounds improve on known results for most parameter
sets. The question of determining whether or not MRD codes are sparse for m large remains
open.

In the last section of the paper we investigate some general properties of density functions
in the rank metric, without restricting to MRD codes necessarily. This also gives us the chance
to reinterpret known results from a new perspective.

Outline. The remainder of the paper is organized as follows. In section 1 we illustrate the
problems we study and introduce the relevant terminology. Section 2 contains preliminary
formulas on linear spaces and tuples of functionals, which we will need repeatedly throughout
the paper. In section 3 we present our main results, deriving upper and lower bounds for the
number of common complements of a family of subspaces using a graph theory approach. The
asymptotic versions of these bounds are obtained in section 4. We study the density function
of MRD codes (and sometimes of more general rank-metric codes) for ¢ — +o00 and m — +o00
in sections 5 and 6, respectively. Finally, structural properties of the density functions of
rank-metric codes are established in section 7.

1. Problem formulation. In this section we recall some concepts from combinatorial ge-
ometry and state the main problems studied throughout the paper, illustrating their connec-
tion with the theory of rank-metric codes. In the following, ¢ denotes a prime power and [F,
is the finite field of ¢ elements. We let

bl o i
bing(a,b) = H T
i ¢ 71

be the g-binomial coefficient of integers a > b > 0; see, e.g., [27]. It is well known that
bin,(a, b) counts the number of b-subspaces of an a-space over F,.

Definition 1.1. Let X be a vector space over Fy and let W < X be a subspace. A comple-
ment of W in X is a subspace W' < X with W & W' = X, i.e., a complement of W in the
lattice of subspaces of X (we denote by “<” the inclusion relation of linear spaces).

This paper focuses on the problem of estimating the number of complements shared by a
collection of subspaces. A strong motivation to study this problem comes from the theory of
rank-metric codes, as we will explain shortly.

Problem 1.2. Let X be a vector space of finite dimension N > 3 over Fy and let 1 < k <
N — 1 be an integer. Let &/ be a nonempty collection of subspaces of X, all of which have
codimension k. Give upper and lower bounds for the number of common complements in X
of the spaces in < .

When studying Problem 1.2, we take into account structural properties of the set o7 of
combinatorial flavor, as we will explain later. In this paper we also investigate the asymptotic
version of Problem 1.2 as the field size tends to infinity, which can be stated as follows.

Problem 1.3. Let @ be the set of prime powers and let (X4)qcq be a sequence of vector
spaces, all of which have the same dimension N > 3 over Fy. Let 1 < k < N —1 be an
integer and let (o/y)qcq be a sequence of nonempty collections of linear spaces, all of which
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have codimension k, with A, < X, for all ¢ € Q and all Ay € o7;. Determine the asymptotic
behavior as ¢ — 400 of the ratio |.F4|/bing(N, k), where F#, is the collection of k-subspaces
W, < X, that intersect some space in «/; nontrivially.

In the notation of Problem 1.3, we say that the family of subspaces (%;)4eq is sparse if
limg s o0 |F4|/bing(N, k) = 0 and dense if limg_, 4 o0 |.%4|/bing(N, k) = 1.

The asymptotic version of Problem 1.2, which we will study in section 4, is closely con-
nected to an open question in coding theory on the density of MRD codes. We now briefly
review some concepts from coding theory and explain this connection more in detail.

In the following, m and n denote integers with m > n > 2 and Fp*™ is the space of n x m
matrices with entries in IF,.

Definition 1.4. A (linear rank-metric) code is a nonzero Fy-linear subspace ¢ < Fy*™. Its
minimum distance is the integer

d(€) := min{rk(M) | M € €, M # 0}.
A rank-metric code cannot have large dimension and minimum distance simultaneously.

The trade-off between these quantities is captured by the following result of Delsarte.

Theorem 1.5 (singleton-like bound; see [10]). Let € < Fy*™ be a nonzero rank-metric
code. We have

dim(%) < m(n —d(€)+1).

The most studied rank-metric codes are those having the maximum possible dimension
allowed by their minimum distance.

Definition 1.6. A code ¢ < Fy™™ is called MRD if it attains the bound of Theorem 1.5
with equality.

The coding theory problem we are interested in asks one to compute the asymptotics, as
the field size tends to infinity, of the proportion of MRD codes among all codes with a given
dimension. More formally (and more generally), we propose the following terminology.

Definition 1.7. For 1 < k<mn and1<d <n, let

{6 < Fxm | dim(%) = k, (%) > d)
dg(n x m,k,d) := bing (o, )

denote the density (function) of rank-metric codes with minimum distance at least d among
all k-dimensional codes. Their symptotic density is instead limg_, o 64(n x m, k, d), when the
limit exists.

The following is currently an open question in coding theory.

Problem 1.8. Compute limg_, o 6q(n X m,m(n —d + 1),d) for all 1 < d < n, when it
exists.

We are also interested in determining the asymptotic density of MRD codes as their
number of columns tends to infinity, which is another open problem.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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Problem 1.9. Compute limy, 4o 6q(n X m,m(n —d + 1),d) for all 1 < d < n, when it
extsts.

In this paper, we regard the above two problems as special instances of Problem 1.3.
This allows us to solve Problem 1.8 and to make progress on Problem 1.9 in sections 5
and 6, respectively. In those sections, we will also survey the literature centered around these
problems and briefly describe the three approaches that have been explored so far to solve
them.

In the following remark we describe in more detail the connection between Problems 1.2,
1.8, and 1.9. This will be needed in later sections.

Remark 1.10. Consider the collection % of subspaces U < Fy having dim(U) = d — 1.
For any U € %, denote by ngm(U) the set of all matrices whose column-space is contained
in U. It is easy to see that Fy*™(U) is a linear space of dimension m(d — 1) and that
every element of Fy”™(U) has rank smaller or equal to d — 1 for all U € %. Finally, let
o = {Fy*™(U) | U € %}. By definition, the common complements of the spaces in &/ are
the rank-metric codes ¢ < Fp*™ that do not contain any matrix of rank smaller equal to d—1
and with dimension dim (%) = mn —m(d — 1) = m(n — d + 1). This means that the common
complements of the spaces in &7 are exactly the MRD codes of minimum distance d in [Fj*"™.
This interpretation of MRD codes as common complements of linear spaces will be crucial in
our approach.

We conclude this section by stating a fifth problem considered in this paper. Although
our main focus is not on this question, its solution will facilitate the study of Problem 1.3.
We need the following terminology.

Definition 1.11. Let X be a vector space over F,. A cone in X is a nonempty subset K C X
with v € K for allv € K and X € .

Let S C X be a set with 0 € S. We say that a subspace W < X distinguishes S if
W NS = {0}. If this is not the case, then we say that W intersects S and write W > S.

Problem 1.12. Let X be a vector space of finite dimension N > 3 over F, and let K C X
be a cone. For 1 <k < N, give upper and lower bounds for the number of k-spaces W < X
that distinguish K.

In the notation of Problem 1.12, the task of computing the exact number of k-spaces W
distinguishing K is known to be difficult in general. This is the celebrated critical problem
for combinatorial geometries, proposed by Crapo and Rota in [7, Chapter 16]. Its solution
heavily depends on the combinatorics of the cone K, in a precise lattice theory sense; see [11,
17, 21, 29]. There is also a very nice connection between Problem 1.12 and Sperner theory,
which indirectly provides a partial solution for it. We will comment on this in Remark 3.9.

Remark 1.13. Since the union of linear subspaces is clearly a cone, at a first glance Prob-
lem 1.12 might be seen as a special instance of Problem 1.2. Our approach to the latter
problem however takes into account information that gets lost when replacing a collection of
subspaces with their union. More precisely, the bounds that we will derive take into account
the cardinality of 7 (in the notation of Problem 1.2) as well as their intersection structure, i.e.,
the number of subspace pairs intersecting in a given dimension. Both these pieces of informa-
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tion are lost when replacing <7 with | J.«/. For this reason, in this paper Problems 1.2 and 1.12
are treated as very different questions. We will return to this discussion in Remark 3.10 and
Example 3.11.

2. Counting linear spaces and functionals. The goal of this section is to provide a combi-
natorial interpretation for the following expression, which will be used repeatedly throughout
the paper to derive bounds and their asymptotic versions.

Notation 2.1. For a prime power ¢ and nonnegative integers N, k, and ¢ with N > 3,
k< N,and N —2k </ <N —k, let

N—k—1
(21) (N, k,0) := bing(N, k) — 2¢"N7H) 4 qER=NFON=R) T (gN=k — gf),
i=L

where throughout this paper a product over an empty index set is 1 by convention.

We will show that v4(N,k,¢) counts the number of k-subspaces of an N-space over [,
having a particular property. More precisely, the following holds.

Theorem 2.2. Let N, k, and ¢ be as in Notation 2.1. Let X be an N-space over F, and let
A, A" B,B' < X be (N — k)-subspaces with £ = dim(A N B) = dim(A’ N B’). We have

(W < X |dim(W) =k, Ws A, WoBY =|{W < X |dm(W) =k Ws A, W>B'}

In words, the number of k-spaces W < X intersecting (N — k)-spaces A, B < X only depends
on { = dim(A N B). Moreover, this number is precisely vy(N, k,{).

Theorem 2.2 will be established after a series of preliminary results on linear functionals,
which are natural objects in the theory of critical problems [7, 17]. While there are more
direct approaches to obtain a closed formula for the quantity in Theorem 2.2, the expressions
we obtained with such approaches are difficult to estimate as ¢ — +oo (and we will need these
asymptotic estimates in section 4).

To simplify the study of v, (N, k, £), throughout this section we fix a prime power ¢, an
integer N > 3, and a vector space X having dimension N over F,. The particular choice of X
is irrelevant. We start by introducing the following simple concepts.

Definition 2.3. (1) A functional on X is a linear function f : X — F,. The space of
functionals on X is denoted by X*.

(2) Letr > 1 be an integer. The kernel of an r-tuple F' = (f1, ..., fr) € (X*)" is the linear
space ker(F') := ker(f1) N---Nker(fy).

(3) Let S C X be a set with 0 € S and let r > 1 be an integer. We say that F € (X*)"
distinguishes S if ker(F') distinguishes S. Similarly, we say that F intersects S if
ker(F') intersects S. In the latter case we write F'>S. Finally, we let

14(r,S) == {F € (X*)" | F distinguishes S}|.

A celebrated theorem by Crapo and Rota [7, Chapter 16] expresses 7,(r, S) in terms of
the combinatorics of the set S. More precisely, it shows that 7,(r, S) is obtained by evaluating
the characteristic polynomial of the geometric lattice generated by S at ¢°.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 11/30/22 to 131.155.92.126 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

COMMON COMPLEMENTS AND THE SPARSENESS OF MRD CODES 85

Definition 2.4. Let S C X be a subset with 0 € S. We denote by £(S) the geometric
lattice whose elements are the subspaces of X having a basis made of elements of S, ordered
by inclusion. We also let us and rk(S) denote its Mébius function and rank, respectively
(note that tk(S) is simply the dimension of the space generated by the elements of S). The
characteristic polynomial of S is

XS A) = Y pg(W) NKE=Am) ¢ 73],
WeZ(S)

For some sets S, the characteristic polynomial x (.S, A) can be explicitly computed, although
this is a very difficult task in general.

Ezample 2.5. For a k-space A < X we have x(A4,\) = Hé:ol()\ — ¢'). This formula is well
known and follows, for example, from [26, section 3.

We can now state the result of Crapo and Rota.

Theorem 2.6 (see [7, Chapter 16]). Let S C X be a subset with 0 € X and let r > 1 be an

integer. We have
74(r,8) = "N X(S,q).

In particular, for all k-spaces A < X we have

k—1
(r, A) = NPT (¢" - o).
1=0

Counting functionals that distinguish a set of vectors is equivalent to counting spaces that
distinguish the same set. For some parameters, the mentioned relation between functionals
and spaces is particularly simple, as the next lemma illustrates.

Lemma 2.7. Let S C X be a subset with 0 € S. Fix any integer k with the property
that k > max{dim(W) | W < X, W distinguishes S}. The number of k-spaces W < X

distinguishing S is
To(N — k., S)

N—k—1, n_ o
[liso" (@ —4q9)

Proof. Define the sets

A = {F e (X*)N=F | F distinguishes S},
B :={W < X | dim(W) = k, W distinguishes S}.

Let ¢ : A — B be the map defined by ¢ : F' +— ker(F) for all F € A. We claim that ¢ is
well-defined. To see this, note that dim(ker(F)) > N — N + k = k. Since we have k >
max{dim(W) | W < X, W distinguishes S} by assumption, it must hold that dim(ker(F')) =
k. This shows that ¢ is indeed well-defined. As a next step, we compute the size of the fiber
of an arbitrary W € B as follows,

N—-k—1
e W) = [{F e (XY F ke () = WY = ] @"*—d),
1=0
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where the latter equality is not difficult to see and is left to the reader. Therefore

N—k—1
JN=ES) = |t =B [ " "-d),
WeB i=0
as desired. [ |

The final step towards a combinatorial interpretation for v, (N, k, ¢) is the following formula
relating tuples of functionals distinguishing linear spaces. The proof technique combines
the aforementioned result by Crapo and Rota (Theorem 2.6 above) with Stanley’s modular
factorization theorem for geometric lattices [26].

Lemma 2.8. Let A, B < X be subspaces. For all r > 1 we have
Tq(r, AU B) 14(r, AN B) = 14(r, A) 74(7, B).

Proof. Consider the geometric lattice .Z/(A U B); see Definition 2.4. The rank of AU B is
rk(AU B) = dim(A + B). It is easy to see that A is a modular element of .Z (AU B) and thus
we can use Stanley’s modular factorization theorem [26, Theorem 2] as follows:

X(AU B, X)) = x(A,)\) Z peaus(W) \Tk(AUB) —dim(A)—dim(W)
WeZ(AUB)
WNA={0}
(2.2) = x(A4, ) Z jup (W) A&m(B)—dim(ANB)—dim(W),

WeZ(B)
WnA={0}

We now apply again Stanley’s modular factorization theorem to the lattice .Z(B) and the
modular element AN B of £ (B), obtaining

(23) X(B> )\) — X(A N B, )\) Z ,UB(W) )\dim(B)—dim(AﬁB)—dim(W)'

WeZ(B)
WnA={0}

Using (2.2) and (2.3) together we get x(AU B, \) x(AN B, ) = x(A,\) x(B,A). Finally, the

statement of the lemma can easily be derived by combining the latter identity with Theo-
rem 2.6. |

We are now ready to establish the main result of this section, providing a combinatorial
interpretation for v4(N, k, ).
Proof of Theorem 2.2. Fix arbitrary (N —k)-spaces A, B < X that intersect in dimension

£. The largest dimension of a subspace W < X that distinguishes AUB is at most k. Therefore
by Lemma 2.7 we have

(2.4) {W < X |dim(W) =k, W> A and W B}| =

Ty(N —k, A)  1y(N—k,B) n 74(N —k,AUB)

N—-k—-1

bing (N, k) — — 2 ___md Vs N
! H'L:O (qN_k - qz) Hi\iok l(qN_k — qz) H'JL\;Ok l(qN—k _ qz)
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Using Lemma 2.8 we can rewrite the last term of this expression as

(N -k, AUB) 7o(N — k, A)1y(N — k, B)

L5 @V =) 7g(N =k ANB) L gV - g')

Finally, by the second part of Theorem 2.6 we have that

W < X |dim(W) =k, W A and W B}| =
2"V I eV — )
15 @ =)
Zaiainid VUt

+ - : v ,
gN=ON=P TT 5 (gVF — ¢) [T @V = )

which simplifies to v4(NV, k,£). Note moreover that this expression does not depend on the
choice of A and B, concluding the proof. |

bing (N, k) —

9

3. Upper and lower bounds. In this section we present some of the main results of this
paper, providing an answer to Problems 1.2 and 1.12. The approach we take is based on
the study of isolated vertices in bipartite graphs. Throughout the paper we use the following
definition of bipartite graph and isolated vertex.

Definition 3.1. A (directed) bipartite graph is a 3-tuple Z = (¥, W ,&), where V', W are
finite nonempty sets and & C ¥ x W . The elements of ¥V U W are called vertices. We say
that a vertex W € W is isolated if there is no V€ ¥ with (V,W) € &.

Finally, a bipartite graph B = (V' , W, &) is left-regular of degree 0 if for all V € ¥ we
have 0 = {W e W | (V,W) € &}.

We start with a very simple upper bound for the number of nonisolated vertices in a

left-regular bipartite graph.

Lemma 3.2. Let B = (V,#,&) be a bipartite and left-reqular graph of degree O > 0. Let
F C W be the collection of nonisolated vertices of W . We have

|| < |V]0.

Proof. We count the elements in the set A = {(V,W) e & |V € ¥, W € .F} in two ways,

obtaining
710 =|Al= Y VeV |(V,W)e&Y > |Z|
WeF

The latter inequality follows from the fact, by assumption, no vertex in .% is isolated. |

The next step is to derive a lower bound for the number of nonisolated vertices in a
bipartite graph. We concentrate on a class of such graphs that exhibit strong regularity
properties with respect to certain maps defined on their left-vertices. More precisely, we will
use the following concepts.

Definition 3.3. Let ¥ be a finite nonempty set and let r > 0 be an integer. An association
on ¥ of magnitude r is a function o : ¥ x ¥ — {0,...,r} that satisfies the following:
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(1) a«(V,V)=r forallVeV;

(2) a(V,V')=a(V', V) for all V.V € V.

Definition 3.4. Let B = (¥, #,&) be a finite bipartite graph and let « be an association
on V" of magnitude r. We say that B is a-regular if for all (V,V') € ¥ x ¥ the number of
vertices W € W with (V,W) € & and (V!,W) € & only depends on a(V,V'). We denote this
number by #y(a), where £ = a(V, V') € {0, ...,7}, i.e., we have

Wila) ={W e | (VW)€ &, (VW) e &Y
for any pair (V,V') € ¥ x ¥ such that a(V,V') = (.

Note that an a-regular bipartite graph 4 as in Definition 3.4 is necessarily left-regular of
degree 0 = #,(«). The following lemma gives a lower bound for the number of nonisolated
vertices.

Lemma 3.5. Let Z = (¥, #,&) be a finite bipartite a-regqular graph, where « is an asso-
ciation on ¥V of magnitude r. Let F C W be the collection of nonisolated vertices of W . If
Wy () >0, then

F|s QPP
~ Y=o Yila) a7 (0)]

Proof. Define the set A = {(V,V' W) € V2 x # | (V,W) € &, (V/,W) € &}. Since all

vertices in # \ .# are isolated, we have

7| - [Al=|F] Y {V eV [ (V,W) e &}

WeF

(3.1) > (Z {Ver| (V,W)€5’}1> :

WeZz

where the latter bound follows from the Cauchy—Schwarz inequality. As in the proof of
Lemma 3.2, we have

32) Y HVer|(VW)esl =Y HWeV | (V.W)e &Y =W(a)|V].
Wez Vey

Therefore combining (3.1) with (3.2) we obtain
(3.3) |.Z| - |A| > #(a)? |V 2
Observe moreover that, by the definition of an association,
Al = Z Yo {Wew |[(VVW)eé&, (VW) e &}
=0 (V,V')ey?
a(V,V=¢

_Zw {V, Ve ¥ | a(V, V') = ¢}

(3.4) = S W) o ()
/=0
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Since #;(a) > 0, by (3.3) we have |A| # 0. Therefore to conclude the proof it suffices to
combine (3.3) with (3.4). [ ]

We now apply Lemmas 3.2 and 3.5 to derive upper and lower bounds for the number of
common complements of a collection of subspaces. This will provide an answer to Problem 1.2,
establishing the main result of this section.

Theorem 3.6. Let X be a vector space of finite dimension N > 3 over Fq and let 1 < k <
N — 1 be an integer. Let of be a monempty collection of subspaces of X, all of which have
codimension k. Let % be the collection of k-spaces W < X that are not common complements
of the spaces in /. We have

V(N k, N — k)? | /|2
S vy (N E,€) - [{(A, A) € 72 | dim(AN A) = ¢}
In particular, if |<7| > 2 and
lmaz = max{dim(ANA) | A, A € o/, A+ A},

< |F| < || vg(N,k, N — k).

then
ve(N,k,N — k)? ||
Vq(Nv k7N - k) + (|”Q{‘ - 1) Vq(N7 kagmax)

Proof. We apply Lemmas 3.2 and 3.5 to the bipartite graph & = (&7, #, &), where #
is the collection of k-subspaces of X and (A, W) € & if W intersects A. We define an
association « of magnitude N —k on &7 by setting a(A4, A") := dim(ANA’) for all A, A’ € «/.
By Theorem 2.2, the graph 4 is a-regular with #(«) = vy(N, k,£) for all £ € {0, ..., N — k}.
Note that #n_i(a) = vg(N,k,N — k) > 0, since every subspace has a complement. The
desired upper and lower bounds on |.%| now follow directly from Lemmas 3.2 and 3.5.

To prove the last part of the statement, observe that the map ¢ — v, (N, k, £) is increasing
in £. This can be seen, for example, from (A.1) in the appendix. Therefore

< |F| < || vg(N.k, N — k).

N—k N—-k—1
(N kO N OI < D (N, ky bnax) @7 (O)] + [ | vg (N, b, N — k)
=0 =0
N—k—1
=vg(N b bnax) Y la” N (O] + || vg(N,k, N — k)

£=0
= V(N k, boax) || (|| = 1) + || vy(N, k, N — k).
Combining this with Lemma 3.5 we obtain
vg(N,k, N — k)? | o/ |2
|| vg(N, ke, N — k) + || (|| — 1) vg(N, k, bmax)’

which is the lower bound in the second part of the statement. |

7] >

Note that the lower bound on |.%#| in Theorem 3.6 takes into account the number of spaces
to be complemented, but also their “intersection structure.” More precisely, it takes into
account how many subspace pairs intersect in a given dimension. The latter information will
be crucial when deriving upper bounds on the density function of MRD codes in section 5;
see in particular Theorem 5.7.
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Remark 3.7. A lower bound for the number of common complements of a collection of
subspaces was obtained in [28, Theorem 5|. Following the notation and the assumptions of
Theorem 3.6, the result of [28] states that if |7 | < ¢, then the number of common complements
of the spaces in &7 is at least ¢ + 1 — |&7|. For |<7| = ¢, the lower bound of [28] is 1, whereas
the bound given in Theorem 3.6 is negative. Therefore, for this particular case, the result
of [28] is sharper. For |&/| < ¢ and sufficiently large g, it is possible to check that the bound
following from Theorem 3.6 is at least as good as the one in [28].

We conclude this section with an upper and lower bound for the number of spaces of a
given dimension that distinguish a given cone. This provides an answer to Problem 1.12.

Theorem 3.8. Let X be a vector space of finite dimension N > 3 over Fy and let K C X
be a cone with |K| > q. Let 1 < k < N — 1 be an integer. Denote by F the collection of
k-subspaces W < X that intersect K. We have

LY

bing(N — 1,k — 1)
- ! K| -1
¢—1 <7< B (V=1 k1),

- yK\—1_1 ¢t -1 q—1
q—1 gVt -1

Proof. This time we apply Lemmas 3.2 and 3.5 to the bipartite graph Z = (¥, #,&)
defined as follows: 7 is the collection of 1-subspaces generated by the nonzero elements of
K, W is the collection of k-subspaces of X, and (L,W) € & if L < W. We further define an
association o on ¥ by setting a(V, V') := dim(V NV’) for all V, V' € . It is easy to see that
« has magnitude 1 and that the graph 4 is a-regular. Moreover,

#o = bing(N — 2,k — 2), W1 =bing(N — 1,k — 1),
e O) = 171(71-1), o D=7
The upper bound on |#| is an immediate consequence of Lemma 3.2 and the fact that %

is left-regular of degree #1, as observed right after Definition 3.4. Furthermore, by applying
Lemma 3.5 we get

F| > |7 | bing(N — 1,k — 1)?
~ bing(N —1,k—1)+ (|7|—1) bing(N — 2,k — 2)

The lower bound in the statement can easily be obtained from this inequality using the fact
that |¥| = (|K| —1)/(q — 1), along with the definition of the g-binomial coefficient and some
straightforward computations. |

Remark 3.9. While drafting this paper, we found that the lower bound on |%#| in Theo-
rem 3.8 can also be derived from a known result in Sperner theory. More precisely, lengthy
computations show that the lower bound of Theorem 3.8 coincides with that of [4, Lemma 12]
for £ = 1 (and the same value of k). This result is used in [4] towards the derivation of a
polynomial LYM inequality for the linear lattice and is more general than our Theorem 3.8.
Although both proofs partially rely on the Cauchy—Schwarz inequality, our argument has a
more “enumerative” flavor thanks to the concept of an association. This allows us to avoid

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 11/30/22 to 131.155.92.126 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

COMMON COMPLEMENTS AND THE SPARSENESS OF MRD CODES 91

the eigenvalue machinery in the proof of [4]. In this paper, the best bounds are obtained by
applying Theorem 3.6 (rather than Theorem 3.8), which is instead not related to the problems
studied in [4].

Remark 3.10. We continue the discussion started in Remark 1.13. Even though the union
of linear subspaces is a cone, Theorems 3.6 and 3.8 have different applicability. Theorem 3.6
can be used when information about the intersection structure of the subspaces to be com-
plemented (along with their number) is known, without requiring any particular knowledge
about the cardinality of their union. Vice versa, Theorem 3.8 can be used to give an answer
to Problem 1.2 when the size of | J.« is known.

The following example illustrates two situations in which the information needed to com-
pute the lower bounds in Theorems 3.6 and 3.8 is completely available, showing that Theo-
rem 3.6 provides a sharper bound in both scenarios. This will be the case also when estimating
the density function of MRD codes in sections 5 and 6.

Example 3.11. 1. Let X be a vector space of dimension 5 over Fo. Select a subspace X’ <
X of dimension 4 and let o/ be a 2-spread of X'; see [15, Chapter 4]. Then any two
(distinct) elements of <7 intersect in {0} and |.«/| = (2* — 1)/(22 — 1) = 5. Denote by
Z the family of 3-subspaces of X that intersect at least one element of o7. The lower
bound of Theorem 3.6 reads |.%| > 141 and the one of Theorem 3.8 reads instead
|-#| > 139. Since |J 7 is a 4-dimensional subspace of X, all 155 subspaces of X of
dimension 3 intersect some element of 7.

2. Let X be a vector space of dimension 5 over Fo. Select a subspace X’ < X of dimen-
sion 3 and let .7 be the collection of 2-subspaces of X’. We have |.<7| = bing(3,2) = 7.
Denote by .%# the family of 3-subspaces of X that intersect at least one element of o7
The lower bound of Theorem 3.6 reads |.%#| > 131, while that of Theorem 3.8 reads
|-#| > 112 and is therefore coarser. Again, all 155 subspaces of X of dimension 3
intersect at least one element of <.

4. Asymptotic results. This section is entirely devoted to the asymptotic versions of
Theorems 3.6 and 3.8. These will be stated in the following language.

Notation 4.1. We will use the Bachmann—Landau notation (“big O,” “little 0,” and “~”)
to describe the asymptotic growth of real-valued functions defined on an infinite set of natural
numbers; see, e.g., [9]. We also denote by @ the set of prime powers and omit “g € ” when
writing ¢ — +o00.

In the remainder of the paper we will repeatedly need the asymptotic estimate for the
g-binomial coefficient as ¢ grows, i.e.,

(4.1) bing(a, b) ~ @Y as g — +o00

for all integers @ > b > 0. In the following we will apply this well-known fact without explicitly
referring to it.

For convenience of exposition and to simplify arguments in the following, we start by
establishing the asymptotic version of Theorem 3.8.

Theorem 4.2. Let (Xq)qeq be a sequence of vector spaces, all of which have the same
dimension N > 3 over F,. Let (K)qeq be a sequence of cones with K, C X, and |Ky| > ¢
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for all g € Q, and let 1 < k < N — 1 be an integer. For q € Q, denote by F#, and 9’;
the collections of k-subspaces Wy < X, intersecting and distinguishing K,, respectively. The
following hold.

(1) We have

EZ1 ||
WEO qN7k+1 asq—>+oo.

In particular, if |K,| € o(¢V %) as ¢ — +oo, then

Z,

7 ___.
g—-+s0 bing (N, k)

(2) We have

F! N—k+1
1l €0 (q

bing (IV, k) K| > 4547 e

In particular, if ¢V ~*! € o(|K,y|) as ¢ — +oo, then
E2

lim — 9 =0
A g (VR

Proof. In the following, all asymptotic estimates are for ¢ — +o0o. By the upper bound
in Theorem 3.8 we have
(K| — 1
B < 4= 1
bing(N, k) — bing (N, k) ’

bing(N — 1,k — 1)

which establishes the first part of the statement by taking the limit. For the second part, ob-
serve first that |7, |+[.%)| = bin,(N, k). Therefore by the lower bound for [.#,| in Theorem 3.8
we have
N 16, 1
F —
(4.2) AL g1

bing (N, k) — ) K, —1 TN\
blnq(N,k:) (].+ <q—1_1 m

The latter inequality can be rewritten as

bin,(N — 1,k —1)

1_qk_1—1_\Kq|—1 bing(N-1L,k-1) ¢1-1
E gN-1 -1 g—1 bing (N, k) gN-1 -1
(4.3) . < k—1
bing (N, k) | Ky — 1 gt —1
T4 (=8 — 1)
q—1 ' -1

Note that the quantity

bing(N-1,k—1) ¢1-1 ¢"~1 g1-1

bing (N, k) _qN—l—l_qN—l_qN—l—l
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is positive for any ¢. Thus from (4.3) we obtain

qkfl —1
op! 1 - T a1 4
7l gN-1 -1 _ 1
bing (N, k) ~ |K,| —1 -1\ T (K] -1 -1\’
1+ ——— -1 5—— — 1) | =
q-—1 Nt -1 q—1 Nt -1
from which the second part of the statement follows easily by taking the limit. |

Remark 4.3. Theorem 4.2 does not predict any asymptotic behavior in the case where
|Ky| ~ 7" F*1 as ¢ — +oo for some constant v € Rsg. The following Proposition 4.4
shows that for any such v the family (#]),eq is not dense. Right after Proposition 4.4 we
will include an example showing that, when | K| ~ ¢Vt as g — 400, (F4)qeq may or may
not be sparse.

The following result is easy to obtain by computing the asymptotics in (4.2). The details
of the proof are omitted.

Proposition 4.4. Let (Xq)qcq be a sequence of vector spaces, all of which have the same
dimension N > 3 over F,. Let (Kq)qeq be a sequence of cones with K, ~ v gN TR for
q — +00, where v € Ryq is a constant. Let 1 <k < N —1 be an integer and for q € Q) denote
by ﬂq’ the collection of k-subspaces Wy < X, distinguishing K,. We have

F 1
lim sup | q’

: < < 1.
g—too bing(N, k) = v+1

We now provide the examples mentioned in Remark 4.3, illustrating two possible behaviors
in the case |K,| ~ ¢V %1 as ¢ — +oc.

Example 4.5. (1) Let (X4)4eq be a sequence of linear spaces, all of which have the same
dimension N > 3 over F,;. Let 1 <k < N —1 be an integer and fix a sequence (K4)qeq
of (N — k+1)-spaces with K, < X, for all ¢ € Q). By dimension considerations, for all
q € Q, there are no k-spaces in X, avoiding the cone K,. In particular, the k-spaces
avoiding K, are (trivially) sparse.

(2) By definition, the m-dimensional rank-metric codes in IE%X’” of minimum distance 2 are
exactly the m-dimensional spaces distinguishing the cone of matrices of rank strictly
smaller than 2. There are by (2 x m, 1) ~ g™t such matrices for ¢ — +o00; see the
estimate in (5.2) below. As shown in [1, Corollary VIL5], we have §4(2 x m,m,2) ~
> o(=1)i/il > 0 as ¢ — +oo. In particular, the m-dimensional subspaces of ngm
distinguishing the ball in ngm of radius 1 are not sparse.

We now turn to the main result of this section (Theorem 4.7). As we will see later, of par-
ticular interest for the study of MRD codes are families of linear spaces that, asymptotically,
behave like a partial spread (we refer the reader to [3] for the notion of partial spread in finite
geometry). More precisely, we propose the following concept.

Definition 4.6. Let (X4)qeq be a sequence of vector spaces of the same dimension N > 3
over Fy. Let (9)qeq be a sequence of collections of subspaces Ay < Xy, all of which have the
same dimension k. We say that (ay)qeq is an asymptotic partial spread if
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U Ayl ~ |yl " as ¢ — +oo,
AgEty

i.e., if the cardinality of the union UAqe,dq Ay has the largest possible asymptotics for the given
parameters.

We are now ready to state the asymptotic version of Theorem 3.6. The result gives
asymptotic estimates for the proportion of common complements of a collection of subspaces.
Notice that part (2) of the next theorem will play a central role in establishing Theorem 5.9,
which is one of the main results of this paper.

Theorem 4.7. Let (X4)qeq be a sequence of vector spaces, all of which have the same
dimension N > 3 over Fy. Let 1 < k < N — 1 be an integer and let (%)qu be a sequence
of nonempty collections of linear spaces, all of which have codimension k with A, < X, for
all g € Q and Ay € ;. For q € Q, denote by #, and ﬁé the collections of k-subspaces
W, < X, that intersect some Ay € <7, and that distinguish every A, € <7, respectively. Then
the following hold.

(1) We have

4] |yl
— —cO0|—+— .
binq(N,k) € p as q — +00

In particular, if |<7y| € o(q) as ¢ — 400, then

4]

lim — 24—
A bing (N R

(2) Suppose that (ey)qeq is an asymptotic partial spread. Then

bing (N, k) ] ! '
In particular, if q¢ € o(|.<7y|) as ¢ — 400, then
EZ1
lim ——— = 0.
¢=+00 bing(N, k)

(3) Suppose that q € o(|.7;|) as g — 400 and that there exist ¢ € Q and an integer ¢ with
max{0,N —2k} <l <N —k—1orf{=max{0,N —2k} = N — k — 1 that satisfy the
following property:

(4.4) max{dim(Aq N A;) | (A(bA(/g) € %27 Ag # A;} <l VgeQ,q27q

Then the following hold.
(3a) If ¢ = max{0, N — 2k}, then

ﬂEO . as ¢ — 400
bing (N, k) '
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(3b) If £ > max{0, N — 2k}, then
|j’4| q N
9 O 2 4 g Nt as ¢ — +00.
bing (N, k) AR !
In either case we have
. EA
llim —————
g—+o0 bing (N, k)

Before proceeding with the proof of Theorem 4.7, we describe its statement from a more
“qualitative” viewpoint.

=0.

Remark 4.8. Theorem 4.7 illustrates the general behavior of the common complements
of the spaces in (% )4cq as the field size grows. With the only exception being when ¢ =
N — k — 1 (the case in which we are not able to predict the behavior), the decisive property
for sparsity/density is whether or not the integer sequence (|.27]|)4eq is negligible with respect
to the field size ¢ in the asymptotics. It is interesting to observe that Theorem 4.7 does not
extend to the case where, for example, |o;| ~ ¢ as ¢ = +o0o. We will elaborate on this at
the end of the section; see Example 4.10.

In the remainder of the section we establish Theorem 4.7. We start with a technical
lemma, whose proof can be found in the appendix.
Lemma 4.9. Let N, k, and ¢ be integers as in Notation 2.1. The following estimates hold
as q — +o0o:
¢*N=R=2 i max{0, N =2k} </ < N —k—1
or { =N —k—1=max{0, N — 2k},

N,k 0) ~
Yl ) 2¢FIN=R)=2if f = N — k — 1 > max{0, N — 2k},
WN-R-1 i (=N — &,
k(N—k)—N+k—1 if¢ =N — 2k
q 1 )
vg(N.k, N — k)* Vg(N ki, 0) ~ { gFN=F)—k=1 if =0,

bing (N, k
ing (N, ) —gPIN=R)=N4k+L=1 i ¢ > max{0, N — 2k}.
Proof of Theorem 4.7. All asymptotic estimates in this proof are for ¢ — +00. We exam-

ine the three cases in the statement separately.
(1) By Theorem 3.6 we have

Zd

Nk, N —k
bing(N, k) — bing(N, k) V(N b, )

which, together with Lemma 4.9, gives the desired asymptotic estimate.
(2) Consider the cone

K, := U Aq.
AgEdty

Since 7, is an asymptotic partial spread by assumption, we have K, ~ || gVk.
The statement now follows from Theorem 4.2(2).
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(3) Denote by fpax the maximum on the left-hand side of the condition in (4.4). Since

|F4| + |#,] = bing(N, k), the lower bound for |.#,| in Theorem 3.6 tells us that, for
all ¢ > g,
Fal vg(N, k, N — k)* ||
binq(N? k) B binq(Nv k) (Vq(N7 ka N — k) + (|‘%‘ - 1) Vq(Na kagmax))
1— VQ(N’ka_k)2|%‘
<1 By (N, F) (N, b, N — 1) + (] — 1) (N, 5, D)

(4.5)

where the latter inequality follows from the fact that £ — v, (N, k,¢) is increasing (for

this, see again (A.1) in the appendix). Define the difference

vy(N, k, N — k)?
bing (N, k)

Ag(N, k, ) = — (N, k, 0).

We rewrite the inequality in (4.5) as follows:
’ﬂﬁ < Vq(NﬁkaN_k)_yq(Nak¢£)_|%‘AQ(N7I€7£)
bing(N, k) — vg(N,k, N — k) + (|| — 1) v4(N, k, 0)

Since g € o(|A4|) and max{0, N—2k} < ¢ < N—k—1or ¢ = max{0, N—-2k} = N—k—1,
using the asymptotic estimates from Lemma 4.9 we get

(4.6)

(4.7) Vg(N,ky N — k) — vg(N, k, ) ~ g"V=F)=1
(4.8) Vg(N kN — k) + (|| — 1) vg(N, k, £) ~ | ay| "V R =2,

If £ = max{0, N — 2k}, then Lemma 4.9 tells us that Ay(N,k,¢) is positive for g
sufficiently large. Therefore case (3a) follows by combining (4.6), (4.7), and (4.8). In
particular, limg o [-%,|/bing (N, k) = 0.

Now suppose that ¢ > max{0, N — 2k}, which in turn implies £ < N — k — 1. Using
again Lemma 4.9 we obtain

Ag(N KO Nkt
FFN—F)—2 q :

Combining this estimate with (4.6), (4.7), and (4.8) one establishes case (3b). Finally,
the fact that limg_, 1o [-#]/bing(N, k) = 0 follows from ¢ € o(|#%]|) and £ < N —k —1,
which implies —-N +k+/¢+1 < —1. [ |

We conclude this section with two examples focusing on the case || ~ q as ¢ — 400,

which is not covered by Theorem 4.7. We show that in such a case the common complements

can be sparse or not.

Example 4.10. (1) Let (X4)qeq be a sequence of linear spaces, all of which have the same

dimension N > 3 over ;. Fix a sequence (V;)4eq of 2-dimensional spaces V; < X,.
For ¢ € Q, denote by &7, the set of 1-dimensional subspaces of V,. We then have
|o7y| ~ bing(2,1) ~ g as ¢ = 4o0. In particular, there are no (/N — 1)-dimensional
subspaces of X, that distinguish V, and the common complements of the spaces in 7
are sparse.
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(2) Let m > 2 be an integer. By Remark 1.10, the MRD codes of minimum distance 2
in F 2”” are the common complements of bin,(2,1) ~ ¢ subspaces of ngm having
dimension m, where the estimate is for ¢ — +o00. Their asymptotic density is then
64(2 x mym,2) ~ S (=1)"/i! > 0 as ¢ — +o0; see [1, Corollary VIL5] and the
discussion right after our Theorem 5.3. In particular, they are not sparse.

5. The density function of rank-metric codes. In this section we apply the theory de-
veloped in the previous sections to matrix spaces over a finite field, obtaining upper and lower
bounds for the density functions of MRD codes. By computing the limit as ¢ — +oo in these
bounds we then solve Problem 1.8, stated in the introduction of this paper. In particular, we
prove that MRD codes in Fy*™ of minimum distance d are sparse unless d =1 or d =n = 2.

Before presenting the main theorems of this section and their proofs, we briefly survey
the current literature connected to Problem 1.8. This will also serve to put our results in the
context of previous work.

Notation 5.1. For ease of exposition, throughout this section we work with fixed inte-
gers m, n, and d withm >n>2and 1 <d <n.

The density limit considered in Problem 1.8 has been studied in [1, 6, 13], showing in
particular that
limsup d(n x m,m(n —d+1),d) < 1 whenever d > 2.
q——+o00
This result appears quite surprising when thinking of MRD codes as the rank-metric analogues
of MDS codes in the Hamming metric, which are classically known to be dense. It turns out
that the approach developed in this paper provides a clear explanation for the divergence in
the behavior of these two classes of codes; see Remark 5.11 below.
The methods used in [6], [1], and [13] are very different from each other. The approach
of [6] uses a combinatorial machinery based on families of codes that are balanced with respect
to a given partition of the ambient space, leading to the following result.

Theorem 5.2 (see [6, Corollary 6.2]). Ifd > 2, then

limsup d4(n x m,m(n —d+1),d) <1/2.
q—r+00
A sharper bound is obtained in [1] using the theory of spectrum-free matrices, combined
with a probability argument. The result reads as follows.

Theorem 5.3 (see [1, Theorem VII.6]). We have

m ( 1)1 (d—1)(n—d+1)
limsup dq(n x m,m(n —d+1),d) < (Z > )

7!
qg—-+00 i—0

In [1] it is also shown that the bound of Theorem 5.3 is sharp whenever d = n = 2 (and
for arbitrary m > 2). This means that, in general, MRD codes are neither sparse, nor dense.

Finally, in [13] the exact density of MRD codes with parameters m = n = d = 3 is
computed, showing that these 3 x 3 codes are sparse. The approach of [13] is based on an
original argument that connects full-rank square MRD codes with the theory of semifields.
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Theorem 5.4 (see [13, Theorem 2.4]). We have

(—-D(@-1)(* -9 @) (P —¢*—q-1)
3(¢" =1)(¢° = 1) (¢° — q) '

In particular, limg— 4o 64(3 x 3,3,3) = 0.

5,(3 % 3,3,3) =

In this paper we approach Problem 1.8 from a different viewpoint, which allows us to obtain
sharper bounds for the density function of MRD codes. As an application, we conclude that
MRD codes are sparse as ¢ — +oo, unless d = 1 or n = d = 2. We therefore show that
the nonsparseness result of [1] for d = n = 2 is the only nontrivial exception to a general
“sparseness behavior.”

We start with an upper bound on the density of MRD codes, which is the main result of
this section. In the statement, we will need the following quantity.

Notation 5.5. For a prime power ¢ and nonnegative integers v and ¢ with v < n and
2u —n < i < u, we let 0(n,u,i) denote the number of pairs (U, U’) of u-spaces U,U’ < Ty
with the property that dim(U NU’) = i.

The next lemma gives a closed expression for 0,(n,u, ).

Lemma 5.6. Let q, u, and i be as in Notation 5.5. We have
Oy(n,u,i) = Z( 1)/~ ’q( ) bin, (n, i) bing(n — 4, j — i) bing(n — j,u — j)*.
j=i
Proof. We will use Mobius inversion in the lattice of subspaces of Fy. For a subspace
W <y, let f(W):=|{(U,U)|U,U <Fy, dim(U) = dim(U’) = u, UNU" = W}|. Observe
that for all W < IE‘ZL we have

= Y f(L) =Dbing(n — dim(W),u — dim(W))*.
L<F?
L>W
We now use the Mobius inversion formula for the lattice of subspaces of Fg (see, e.g., Propo-
sition 3.7.2 and Example 3.10.2 in [27]), finding that for every W < Fy of dimension i we
have

u

Fv) =3 (=120 ST g(n)

=i L>W
dim(L)=j

—Z 2") bing(n — i, j — i) bing(n — j,u — ).

The desired expression for 64(n,u,) can be obtained by summing the previous identity over
all subspaces W < [Fj having dimension i. |

Our main result on the density function of MRD codes is the following. It provides an
upper bound for the number of MRD codes with given parameters in terms of the quantities v
and 6 defined/computed earlier in the paper (Notation 2.1 and Lemma 5.6).
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Theorem 5.7. Suppose d > 2 and let k = m(n —d+1). We have

B bing(n,d — 1)? vy(mn, k,m(d — 1))?
bing (mn, k) Zf:_& vg(mn, k,mi),(n,d —1,7)

(5.1) dg(n x m,k,d) <

Proof. For q € Q, consider the collection % of subspaces U, < Fy with dim(Uy) =d—1>
1. We follow the notation of Remark 1.10 and let <7, = {Fy*"™(U,) | U, € %} for all ¢ € Q.
Note that || = bing(n,d — 1) and that the MRD codes €, < Fp*™ of minimum distance d
are precisely the common complements of the spaces in 7. Furthermore, for Uy, Ué € U,y we
have
dim(Ingm(Uq) N ngm(Ué)) = dim(Ingm(Uq N U;)) =mi

for some i € {0,1,...,d — 1}. Therefore,

mn—k
> vg(mn, k,0) - [{(Ag, A)) € & | dim(A, N A}) = 0}
=0

d—1

qu mn, k,mi)0y(n,d —1,1).
=0

The desired bound now immediately follows from Theorem 3.6. |

Experimental results indicate that the quantity on the right-hand side (RHS) of (5.1) is
asymptotically ¢~ (=D(n—d+1)+1 55 ¢ 4 0. Since this asymptotic estimate does not seem
immediate to derive, we will obtain the sparseness of MRD codes using the concept of an
asymptotic partial spread we introduced in Definition 4.6.

Definition 5.8. The ball of radius 0 < r < n in ngm is the set of matrices M € IE‘ZXM
with k(M) < r. It is well known that its size is

~1
(5.2) by(n x m,r) meq (n,1 H — @)~ ) s g — 400
7=0

The following result computes the asymptotic density of MRD codes as ¢ — 400 for all
parameter sets, showing that they are (very) sparse whenever n > 3 and d > 2. This solves
Problem 1.8.

Theorem 5.9. We have

dg(n xm,m(n —d+1),d) € O (q_(d_l)(”_d+1)+1) as ¢ — +oo.

Moreover,
1 ifd=1,
qglfooé (nxm,m(n—d+1),d)=q>", (7“1)1' ifn=d=2,
0 otherwise.
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Proof. The statement immediately follows from the definitions if d = 1. We henceforth
assume d > 2. For ¢ € @, denote by &7, the family in the proof of Theorem 5.7. We have
|7,| = bing(n,d — 1) ~ ¢(4=D(=d+1) a5 ¢ — 100. Since all the spaces in 7 have dimension
m(d — 1) and by(n x m,d) ~ ¢~ DmFn=d+1) a5 ¢ — oo by (5.2), this shows that (#7).ec0
is an asymptotic partial spread; see Definition 4.6. Therefore the first part of the statement
follows from Theorem 4.7. In particular, the density limit is zero whenever n > 3 and d > 2.
The limit for n = d = 2 has already been computed in [1, Proposition VIL.5]. [ |

Remark 5.10. In [13, Theorem 2.4] it was shown that §4(3 x 3,3,3) ~ 2¢3 as ¢ — +oo.
On the other hand, our Theorem 5.9 gives that §,(3 x 3,3,3) € O(¢™ ') as ¢ — +oo. This
shows that the asymptotic bound of Theorem 5.9 is not sharp in general.

We now turn to explaining why MDS and MRD codes behave so differently with respect
to density properties.

Remark 5.11. The approach developed in this paper offers an explanation for why MDS
and MRD codes exhibit different behaviors with respect to sparseness and density. Recall
that, for 1 <k < n, a k-MDS code is a k-dimensional subspace C' < [y that does not contain
any nonzero vector of Hamming weight strictly smaller than n — k + 1; see [19, Chapter 11].
For a subset S C {1,...,n}, let Fy(S) < Fy denote the space of vectors x € Fy with z; = 0 for
all i ¢ S. Then k-MDS codes can be seen as the common complements of the spaces of the
form F?(S), where S C {1,...,n} has size n — k. The number of such spaces is (}), which is
negligible with respect to ¢ as ¢ — +00. We can therefore use Theorem 4.7 to explain why
MDS codes are dense as the field size tends to infinity: They are the common complements
of a collection of subspaces whose cardinality is negligible with respect to the field size.

For the case of MRD codes the situation is exactly the opposite. As Remark 1.10 shows,
MRD codes are the common complements of a collection of subspaces that form an asymptotic
partial spread and whose cardinality, for n > 3 and d > 2, is far from being negligible with
respect to the field size ¢ as ¢ — +oo. In particular, they must be sparse by Theorem 4.7.

Combining Theorems 3.8 and 4.2, and the estimate in (5.2) we can also study the density
function of rank-metric codes for any minimum distance and any dimension (not just MRD
codes). In the next result we give upper and lower bounds for this function and their asymp-
totic versions as ¢ tends to infinity. For the case of MRD codes, we find that the bounds one
obtains are in general worse than the ones given in Theorem 5.7; see Figure 5.1, which reflects
the general behavior we observed.

Theorem 5.12. For all2 < d <mn and 1 < k < mn we have

(bg(n x m,d —1) — 1) bing(mn — 1,k — 1)

1-3 k,d) <
g(nxm,k,d) < (¢ — 1) bing(mn, k) 7

k-1
(bg(n xm,d—1) —1) <(fm1>
dg(n xm,k,d) <1— d :

- )
(g —1)+ (bg(n x m,d —1) — q) <qqmnl_11>
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—s— Theorem 5.12
—e— Theorem 5.7
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Figure 5.1. Comparison of the upper bounds for §4(3 X 5,5,3) as ¢ — 400 in Theorem 5.7 (red) and in
Theorem 5.12 (blue).

In particular,

1 —64(n xm,k,d) € O (q(d_l)(m+"_d+1)_(m”_k)_1) as q — +0oo,

Sy(n x m, k,d) € O <q7(d71)(m+nfd+1)+(mnfk)+1) as q — ~oo.
Therefore,

if (d—1)(m+n—d+1) <mn—k,

1
lim d4(n x m,k,d) = ,
0 f(d=1)(m+n—-d+1)>mn—Fk+2.

q——+00

Remark 5.13. Tt is interesting to observe that Theorem 5.12 does not extend to the case
k=mn—(d—1)(m+mn—d+ 1)+ 1. Proposition 4.4 shows that, for this value of k,
limsup,_, o dq(n x m,k,d) < 1/2. On the other hand, in [1, Corollary VIL5] the asymptotic
density of 2 x m MRD codes of dimension m was computed as ¢ — +oo, proving that
limg—s o0 9q(2 X m,m,2) > 0. This shows that, in general, rank-metric codes of dimension
k=mn—(d—1)(m+mn—d+ 1)+ 1 are neither sparse, nor dense, as ¢ — +00.

6. Asymptotic density of MRD codes for m — +o0. In this section we study the
asymptotic density of MRD codes as their number of columns, namely, m, tends to infinity.
Although our approach is not powerful enough to compute the “exact” asymptotic density in
this setting, as we will see it improves on known results for several parameter sets.

Notation 6.1. In the following we fix a prime power ¢ and integers n, d with n > 2 and
n>d>1. We omit “m € N, m >n” when writing m — +o0.

As for section 5, we start by surveying the previous literature. The analogue of Theo-
rem 5.2 for m — 400 is the following.
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Theorem 6.2 (see [6, Corollary 6.4]). For all d > 2 we have

- (g—1)(g—2)+1 _1
limsup é,(n x m,m(n—d—+1),d) < < -,
m—H—oIo) ol ( ):d) 2(qg—1)? 2

The analogue of Theorem 5.3 for m — 400 is [1, Theorem VII.6], which we directly state

in the language of this paper for convenience. The equivalence with [1, Theorem VIIL.6] easily

follows from the estimate in (6.2) below and [1, Theorem VII.1].
Theorem 6.3 (see [1, Theorem VII.6]). For all d > 2 we have

m——+00

0 1 q(d—1)(n—d+1)+1
limsup d4(n x m,m(n —d + 1),d)§H<1_qi> )
i=1

In order to derive the asymptotic version of Theorem 5.7 for m — 4oc0, we will first
compute the asymptotics of the quantities it involves (Lemma 6.5 below). For ease of notation,
let

(61) w0) = [[ (-2):

=1

The quantity 7(g) arises in the asymptotic estimate of the g-binomial coefficient bin,(ma, mb)
as m tends to infinity. More precisely, for all integers a > b > 0 we have

mb—1 <qma _ qi) . i mb 1— qi—ma—l
bjnq(maﬂnb) = H W =q" (ma—mb) H 1_7(]_2
1=0 i=1
(6.2) ~ ") ()

as m — +o0o. We will need this estimate later.

Remark 6.4. The infinite product m(q) in (6.1) is closely related to the Euler function ¢;
see [2, section 14] for a standard reference. The latter is the function ¢ : (—1,1) — R defined
by

o0

(6.3) o(x) = [J1 - ')

=1

for all x € (—1,1). We then have 7(q) = 1/¢(1/q) for all ¢ € Q. In particular, w(q) > 1 for
all ¢ € Q. A classical result in number theory, due to Euler himself, expresses the infinite
product in (6.3) as the infinite sum

Pp(z) =1+ Z(—l)k (xk(3k+1)/2 + xk(?’k_l)/Q) =l-z—-2+2°+2" -2 -2 +...
k=1

This is the famous pentagonal number theorem [2, Theorem 14.3]. From the above expression
for ¢ as a power series, we deduce the following asymptotic estimates:

(6.4) ¢(z) ~1lasz —0, ¢p(z) —1~—xasz—0.
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The next result gives an asymptotic estimate for v, (mn, m(n—d+1),mi) for 1 <i < d—1
as m — 4+o00. We will need it to establish Theorem 6.6. Note that we only examine dimensions
that are a multiple of m, as for other dimensions MRD codes do not exist. Furthermore, we
will only need multiples of m as intersection dimensions. The proof of the next lemma can be
found in the appendix.

Lemma 6.5. Let d > 2 and let 0 < i < d — 1 be an integer. The following asymptotic
estimates hold as m — +oo:
20 _ 2 . .
L Jgm i HOEED (n(g) = 1) /m(g)  HO<i<d-2
vg(mn,m(n—d+1),mi) ~
ol ( i) {qu(”‘d“)(d‘” (r(q) — 1) ifi=d—1.
We are now ready to derive the asymptotic version of Theorem 5.7 as m — +oo.

Theorem 6.6. For all d > 2 we have

: 1
1;1211(1}5 dg(n xm,m(n —d+1),d) < bing(m,d— 1) (n(q) — 1) 1 1°
Proof. To simplify the notation throughout the proof, let k,, = m(n—d+1). All estimates
in the following are for m — 4o00. The upper bound on §4(n x m, ky,, d) given in Theorem 5.7
reads
A, + by — Cmy
am + bm

)

(6.5) dq(n x m, kpy,, d) <

where

A = Z?;g vg(mn, ky,, mi) 0g(n,d — 1,1),

b = 04(n,d —1,d — 1) vg(mn, kp, m(d — 1)),
_ bing(n,d — 1)? vg(mn, ky, m(d — 1))?

m =

bing (mmn, kp,)

The three quantities above can be conveniently estimated individually with the aid of
Lemma 6.5. All the computations are tedious but straightforward, so we only include the
final results:

am ~ (n(q) = 1)* /m(q) 32055 04(n,d — 1,7) gFm(mn—m),
(6.6) b ~ Og(n,d — 1,d — 1) (m(q) — 1) gm0 —Fm),
Cm ~ bing(n,d — 1)* (n(q) — 1)* /m(q) ¢*m ™ —Fm),
Using Notation 5.5 directly we find
S 9720,(n,d —1,i) = bing(n,d — 1) (bing(n,d — 1) — 1),
04(n,d—1,d —1) = biny(n,d — 1).
This allows us to rewrite (6.6) as
am ~ (7(q) — 1) /n(q) bing(n, d — 1) (bing(n, d — 1) — 1) gFm(mn=hm),
(6.7) by ~ (7(q) — 1) bing(n, d — 1) gkm(mn—km)
Cm ~ bing(n,d — 1)* ((q) — 1) /m(g) g*m(mn—hm).
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Now observe that the three estimates in (6.7) are of the form a,, ~ afn, by ~ bfn, and
Cm ~ Cfm, where f,, = gFm(mn—km) and a,b,c € R are positive constants in m. Moreover, one

can check that
at+b—c 1

atb bing(n,d — 1) (w(q) — 1) +1

Therefore the desired theorem follows by taking the limit superior as m — +oo in (6.5). M

£ 0.

As for the case where ¢ — +00, the bound on the density of MRD codes that one obtains
from Theorem 5.7 is better than the one from Theorem 3.8. We elaborate on this in the
following remark.

Remark 6.7. For m sufficiently large, the bound on d4(n x m,m(n — d + 1), d) obtained
from Theorem 3.8 is worse than the one of Theorem 5.7 (which we in turn derived from
Theorem 3.6). This is true even in the asymptotics. More precisely, recall the following
estimate for the size of the ball:

(6.8) by(n x m,d — 1) ~ bing(n,d — 1)¢™ ¥V as m — +oc.
Using this estimate, one can obtain the following asymptotic version of the bound of Theo-
rem 5.12:
. q—1
6.9 limsup é,(n x m,mn —d—+1),d) < — whenever d > 2.
( ) m_>+0£) Q( ( ) ) blnq(n,d o 1) + q-— 1

An easy computation shows that the upper bound in Theorem 6.6 is always sharper than the
one in (6.9).

Remark 6.8. The asymptotic upper bound of Theorem 6.6 is sharper than the bound
of [1, Theorem VIL.6] for ¢ sufficiently large, n > d > 2 and n > 2, while it is coarser for
small values of g. To show this, we first rewrite [1, Theorem VIIL.6] (in the form stated in
Theorem 6.3) as

1

limsup d¢(n x m,m(n —d +1),d) < 7(q)ad=D(n—d+1)+1°

m——+00

We now prove that

(6 10) i 7.[.(q)q(d—1)(n—d—|—1)—|—1
. 1m

=0 f >d > 2 and 2
(I%+oobinq<n’d_1)(7r<q)_1)+1 orn>d>2andn > 2,

from which it immediately follows that the bound of Theorem 6.6 is sharper than the one of
[1, Theorem VII.6] for ¢ sufficiently large. To see why (6.10) holds, we note first that

i L1 7 [1/e ifi=1,
11m - —
q—+oo q 1 if ¢ > 2.

Therefore limg 400 ¢(1/9) = [, (1 —1/¢")* = 1/e. Since 7(q) = 1/¢(1/q), as already
observed in Remark 6.4, we have lim, 1. 7(¢)? = e. Furthermore, using the asymptotic
estimates in (6.4) we find that
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Figure 6.1. The upper bounds for limsup,,_, , ., d4(3 X m,m,3) from Theorem 6.6 (red) and [1, Theorem
VIL6] (blue).

1—¢(1/q)

1
m(q) —1=——F—"""~— asq— +oo.
q

¢(1/q)

Combining this with the estimate for m(q)? given above we obtain, for n > d > 2,

7.‘_(q)q(d—l)(n—d—i—l)—‘,—l eld=1)(n—d+1)+1

bing(n,d — 1)(r(g) — 1) +1 g Dl—d+D)-1
The fraction on the RHS of the previous estimate approaches 0 as ¢ approaches +oo, thereby
establishing the desired limit in (6.10).

A comparison of the two bounds we just discussed can be seen in Figure 6.1. The plot
shows that for (n,d) = (3,3) the bound of Theorem 6.6 is sharper than [1, Theorem VII.6]
for all prime powers ¢ > 9, and coarser for 2 < ¢ < 8. The two bounds are decreasing and
increasing in ¢, respectively.

as g — +0oo.

7. Further properties of density functions. We devote the last section of the paper to
general properties of the density function of rank-metric codes. More precisely, we initiate
the study of how density functions relate to each other as the parameters (n, m,d, k) change.
As an application of our results, we reinterpret the bounds of [1] via shortening and duality
considerations.

Notation 7.1. In the following, ¢ is a prime power and n, m, d denote positive integers
with m >n > 2and 1 < d < n. When writing “¢g — +00” or “m — +00,” the other
parameters are treated as constants. As in section 4, the limit for ¢ — +oc is taken over the
set of all prime powers, denoted by Q.

Lemma 7.2. Every MRD code € < ngm with minimum distance d > 2 admits a unique
basis of the form

(7.1) {(i@>|1gign—d+L1gjgn%,

ij
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where A;j € ng_l)xm is a suitable matriz and E;; € denotes the matriz having a
1 in position (i,7) and 0 elsewhere. Moreover, all the matrices in (7.1) have rank exactly d.

Proof. The result follows from the fact that the projection 7 : % — anidﬂ)xm on the
first n — d 4+ 1 rows is an isomorphism. Injectivity is a consequence of the fact that 4 has
minimum distance d and bijectivity follows from cardinality considerations. The last part of
the statement can be seen by observing that % has minimum distance d and that all matrices
in (7.1) have n — d zero rows. [ ]

an—d—&—l) xm

Proposition 7.3. Suppose n > 3 and 2 < d < n. We have

By(n x m,d)

dg(n xm,m(n —d+1),d) < d;(d x m,m,d) 64((n — 1) x m,m(n —d),d) A md)’
q )

where

Ay(n x m,d) = bing(mn, m(n — d+ 1)),
By(n x m,d) = bing(md, m) bing(m(n — 1), m(n — d)).
Proof. We start by showing that every MRD code ¢ < Fg*™ with minimum distance d

can be decomposed as (the embedding of) a direct sum of an MRD code in ngm and an MRD

code in an_l *™ both of which have minimum distance exactly d. For this, let € < Fg~™

be an MRD code with minimum distance d. By Lemma 7.2, ¥ has a basis of the form
{(Eh>]1§i§n—d+L1§j§n%

with A;; and Ej; as in the statement of the lemma. We let 47 be the code with basis

() =iy,

It is easy to see that %] is (after a suitable embedding) an MRD code in ngm with minimum
distance d. Furthermore, we have that the code %, generated by the basis

{<E%>\2§i§n—d+L1§j§m}

is (again after embedding) an MRD code in F ((Zn_l)xm, which also has minimum distance d
by the second part of Lemma 7.2. It is not hard to see that the mapping € — (%1, %) is
injective, from which we obtain

{& <F™ | d(€) = d, € is MRD}| <
{€ <F>™ | d(%) = d, € is MRD}| - |{€ < F""V*™ | d(%) = d, € is MRD}|.

Dividing both sides by A4(n x m,d)By(n x m,d) yields the desired result. [ ]
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It is well known that the dual of an MRD code in Fj*™ of minimum distance d is an MRD
code in ngm of minimum distance n — d + 2; see, e.g., [10, Theorem 5.5]. Since the map that
sends a code to its dual is a bijection, this simple fact can be rephrased in terms of density
functions as follows.

Proposition 7.4. For all d > 2 we have
dg(n x m,m(n —d+1),d) = dy(n x m,m(d —1),n —d+2).
We now combine Propositions 7.3 and 7.4 in order to illustrate how the density functions
of MRD codes with different parameters behave with respect to each other.
Corollary 7.5. For all d > 2 we have
binq(2m, m) (n—d+1)(d—1)
bing(mn,m(n —d+ 1))

dg(n x m,m(n —d+1),d) < §,(2 x m,m, 9)(n—d+1)(d-1)

Proof. By applying Proposition 7.3 n — d + 1 times one obtains

bin, (md, m) =4+

. — < (n—d+1) ‘
(7.2) dg(n xm,m(n —d+1),d) < d,(d x m,m,d) bing (m, m(n — d+ 1))

By applying the same proposition d — 1 times one obtains

(d—1) bing(2m,m)W—1)

(73) g(d>xm,mid = 1),2) < 02 xm,m, 2) (@ = 1))

Moreover, using Proposition 7.4 we find that d,(d x m, m,d) = é4(d x m, m(d — 1), 2) which,
combined with (7.2) and (7.3), yields the desired result. [ ]

Remark 7.6. Taking the limit superior in Corollary 7.5 as ¢ — 400 and m — 400, and
combining it with [1, Corollary VIIL.5], we obtain the same asymptotic bounds for the density
of MRD codes as [1, Theorem VII.6]. The g-binomial coefficients can be estimated using (4.1)
and (6.2).

Appendix A. Some proofs.

Proof of Lemma 4.9. We establish the two groups of asymptotic estimates separately.
Easy computations show that

VQ(N7 /{,E)

Al
R

First note that
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The different cases are treated separately and for each of them we focus on computing the
asymptotics of the numerator of the right-hand side of (A.1).
Case 1. We first assume max{0, N —2k} < ¢ < N —k — 1. Note that for ¢ — +00 we have

N—k—{ k
1 1 2 1 1
O -2 Lo ()
H( qz)g( qz) a ¢ ¢

=1

which all together show that the numerator’s asymptotic for ¢ — 400 is ¢~ 2.

Case 2. Next assume that = N —k — 1 = max{0, N — 2k}. If k = N — 1 we have
N N-1 N—1
1 1 1 1 1 1
)T (D) ho(h) mae e
}l( ql) H( qz) qu1( q1> q? @
2

since all terms in the expression which are preponderant with respect to ¢~* vanish. We leave

the case k =1 to the reader.
Case 3. Assume that £ = N — k — 1 > max{0, N — 2k}. The numerator in (A.1) reduces

[ (- 2) M0 2) G 2) =2 eo(l) we

i=N—k+1 =1 i=1

to

from which the statement follows.
Case 4. Assume that £ = N — k. By convention (Notation 2.1) we have

(R

=1

and therefore the numerator of the RHS of (A.1) becomes

(-2 -T1(-2)=2e0(L) wimom

i=N—k+1 =1

The desired estimate follows.
In order to prove the second group of asymptotic estimates, observe first that by Nota-
tion 2.1 we have

1

2k(N—k) N— (@ — )
q —q).

vg(N,k, N — k)? q (2k—N+£)(N—F)
_u (N N
bing (N, k) Nk O = N H

k—
i={
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Using the definition of the ¢g-binomial coefficient we find that the above expression reduces to

A S RO

k(N—k) =1 =1 i=N—k+1

I ()

i=N—k+1

The asymptotic estimates can be conveniently derived from this formula, examining the vari-
ous cases separately. |

Proof of Lemma 6.5. By (A.1) we have

(A.2) vg(mn,m(n —d+ 1), mi)
H (1 B 1) (d—1—3)
. ¢ m(d—1—i
_ ,m(n—d+1)m(d—1) i=m(d—1)+1 B B l
q m(n—d+1) 2+ H 1 qi
1 i=1
11 <1 - 7,>
i=1 9
By the definition of 7(g) from (6.1) we have
mn 1
11 (1 - 1>
A3 i=m(d—1)+1 9
(A.3) T ) ~m(q) asm — +oo.
11 (1 - z>
i=1 q
Furthermore, as m — 400, we have
m(d—1—1) p .
1 fi=d-1
(A.4) 11 (1—1i)~{ Ho=d =l
Py q 1/m(q) ifi<d—1.
Combining (A.2), (A.3), and (A.4) the desired result follows. [ ]
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